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Abstract

Additive manufacturing (AM) has gained attention due to its capacity to produce complex parts. Fused deposition modeling
(FDM) is a branch of AM that has great potential. However, it is important to understand how process parameters affect
part quality and operation’s productivity. The present paper outlines an experimental study that aimed to optimize three
parameters: processing time, the energy consumption of the 3D printer, and dimensional accuracy of parts manufactured by
the FDM process, using ASA as the model material. The Taguchi methodology was employed to study the effect of five key
parameters (layer thickness, filling pattern, orientation angle, printing plane, and position of the piece on the printing table’s
surface) on the variables. The desirability method was considered for defining a set of printing parameters that allowed the
optimization of all the variables at the same time. The printing plane was the most significant factor for reducing process-
ing time; the same trend was observed for energy consumption. In the case of dimensional accuracy, the width was mainly
influenced by the filling pattern. For length, layer thickness was the dominant factor. Finally, the printing plane was the fac-
tor with the greatest influence over the part thickness. A desirability analysis allowed finding out the set of parameters that

provided the best trade-off among the variables.
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1 Introduction

Additive manufacturing technologies are redefining part
production owing to the design freedom and production
of complex parts with no extra cost that they provide [1].
As a leading and impactful technology due to the benefits
it provides, FDM is being implemented in many industrial
sectors. However, it is a process that requires a deeper study
of its environmental impact regarding the energy consumed
in building the part. Sustainability is one of the aspects that
are getting the attention of industries, so they are trying to
reduce the environmental impact of their operations. Elec-
tricity generation using fossil fuel sources is of impact on
the environment. Therefore, it is important to include energy
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consumption as a variable to be optimized while improving
FDM performance.

1.1 Literature review

Recently, several researchers have been investigating the
effect of different parameters related to 3D printing to
improve the quality of parts built by FDM, and to reduce
the time needed to manufacture them while their mechanical
properties are enhanced. The aim of the work reported by
Tanoto et al. [2] was to evaluate the dimensional accuracy,
processing time, and tensile strength of 3D printed compo-
nents made of ABS, using FDM technology and varying the
orientation angle as well as printing plane.

Mohamed et al. [3] investigated the dimensional accuracy
of specimens obtained by FDM when the raster angle, raster
width, air gap, orientation of the part, layer thickness, and
the number of contours were modified. The material used
was a PC-ABS blend. In the work of Raut et al. [4], ten-
sile and flexural specimens made of ABS P400 were manu-
factured, following the standards ASTM D638 and ASTM
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D790. The orientation of the piece on the printing table was
modified, and the processing time was measured.

The work of Alafaghani et al. [5] proposed an experi-
ment to find out the values of printing parameters (infill
rate, infill pattern, part orientation, and layer thickness) that
improved dimensional accuracy and mechanical properties
of parts made of PLA and built by the FDM process. Huynh
et al. [6] investigated the relationship that exists between the
dimensional accuracy of the specimens made of PLA and the
processing parameters used in FDM (infill rate, infill pattern,
and layer thickness).

The aim of the work presented by Padhi et al. [7] was to
evaluate the dimensional deviation of a CAD model pro-
posed by the authors, when the infill angle, raster width, air
gap, orientation of the specimen, and layer thickness were
modified. The specimens were made of ABS P400. In the
work of Peng et al. [8], the layer thickness was modified for
printing a CAD geometry developed by the authors. This
specimen was made of ABS, and the dimensional accuracy
and processing time were selected as the study variables.

The works mentioned above show that efforts have been
made toward optimization of printing parameters for the
FDM process, considering ABS and PLA as model mate-
rials. Nevertheless, no efforts have been made toward the
optimization of printing parameters to minimize the energy
consumed in 3D printing of parts made of ASA, as well as to
enhance dimensional accuracy of the part while diminishing
building time.

This paper presents a study that aimed to optimize three
key responses of 3D printing: processing time, energy con-
sumed by the 3D printer, and dimensional accuracy of parts
built by FDM. To achieve that, for the experimental trials,
five printing parameters related to the FDM process were
considered: layer thickness, filling pattern, orientation angle,
printing plane, and position of the piece on the printing sur-
face. An L27 orthogonal array was selected to study the
effects of these five printing parameters on the responses.
The optimum values of the printing parameters that mini-
mized the response variables were determined by main
effects and signal to noise (S/N) ratio plots, and desirability
analysis. The results obtained from this study pointed out
that it was feasible to find out a trade-off among the variables
analyzed, thus enhancing part quality.

2 Experimental procedure for the FDM
process

2.1 Part to be manufactured, materials and output
variables

The geometry of the part to be printed corresponds to the Type
V specimen, according to the ASTM D638-14 standard. The
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CAD model was developed using NX 11.0 from Siemens. The
materials employed were ASA Ivory for building the piece,
and QSR as the soluble support material. These materials are
of natural color and manufactured by Stratasys. The 3D printer
used to build all the specimens was the F270 industrial printer
by Stratasys. Before printing any of the specimens specified by
the design of experiments, the printer was calibrated following
its calibration routine.

Moreover, a new plastic build tray was used to perform all
the experimental trials. The F270 printer works with Grab-
CAD to process part files to be printed, and it can work with
the NX 11.0 native files (.prt extension). The processing time
was measured using a stopwatch. For each specimen, time was
recorded when the nozzle made its first move to start building
the part until it returned to its home position after extruding
the last layer of the specimen.

For computing the energy drawn from the grid when print-
ing each specimen, a power quality analyzer was employed.
The Fluke 43B allowed obtaining the value of average power
consumed during the printing process in kW. The total energy
(in kWh) was calculated by multiplying the average power
consumed quantified by the Fluke 43B, times the total time
(in hours) it took to complete the part. Dimensional accuracy
tests were executed using a Mitutoyo outside micrometer with
an accuracy of 0.01 mm. Per specimen, the measurements of
length (L), width (W, and W, ...), and thickness (7) were
performed according to Fig. 1, and their values were averaged.

Dimensional accuracy was calculated according to (1),
where AD is the dimension change (length, width, or thick-
ness), Dgxp is the dimension average measured in the speci-
men, and Dpyg represents dimension’s value established
by the drawing, according to ASTM D638-14 standard. To
achieve greater dimensional accuracy, AD should be as close
as zero.

AD = |Dgxp — Dpy|- (1
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Fig. 1 Measurement locations of the printed part
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2.2 Input process parameters of the FDM

As previously mentioned, five printed parameters were
studied in this experimental work. Layer thickness is one
of these parameters, and it is the height that each layer will
have when it is extruded out of the nozzle. The values used
for this study were 0.18, 0.25, and 0.33 mm. Filling pattern
refers to the pattern that is employed to create a structure
inside the part. From the options provided by GrabCAD,
solid, sparse double dense, and hexagonal patterns were con-
sidered because they provide good structural integrity. The
orientation angle is the specimen orientation on the selected
printing plane. The angles considered for this study were
0°, 45°, and 90°. Moreover, printing planes selected for the
experimental trials were XY, XZ, and YZ, as shown in Fig. 2.

The table position is the specimen position on the plas-
tic printing tray. The tray was divided into nine positions,
according to Fig. 3. From these positions, the ones selected
were positions 1, 5, and 9.

2.3 Design of the experiment

Genichi Taguchi developed the Taguchi method to improve
quality control related to products or processes. His approach
indicates that it is necessary to decrease the variability of the
process and adjust its mean to a target value. All of these are
accomplished using orthogonal arrays to perform the tests
and signal to noise (S/N) ratios to quantify process quality.
An L27 orthogonal array was selected to study the effects
of printing parameters on the variables (processing time, the
energy consumption of the printer, and dimensional accu-
racy). For each experimental trial dictated by the orthogo-
nal array, three repetitions were performed in a randomized
order. Therefore, a total of 81 specimens were manufactured.
The levels for each parameter were selected based on the
material to be extruded (ASA), and the restrictions imposed
by processing software and 3D printer. Table 1 summarizes
process parameters and their levels.

Regarding the S/N ratio, there are three categories: nomi-
nal is the best, larger the better, and smaller the better. The
levels of each factor that provide the highest value of the

U

Fig. 3 Positions of the specimen on the printing table, top view

S/N ratio are the optimal ones. In this study, the S/N ratio
“smaller the better” was selected because the purpose of the
experiment was to minimize the value of processing time,
energy consumption, and deviation for each one of the speci-
men’s dimensions. The S/N ratio was computed according
to (2).

S/N = —10 log [(1/n)<zy2>]. )

3 Results and data analysis

The results obtained for the processing time, energy con-
sumed by the 3D printer, and dimensional accuracy for each
one of the dimensions shown in Fig. 1 are presented in the
plots corresponding to the mean effects (Figs. 4, 5, 6, 7, 8,
9) and the S/N ratios (Figs. 10, 11, 12, 13, 14, 15).
According to the main effects plot (Fig. 4), processing
time was at its lowest value when layer thickness was at its
highest value, and the filling pattern was hexagram, along
with an orientation of 0° in the XY plane, and position 9 of
the tray. Tanoto et al. [2] and Raut et al. [4] concluded that
processing time was reduced when the part was printed at 0°
in the XY plane. Peng et al. [8] found out that the greater the
layer thickness, the lower the printing time. A similar trend
is observed for the energy consumption of the 3D printer

L\ \\ =
= = Y Table 1 Factors and their levels
¢ Factor Level 1 Level 2 Level 3
- . r—— Layer thickness (mm) 0.18 0.25 0.33
~ 5 5 oz = _\ Filling pattern Solid Sparse double Hexagonal
w- - . dense

i < > Orientation angle (°) 0 45 90
Printing plane XY X7 YZ
Table position 1 5 9

Fig.2 Printing planes used for printing the specimens
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(Fig. 5). The same levels of the parameters that lowered
printing time were the same that reduced the energy required
by the printer. More electricity is needed to power the printer

and part was printed using the sparse double filling pattern,
with an orientation of 45° in the XY plane, using position 9
of the tray (Fig. 6).

if the part that is being built takes longer to be finished.

AW,

outer

was lowered when layer thickness was increased,
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Tanoto et al. [2] and Alafaghani et al. [5] deduced
that the XY plane was the one that lessens dimensional
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Main Effects Plot for S/N ratios - Energy consumed
Data Means

Layer thickness (mm)| _Filling pattern | Orientation angle (*)] _ Printing plane Table position

20

B

A

6

Mean of S/N ratios (dB)

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Signal-to-noise: Smaller is better
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Fig. 12 S/N ratio plot for AW,

uter

deviation of the parts. Padhi et al. [7] and Peng et al. [8]
figured out that the greater the thickness layer, the lower
the dimensional deviation. Figure 7 shows that AW, .. was
diminished when layer thickness was at its greatest value

using a solid filling pattern, an orientation angle of 90° in

Signal-to-noise: Smaller is better

Fig. 13 S/N ratio plot for AW, ..
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Fig. 14 S/N ratio plot for AL
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Fig. 15 S/N ratio plot for AT

the XZ plane, and position 9 of the tray. Alafaghani et al.
[5] figured out the same conclusion about building direc-
tion. According to the main effects plot for AL shown in
Fig. 8, the second level of the thickness layer, along with
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using a solid filling pattern, an orientation angle of 0° in
the XY plane, and position 5 of the printing tray lowered
the dimensional deviation related to the specimen length.

Huynh et al. [6] and Padhi et al. [7] inferred the same
conclusions for layer thickness and Alafaghani et al. [5]
for the building plane. Dimensional accuracy regarding
thickness (AT, Fig. 9) was improved when the highest
value of layer thickness was selected, along with a sparse
double dense filling pattern, an orientation angle of 90°
in the YZ plane, and position 5 of the tray. Peng et al. [8]
deduced that the greatest layer height provided a reduction
of thickness’ dimensional deviation. Alafaghani et al. [5]
concluded that the Y plane allowed to diminish the differ-
ence between the CAD value and the one of the printed
part. S/N ratio plots for processing time, energy consumed,
and dimensional accuracy for part’s length (Figs. 10, 11,
and 14) showed that the levels of the printing parameters
that minimized the variables were the ones that lowered
the process variation.

For the case of AW, (Fig. 12), the second level of
layer thickness and an orientation angle of 0° were needed
for reducing the operation variation. The other levels of
printing parameters were the same as the ones that mini-
mized this variable. The variation related to AW, ..
(Fig. 13) was shortened when the orientation angle was
set to 45°, and position 5 of the tray was used, maintaining
the levels of the other variables shown in the main effects
plot. Finally, the variation related to AT (Fig. 15) was
reduced when layer thickness was set to its second level,
and the orientation angle was equal to 0°.

3.1 Desirability and comparative analyses

From the previous analysis, it can be deduced that the levels
of printing parameters that optimized one of the variables
are not the same for the remaining responses. Therefore, a
desirability analysis was executed to determine the values
of printing parameters that optimized all the responses at
the same time. This analysis was executed using Minitab
18 software, and the weight and importance of the printing
variables were set to one because each one of them is equally
important. The desirability value obtained should be equal
or close to one to achieve the target, and if this value is close
to zero, it means that it is not the best option. The results of
the desirability analysis are shown in Table 2, where factor
1 is layer thickness (mm), factor 2 is filling pattern, factor
3 is orientation angle (°), factor 4 is the printing plane, and
factor 5 is table position.

Solution 1 owned the highest value of desirability
(Table 2). Three repetitions were executed using printing
parameters recommended by this solution to validate the
results provided by the desirability analysis. Moreover, the
recommended parameters, provided by Taguchi methodol-
ogy for minimizing each one of the variables, were tested
three times each. Table 3 presents the results obtained from
this test, where scenario 1 corresponds to the desirability
analysis. Minimum processing time, energy consumed,
AW, ierr AW, AL, and AT correspond to scenario 2, 3,
4,5, 6, and 7, respectively.

The desirability analysis provided the lowest process-
ing time, energy consumed, and dimensional accuracy
related to width (outer) and length of the specimen, when

Table 2 Solutions from the

e . Solution Factors
desirability analysis
1 2 3 4 5 Desirability value

1 0.33 Sparse double dense 90 XY 9 0.874
2 0.33 Solid 90 XZ 9 0.858
3 0.25 Sparse double dense 90 XY 9 0.855
4 0.33 Solid 90 XY 9 0.797
5 0.18 Solid 90 XY 9 0.728

Table 3. Re.splts achieved u§ing Response Scenarios

the desirability and Taguchi

analyses 1 2 3 4 5 6 7
Processing time (h) 0.083 0.10
Energy consumed (kWh) 0.053 0.065
AW, er (mm) 0.006 0.02
AW, her (m) 0.092 0.066
AL (mm) 0 0.135
AT (mm) 0.118 0.091
Difference between scenarios (%) - - 17 — 18 — 68 39 — 100 30
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comparing these results with the ones obtained from Tagu-
chi analysis. For the case of processing time, a reduction of
17% was observed, the energy consumed was diminished
by 18%, and dimensional accuracy of the width (outer) and
the length were improved by 68% and 100%, respectively.
Therefore, the optimization performed by the desirability
analysis allowed to optimize multiple responses at a time,
thus achieving better process sustainability due to the energy
consumption reduction without worsening either productiv-
ity or part quality.

4 Conclusions

An experimental study was executed to optimize process-
ing time, energy consumed, and dimensional accuracy of a
3D printed part, using ASA as model material. Five FDM
parameters were modified: layer thickness, filling pattern,
orientation angle, printing plane, and part’s position. Tagu-
chi method was used to study the effect of these param-
eters on the response variables, and a desirability analysis
was implemented to optimize all the variables at the same
time. Four of the six responses achieved a better value when
compared to Taguchi optimization. This improved several
responses at a time, thus finding the best trade-off among
all factors.
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