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Abstract: This study presents an investigation of the effects of structural characteristics, such as the layer
height, infill density, top/bottom layer line directions and infill pattern, on the structural efficiency of
Acrylonitrile Butadiene Styrene (ABS)-based specimens. The Fused Filament Fabrication (FFF) technique
was utilized for the specimen fabrication, and the Ultimate Tensile Strength (UTS) and Strength-to-Mass
(S/M) ratio were examined. The tests were planned according to the Central Composite Design (CCD),
and an empirical model for each response was developed, with respect to the applied factors and their
interactions. The analysis revealed that the characteristics with the strongest influence on the UTS
and the S/M ratio were the infill and the layer height, respectively. Moreover, it was observed that
the honeycomb structure contributed to the highest UTS compared to the other patterns. Finally, an
optimization analysis based on the desirability function was performed, highlighting the combination
of a 0.3 mm layer, 21.81% and 76.36% infill, 0° direction and the honeycomb pattern as the optimal for
maximizing both UTS and S/M ratio under different desirability.

Keywords: 3D printing; ABS; central composite design; desirability function; fused filament fabrication;
strength to mass ratio; tensile strength

1. Introduction

One of the most widespread additive manufacturing technologies currently is the
Fused Filament Fabrication (FFF) technique, also known as 3D printing. The area of ap-
plication extends from home use to industrial applications, such as food processing [1],
robotics [2] and consumer products [3],to biomedical uses [4,5]. A number of common mate-
rials [6] that are involved in the 3D-printing process are Polylactic Acid (PLA), Acrylonitrile
Butadiene Styrene (ABS), Thermoplastic Polyurethane (TPU) and similar Thermoplas-
tic Elastomers (TPEs), Polyamide (PA), Polyethylene Terephthalate Glycol (PETG) and
Acrylonitrile Styrene Acrylate (ASA). Each material displays different properties and char-
acteristics, providing solutions to various requirements. Although FFF is a relatively new
technology, several studies already exist in the literature dealing with the investigation of
3D-printed material characterization and the manufacturing possibilities, as well as the
occurrence and treatment of defects during the process.

Wickramasinghe et al. [7] reviewed the mechanical properties and defects, along with
the corresponding treatments for 3D-printed polymers and the associated composites.
Marsavina et al. [8] investigated the effects of the printing direction and orientation, the
filament color, and the specimen thickness on the tensile properties of PLA by utilizing two
different printers, focusing on describing the effects graphically. Sanford et al. [9] studied
the effects of the infill angle, build orientation and void fraction on the tensile properties of
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ASA. Further investigations on similar materials and conditions, describing certain effects,
are available in the literature [10,11]. Moreover, statistical processing of the experimental
results based on Design of Experiments (DoE) [12,13], such as Taguchi, Response Surface
Methodology (RSM) and full factorial, contribute towards the modelling of the process.
Atakok et al. [14] worked on three methods, tensile testing, Charpy test, and three-point
bending, to examine the strength of PLA and recycled PLA filaments. The authors utilized
a Taguchi L18 orthogonal array with three parameters and three levels. Abid et al. [15]
employed the RSM to model the 3D printing of ABS with respect to the manufacturing
direction and deposition angle. Samykano et al. [16] presented research on the influence
of the printing conditions on ABS’s mechanical properties by employing a full factorial
design. Similar statistical studies were conducted for polymer specimens under analogous
conditions [17-19]. The optimization processes followed in the aforementioned studies
usually include parameters such as the maximum tensile strength, yield strength, modulus
of elasticity, and maximum energy at breakage or strain.

Besides the investigation of standard tensile properties, the fatigue behavior under
high cycle bending [20] of additive-manufactured polymers is another research topic in the
field. Moreover, the increasing demand in additive-manufactured composite materials led
to the investigation of the mechanical properties of materials such as carbon-fiber-reinforced
polymers [21,22] and resins [23,24].

It is evident that PLA is widely studied [25-27] due to its availability, cost and appli-
cability. However, ABS remains a considerable choice for both prototype and functional
additive-manufactured parts, especially when superior properties and resistance are re-
quired [28]. Moreover, ABS is a material with a low degradation rate compared to other
polymers used in 3D printing [29]. In addition, a number of studies that investigate the
effects of the FFF parameters on the produced builds usually deal with a limited number
of parameters. Typical printing factors examined are the layer height, build direction and
orientation, printing temperature and speed, and infill density. In the light of the above, this
paper focuses on the effects of four key structural characteristics on the Ultimate Tensile
Strength (UTS) and Strength-to-Mass (S/M) ratio of 3D-printed ABS polymers. The S/M
ratio is a feature of great importance to the structural efficiency of a specimen that has been
studied to a limited extent, as the mass by itself is not sufficient. The parameters utilized in
this study were the layer height (LH), infill density (FD), top/bottom layer line direction
(LD), which constitutes a unique parameter that is different to either build orientation
or raster angle, and the infill pattern (FP), which together form the core parameters for
the structural integrity of a build. Furthermore, a Central Composite Design (CCD) was
employed to model the process, as well as to find the optimal combination of the selected
characteristics to maximize the UTS and the S/M ratio of the ABS parts.

2. Materials and Methods
2.1. Experimental Testing Workflow

In the present study, the experimental workflow followed (Figure 1) includes the fab-
rication of the required tensile test specimens, design of the experiments and numbering
of the parts according to the selected design, tensile testing, and gathering of the output
data. The specimens used in the present study were fabricated with the aid of the CreatBot
D600 Pro printer (Henan Creatbot Technology Limited, Zhengzhou, China), whereas the
CAD model was prepared according to the features of the UltiMaker Cura 4.20 software
(Ultimaker B.V.,, Geldermalsen, Netherlands). A total of 62 parts were produced according to
the specifications generated by the CCD, which are discussed in Section 2.2, and the operation
parameters are presented in Table 1. A preliminary study was conducted by testing a set
of specimens with identical parameters. The purpose of the preliminary study was to gain
insight regarding the influence of each factor, as well as to evaluate the testing method prior
to the main experimental work. The specimens were fabricated by setting three factors to the
middle values, and the fourth one to all levels, leading to 12 combinations.
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Figure 1. The experimental workflow.

Table 1. Operation parameters for the ABS filament printing.

Operation Parameter Value
Nozzle temperature 240 °C
Build plate temperature 115°C
Filament diameter 1.75 mm
Nozzle diameter 0.4 mm
Feed rate 60 mm/s
Filament flow 100%
Build orientation Horizontal
Top /bottom layer pattern Lines
Build plate adhesion type Brim
Adhesion width 2 mm

The specimens were designed with respect to the recommendations of the ASTM-D638
standard test method for the tensile properties of plastic parts [30]. Figure 2 illustrates
the dimensions for the modelling of Type IV specimen, which has gauge length equal to
33 mm, 6 mm width and 3.6 mm thickness. The Instron 3345 universal testing machine
(INSTRON, Norwood, MA, USA), loaded with a 5 kN cell, was utilized to carry out the
tensile experiments on the 3D-printed parts.
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Figure 2. Dimensions of the tensile test specimens according to the ASTM-D638 standard.

2.2. Central Composite Design and Specimen Specifications

To determine the specifications of the test pieces, the experimental order and the
combination of the conditions, a Box-Wilson CCD was implemented. The CCD is an
experimental design for RSM, which can be either a full factorial or fractional factorial
design with center points, enhanced with a group of axial points that can approximate
the curvature of a process [31]. Moreover, it is considered ideal for the estimation of
quadratic models during sequential experimentation. In the present study, the selected
face-centered CCD corresponded to a full factorial design with 31 tests. Moreover, the tests
were composed of 16 cube points, 7 center points and 8 axial points, in addition to the value
of &, which is equal to 1. As presented by Table 2, the independent variables that constitute
the input were: the LH, FD, LD, and FP, whereas the responses were the UTS and the S/M
ratio. Therefore, the present work focuses on four structural characteristics at three levels
each. The different variations of each parameter are shown in Figure 3: the LH (Figure 3a),
FD (Figure 3b), LD (Figure 3c) and FP (Figure 3d). It is noted that the layer line direction
corresponds to the top and bottom layers. The infill direction was kept as the default 45°
angle for all builds.

Table 2. Specimen fabrication parameters and the corresponding levels.

Level

Layer Height
(mm)

Top/Bottom Layer

. s o
Infill Density (%) Line Directions (°)

Infill Pattern Response

+1

0.3 80 90 Honeycomb UTS (MPa)
0.2 50 45 Triangles S/M ratio
0.1 20 0 Grid (MPa/g)

The total number of the produced specimens was 62 since two sets were fabricated,
each containing 31 test pieces. The reason for this is that for every trial, two identical speci-
mens were tested, and the mean value for the UTS was calculated. The sets were produced
on two consecutive days, and each set of parts was produced as one batch, minimizing the
occurrence of flaws and defects, as well as avoiding any possible degradation due to long
storage periods [32].

Finally, Table 3 presents the experimental run order, the coded values of the four
structural conditions, and the mean value of the UTS. The coded value —1 represents the
low level of the factors, whereas the value +1 is the high level of the factors. In addition,
the specimen mass mean value for each trial was included, as well as the S/M ratio. The
aforementioned data were used in the modelling process and as an index of the structural
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efficiency. It is noted that the mass was measured with the Denver Instrument P-214
analytical precision balance (Denver Instrument, Denver Colorado, CO, USA). The two-
decimal-point accuracy for the UTS was given by the measurement of each specimen’s
cross-sectional geometric dimensions.

Wl

(]
I

Figure 3. The structural characteristics used in the study: (a) layer height; (b) infill density; (c) layer
line direction; (d) infill pattern.

Table 3. Design of experiments coded data and tensile testing results.

Test LH FD LD FP Mass (g) UTS (MPa) S/M Ratio (MPa/g)
1 -1 0 0 0 4.025 21.85 5.43
2 0 0 0 -1 3.967 25.76 6.49
3 1 0 0 4.598 28.62 6.22
4 1 -1 1 3.486 26.34 7.56
5 0 -1 0 3.954 28.41 7.19
6 -1 -1 -1 1 3.501 23.69 6.77
7 0 0 0 0 3.964 24.89 6.28
8 0 0 0 0 3.966 24.84 6.26
9 0 0 0 0 3.960 25.21 6.37
10 1 0 0 0 3.934 27.89 7.09
11 -1 1 1 -1 4.599 24.15 525
12 0 -1 0 0 3.361 23.35 6.95
13 0 0 1 0 3.956 22.26 5.63
14 -1 1 -1 1 4.486 30.18 6.73
15 -1 -1 -1 -1 3.452 22.35 6.47
16 0 0 0 3.960 25.79 6.51
17 -1 1 1 1 4.528 24.45 5.40
18 -1 -1 1 1 3.500 18.84 5.38
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Table 3. Cont.

Test LH FD LD FP Mass (g) UTS (MPa) S/M Ratio (MPa/g)
19 -1 1 -1 -1 4.547 29.62 6.51
20 1 1 -1 -1 4.480 31.22 6.97
21 1 1 -1 1 4.349 32.13 7.39
22 0 0 0 1 3.961 26.33 6.65
23 -1 -1 1 -1 3.423 18.32 5.35
24 1 -1 -1 1 3.410 29.21 8.57
25 0 0 0 0 3.972 24.35 6.13
26 1 -1 -1 -1 3.370 27.95 8.29
27 1 1 1 -1 4.544 27.56 6.07
28 1 -1 1 -1 3.411 23.87 7.00
29 0 0 0 0 3.981 24.83 6.24
30 0 0 0 3.938 24.86 6.31
31 1 1 1 1 4.355 28.45 6.53

3. Results and Discussion

Before processing the output data, a set of magnified images of the specimens at the
fracture point were taken. Figure 4 illustrates the three different fracture lines developed
during the tensile testing according to the layer line direction. By observing Figure 4a, it
is evident that the fracture line approximates a curve. However, the individual fractured
layer lines indicate that they are perpendicular to the load. Moreover, this observation
suggests that shearing is responsible for the weakening and, eventually, the fracturing of the
lines, leading to the conclusion that the specific line direction allows for the delamination
between layers. Similar findings were reported in [9], as well. Figure 4b indicates that due
to the 45° layering, the fracture line follows a similar path, possibly causing the abruption
of the layers. It is noted that the side layers forming the walls, which follow a perpendicular
to the load pattern, fracture in a similar manner to the fracturing discussed in Figure 4a.
Finally, Figure 4c illustrates the fracture line that developed on a specimen with layer lines
deposited at 90°. Weakening marks (white areas) are evident on the side layer lines, which
indicate that the load was applied perpendicular to the lines, as opposed to the central
layer lines that did not fracture but rather were separated, possibly due to the bonding
abruption. In addition, the preliminary results revealed that the best S/M ratio per factor
was generated by the 0.3 mm layer thickness (7.12 MPa/g), 20% density (6.91 MPa/g),
0° layer line direction (7.15 MPa/g) and honeycomb pattern (6.74 MPa/g).

Figure 4. Enhanced view of the fracture points of sample specimens: (a) No 26, (b) No 29 and (c) No 17.

Regarding the direction of the top and bottom layer lines, it was found that it affected
the generated stress—strain curve as well. A set of tests that belong to the preliminary
study was carried out with specimens of identical parameters (LH = 0.1 mm, FD = 80% and
FP = Grid), with the exception of the top /bottom line directions, to assess the generated
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curves. The 0° direction (Figure 5a) yielded a curve pattern that included the elastic
area where the linear relationship between the stress and strain exists. Additionally, it was
observed that the plastic area is larger compared to the ones generated by the 45° (Figure 5b)
and 90° (Figure 5c¢) directions. In particular, the 90° layer line angle was responsible for the
development of a much smaller plastic area and a rapid fracture point in comparison to the
other orientations. Similar findings were mentioned in [19].

Sample ID: ABS
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Figure 5. Sample stress—strain curves: (a) 0°; (b) 45°; (c) 90° specimens.

Finally, it should be noted that specimen No 12 was found to be the one with the
lowest mass, i.e., 3.361 g. The specimen was built according to the following specifications:
LH = 0.2 mm, FD = 20%, LD = 45°, and FP = triangles. The specimen with the highest UTS
(32.13 MPa) was No 21, which was fabricated with an LH = 0.3 mm, FD = 80%, LD = 0° and
FP = honeycomb. Additionally, specimen No 24 was the one with the highest S/M ratio,
calculated as 8.57. It was built with an LH = 0.3 mm, FD = 20%, LD = 0° and FP = honeycomb.

3.1. Model Development

A prediction model for both the UTS and the S/M ratio was developed by using the
CCD and the experimental results. The generated models are second-order polynomial that
can be described by Equation (1) for the UTS and by Equation (2) for the S/M ratio. Such
models are derived from the interaction between the input variables and the responses, as
described in [31]. The interaction between the input and the output is non-linear; therefore,
the equation contains linear, quadratic, and cross-product terms.

The backward elimination technique was implemented in the models to eliminate
the included variables of low significance. Therefore, it was used to remove the variables
that have p-values higher than the specified significance level, which herein was set to 5%.
However, a number of terms with significance levels marginally higher than 0.05 were
preserved because they affected the yielded R-square values positively. This means that
they are contributing towards the reliability and the robustness of the model, despite the
fact that their effect on the response is considered insignificant.
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S/M

—9.12LH x FD 4+ 0.01434LH x LD + 0.645LH x FP

3.2. Analysis and Model Validation

The Analysis of Variance (ANOVA) was carried out to examine the performance [17]
of the developed models in terms of the fit, variance, and prediction capabilities, as well
as to check the contribution levels of the terms to the models. Moreover, the interactions
between the reactive terms were identified. Tables 4 and 5 contain the ANOVA results
for the UTS and the S/M ratio, respectively, by employing a 0.05 confidence level. The
calculated coefficient of determination (R-sq) values indicate a strong fit for both models.
In addition, the adjusted and predicted values of the coefficient suggest that the model
terms included in the models suffice and that the models can predict both the UTS and

UTS = 16.882 + 33.01LH + 13.37FD — 0.06611LD + 0.490FP + 0.969FP?> — 27.52LH x FD + 0.0804LH x LD (1)
= 5.747 +10.669LH — 1.031FD — 0.01610LD + 0.0130FP + 1.879FD? + 0.1537F P>

()

S/M ratio with increased reliability within the range of conditions of the study.

Table 4. Analysis of variance results for the UTS.

Degree of Sum of Mean Contribution
Source Freedom Squares Square f-Value p-Value %
Model 7 309.950 44.279 121.72 0.000
Error 23 8.367 0.364
Total 30 318.317
R-sq=97.37% R-sq(adj) =96.57% R-sq (pred) = 95.35%
Term
LH 1 94.165 94.165 258.86 0.000 30.38
FD 1 100.158 100.158 275.34 0.000 32.31
LD 1 91.215 91.215 250.75 0.000 29.43
FP 1 4.322 4.322 11.88 0.002 1.39
FP2 1 7.089 7.089 19.49 0.000 2.29
LH x FD 1 10.907 10.907 29.98 0.000 3.52
LH x LD 1 2.095 2.095 5.76 0.025 0.68
Lack of fit 17 7.197 7.197 2.17 0.172
Pure error 6 0.195 0.195
Table 5. Analysis of variance results for the S/M ratio.
Degree of Sum of Mean Contribution
Source Freedom Squares Square f-Value p-Value %
Model 9 18.5153 2.05725 115.88 0.000
Error 21 0.3728 0.01775
Total 30 18.8881
R-sq =98.03% R-sq(adj) =97.18%  R-sq (pred) = 96.04%
Term
LH 1 8.2153 8.2153 462.73 0.000 45.61
FD 1 1.5402 1.5402 86.75 0.000 8.55
LD 1 6.3844 6.3844 359.61 0.000 35.44
FP 1 0.3629 0.3629 20.44 0.000 2.01
FD2 1 0.0993 0.0993 5.59 0.028 0.55
FP2 1 0.0820 0.0820 4.62 0.043 0.46
LH x FD 1 1.1967 1.1967 67.40 0.000 6.64
LH x LD 1 0.0666 0.0666 3.75 0.066 0.37
LH x FP 1 0.0666 0.0666 3.75 0.066 0.37
Lack of fit 15 0.2886 0.2886 1.37 0.367
Pure error 6 0.0843 0.0843
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By examining the p-values, it is shown that every term with a value lower than 0.05 is
statistically significant, and thus, its contribution to the models is considerable. Every term
included in Tables 4 and 5 is significant since any high p-value term was removed during the
backward elimination process. In contrast, the remaining errors do not affect the reliability
and robustness of the models. Lastly, it is noted that the terms LH x LD and LH x FP
were maintained in the S/M ratio model because their p-value is marginally higher than the
significance level. Although they are not considered statistically significant, it was found that
their presence in the model positively influenced the generated coefficient of determination.

To further analyze the contribution of the factors, as well as to visualize the effects, the
Pareto charts were plotted. Figure 6a displays the effects from the largest effect to the smallest,
indicating that the FD, LH and LD contribute the most, with percentages equal to 32.31%,
30.38% and 29.43%, respectively. The magnitudes of the rest of the factors are considerably
smaller; however, all terms are significant, as indicated by the reference lines (red dashed
lines). Similarly, Figure 6b highlights the LH and LD as the most important effects, in addition
to the FD and LH x LD, which exhibit weaker, but noticeable effects. The percentage levels of
the aforementioned terms are 45.61%, 35.44%, 8.55%, and 6.64%, accordingly.

uTs 172 SIM ratio

LHXLD

LHXLD

p-value = 0.657

| |
| |
| |
| |
| |
| |
| |
| |
! LHxFP }
8 5

10 12 14 16 18 (b) 0 10 18 20
Figure 6. The Pareto chart of the contribution effects on (a) the UTS; (b) the S/M ratio.

The probability plots (Figure 7) were used to determine whether the data follow the
distribution or not. To assess how well the data points follow the distribution, the vertical
distance of each point from the fit line was examined. At first, the p-value of each one of
the plots suggests that the null hypothesis cannot be rejected, and hence, the data follow
the distribution. Furthermore, the data points seem to closely follow the fit line, as seen in
Figure 7a,b, which correspond to the UTS and the S/M ratio, accordingly. A number of
points pose an exception, one for the UTS and three for the S/M ratio plot, which are more
distant compared to the rest of the points. Despite this issue, they are inside the confidence
intervals (outer solid lines), a fact that indicates a normal distribution.
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Figure 7. The normal probability plot for (a) the UTS; (b) the S/M ratio.



Appl. Mech. 2024, 5

29

Investigating the main effect plots (Figure 8) revealed the differences between the
level means for the four parameters. Figure 8a corresponds to the UTS, whereas Figure 8b
represents the mean effect plot for the S/M ratio. By observing Figure 8a, it is evident
that the LH acts increasingly on the generated UTS, and especially the 0.3 mm value. It
is also clear that a similar pattern applies for the FD. On the other hand, any increase in
the LD negatively affects the UTS. Alafaghani et al. [33] concluded that increasing the infill
percentage and layer thickness have a strong impact on the tensile strength and stiffness of
ABS pieces. Lastly, the FP exhibits a different influence scheme. Specifically, the triangle
structure seems to contribute the least to the generated UTS, with the grid being slightly
better than the triangles. In contrast, the honeycomb pattern is responsible for more rigid
structures and, therefore, for higher UTS values. Tanveer et al. reported similar results for
the honeycomb structure [34]. Figure 8b shows that the S/M ratio is affected by both the
LH and LD factors, as well as the pattern, in a similar manner to the UTS. Both the 50%
and 80% densities produce ratios of approximately equal values. However, the lowest level
of density is responsible for increased S/M ratios.

7.4
7.21
7.01

2o
E 6.81

S 6.61
........... &
6.41

6.21
6.01

01 02 03 20

50 80 0 45 90 -4 0 1 0102 03 20 50 80 O 45 90 -1 0 1
FD (%) LD () FP (b) LH (mm) FD (%) LD () FP

Figure 8. The main effects plot of: (a) the UTS; (b) the S/M ratio.

The contour plots of Figure 9 were used to examine the relationship between an output
variable with the predictor variables in pairs. It can be seen that the values for the predictor
variables are represented on the x and y axes, whereas the values for the output variable
are illustrated as shaded regions, the contours of which are similar to the contours found in
the topographical diagrams.

Figure 9a illustrates the relationship between the six different combinations of the
input variables and the produced UTS. Similarly, Figure 9b depicts the same interaction for
the S/M ratio. Areas with darker colors indicate higher values of the response, whereas
lighter colored regions represent lower values. By observing the FD x LH interaction of
Figure 9a, for instance, it is seen that LH values close to 0.25 mm, coupled with a density
of 80%, or FD values close to 65%, combined with a 0.3 mm layer, produce UTS values
higher than 28 MPa. Similar patterns, such as triangles and stripes, are observed for the
LD x LH interaction, as well as the LD x FD. The rest of the interactive terms tend to form
curved regions. According to Figure 9b, the highest S/M ratios, over 7.5, for the FD x LH
interaction are observed in the small triangular area formed by the following combinations:
20% infill and 0.3 mm layer thickness, 20% infill and approximately 0.28 mm LH, and close
to 26% FD and 0.3 mm LH.

The performance of the models was further evaluated with the Mean Absolute Percent-
age Error (MAPE). Table 6 presents the estimated error values between the experimental
and the predicted response values, as well as the MAPE values. The calculated MAPEs were
1.70% and 1.36% for the UTS and the S/M ratio, respectively. Since the error data fluctuate
within a reasonable range and extreme values do not exist, it can be safely assumed that
each model is able to yield results of acceptable accuracy with respect to the applied range
of the input data.
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Figure 9. The contour plot with respect to the structural characteristics of (a) the UTS and (b) the
S/M ratio.

Table 6. Error data between the experimental and the predicted responses.

Absolute Percentage Error (%)

Test
UTS S/M Ratio
1 4.50 3.96
2 0.45 2.43
3 3.98 0.33
4 3.34 0.16
5 3.62 3.79
6 0.32 0.52
7 1.10 0.77
8 1.29 1.02
9 0.18 0.61
10 1.59 1.23
11 0.92 0.63
12 2.39 2.32
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Table 6. Cont.

Absolute Percentage Error (%)

Test
UTS S/M Ratio
13 2.86 1.84
14 0.14 0.51
15 191 1.55
16 2.48 2.92
17 1.85 0.49
18 1.62 0.53
19 1.59 0.37
20 0.43 1.62
21 0.63 1.45
22 1.11 0.36
23 4.33 1.81
24 0.19 0.74
25 3.24 3.12
26 1.19 0.94
27 0.06 0.72
28 2.60 2.19
29 1.33 143
30 1.21 0.23
31 0.37 1.52
MAPE (%) 1.70 1.36

3.3. Structural Parameter Optimization

The combinations that maximize the UTS and S/M ratio individually were identified
and discussed at the beginning of Section 3. It was revealed that the 0.3 mm layer, 0° line
direction and honeycomb pattern contribute towards the maximization of both the UTS
and S/M ratio. The only difference lies in the infill, with 80% density leading to the
maximization of the UTS and 20% density to the S/M ratio.

To identify the combination that maximizes the UTS and S/M ratio simultaneously, the
desirability function was utilized in the developed mathematical formulas. This function is
widely implemented in studies [35-38] based on the Design of Experiments (DOE), such
as factorial, Taguchi and RSM. The optimization approach using the desirability function
generates operating conditions x that are used for the response calculation based on a
graded desirability. The calculated values tend to reach either the maximum or minimum
value of a response or a specified target. Therefore, the possible values of a response Y;(x)
are expressed by a desirability function d;(Y;) by assigning a number between 0 and 1. The
case that d;(Y;) = 0 denotes that the response generated a completely undesirable value.
Contrarily, if d;(Y;) = 1, the response generated a value of maximized desirability. The
overall desirability D, for k responses, is estimated by combining the individual disabilities,
as shown in Equation (3). Finally, it is pointed out that the desirability rank is affected
considerably by how close the response value is to the specified target.

D = (d1(Y1)d2(Y2)d3(Y3) . .. d(Yi)) 3)

The UTS is one of the most important mechanical properties that indicates the mechan-
ical performance of the fabricated part. In addition, the S/M ratio includes the mass factor,
thus, constituting a more complex structural index. Table 7 contains the constraints and
the limits for the optimization process, in addition to Table 8, which presents the yielded
solutions for two cases: one that favors UTS over S/M ratio (Solution 1) and another with
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the opposite result (Solution 2). Both optimization solutions express the simultaneous
maximization of the two responses.

Table 7. Constraints of optimization process.

Factor Goal Lower Limit Upper Limit
LH (mm) In range 0.1 0.3
FD (%) In range 20 80
LD (°) In range 0 90
FP In range -1 +1
UTS (MPa) Maximize 18.32 32.13
S/M ratio (MPa/g) Maximize 5.25 8.57

Table 8. Optimization solutions according to the desirability function.

Solution
Parameter 1 2
LH 0.3 0.3
FD 76.36% 21.81%
LD 0 0
FP 1 1
UTS fit 32.09 29.30
S/M fit 7.53 8.58
Desirability 0.981396 0.988872

To verify the optimal solutions, four extra specimens, two for each solution, were
fabricated and tested under the same conditions. Table 9 presents the predicted responses
for the optimal solutions, as well as the output values extracted from the tests. The
calculated relative error values suggest that the models can generate accurate predictions.

Table 9. Verification tests of optimal solutions.

Specimen UTSexp (MPa) Mean UTSeyp UTSpred Error (%) S/Mexp (MPalg) Mean S/Mexp S/Mpred Error (%)
Optimal 1.1 31.54 7.03
31.22 32.09 —2.71 6.97 7.53 —7.44
Optimal 1.2 30.89 6.90
Optimal 2.1 2915 29.36 29.30 0.21 55 8.57 8.58 ~0.12
Optimal 2.2 29.57 ’ ’ ’ 8.59 ’ ’ ’

4. Conclusions

In the present study, the structural efficiency of FFF ABS polymer parts in terms of the
UTS and S/M ratio was investigated by utilizing tensile testing. The LH, FD, LD and FP
were the parameters under investigation since they affect the performance of the specimens
significantly. Specifically, the FD contributes towards both the mass and strength of the
fabricated specimens. Typically, more material results in increased mass and strength.
Similarly, a denser pattern usually results in higher mass and strength. Moreover, the
complexity of the pattern seems to have a strong influence on the S/M ratio. The LD,
combined with the right type of pattern, is able to direct the induced forces away from the
critical points of the cross section. Finally, the LH affects the generated area of the cross
section and, thus, the area where the induced forces are applied.

Two experimental sets, each comprising thirty-one tests, were conducted according
to the face-centered CCD, and two prediction models were developed, in addition to the
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investigation of the interaction between the experimental parameters. Finally, ANOVA
was carried out to examine the validity of the models. Moreover, the optimization of the
structural characteristics, with the maximization of both responses in mind, was performed.
The conclusions drawn from this study are as follows:

e  The direction of the layer lines is responsible for the fracture line pattern. In addition, it
affects the stress—strain curve. Specifically, the colinear to the load orientation yielded
a curve similar to the ones generated from ductile materials, as opposed to the 45° and
90°, which generated curves that resemble the ones found in brittle materials.

e  The density, layer and line direction are the parameters with the strongest influence
on both the UTS and S/M ratio. Although the pattern does not affect the UTS as much
as the other three factors, it has a noticeable effect on the S/M ratio.

e  Both the LH and FD act increasingly on the UTS, with their upper level generating the
highest values of UTS. The opposite effects were noticed for the LD.

e  Similar influence patterns were observed on the S/M ratio, with the exception of the
FD. It is seen that both the 50% and 80% densities have the same influence on the ratio,
whereas the 20% density is responsible for achieving higher values of S/M ratios.

e  The honeycomb pattern is the one with the strongest contribution to both responses,
followed by the grid and triang]les.

e  Both prediction models have performed well, demonstrating increased prediction
capabilities.

e  The optimal conditions that favor the UTS are LH = 0.3 mm, FD = 76.36%, LD = 0°
and FP = honeycomb. On the other hand, LH = 0.3 mm, FD = 21.81%, LD = 0° and
FP = honeycomb is the ideal combination for a higher S/M ratio, rather than a higher UTS.

Future work includes the testing of FFF composite materials under a wider range
of parameters, as well as the modelling of the process with the finite element method,
since the interest of the industrial sector for composite parts fabricated with this technique
continuously increases. In particular, the utilization of hybrid methodologies, including
finite element and machine learning, can be considered a top priority.
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