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Abstract: Sustainability and energy efficiency of additive manufacturing (AM) is an up-to-date
industrial request. Likewise, the claim for 3D-printed parts with capable mechanical strength remains
robust, especially for polymers that are considered high-performance ones, such as polycarbonates
in material extrusion (MEX). This paper explains the impact of seven generic control parameters
(raster deposition angle; orientation angle; layer thickness; infill density; nozzle temperature; bed
temperature; and printing speed) on the energy consumption and compressive performance of PC
in MEX AM. To meet this goal, a three-level L27 Taguchi experimental design was exploited. Each
experimental run included five replicas (compressive specimens after the ASTM D695-02a standard),
summating 135 experiments. The printing time and the power consumption were stopwatch-derived,
whereas the compressive metrics were obtained by compressive tests. Layer thickness and infill den-
sity were ranked the first and second most significant factors in energy consumption. Additionally,
the infill density and the orientation angle were proved as the most influential factors on the compres-
sive strength. Lastly, quadratic regression model (QRM) equations for each response metric versus
the seven control parameters were determined and evaluated. Hereby, the optimum compromise
between energy efficiency and compressive strength is attainable, a tool holding excessive scientific
and engineering worth.

Keywords: polycarbonate (PC); optimization; material extrusion (MEX); energy consumption; energy
efficiency; compressive strength; Taguchi analysis; robust design

1. Introduction

Sustainability is lately a key issue for all aspects of society (government, enterprises,
and public) for both products and processes [1]. AM is considered a process with better
sustainability characteristics compared to traditional manufacturing processes due to its
energy consumption and reduced material waste [1,2]. Additionally, the sustainability
aspects of AM are gaining attention in the literature since it has become one of the impor-
tant tools facilitating the manufacturing of products [3,4]. The effect of environmental
factors [5–7], the recycling of the materials [8,9], and the process parameters [10] on the
sustainability of the AM process have been investigated. One of the factors affecting the
sustainability of a process is energy consumption [11]. The energy efficiency of MEX
polymer processing has been investigated in the literature [12]; however, research is not
yet extensive. The energy demands in MEX 3D printing of high-performance polymers,
such as PEEK, have been investigated with a full factorial design, considering two 3D
printing parameters, i.e., layer thickness and printing speed [13]. Interpretive structural
modeling (ISM) has also been employed for the analysis of parameters affecting energy
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consumption in MEX 3D printing [11]. The effect of parameters, such as the infill pat-
tern, on energy consumption, has also been investigated [14] for materials such as the
ABS polymer [15]. Energy consumption has also been studied using machine learning
techniques [16]. The effect of six 3D printing parameters on the energy consumption of
parts built by ABS polymer with the MEX 3D printing process has been analyzed and
optimized with statistical modeling tools [17]. Energy modeling techniques have also
been applied [18]. The effect of energy consumption on parameters such as the required
3D printing time [19] and geometric accuracy [20] has been studied.

PC is a high-performance polymer [21], with tensile strength higher than 62 MPa,
even when recycled, and a glass transition of about 121 ◦C [22], which makes it suitable for
applications requiring high strength and high thermal loadings [23]. Therefore, it is used
in safety parts, such as bulletproof glass in automobiles, helmets, and bumpers, but also
electronics in capacitors [21,24,25]. In composite form, it has been used in electromagnetic
shielding [26,27] and in construction [28,29] to improve the resistance to fire of materials [30].
PC blends are popular in biomedical devices and aerospace parts [21,29,31] and exhibit high
energy-absorbing properties [32]. In 3D printing, it has been applied in aeronautical [33]
and biomedical applications [34–36]. Still, the use and the research on the PC polymer
in AM, overall, are not so extensive. Its mechanical properties under tensile [37] and
shear forces have been investigated [38,39]. The effect of 3D printing parameters on the
mechanical response of parts made with the PC polymer under tensile loading has been
reported. Statistical tools have been employed for the analysis and optimization of the
results [40]. Such an approach, by employing modeling tools, statistical and regression
analysis, or even neural networks for the analysis and optimization of the performance of
the 3D-printed parts, is often used in the literature [41–44].

The effect of 3D printing parameters on the response of PC 3D-printed parts under
different strain rates in tensile tests has also been reported [45], and the impact strength
of such parts as well [46]. In MEX 3D printing, the mechanical performance of recycled
PC polymer has been reported, promoting a sustainable character to the polymer [23].
Quality characteristics related to the dimensional accuracy of 3D-printed parts built with
the PC polymer have been studied [47]. The mechanical properties of PC composites in
3D printing have been investigated for carbon-based composites [48,49], and nanocom-
posites with titanium carbide [50], aluminum nitride [51], titanium nitride [52], silicon
carbide [53], silica [54], and cellulose nanofibers [55]. PC/ABS blends in 3D printing have
also been presented aiming to enhance the mechanical properties and the printability of
the materials [56–59].

For the analysis of the performance of the PC polymer in MEX 3D printing, statistical
tools, such as the Taguchi experiment design, have been employed [40,47,60–62], along
with simulation tools [63]. The PC polymer has also been applied in hybrid additive
manufacturing processes to further expand its applicability. MEX 3D printing has been
combined with friction stir welding for the production of large-size parts [64] and with
CO2 laser cutting processes for the improvement in surface quality characteristics [65]. The
compressive strength of the PC polymer has been studied in the pure form [66], recycled
form [23] in 3D printing [67,68], and specifically for aeronautical [33] and medical [34]
applications. Additionally, the effect of strain rate on the compressive strength of 3D-
printed parts has been reported [69]. Still, there is a gap in the literature in the thorough
analysis of the effects of the MEX 3D printing parameters on the compression response
of the PC polymer. Additionally, the energy demands when 3D printing PC parts with
the MEX process have not yet been addressed in the literature, and especially a study is
missing on how the energy requirements are affected by the 3D printing parameters.

In the current study, the effect of seven 3D printing parameters, i.e., raster deposition
angle, orientation angle, layer thickness, infill density, nozzle temperature, bed temperature,
and printing speed, on the energy consumption and the response under compressive
loading of parts made of PC with MEX 3D printing is reported. The 3D printing settings
were selected to be generic and machine independent. Ten metrics related to energy
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consumption, the compression properties, and the quality of the 3D printing parts are
evaluated with statistical and regression modeling tools.

Despite the compressive specimens’ increased printing time, volume, and weight
(when compared to tensile specimens), this work focused on this mechanical property
for reasons explained further in the text. Compression test data in multi-parametric
experiments are limited in the literature, probably due to the increased effort required
for the preparation of the samples with the 3D printing process. Considering that the
compressive loads are the most frequent in the functional 3D-printed parts life cycle [70],
this shortfall of data is remarkable. The increased mass and volume of the compression test
specimens facilitate the monitoring and documentation of parameters in this work, such
as the printing time, weight, and energy consumption, leading to more accurate results.
Additionally, data for the mechanical performance of the PC polymer in MEX 3D printing
are overall limited in the literature.

Equations as functions of the 3D printing settings (control parameters) were compiled,
and their reliability was verified with confirmation experiments. The energy-related metrics
were monitored during the MEX 3D printing process. The PC polymer was extruded from
raw material to filament form, and specimens were 3D printed with this filament to be tested
for their performance under compressive load. For the preparation of the specimens and
performing the compression tests, the ASTM D695-02a international standard was followed.
We also examined 3D-printed specimens for their morphological characteristics before and
after the compression experiments. To the authors’ best knowledge, no research so far
simultaneously studies seven 3D printing parameters for their effect on energy consumption
and the thorough analysis of the compressive behavior of PC MEX 3D-printed parts. The
prediction models provide valuable information about the expected performance of the
parts, indicating direct industrial merit. The statistical analysis showed that each parameter
affects the metrics studied in this work differently, making the modeling procedure a
requisite. Infill density was the dominant parameter regarding compression strength, while
layer thickness was the dominant parameter regarding energy consumption.

2. Materials and Methods
2.1. Methodology for Sample Preparation and Testing

Figure 1 presents snapshots of the steps followed in this work for the preparation of
the samples and the experiments conducted. The PC polymer was sourced from Styron
Europe GmbH (Trinseo Europe GmbH, Horgen, Switzerland) in pellet form (grade
EMERGE 8430–15, a tensile strength of 70.0 MPa, and a density of 1.20 g/cm3). Pellets
were initially dried (Figure 1a) for 14 h at 60 ◦C. Then a 3devo Precision (3devo, Utrecht,
The Netherlands) MEX filament extruder was used for the production of 1.75 mm
filament compatible with the MEX 3D printing process (Figure 1b, the first three heating
zones operated at 200 ◦C, while the fourth heating zone operated at 240 ◦C, and screw
speed was set at 4.8 rpm). The thermal properties of the specific PC grade were evaluated
with TGA (Figure 2a) and DSC (Figure 2b) to ensure that the extrusion temperatures in
this work do not cause any degradation in the PC polymer.

The produced filament was dried (Figure 1c, 60 ◦C for 4 h). All the filaments were
produced, and then the 3D printing process followed, which was not conducted on the
same day. After the production of the filament, it was not stored in a vacuum case or a
laboratory oven, so it might have had moisture, as polymeric materials attract moisture
easily. This moisture significantly affects the 3D printing process. So, in order to ensure
that there was no humidity trapped in the filament before it was used in the 3D printing
process, the filament was dried initially before being used in MEX 3D printing process.
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extrusion, (c) filament drying, (d) 3D printing of the samples, (e) energy monitoring during the 3D 
printing process, (f) sample inspection in the microscope, (g) compression test of the 3D printing 
samples. 

Figure 1. The experimental procedure followed in this work: (a) raw materials drying, (b) fila-
ment extrusion, (c) filament drying, (d) 3D printing of the samples, (e) energy monitoring during
the 3D printing process, (f) sample inspection in the microscope, (g) compression test of the 3D
printing samples.
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Figure 2. For the PC grade studied here, (a) weight loss vs. temperature graph (◦C) (TGA), (b) endo
graph (DSC).

With this filament, specimens were MEX 3D printed (Figure 1d) on an Intamsys,
Funmat HT (Intamsys, Shanghai, China) MEX 3D printer. Five specimens were fabricated
for each different set of 3D printing parameters. The 3D printing settings are shown in
Figure 3, along with the specimens’ dimensions, in accordance with the ASTM D695-02a
standard. During the 3D printing process, the printing time and the consumed energy
were monitored with the Rigol DM3058E device (RIGOL Technologies, Shanghai, China)
(Figure 1e). The produced specimens were inspected with an optical microscope Kern
OKO 1 with a 5MP ODC 832 camera (KERN, Balingen, Germany) (Figure 1f). It should be
noted that in the 3D printer used (Intamsys, Funmat HT), parts are built inside a chamber.
In this chamber, the filament is dried before its use. The table in which the part is built is
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heated (80–120 ◦C in the current work), and the nozzle in the 3D printing head also has
a high temperature (260–300 ◦C in the current work). So, any humidity present in the 3D
printing chamber is expected to be negligible during the 3D printing process. It should be
noted also that no delamination was observed during the 3D printing process, attributed to
the robustness and the geometry of the compression test specimen, which does not have
thin walls or low thickness.
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Figure 3. Graphic representation of the 3D printing process, defining the 3D printing parameters
studied in this work. On the right side of the figure, the 3D printing parameter values and the
geometry of the compression test sample fabricated following the ASTM D695 standard are presented.

Finally, the specimens were experimentally tested in compression tests to determine
the corresponding mechanical properties (Figure 1g). The compression experiments were
conducted on a testing machine type Instron KN1200 (Instron Corp., Norwood, MA, USA).
The load cell is build-in into the machine, and it has a capacity of 1200 N and an accuracy of
±24 N. Following the compression test standard, the elongation speed in the tests was set at
1.3 mm/min. It should be mentioned that the experiments were conducted according to the
ASTM D695-02a international standard for testing polymeric materials under compression
loading. No specific load was applied to the specimens. The load was increased from
zero (0) up to the value at which each specimen failed. When the specimen failed, the
experiment for the specific specimen was terminated. So, the maximum load for each
specimen differs.

2.2. Energy Indicators

Regarding energy consumption, it can be distinguished into three main phases: (i)
machine startup, (ii) 3D printing process, and (iii) machine shutdown and can be calculated
utilizing the equations below [17]:

Etotal = Ethermal + Emotion + Eauxiliary (1)

where,
Ethermal = Eheating + Ecooling (2)

Emotion is the consumed energy by the motors of the 3D printer and

Eauxiliary = Estartup + Esteadystate + Eshutdown (3)
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of the electronics and the remaining parts of the 3D printer.
The specific printing energy index is calculated by the following equation:

SPE =
EPC

w
[MJ/g] (4)

The specific printing power index is calculated by the following equation:

SPP =
EPC

PT · w
· 103[kW/g] (5)

where energy printing consumption (EPC) represents the energy used by the 3D printer
(Etotal), w the actual weight of each specimen, and PT the actual printing time for each
experimental run.

2.3. Design of Experiment (DOE), Regression Analysis (ANOVA)

In this work, seven generic, continuous (not categorial) machine-independent 3D
printing settings, i.e., raster deposition angle (RDA, deg), orientation angle (ORA, deg),
layer thickness (LT, mm), infill density (ID, %), nozzle temperature (NT, ◦C), bed tem-
perature (BT, ◦C) and printing speed (PS, mm/min), were the control parameters of the
robust design approach followed [71]. Each control parameter had three levels, and five
replicas were run for each different case studied in this work. The control parameters
and their levels were selected following the literature review for the PC polymer in MEX
3D printing.

An L27 array was formed, which means 135 experiments were carried out for the
modeling process. The Taguchi design of experiments was followed, as the correspond-
ing full factorial design would require 5 × 37 experiments to be carried out. The effect of
these control parameters on ten different metrics (response parameters) related to the
3D-printed parts’ energy consumption during the MEX 3D printing process (printing
time—s the sample weight—g; EPC—MJ; SPE—MJ/g; and SPP—KW/g), the mechanical
properties under compressive loading (compressive strength—MPa; compression modu-
lus of elasticity—MPa; and compression toughness—MJ/m3), and the quality metrics of
the parts (deviation of the samples’ cross-sectional area with the nominal cross-sectional
area—Area2Nom; and volume deviation compared with the nominal volume of the
specimens—Volume2Nom) was evaluated. Regression analysis provided prediction
models as functions of the control parameters for each one of the response parameters.
The prediction models were verified with confirmation runs, also carried out with five
replicas each.

3. Results and Discussion
3.1. Examination of the Morphological Characteristics of the Samples and Their Behavior during
the Compression Test

Figure 4 depicts top surface images acquired with optical microscopy from the samples.
Images were taken on samples built with various control parameter values. Due to the
various 3D printing parameters utilized in each sample, the changes in the 3D printing
structure can be observed. An error-free 3D printing structure is shown in every image,
demonstrating that the control parameter levels were suitable for producing the PC samples
using MEX 3D printing. Please refer to this work’s Supplementary Material, where a
microscope image from each of this work’s runs is displayed.

Compression tests are performed to ascertain the compressive strength of the 3D-
printed specimens fabricated under various printing parameters, as well as to study and
analyze the way they are prone to fail. Figure 5 illustrates the specimens subjected to a com-
pression test according to the ASTM D695 standard. Based on the conducted compression
tests, a classification of the resulting compressive failure modes can be established. The
failure modes are grouped into three main failure types and can be further distinguished
into subcategories. The first one pertains to kinking failure, either single or multiple (runs
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1, 2, 3, 4, 5, 6). The kinking plane is formed at an angle of 45◦ to the specimen’s longitudinal
axis, where the maximum shear stress occurs. The second failure type, characterized as
buckling failure, consists of three discrete failure modes, i.e., lateral buckling (runs 7, 8, 9),
buckling with interlaminar delamination (runs 19, 20, 21), and buckling accompanied by
interfacial debonding (runs 25, 26, 27). Finally, the third failure type observed concerns
shear failure comprising two distinct secondary modes, i.e., sliding shear (runs 10, 11, 12,
14) with a brittle fracture or successive degradation (runs 13, 15), and flexural shear failure
(runs 16, 17, 18).
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the various 3D printing sets of settings.

To explain the failure mechanism of the specimens, each type of failure mode is
related to the 3D printing settings. It was noticed that the failure mode of the specimens
is primarily dependent on the printing orientation angle (ORA). For a printing angle
of 0o, the specimens exhibit flexural failure either of kinking type or lateral buckling
type, demonstrating maximum compressive strength in comparison to other printing
angle values, which is even enhanced proportionally by the infill density (ID). Regarding a
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printing orientation angle of 45◦, it is obvious that it leads to shear failure since sliding at the
shear plane of 45◦ angle is triggered. Shearing is happening in the direction perpendicular
to the filament strands deposited on the shear plane.

A printing angle of 90◦ leads to flexural failure either with interlaminar delamination in
the case of the raster deposition angle (RDA) being equal to 0◦ or with interfacial debonding
between adjacent filaments for RDA equal to 90◦. The raster deposition angle (RDA) plays
a supplemental role by modifying the principal failure mechanism. For example, the RDA
angle of 45◦ generally alters the specimen’s failure, either by the shearing deformation
with respect to the longitudinal axis or by preventing the separation of layers due to high
interlaminar stresses acting on the interface between two adjacent layers [72–76]. Finally, the
test results showed that the ultimate compressive resistance of the 3D-printed specimens is
consistently related to the infill density (ID). The ultimate compressive resistance is defined
as the maximum compressive load the specimen is capable of withstanding during the
compression test. That means that by the ultimate compression load, a rupture occurs,
indicating the initialization of the material failure. Regardless of the type of failure mode
taking place, the infill density (ID) of the specimen enhances the compressive strength.
With respect to the contribution of the other 3D printing settings, i.e., PS, BT, NT, on the
failure mode of the specimens, the results prove that these parameters do not notably affect
the compressive failure mode.

Figure 6 visualizes the methodology of investigating the 3D-printed PLA specimens’
failure caused by applying compressive load. The particular case presented here concerns
the shear failure mode. The test specimen is placed between the plates of the compression
tool, taking care to align its longitudinal axis with the center line of the plunger and to
ensure that the ends of the specimen are parallel to the plates of the compression tool.
Subsequently, the compression load is applied by axial movement of the plunger at the
standard testing speed of 1.3 mm/min. While the specimen is exposed to a compressive
load and gradually undergoes deformation, shear failure is initiated depending on the
printed structure of the specimen. The compressive load is applied by the Instron KN1200
testing machine, which is suitable for these types of tests and was used in this work to
conduct the compressive tests until the specimen completely fails. To explore the failure
mechanism, the fractured surfaces are examined by microscopy. The micrograph images
of two representative specimen failures (runs 10 and 22) reveal the sliding marks clearly
formed on the PC strands being stressed under shear loading. The fracture plane where the
shear failure occurs has an inclination of 45◦ to the loading axis due to the fact that on this
plane, the maximum shear stresses are induced. In both cases presented here, mobilization
of sliding fracture is facilitated from the specimens’ structure due to the intrinsic shear
plane built in.

3.2. Design of Experiment, Experimental Results, and Statistical Analysis

The control parameter levels are shown in Table 1, whereas Tables 2 and 3 present
for each run carried out in this study, the average response parameters values and their
deviation, as they were determined in the corresponding experiments by the authors of this
work within the context of this specific study. More specifically, Table 2 depicts the weight
(g), printing time (s), compressive strength (MPa), compressive modulus of elasticity (MPa),
and compressive toughness (MJ/m3) response parameter results, and Table 3 depicts the
results for EPC (MJ), SPE (MJ/g), SPP (kW/g), area to nominal (%), and volume to nominal
(%). Please refer to this work’s Supplementary Material, where an optical microscope image
from each of this work’s runs is displayed.
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Figure 6. (a) Compression test of a 3D-printed specimen until failure (Run 24), (b) graphical represen-
tation of the compression test and microscopic inspection of the fracture surface, (c,d) micrograph
images of the fracture surface of the upper and the lower part of two representative specimens (Run
10, 22) subjected to shear failure.

Table 1. Taguchi L27 design: control parameters and levels.

Run ORA RDA LT ID PS NT BT

1 0 0 0.1 60 20 260 80
2 0 0 0.1 60 40 280 100
3 0 0 0.1 60 60 300 120
4 0 45 0.2 80 20 260 80
5 0 45 0.2 80 40 280 100
6 0 45 0.2 80 60 300 120
7 0 90 0.3 100 20 260 80
8 0 90 0.3 100 40 280 100
9 0 90 0.3 100 60 300 120

10 45 0 0.2 100 20 280 120
11 45 0 0.2 100 40 300 80
12 45 0 0.2 100 60 260 100
13 45 45 0.3 60 20 280 120
14 45 45 0.3 60 40 300 80
15 45 45 0.3 60 60 260 100
16 45 90 0.1 80 20 280 120
17 45 90 0.1 80 40 300 80
18 45 90 0.1 80 60 260 100
19 90 0 0.3 80 20 300 100
20 90 0 0.3 80 40 260 120
21 90 0 0.3 80 60 280 80
22 90 45 0.1 100 20 300 100
23 90 45 0.1 100 40 260 120
24 90 45 0.1 100 60 280 80
25 90 90 0.2 60 20 300 100
26 90 90 0.2 60 40 260 120
27 90 90 0.2 60 60 280 80
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Table 2. Mean average values and standard deviations of measured responses for weight, printing
time, compressive strength (sB), compressive modulus of elasticity (E), and compressive toughness.

Run Weight (g) Printing Time (s) sB [MPa] E [MPa] Toughness [MJ/m3]

1 6.83 ± 0.21 7318.80 ± 1656.75 47.65 ± 3.96 1062.93 ± 71.46 4.27 ± 0.14
2 8.33 ± 0.21 4326.00 ± 973.56 50.72 ± 0.44 1132.37 ± 13.40 4.66 ± 0.13
3 6.70 ± 0.06 3340.20 ± 721.74 51.63 ± 1.00 1118.10 ± 26.88 5.22 ± 0.49
4 8.33 ± 0.18 3621.80 ± 722.55 58.88 ± 0.38 1191.34 ± 12.06 7.75 ± 0.16
5 8.46 ± 0.41 2557.00 ± 474.86 60.77 ± 0.61 1196.78 ± 17.21 7.93 ± 0.13
6 7.68 ± 0.36 1868.20 ± 367.67 62.84 ± 1.26 1155.62 ± 45.74 8.15 ± 0.37
7 9.52 ± 0.10 3431.20 ± 705.09 64.28 ± 2.57 1143.33 ± 38.62 9.15 ± 0.39
8 9.47 ± 0.04 1953.00 ± 369.39 62.77 ± 0.70 1166.96 ± 54.74 8.72 ± 0.13
9 9.42 ± 0.18 1475.00 ± 309.73 62.14 ± 0.97 1177.49 ± 13.82 8.45 ± 0.27

10 9.55 ± 0.23 6906.20 ± 1201.23 55.84 ± 2.71 886.82 ± 95.62 8.34 ± 0.43
11 9.45 ± 0.05 4348.00 ± 815.67 55.10 ± 1.66 825.61 ± 70.70 7.94 ± 1.63
12 8.81 ± 0.07 3422.00 ± 691.65 56.68 ± 0.98 887.99 ± 36.12 8.95 ± 0.14
13 5.80 ± 0.04 4458.00 ± 595.64 24.75 ± 0.59 410.29 ± 30.55 3.76 ± 0.09
14 6.61 ± 0.06 2399.00 ± 429.45 26.26 ± 0.44 437.88 ± 39.41 4.16 ± 0.10
15 6.57 ± 0.09 2095.20 ± 466.22 23.14 ± 1.89 475.80 ± 34.23 3.37 ± 0.62
16 8.15 ± 0.44 9484.00 ± 170.21 34.03 ± 4.25 523.85 ± 91.06 4.85 ± 0.89
17 8.30 ± 0.08 6921.00 ± 1519.48 29.35 ± 1.67 556.02 ± 81.62 4.22 ± 0.05
18 8.21 ± 0.17 5927.80 ± 1173.14 35.40 ± 0.34 693.81 ± 38.12 5.17 ± 0.23
19 7.41 ± 0.04 2745.60 ± 559.16 54.33 ± 4.88 1142.79 ± 23.90 3.65 ± 0.63
20 7.20 ± 0.13 1202.00 ± 238.05 38.68 ± 9.24 954.44 ± 122.89 3.54 ± 1.45
21 6.68 ± 0.10 1893.00 ± 331.64 34.44 ± 6.39 873.71 ± 111.67 2.92 ± 0.89
22 7.54 ± 0.30 7859.00 ± 1649.02 65.23 ± 3.56 1138.30 ± 99.48 9.38 ± 0.25
23 9.63 ± 0.43 8291.80 ± 1830.20 67.08 ± 3.00 1107.30 ± 53.79 9.06 ± 0.69
24 8.75 ± 0.40 3954.00 ± 802.05 52.23 ± 6.07 817.24 ± 157.84 7.00 ± 0.82
25 6.62 ± 0.16 2300.80 ± 432.62 16.59 ± 1.55 331.94 ± 20.63 2.29 ± 0.15
26 6.15 ± 0.09 1891.80 ± 387.23 20.57 ± 2.06 376.71 ± 15.25 2.53 ± 0.14
27 6.47 ± 0.10 996.00 ± 193.81 23.25 ± 1.34 435.20 ± 127.42 3.20 ± 0.22

In Figure 7, by analyzing the experimental results of this work, considering the
printing time (s), the weight (g), the compressive strength (MPa), and the EPC (MJ), box
plots were produced:

• For the printing time (s), only an LT of 0.3 mm shows a compact response. All the
other parameters and levels show a scatter response, indicating a strong influence on
the printing time (s) response parameter.

• For the part weight (g), an ID of 60% shows a compact response. All the other
parameters and levels show a scatter response, indicating a strong influence on the
part weight (g) response parameter.

• For the compressive strength (MPa), an ID of 60% and 100%, ORA 0 deg, and
RDA 0 deg show a compact response. All the other parameters and levels show a
scatter response, indicating a strong influence on the compressive strength (MPa)
response parameter.

• For the EPC (MJ), LT of 0.2 mm and 0.3 mm, ID of 60%, and ORA 0 deg show a compact
response. All the other parameters and levels show a scatter response, indicating a
strong influence on the EPC (MJ) response parameter.



J. Manuf. Mater. Process. 2023, 7, 38 12 of 25

Table 3. Mean average values and standard deviations of measured responses for EPC, SPE, SPP,
area to nominal, and volume to nominal.

Run EPC (MJ) SPE (MJ/g) SPP (kW/g) Area 2 Nom [%] Volume 2 Nom [%]

1 1.627 ± 0.309 0.238 ± 0.045 0.035 ± 0.012 71.32 ± 0.74 68.18 ± 0.68
2 1.822 ± 0.378 0.220 ± 0.049 0.052 ± 0.012 96.98 ± 0.47 96.45 ± 0.55
3 1.217 ± 0.337 0.182 ± 0.051 0.056 ± 0.019 101.09 ± 0.18 100.35 ± 0.29
4 1.008 ± 0.265 0.121 ± 0.033 0.035 ± 0.013 99.57 ± 0.23 99.48 ± 0.39
5 0.929 ± 0.246 0.110 ± 0.027 0.044 ± 0.013 102.18 ± 0.49 100.43 ± 0.64
6 0.828 ± 0.244 0.108 ± 0.033 0.062 ± 0.031 99.45 ± 0.29 97.80 ± 0.25
7 0.857 ± 0.247 0.090 ± 0.026 0.027 ± 0.010 103.24 ± 0.46 101.01 ± 0.64
8 0.835 ± 0.241 0.088 ± 0.026 0.047 ± 0.017 98.37 ± 0.75 96.71 ± 0.77
9 0.540 ± 0.167 0.057 ± 0.018 0.040 ± 0.013 104.14 ± 0.67 103.21 ± 0.62

10 1.692 ± 0.460 0.177 ± 0.047 0.027 ± 0.011 97.65 ± 0.44 97.34 ± 0.55
11 1.116 ± 0.223 0.118 ± 0.023 0.027 ± 0.005 99.64 ± 0.49 98.99 ± 0.53
12 1.584 ± 0.345 0.180 ± 0.039 0.053 ± 0.012 98.33 ± 0.36 98.20 ± 0.42
13 0.965 ± 0.179 0.166 ± 0.031 0.037 ± 0.002 96.78 ± 0.55 96.67 ± 0.58
14 0.547 ± 0.158 0.083 ± 0.024 0.036 ± 0.012 97.90 ± 1.22 98.21 ± 1.27
15 0.756 ± 0.182 0.115 ± 0.027 0.057 ± 0.019 100.54 ± 1.27 100.36 ± 1.27
16 4.003 ± 0.366 0.494 ± 0.070 0.052 ± 0.007 99.19 ± 1.23 98.59 ± 1.21
17 1.842 ± 0.580 0.222 ± 0.072 0.034 ± 0.014 98.21 ± 0.67 98.31 ± 0.68
18 1.728 ± 0.398 0.210 ± 0.048 0.038 ± 0.015 101.52 ± 0.90 101.16 ± 0.82
19 1.332 ± 0.395 0.180 ± 0.053 0.069 ± 0.029 99.42 ± 0.23 99.24 ± 0.32
20 0.612 ± 0.182 0.085 ± 0.025 0.074 ± 0.028 98.52 ± 0.62 97.94 ± 0.53
21 0.540 ± 0.163 0.081 ± 0.026 0.044 ± 0.018 91.13 ± 0.34 90.63 ± 0.35
22 4.997 ± 0.844 0.663 ± 0.112 0.086 ± 0.014 98.01 ± 0.51 97.49 ± 0.49
23 5.136 ± 0.312 0.535 ± 0.056 0.068 ± 0.019 103.09 ± 0.61 103.16 ± 0.59
24 3.353 ± 0.874 0.383 ± 0.098 0.101 ± 0.032 97.73 ± 0.62 97.48 ± 0.71
25 0.324 ± 0.099 0.049 ± 0.016 0.022 ± 0.009 97.54 ± 0.20 97.10 ± 0.18
26 0.828 ± 0.223 0.134 ± 0.035 0.075 ± 0.033 97.22 ± 0.72 96.84 ± 0.79
27 0.331 ± 0.064 0.051 ± 0.010 0.054 ± 0.018 100.79 ± 0.49 100.58 ± 0.48

MEP plots for the response are presented in Figures 8 and 9, and the Supplementary
Material of this work:

• For the printing time (s), LT (mm) is the most critical parameter (rank No. 1), and
then PS (mm/s). The increase in both leads to a decrease in the printing time (s). The
increase in ID increases the printing time (s). The median value of 45 deg for the ORA
increases the printing time (s), while low and high values lead to reduced printing time
(s) values. The remaining control parameters (BT, NT, and RDA) do not significantly
affect the printing time (s) response parameter, with RDA being the least important
control parameter.

• For the part weight (g), ID is the most important control parameter (rank No. 1).
The increase in ID increases the part weight (g). The rank No. 2 control parameter
is ORA, with the increase in the control parameter decreasing the part weight (g).
The remaining control parameters (PS, LT, RDA, NT, and BT) do not significantly
affect the part weight (g) response parameter, with BT being the least important
control parameter.

• For the compressive strength (MPa), ID (%) is the most critical parameter (rank No. 1),
and then ORA (deg). The increase in ID leads to an increase in compressive strength
(MPa). Higher compressive strength (MPa) strength values are achieved with low
ORA and RDA values. The increase in LT (mm) decreases compressive strength (MPa).
The remaining control parameters (PS, NT, and BT) do not significantly affect the
compressive strength (MPa) response parameter, with PS being the least important
control parameter.

• For the EPC (MJ), LT (mm) is the most critical parameter (rank No. 1), and then ID
(%). Higher LT (mm) values decrease the EPC (MJ) values, while low ID (%) values
achieve the same effect. The increase in ORA (deg) increases the EPC (MJ). For the
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RDA (deg) control parameter, the median values resulted in higher EPC (MJ) values.
Higher PS (mm/s) values decrease the EPC (MJ). Lower BT (◦C) values also decrease
the EPC (MJ). Only the NT (◦C) control parameter had no significant effect on this
metric, and it was at the same time the least important control parameter for the EPC
(MJ) response parameter.
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MEPs are not sufficient to depict the interaction between the control parameters, and
thus, interaction plots were formed (Figure 10, additional interaction plots are available in
the Supplementary Material of this work) to depict such connections. For the compressive
strength (MPa) and the EPC (MJ), the interaction plot findings are depicted in Table 4.

Table 4. Interaction plot findings.

Metrics Compressive Strength (MPa) EPC (MJ)

Control Parameters Synergistic Antagonistic Synergistic Antagonistic

ORA PS, NT, and BT RDA, LT, and ID PS, NT, and BT RDA, LT, and ID
RDA PS, NT, and BT LT, ID, and ORA PS, NT, and BT LT, ID, and ORA

LT PS, NT, and BT ID, RDA, and ORA PS, NT, and BT ID, RDA, and ORA
ID PS, NT, and BT LT, RDA, and ORA PS, NT, LT, and BT RDA and ORA
PS ID, LT, RDA, and ORA NT and BT ID, LT, RDA, and ORA NT and BT
NT ID, LT, RDA, and ORA PS and BT ID, LT, RDA, and ORA PS and BT
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3.3. Regression Analysis

The reduced quadratic regression model (RQRM) for each response is calculated:

Yk = ak +
n

∑
i=1

bi,kxi +
n

∑
i=1

ci,kx2
i + ek (6)

where k represents the quality output (e.g., weight, printing time, compressive strength,
compressive modulus of elasticity, compressive toughness, EPC, SPE), a is a constant value,
b are the coefficients of the linear terms, c are the coefficients of the quadratic terms, e is the
error, and xi refers to the seven (n = 7) control parameters, i.e., the orientation angle, raster
deposition angle, layer thickness, infill density, printing speed, nozzle temperature, and
bed temperature.
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The quadratic regression model (QRM) for each response is calculated:

Yk = ai,k +
n

∑
i=1

bi,kxi +
n

∑
i=1

ci,kx2
i + ∑

i
∑

j
dij,kxixj + ek (7)

where k represents the response output (e.g., SPP, area to nominal, volume to nominal), a is
a constant value, b refers to the coefficients of the linear terms, c refers to the coefficients of
the quadratic terms, d refers to the coefficients of the two-way interaction terms, e is the
error, and xi refers to the seven (n = 7) control parameters, i.e., the orientation angle, raster
deposition angle, layer thickness, infill density, printing speed, nozzle temperature, and
bed temperature.

The regression analysis for the metrics evaluated in this work is presented in cor-
responding tables provided in the Supplementary Material of this work (one for each
metric). The corresponding predicting models formed for each metric are shown below
(Equations (8)–(17)):

• Weight (g): the F-value is 60.09 (>4), and the P-value is almost zero. The regression
values are higher than 84.20%, indicating that model (8) is sufficient for the prediction
of this specific metric.

• Printing time (s): the F-value is 47.63 (>4), and the P-value is almost zero. The
regression values are higher than 80.70%, indicating that the model (9) is sufficient for
the prediction of this specific metric.

• Compression strength (MPa): the F-value is 110.32 (>4), and the P-value is almost
zero. The regression values are higher than 90.88%, indicating that the model (10) is
sufficient for the prediction of this specific metric.

• Compression modulus of elasticity (MPa): the F-value is 111.95 (>4), and the P-value
is almost zero. The regression values are higher than 91.00%, indicating that the
model (11) is sufficient for the prediction of this specific metric.

• Compression toughness (MJ/m3): the F-value is 103.93 (>4), and the P-value is almost
zero. The regression values are higher than 90.36%, indicating that the model (12) is
sufficient for the prediction of this specific metric.

• EPC (MJ): the F-value is 61.28 (>4), and the P-value is almost zero. The regression
values are higher than 84.47%, indicating that the model (13) is sufficient for the
prediction of this specific metric.

• SPE (MJ/g): the F-value is 48.28 (>4), and the P-value is almost zero. The regression
values are higher than 80.92%, indicating that the model (14) is sufficient for the
prediction of this specific metric.

• SPP (kW/g): the F-value is 5.03 (>4), and the P-value is almost zero. The regression
values are higher than 24.56% (15). These results are marginal, and the prediction
model accuracy is expected to be low for this specific metric.

• Area2Nom (%): the F-value is 20.67 (>4), and the P-value is almost zero. The regression
values are higher than 69.76% (16). These results are lower compared to the other
metrics (except SPP). Although they are highly acceptable, these results indicate lower
reliability in the prediction of the specific metric.

• Vol2Nom (%): the F-value is 18.00 (>4), and the P-value is almost zero. The regression
values are higher than 66.52% (17). These results are lower compared to the other
metrics (except SPP). Although they are highly acceptable, these results indicate lower
reliability in the prediction of the specific metric.

Weight = −23.2 − 0.00605 × ORA − 0.00951 × RDA + 2.15 × LT + 0.0312 × ID
+0.0894 × PS + 0.179 × NT + 0.0428 × BT − 0.000046 × ORA2

+0.000124 × RDA2 − 10.60 × LT2 + 0.000188 × ID2

−0.001133 × PS2 − 0.000327 × NT2 − 0.000223 × BT2

(8)
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PrintingTime = −5241 + 77.82 × ORA + 9.30 × RDA − 71541 × LT + 72.0 × ID
−123.4 × PS + 191 × NT − 195.1 × BT − 0.8477 × ORA2

−0.1187 × RDA2 + 129, 172 × LT2 − 0.233 × ID2 + 0.739 × PS2

−0.360 × NT2 + 1.032 × BT2

(9)

sB = 362 − 0.7102 × ORA + 0.1001 × RDA − 30.4 × LT + 0.525 × ID − 0.063 × PS
−2.94 × NT + 1.246 × BT + 0.005843 × ORA2

−0.002439 × RDA2 + 17.0 × LT2 + 0.00118 × ID2

+0.00010 × PS2 + 0.00531 × NT2 − 0.00587 × BT2

(10)

E = 7277 − 19.037 × ORA − 1.651 × RDA − 3219 × LT + 45.90 × ID − 0.08 × PS
−69.3 × NT + 36.56 × BT + 0.16808 × ORA2 − 0.01567 × RDA2

+7537 × LT2 − 0.2284 × ID2 − 0.0058 × PS2 + 0.1237 × NT2

−0.1777 × BT2

(11)

Toughness = 50.5 − 0.04132 × ORA + 0.05584 × RDA + 24.67 × LT − 0.1919 × ID
−0.0065 × PS − 0.349 × NT + 0.1129 × BT + 0.000175 × ORA2

−0.000633 × RDA2 − 70.2 × LT2 + 0.001955 × ID2

+0.000047 × PS2 + 0.000622 × NT2 − 0.000519 × BT2

(12)

EPC = −18.3 + 0.01296 × ORA + 0.03477 × RDA − 44.70 × LT − 0.0316 × ID
−0.0203 × PS + 0.156 × NT + 0.0564 × BT − 0.000037 × ORA2

−0.000390 × RDA2 + 85.72 × LT2 + 0.000400 × ID2

+0.000048 × PS2 − 0.000286 × NT2 − 0.000218 × BT2

(13)

SPE = −1.45 + 0.001552 × ORA + 0.004148 × RDA − 5.659 × LT − 0.00392 × ID
−0.00621 × PS + 0.0130 × NT + 0.00990 × BT
−0.000004 × ORA2 − 0.000047 × RDA2 + 11.09 × LT2

+0.000043 × ID2 + 0.000049 × PS2 − 0.000023 × NT2

−0.000042 × BT2

(14)

SPP = −0.564 − 0.000419 × ORA − 0.00063 × RDA + 1.342 × LT + 0.00022 × ID
+0.000721 × PS + 0.00284 × NT + 0.00131 × BT
+0.000007 × ORA2 − 0.000006 × RDA2 + 0.835 × LT2

−0.000000 × ID2 − 0.000002 × PS2 − 0.000003 × NT2

−0.000007 × BT2 + 0.000007 × RDA × PS
−0.000000 × RDA × NT + 0.000010 × RDA × BT
−0.00267 × LT × PS − 0.00578 × LT × NT

(15)

Area2Nom = 0.26 + 0.000576 × ORA + 0.01594 × RDA − 0.616 × LT
+0.00512 × ID + 0.00429 × PS − 0.00432 × NT + 0.01101 × BT
−0.000005 × ORA2 − 0.000010 × RDA2 − 1.531 × LT2

−0.000025 × ID2 − 0.000037 × PS2 + 0.000010 × NT2

−0.000040 × BT2 − 0.000020 × RDA × PS
−0.000034 × RDA × NT − 0.000042 × RDA × BT
+0.00226 × LT × PS + 0.00452 × LT × NT

(16)

Volume2Nom = 0.25 + 0.000988 × ORA + 0.01664 × RDA − 0.90 × LT
+0.00527 × ID + 0.00470 × PS − 0.00452 × NT + 0.01131 × BT
−0.000009 × ORA2 − 0.000011 × RDA2 − 1.578 × LT2

−0.000026 × ID2 − 0.000041 × PS2 + 0.000010 × NT2

−0.000041 × BT2 − 0.000021 × RDA × PS
−0.000035 × RDA × NT − 0.000045 × RDA × BT
+0.00231 × LT × PS + 0.00559 × LT × NT

(17)

To identify the statistically important parameters for the metrics of this work, Pareto
charts were formed, and they are presented in Figures 11 and 12 below. Additional Pareto
charts are available in the Supplementary Material of this work. In the Pareto charts,
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the parameters that cross the 1.98 margin are the statistically important parameters for
each metric. On the right side of each Pareto chart, a graph shows a comparison between
the experimental and the predicted values for each specific metric. In each such graph,
the mean absolute percentage error (MAPE) [77] and the Durbin–Watson factor, which
is a measurement indicator of the autocorrelation in the residuals, are presented. In
Figures 11 and 12 below, the following can be observed:

• Figure 11a (printing time—s): the statistically important parameters are ORA, ORA2,
LT, LT2, PS, PS2, NT, and NT2. The MAPE is 22.99%, which is an acceptable result. The
Durbin–Watson factor is 1.53, showing a positive autocorrelation of the prediction residuals.

• Figure 11b (part weight—g): the statistically important parameters are RDA, RDA2, PS,
and PS2. The MAPE is 4.47%, which is a very acceptable result, verifying the reliability
of the model. The Durbin–Watson factor is 0.96, showing a positive autocorrelation of
the prediction residuals.

• Figure 12a (compressive strength—MPa): the statistically important parameters are
ORA, ORA2, RDA2, NT, NT2, BT, and BT2. The MAPE is 8.65%, which is a very
acceptable result, verifying the reliability of the model. The Durbin–Watson factor is
1.18, showing a positive autocorrelation of the prediction residuals.

• Figure 12b (EPC-MJ): statistically important parameters are ORA, RDA, RDA2, LT, and
LT2. The MAPE is 35.86%, which is an acceptable result. The Durbin–Watson factor is
1.42, showing a positive autocorrelation of the prediction residuals.
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Figure 13 shows, for some critical metrics of this work, three-dimensional surface
graphs of the control parameters (rank No. 1 and 2) vs. the corresponding metric.

3.4. Confirmation Experiments

To verify the regression analysis and the prediction models forms, two confirmation
runs were conducted, with five replicas each (runs 28 and 29). Table 5 presents the levels
for the control parameters in each run. The experimental results for the metrics of this work
in each run (average value and deviation) are presented in Tables 6 and 7 (the confirmation
runs results are analytically accessible in the Supplementary Material of this work). The
accuracy of the prediction models in the conformation runs is depicted in Table 8, in which
the actual and the predicted values for the metrics of this work are presented along with
the deviation (error) between them. An eminent accuracy of the prediction models was
found for run 28, with 5.62% and 8.52% deviation between the actual and the calculated
compression strength (MPa) and EPC (MJ) values, respectively. For run 29, the accuracy
of compression strength (MPa) was not as high as in run 28 (18.03%), while for the EPC
(MJ) metric, the model failed to predict the expected value. This indicates that the control
parameter levels were outside the limits for the specific metric. The acceptable limits of
the prediction models were not within the scope of the current work. It should be noted
that the compression strength and the EPC are the two main metrics related to the aims
of this work. Therefore, they were the metrics that were more critical to be evaluated in
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the confirmation tests. Confirmation tests were conducted with the more suitable control
parameter levels for each metric. Since the optimum parameter levels for each metric
studied in this work differ, the extent of this work would be significantly increased if more
metrics were considered in the confirmation tests.
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Table 5. Control parameters for the confirmation runs.

Run ORA RDA LT ID PS NT BT

28 0 20.9 0.1 100 20 300 106.3
29 0 90 0.26 60 60 300 80

Table 6. Mean average values and standard deviations of measured responses for weight, printing
time, compressive strength, compressive modulus of elasticity, and compressive toughness for the
confirmation runs.

Run Weight (g) Printing Time (s) sB [MPa] E [MPa] Toughness [MJ/m3]

28 9.52 ± 0.11 10,854.60 ± 497.50 80.72 ± 2.04 1369.03 ± 46.07 10.23 ± 0.60
29 7.27 ± 0.24 1158.00 ± 144.19 42.46 ± 1.06 1068.52 ± 41.69 4.73 ± 0.10

Table 7. Mean average values and standard deviations of measured responses for EPC, SPE, SPP,
area to nominal, and volume to nominal for the confirmation runs.

Run EPC (MJ) SPE (MJ/g) SPP (kW/g) Area 2 Nom [%] Volume 2 Nom [%]

28 4.032 ± 0.405 0.423 ± 0.038 0.039 ± 0.002 91.55 ± 0.56 91.09 ± 0.70
29 0.518 ± 0.075 0.071 ± 0.010 0.062 ± 0.010 106.99 ± 0.51 87.90 ± 0.49
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Table 8. Validation table.

Run 28 29

Actual
sB (MPa) 80.72 42.46
EPC (MJ) 4.03 0.52

Predicted
sB (MPa) 85.26 34.80
EPC (MJ) 3.69 Vague

Absolute Error
sB (%) 5.62 18.03

EPC (%) 8.52 Vague

4. Conclusions

In this study, the energy consumption, compressive strength, and two quality met-
rics of parts made with the high-performance PC polymer with MEX 3D printing were
investigated compared to seven continuous, machine-independent, generic 3D printing
settings. The study of energy consumption is directly related to the sustainability of the
MEX 3D printing process, which is already a critical aspect of AM. Additionally, a thorough
investigation was conducted on the performance of MEX 3D-printed parts when subjected
to compressive load. The two quality parameters studied are related to the dimensional ac-
curacy of the MEX 3D-printed parts, and it was shown how it is affected by seven different
3D printing settings when varying their values within limits determined by the literature
review conducted in this work.

DOE and regression analysis ranked the importance of each 3D printing setting on
the energy, mechanical properties under compression loading, and dimensional accuracy
metrics studied in this work. Additionally, prediction models were compiled for each one
of the ten metrics considered in this work. The accuracy of the prediction models was
sufficient for direct industrial use in all metrics except the SPP, which showed reduced
accuracy. A reduced accuracy of about 60% was also found for the two quality metrics in this
work, i.e., actual to nominal for the samples’ cross-section area and volume. The validity
of these prediction models was verified with two confirmation runs. In the confirmation
runs, the predicted values for the compression strength were very accurate in both runs. In
the second confirmation run, the model failed to predict the EPC value, showing that the
prediction models function properly within limits for the control parameter levels.

No set of 3D printing settings optimizes both the energy and the mechanical properties
metrics, indicating that priorities should be made for the optimization of the desirable
metrics, with the models that can predict the expected values for the remaining metrics.
Infill density was the most important parameter affecting the compression strength of
the PC MEX 3D-printed parts. It was ranked No. 1 in importance, and high ID values
(i.e., 100%) are recommended to achieve increased compression strength values. Low ORA
values (i.e., 0 deg) also contribute to this result. Printing speed was the least important
parameter for the compression strength metric. The layer thickness was the most important
parameter (ranked as No. 1) affecting the energy consumption of the PC MEX 3D-printed
parts. High values of LT (i.e., 0.3 mm) significantly reduce the energy consumption when
3D printing PC parts with the MEX process. Infill density also significantly affects energy
consumption, and low values (i.e., 60%) are recommended when the energy requirements
need to be minimum. Nozzle temperature was the least important parameter for this metric.
To broaden the range of applicability for the current study’s findings, future work may
expand on it by examining control parameter values in a new value range.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmmp7010038/s1.
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Nomenclature

3DP 3D Printing
ABS Acrylonitrile Butadiene Styrene
AM Additive Manufacturing
ANOVA Analysis of Variances
BT Bed Temperature
DF Degrees of Freedom
DOE Design of Experiment
DSC Differential Scanning Calorimetry
E Tensile Modulus of Elasticity
EPC Energy Printing Consumption
FFF Fused Filament Fabrication
ID Infill Density
LT Layer Thickness
MEP Main Effect Plot
MEX Material Extrusion
NT Nozzle Temperature
ORA Orientation Angle
PA Polyamide
PC Polycarbonate
PEEK Polyether-ether-ketone
PLA Polylactic Acid
PT Printing Time
PS Printing Speed
RDA Raster Deposition Angle
QRM Quadratic Regression Model
RQRM Reduced Quadratic Regression Model
sB Compression strength
SEM Scanning Electron Microscopy
SPE Specific Printing Energy
SPP Specific Printing Power
Tg Glass Transition Temperature
TGA Thermogravimetric Analysis
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