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Abstract
Acrylonitrile butadiene styrene (ABS) is a multipurpose thermoplastic and the second most popular material in material 
extrusion (MEX) additive manufacturing (AM). It is widely used in various types of industrial applications in the automotive 
sector, housing, and food processing, among others. This work investigates the effect of seven generic control parameters 
(orientation angle, raster deposition angle, infill density, layer thickness, nozzle temperature, printing speed, and bed tem-
perature) on the performance and the energy consumption of 3D-printed ABS parts in compression loading. Raw material 
with melt extrusion was formed in a filament form for MEX 3D printing. Samples after the ASTM D695-02a standard were 
3D printed, with the seven control parameters, three levels, and five replicas each (135 experiments in total). Results were 
analyzed with statistical modeling tools regarding the compressive and the energy consumption metrics (printing time, 
weight, energy printing consumption/EPC, specific printing energy/SPE, specific printing power/SPP, compression strength, 
compression modulus of elasticity, and toughness). The layer thickness was the most critical control parameter. Nozzle 
temperature and raster deposition angle were the less critical parameters. This work provides reliable information with great 
technological and industrial impact.

Keywords  Fused filament fabrication (FFF) · Material extrusion (MEX) · Optimization · Acrylonitrile butadiene styrene 
(ABS) · Energy consumption

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
PT	� Printing time
PS	� Printing speed
RDA	� Raster deposition angle
RQRM	� Reduced quadratic regression model
sB	� Compression strength
SEM	� Scanning electron microscopy
SPE	� Specific printing energy
SPP	� Specific printing power
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Tg	� Glass transition temperature
TGA​	� Thermogravimetric analysis

1  Introduction

Composites, due to their wide field of applications, have 
been thoroughly studied for their mechanical properties 
[1–4]. ABS is an engineering thermoplastic used in house-
hold equipment, electric and electronic devices [5, 6], auto-
mobile parts [7], and membranes [8]. Composites (carbon 
based [5, 6, 9], or others) have been developed to enhance 
ABS performance for specific applications. In MEX 3DP, 
ABS is the second most used polymer [10]. Therefore, 
research on its performance in AM is extensive, with the 
ABS polymer tested in pure form or as a matrix material 
in composites [11–19]. Its mechanical properties have been 
studied for tensile [20–25], flexural [22, 26, 27], creep [28], 
fatigue [29–33], dynamic loading [34], failure analysis [35], 
and impact tests [36–39]. The response of the ABS poly-
mer in MEX 3D printing under different strain rates in the 
tensile test has also been reported [40, 41]. The effect of 
the 3D printing settings on the quality (surface roughness, 
dimensional accuracy, and porosity) of the parts built with 
the MEX process has been investigated, with the experimen-
tal results analyzed with statistical modeling tools [42–46]. 
The response of the ABS polymer in MEX 3D printing after 
successive recycling processes has been reported, showing 
that the material can withstand up to six repetitions of the 
process without serious compromise of its mechanical prop-
erties [47–50]. It has also been used in hybrid AM processes 
(AM with laser cutting for surface quality improvement [51], 
injection molding [52], shot peening [53], rotary friction 
welding [31], and friction stir welding for manufacturing of 
large parts [54]) to further expand its fields of application.

The effect of the 3DP parameters on the compression 
performance has been studied, focusing mainly on a lim-
ited number of parameters (one to three) [48, 55–66]. Still, 
research indicates the importance of compressive loading 
and how 3D-printed parts behave under such loading [67]. 
Modeling tools have been employed to analyze and opti-
mize the studies’ results [18, 68–70]. Such an approach is 
also applied for the investigation of the effect of the process 
parameters on the mechanical properties of MEX-printed 
parts for other polymeric materials as well [71, 72], indicat-
ing that this is a common and reliable approach.

Apart from the mechanical performance, a critical aspect 
of 3DP is the energy consumption due to its environmental 
effect [73–75]. For the assessment of this critical param-
eter in 3DP, models have been presented [73, 76] based on 
machine learning [75], life cycle analysis [74], and statistical 
modeling tools [10]. A very limited number of works are 
focusing on the energy consumption of the ABS material 

when 3DP and the effect of the 3D printing parameters [10, 
77]. Most works either provide a holistic approach or study 
a limited number of parameters.

This work introduces for the first time inclusive compres-
sive test results for ABS 3DP, which are now missing in 
the literature. Additionally, it thoroughly studies the effect 
of 3DP parameters on the energy performance of the MEX 
process. Energy performance and sustainability of manu-
facturing processes are nowadays hot issues with industrial 
and social interest. ABS was chosen to be studied, as it is 
the second most popular thermoplastic in MEX AM [47] and 
it is a popular material for different types of applications as 
mentioned above. A thorough study, considering simultane-
ously such a high number (seven) of 3D printing settings, on 
the response in compressive loading of parts 3D printed with 
the ABS thermoplastic is missing from the literature. For the 
energy consumption in MEX 3D printing, literature is still 
marginal, although it affects sustainability [76], which is a 
key aspect nowadays for AM technology [78, 79].

Seven control parameters (ORA, RDA, ID, LT, NT, PS, 
and BT) are studied herein, with three levels each. All are 
generic parameters, i.e., they do not depend on the specific 
3D printer used. The response parameters of the study are 
related to both the mechanical properties of the 3DP ABS 
parts under compression loading and the consumption of 
energy during the MEX process (PT, weight, EPC, SPE, 
SPP, sB, E, and toughness). For the analysis and the optimi-
zation of the experimental results, statistical modeling tools 
were used. This work provides a roadmap for the seven 3DP 
parameters studied. The results presented indicate which set 
of parameter values is better in achieving the expected out-
come in each case according to the specifications set (better 
strength or more eco-friendly energy consumption).

2 � Materials and methods

2.1 � Preparation of the samples

Figure 1 shows snapshots from the sequence of the experi-
mental processes implemented in the work. ABS was pro-
cured from INEOS Styrolution (Frankfurt, Germany). The 
grade was terluran hi-10,and it has the following prop-
erties: B 38 MPa, E 1900 MPa, and density 1030 kg/m3 
(https://​www.​ineos-​styro​lution.​com/​Produ​ct/​Terlu​ran_​
Terlu​ran-​HI-​10_​SKU30​06001​20831_​lang_​en_​GB.​html, 
accessed 01/12/2022). It was sourced in powder form. It 
was dried at 80 °C for 2 h following the manufacturer’s 
specification, and then it was formed into a 1.75-mm 
diameter filament compatible with the MEX 3DP pro-
cess (3devo precision, Utrecht, the Netherlands, nozzle 
220 °C, mid chamber 230 °C, hopper 240 °C, 3.5 rpm, 
and 55% fan speed). The filament diameter was monitored 
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with the built-in sensor of the 3devo extruder, which oper-
ates in a closed-loop and adjusts the extruding parameters 
to achieve as accurate a diameter as possible during the 
process.

After a repetition of the drying process, compression 
samples were 3DP with various control parameter values. 
The 3D-printing settings used are shown in Fig. 2, and 
they are determined according to the literature review 
and preliminary tests. Five replicas were manufactured 
per case. An Intamsys Funmat HT (Shanghai, China) 3D 
printer was used, and the required G-code for the 3D print-
ing process was prepared on the Intamsuite (Shanghai, 
China) software tool. Specimens were manufactured fol-
lowing the ASTM D695-02a international standard (sam-
ples of 50.8 × 12.7 × 12.7 mm3, Fig. 2). Specimens were 

manufactured for each set of 3D printing parameters in 
five replicas.

2.2 � Energy consumption and metrics

Specimens were weighted in a high-accuracy electronic 
weight, while the consumed energy during the MEX 3DP 
process was recorded (Rigol DM3058E). The voltage (V) 
was considered constant during the process. It was meas-
ured at the beginning and the end of the 3D printing process 
to verify the statement. The electrical amplitude (A) was 
recorded during the 3D printing of the parts (sampling of 
20 measurements per second), along with the elapsed time 
(stopwatch method [80]). From these measurements, the 
consumed energy was calculated in kWh and then converted 
to MJ for the determination of the EPC. The consumption 

Fig. 1   Successive experimental steps followed in the work

Fig. 2   3D-printing parameters 
used in the work and control 
parameter values. The geometry 
of the compression specimens 
is shown. a The material 
degradation graph, as acquired 
in the TGA, and b the graph 
acquired in the DSC (TGA and 
DSC: cycle 30 and 550 °C, step 
10 °C/min)
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of the energy is resolved in three (3) distinct stages: (a) 3D 
printer start-up, (b) 3D printing process, and (c) 3D printer 
shutdown, and can be yielded by:

where

Emotion is the absorbed energy by the motors of the 
machine, whereas:

Is the energy consumed by the 3D printer’s electronics 
and other parts.

EPC, as it was recorded with the device, is the energy 
consumed from the beginning to the end of the MEX 3DP 
process. The energy required for the machine startup and 
shutdown is constant and independent of the material 
used for 3DP. The SPE index is calculated from the fol-
lowing equation (indicating the energy consumed per mass 
produced):

where EPC represents the energy used by the 3D printer 
( Etotal ), and w is the actual weight of each specimen.

The SPP index is calculated from the following equation 
(indicating the required power per mass produced):

where PT is the actual printing time for each experimental 
run.

To ensure that the temperatures used during the filament 
extrusion and the 3DP process were not affecting the ther-
mal stability of the samples, TGA measurements were taken 
on the produced material, verifying this hypothesis (Fig. 2). 
DSC measurements were also taken to verify that the tem-
peratures used in the work are not in areas in which the 
crystallinity of the material changes (Fig. 2).

2.3 � Compression tests

Samples were tested for their compressive response on an 
Instron KN1200 (MA, USA) at 1.3 mm/min per the stand-
ard. Samples were examined for their morphological char-
acteristics with optical microscopy (Kern OKO 1, with a 
5MP type ODC 832 camera, Balingen, Germany) and a 
field emission SEM (Jeol JSM-IT700HR; Tokyo, Japan, Au 
sputtered samples, high vacuum mode, 20 kV acceleration 
voltage).

(1)Etotal = Ethermal + Emotion + Eauxiliary

(2)Ethermal = Eheating + Ecooling

(3)Eauxiliary = Estartup + Esteadystate + Eshutdown

(4)SPE =
EPC

w

[

MJ∕g
]

(5)SPP =
EPC

PT × w
∙ 103

[

kW∕g
]

2.4 � Design of experiment and ANOVA

Control parameters (ORA, degrees; RDA, degrees; ID, %; 
LT, mm; NT, °C; PS, mm/s; BT, °C) were selected according 
to the literature review, and they are satisfying two additional 
criteria to be generic, i.e., independent of the 3D printer used 
and to be continuous, i.e., without categorical control such 
as the infill pattern parameter, for example. Their levels were 
selected according to the literature [42, 43, 47], as well as 
the ABS material specs (NT, PS, and BT), and preliminary 
tests. A Taguchi L27 array was compiled with five replicas 
each [81]. That is 135 experiments for the modeling process 
and the analysis of the compression strength results and the 
energy consumed for the 3DP of the samples. Full factorial 
modeling would require 5 × 37experimental runs. Results 
were validated with verification experiments. The five rep-
licas per case evaluate the deviation in the experiments, the 
validation experiments, and the reliability of the results.

The response parameters were the PT (s) and w (g), which 
are also used for the calculation of the energy-related out-
puts, i.e., EPC (in MJ), SPE (in MJ/g), and SPP (in KW/g). 
Compression strength response parameters were the sB 
(MPa), E (MPa), and the toughness (MJ/m3). Regression 
analysis evaluated the reliability of the modeling analysis 
and provided equations as functions of the process param-
eters for the prediction of the responses. The regression anal-
ysis is provided in the supplementary material of the study.

3 � Results

3.1 � Examination of the morphological 
characteristics of the samples

Figure 3 presents stereoscopic images from the top surface 
of randomly selected samples from different experimental 
runs. The differences in the 3DP parameters used in each 
different run, i.e., ORA, RDA, LT, and ID, can be easily 
distinguished in the images. In all images, a perfect 3DP 
structure is presented without defects or voids.

Figure 4a shows a graphical representation of the com-
pression experiment, indicating how the 3DP structure is 
expected to behave and affects the results. Depending on 
the specimen’s printed structure, shear failure begins as the 
specimen is subjected to a compressive load and gradually 
deforms. The specimen is subjected to the compressive load 
until it fully fails. The shattered surfaces are microscopy-
inspected to investigate the failure mechanism. Figure 4b–e 
shows SEM images at 70 and × 300 from the fracture surface 
of two randomly selected samples built with ORA 45°, RDA 
0°, LT 0.2 mm, and ID 100. The sample presented in Fig. 4b 
and c has been built with PS 20 mm/s, NT 230 °C, and BT 
120 °C, while the sample presented in Fig. 4d and e has 
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been built with PS 40 mm/s, NT 250 °C, and BT 80 °C. The 
left sample shows higher deformation on the fracture sur-
face than the right sample. The left sample has a more solid 
surface, while a crack has been formed in the fracture area 
of the right sample. In all cases studied, samples were fully 
fractured (divided into two pieces after the compression test) 
except for the case of samples built with ORA of 45°, in 
which the samples failed in the test without a full fracture 
occurring. It should be mentioned also that no buckling was 
observed in the samples during the tests.

3.2 � Experimental results and statistical analysis

Table  1 presents the printing time (s) and weight (g) 
response parameter values with their deviation for the differ-
ent control parameter levels. The corresponding MEPs that 
complied with the average response parameters’ values are 
presented in Fig. 5. The two response parameters follow the 
same trend regarding the ORA, similar trends for the RDA, 
ID, NT, and BT, and different trends for LT and PS. RDA, 
LT, PS, NT, and BT do not significantly affect the weight of 

the 3DP parts, which is affected by the ORA and the ID con-
trol parameters. ORA of 0 and 90° reduces the weight, and 
45° ORA increases it. The increase in the ID also increases 
the weight. Regarding the printing time, ORA of 0 and 90° 
reduces it, and 45° ORA increases it. A mild increase in the 
PT is presented, with an increase in the RDA. The increase 
in LT radically decreases the PT and is the number 1 ranked 
control parameter. The increase in the ID increases the PT, 
while, as expected, the increase in the PS reduces the PT, 
and PS is ranked as the no. 2 in importance of control param-
eters regarding the PT. NT and BT also have mild effects on 
the PT compared to other parameters and are ranked as the 
two least important control parameters for PT. The rank of 
all the control parameters for both PT and w is presented in 
Fig. 5. Table A in the supplementary data provides analytical 
results for each one of the experimental runs and replicas for 
the PT and weight response parameters.

Table 2 presents the mean average values with their 
deviation for the energy metrics and the compression 
mechanical properties related to response parameters 
per run. For the two main response parameters of EPC 

Fig. 3   Typical 3D-printed samples with the various control parameters’ values
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and sB, MEPs have been compiled and are presented in 
Fig. 6. From the produced graph, no clear relation between 
the compressive strength and the consumed energy can 
be derived. The two response parameters follow a simi-
lar trend only for the LT control parameters; still, in the 
sB, high values improve the optimization, while in the 
EPC, low values are better. Both response parameters 
are not significantly affected by the NT and BT control 
parameters. PS does not significantly affect the sB, while 
the increase in PS reduces EPC and is the rank 2 control 
parameter for the EPC; 0° ORA provides high sB values, 
with low EPC. The highest EPC with the lowest sB is 
observed at 45° ORA; 90° ORA gives better results than 
45° ORA regarding the sB, with low EPC. The increase 
in RDA reduces sB, with a significant decrease presented 
at 90°. At the same time, the increase in RDA increases 
the EPC. The 0° RDA gives the highest sB value, with 
low EPC. EPC is drastically reduced with the increase 
in LT, while the increase in LT decreases sB. Finally, the 
increase in ID significantly increases sB. The lowest EPC 
is reported for low ID values, and it increases with the 
increase in ID while maintaining the same level of values 
at the highest ID studied. Table B in the supplementary 
data provides analytical results for each one of the experi-
mental runs and replicas for the EPC, SPE, SPP, sB, E, and 
toughness response parameters.

To further analyze the process mechanism, interaction 
plots are formed for sB and EPC for the control parameters 
studied (Fig. 7). For sB, ORA acts synergistically with ID, 
PS, NT, and BT and antagonistically with RDA and LT. 
RDA acts synergistically with PS, NT, and BT and antago-
nistically with the remaining control parameters. LT acts 
synergistically with PS, NT, and BT. ID acts synergically 
with PS, NT, and BT. PS acts synergistically with ID, LT, 
RDA, and ORA. NT acts synergistically with ID, LT, RDA, 
and ORA. BT acts synergistically with ID, LT, RDA, and 
ORA. Regarding the EPC, mostly antagonistic relations can 
be observed. ORA, RDA, and LT act synergistically with 
LT, and RDA with PS, NT, and BT. ID acts synergistically 
with PS, NT with LT and RDA, and BT with LT. Figure 8 
presents the sB and EPC response parameters as surface 
graphs for the control parameters with the highest ranks.

4 � Discussion

Herein, the energy consumption, which is a critical param-
eter for the sustainability of a process, was quantified for 
3D printing parts with the ABS polymer using the MEX 
process. At the same time, an attempt was made to optimize 
the mechanical properties of the 3D-printed parts under 
compression loading. It was not possible to optimize both 

Fig. 4   a Graphical representation of a 3D printed sample compres-
sion test, SEM images of the fracture surface of samples built with 
ORA 45°, RDA 0°, LT 0.2 mm, ID 100 and PS 20 mm/s, NT 230 °C, 

and BT 120  °C at a magnification of b × 70 and c × 300, and PS 
40 mm/s, NT 250 °C, and BT 80 °C at a magnification of d × 70 and 
e × 300.
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the energy consumption and the compressive strength simul-
taneously, employing one common set of 3D printing set-
tings. Still, it was found that parts with improved mechani-
cal strength can be built using moderate energy amounts. 
On the other hand, if energy consumption is the priority, 
it is possible to build parts with sufficient strength under 
compression loads, with reduced energy demands. Seven 
critical 3D printing parameters were studied, and it was 
found that the selection of appropriate 3D printing settings 

can significantly affect the performance of the built parts. 
For example, the compression strength of parts built with 
different values of the ORA setting can differ up to more 
than 40%, showing the significance of the 3D printing set-
ting selection. The ID was the dominant parameter affecting 
the compressive strength of the parts, with the difference 
in the compressive strength of parts build with different ID 
exceeding 100%. So, selecting appropriate 3D settings is 
the first step toward the production of 3D-printed parts with 

Table 1   Taguchi L27 design: 
control parameters, levels, 
mean average values, and 
standard deviations of measured 
responses for printing time and 
specimen weight

Run ORA RDA LT ID PS NT BT Printing time (s) Weight (g)

1 0 0 0.1 60 20 210 80 7600.60 ± 170.24 5.60 ± 0.20
2 0 0 0.1 60 40 230 100 4080.40 ± 129.00 5.76 ± 0.22
3 0 0 0.1 60 60 250 120 2915.40 ± 65.81 5.61 ± 0.21
4 0 45 0.2 80 20 210 80 4654.20 ± 137.26 7.42 ± 0.26
5 0 45 0.2 80 40 230 100 2558.80 ± 64.34 7.28 ± 0.06
6 0 45 0.2 80 60 250 120 1868.20 ± 72.63 7.31 ± 0.27
7 0 90 0.3 100 20 210 80 3607.60 ± 91.58 8.39 ± 0.25
8 0 90 0.3 100 40 230 100 1864.60 ± 55.68 8.33 ± 0.19
9 0 90 0.3 100 60 250 120 1353.00 ± 35.13 8.41 ± 0.32
10 45 0 0.2 100 20 230 120 7710.00 ± 247.21 12.41 ± 0.38
11 45 0 0.2 100 40 250 80 4191.20 ± 150.09 12.54 ± 0.41
12 45 0 0.2 100 60 210 100 3064.00 ± 86.49 12.54 ± 0.39
13 45 45 0.3 60 20 230 120 4112.00 ± 87.27 10.03 ± 0.30
14 45 45 0.3 60 40 250 80 2207.20 ± 35.94 9.78 ± 0.36
15 45 45 0.3 60 60 210 100 1657.20 ± 36.91 10.27 ± 0.27
16 45 90 0.1 80 20 230 120 13,749.80 ± 455.65 11.22 ± 0.13
17 45 90 0.1 80 40 250 80 7456.80 ± 309.02 11.34 ± 0.27
18 45 90 0.1 80 60 210 100 5514.40 ± 188.23 11.25 ± 0.44
19 90 0 0.3 80 20 250 100 2583.20 ± 73.76 6.44 ± 0.19
20 90 0 0.3 80 40 210 120 1334.60 ± 31.10 6.41 ± 0.20
21 90 0 0.3 80 60 230 80 899.60 ± 38.65 6.27 ± 0.16
22 90 45 0.1 100 20 250 100 9830.80 ± 247.57 8.49 ± 0.27
23 90 45 0.1 100 40 210 120 5328.80 ± 136.46 8.33 ± 0.26
24 90 45 0.1 100 60 230 80 3808.80 ± 97.27 8.37 ± 0.24
25 90 90 0.2 60 20 250 100 3477.20 ± 95.31 5.30 ± 0.15
26 90 90 0.2 60 40 210 120 1773.60 ± 39.14 5.36 ± 0.15
27 90 90 0.2 60 60 230 80 1257.40 ± 37.26 5.46 ± 0.09

Fig. 5   MEP of printing time (s) 
and weight (g) for the different 
control parameters
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improved mechanical properties. Additionally, additives can 
further improve and reinforce the mechanical properties of 
the 3D-printed parts [15]. Such an investigation was outside 
the scope of the work.

Two works related to the optimization of the mechani-
cal properties of 3D-printed parts made of ABS [10] and 
PLA [82] follow a similar approach to the current work 
but with fewer control parameters. Also, different types of 
mechanical properties were studied. A parameter that was 

not considered in these previous works was the ORA. This 
parameter was proven critical in the current study, showing 
the need for additional 3D printing setting evaluation as it 
is not obvious which parameter might affect the response 
metrics. Regarding the compressive strength of ABS parts 
in MEX 3D printing, different studies have been conducted, 
but none is studying so many parameters at the same time or 
employed modeling tools for the analysis of the experimen-
tal results [83–87]. Still, the compressive strength results 

Table 2   Mean average values 
and standard deviations 
of measured responses for 
EPC, SPE, SPP, compression 
strength, compression modulus 
of elasticity, and compression 
toughness

Run EPC (MJ) SPE (MJ/g) SPP (kW/g) sB (MPa) E (MPa) Toughness (MJ/m3)

1 2.3 ± 0.1 0.41 ± 0.02 0.05 ± 0.00 46.7 ± 1.2 1056.5 ± 60.0 3.9 ± 0.4
2 1.3 ± 0.0 0.22 ± 0.01 0.05 ± 0.00 49.0 ± 0.5 1141.8 ± 12.8 4.5 ± 0.3
3 1.0 ± 0.0 0.18 ± 0.00 0.06 ± 0.00 48.7 ± 1.0 1126.4 ± 37.8 5.0 ± 0.2
4 1.4 ± 0.0 0.19 ± 0.01 0.04 ± 0.00 53.3 ± 0.9 1150.2 ± 45.1 7.7 ± 0.3
5 0.8 ± 0.0 0.11 ± 0.00 0.04 ± 0.00 55.6 ± 0.4 1132.5 ± 24.7 7.9 ± 0.1
6 0.7 ± 0.0 0.09 ± 0.00 0.05 ± 0.00 53.4 ± 0.7 1073.7 ± 37.7 7.8 ± 0.1
7 1.1 ± 0.0 0.13 ± 0.01 0.04 ± 0.00 59.8 ± 0.4 1115.3 ± 42.5 9.4 ± 0.1
8 0.6 ± 0.0 0.07 ± 0.00 0.04 ± 0.00 58.9 ± 0.7 1132.4 ± 13.2 9.6 ± 0.3
9 0.5 ± 0.0 0.06 ± 0.00 0.04 ± 0.00 51.0 ± 0.4 882.6 ± 103.9 8.4 ± 0.2
10 2.6 ± 0.1 0.21 ± 0.00 0.03 ± 0.00 52.7 ± 4.4 951.7 ± 49.5 2.8 ± 0.8
11 1.3 ± 0.0 0.10 ± 0.00 0.02 ± 0.00 51.0 ± 1.9 771.8 ± 142.3 7.1 ± 1.5
12 1.0 ± 0.0 0.08 ± 0.00 0.03 ± 0.00 53.0 ± 1.5 958.5 ± 124.5 5.7 ± 1.9
13 1.5 ± 0.1 0.14 ± 0.01 0.04 ± 0.00 17.8 ± 0.5 326.5 ± 61.1 3.0 ± 0.2
14 0.7 ± 0.0 0.07 ± 0.00 0.03 ± 0.00 22.0 ± 0.9 440.3 ± 28.5 3.8 ± 0.1
15 0.5 ± 0.0 0.05 ± 0.00 0.03 ± 0.00 23.6 ± 0.6 550.7 ± 66.6 3.6 ± 0.2
16 4.7 ± 0.1 0.42 ± 0.01 0.03 ± 0.00 25.0 ± 2.1 444.3 ± 98.6 3.8 ± 0.2
17 2.4 ± 0.1 0.21 ± 0.01 0.03 ± 0.00 28.2 ± 1.9 624.2 ± 14.8 4.4 ± 0.2
18 1.7 ± 0.0 0.15 ± 0.01 0.03 ± 0.00 30.4 ± 2.7 655.6 ± 34.7 4.4 ± 0.2
19 0.9 ± 0.0 0.13 ± 0.01 0.05 ± 0.00 39.8 ± 5.1 1037.0 ± 29.8 2.9 ± 0.9
20 0.4 ± 0.0 0.07 ± 0.00 0.05 ± 0.00 40.2 ± 6.2 973.3 ± 29.6 3.2 ± 0.7
21 0.3 ± 0.0 0.04 ± 0.00 0.05 ± 0.00 37.8 ± 2.9 962.7 ± 60.2 2.9 ± 0.7
22 3.3 ± 0.1 0.39 ± 0.01 0.04 ± 0.00 64.4 ± 3.5 1085.1 ± 114.4 10.5 ± 0.5
23 1.7 ± 0.0 0.21 ± 0.01 0.04 ± 0.00 62.1 ± 2.4 907.6 ± 98.4 10.0 ± 0.3
24 1.1 ± 0.0 0.14 ± 0.01 0.04 ± 0.00 65.3 ± 1.3 1234.4 ± 54.0 10.0 ± 0.2
25 1.1 ± 0.0 0.21 ± 0.01 0.06 ± 0.00 14.0 ± 0.6 357.5 ± 42.7 2.3 ± 0.1
26 0.6 ± 0.0 0.11 ± 0.01 0.06 ± 0.00 16.2 ± 2.5 358.9 ± 15.8 2.3 ± 0.2
27 0.4 ± 0.0 0.07 ± 0.00 0.06 ± 0.00 20.1 ± 0.6 358.7 ± 92.8 2.9 ± 0.2

Fig. 6   MEP of compressive 
strength (MPa) and energy 
(MJ) for the different control 
parameters
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are comparable and summarized in the following Table 3. 
Any differences can be attributed to the different ABS 
grades used, the experimental conditions, and mainly to the 

different 3D printing settings used and the lack of optimiza-
tion in the existing studies. This highlights the importance of 
selecting appropriate 3D printing settings as their effect on 

Fig. 7   Interaction plots of 
compressive strength (MPa) and 
energy (MJ) for the different 
control parameters

Fig. 8   Surface graphs of 
compressive strength (MPa) and 
energy (MJ) for the different 
control parameters
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the mechanical properties was here verified as well. It also 
highlights the need for optimization due to the wide range of 
the reported values herein and in the literature. The current 
study investigates more 3D printing parameters (seven) than 
similar works in the literature; at the same time, it reports 
higher compressive strength values than the existing litera-
ture. Therefore, it could be assumed that increasing the num-
ber of 3D printing parameters that are optimized leads to a 
more improved performance from the built parts.

Regarding energy consumption, the increase in the LT 
reduces the required energy for the 3D printing of the parts 
to 50% of the energy required at lower LT values. A simi-
lar outcome was found with the increase of the PS, which 
reduces the energy required to about 55% of the energy 
required at lower PS values. Such outcomes are indicating 
the importance of the 3D printing parameters in energy con-
sumption as well. It should also be noted that the increase 
in the temperature parameters (NT and BT) does not sig-
nificantly affect both the energy consumption and the com-
pressive strength. On the other hand, energy consumption 
was found to be hugely affected by the printing time, which 
was also a response indicator in the study. The MEP pattern 
of the two response indicators is almost the same, show-
ing a direct connection between the two metrics. In a work 
studying the energy consumption of ABS parts built with the 
MEX process, LT and PS were also the dominant parameters 
affecting the energy consumption, same as in the findings 
of the current work (higher values decreased EPC) [10]. A 
similar finding is also reported for the energy consumption 
of PC parts made with the MEX 3D printing process [67].

In the study, the Taguchi plan was followed. Different 
modeling tools could have been implemented, and there 
are several other prospect modeling methods. Herein, it 
was preferred to use this approach since two different 
research areas were investigated, i.e., energy consump-
tion and the mechanical properties of the MEX ABS 
3D-printed parts under compression loading. The analysis 
showed that each different area suggested a different set of 
significant parameters. If only the mechanical properties 

were investigated, approaches such as the fractional fac-
torial plan would probably be more suitable. But it was 
required to have a comparable experimental effort in an 
attempt to optimize both research areas simultaneously 
with a common set of parameters if this was feasible. The 
fractional factorial plan would require two different and 
independent sets of experiments and two different opti-
mization efforts. The number of levels was selected to be 
three, as a large number of experiments were already con-
ducted in this experimental effort for the specific study.

5 � Conclusions

This work provided inclusive and comprehensive results 
on the behavior under compressive loading of ABS MEX 
3DP parts. For the time being, seven 3DP parameters are 
investigated for the effect on both the compressive proper-
ties of the parts and the energy consumed for their fabrica-
tion. An insight into the significance of each 3DP param-
eter is provided through the statistical analysis followed. 
LT and PS were the dominant parameters regarding the 
EPC, while NT and RDA were the least important set-
tings. For the compression strength, ID and ORA were 
the dominant parameters and PS and NT were the least 
important parameters. Regarding the cons of the work, the 
experimental results presented are not generic for every 
polymer. Each polymer has different thermomechanical 
properties, different strand fusion mechanisms, etc., so 
corresponding processes are required for each polymer. 
The experimental data provided can be processed with 
various modeling tools such as artificial neural networks, 
among others, as future work. Additionally, although a 
large number of seven 3D printing parameters have been 
ranked and analyzed in the work for their statistical impor-
tance, the experimental process can be further expanded 
with additional parameters and levels to extend the appli-
cability of the current research results.

Table 3   Experimental results of 
the current study in comparison 
to the literature

Study Material Compressive 
strength (MPa)

Energy 
consumption 
(MJ)

3D printing settings studied

Current ABS 14.00–65.30 0.400–2.400 ORA, RDA, LT, ID, PS, NT, and BT
Lee et al. [85] ABS 41.26 - RDA
Yadav et al. [86] ABS 21.15 - RDA and infill pattern
Ahn et al. [83] ABS 40.00 - Bead width, ID, NT, RDA, and color
Ashtankar et al. [87] ABS 26.66 - RDA
Morocho et al. [84] ABS 33.15 - Infill pattern
Vidakis et al. [10] ABS - 0.072–0.828 RDA, LT, ID, PS, NT, and BT
Vidakis et al. [67] PC 67.08 0.32–5.130 ORA, RDA, LT, ID, PS, NT, and BT
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