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Abstract

Several reports have studied the mechanical properties of the material extrusion additive manufacturing process, specifically
referred to as fusion deposition modeling (FDM) developed by Stratasys. As the applications for 3D printed parts continue to
grow in diversity (e.g., gears, propellers, and bearings), the loading conditions applied to printed parts have become more
complex, and the need for thorough characterization is now paramount for increased adoption of 3D printing. To broaden the
understanding of torsional properties, this study focused on the shear strength of specimens to observe the impact from additive
manufacturing. A full factorial (4%) design of experiments was used, considering the orientation and the raster angle as factors.
XYZ, YXZ, ZXY, and XZY levels were considered for the orientation parameter, as well as 0°, 45°, 90°, and 45°/45° for the
raster angle parameter. Ultimate shear strength, 0.2% yield strength, shear modulus, and fracture strain were used as response
variables to identify the most optimal build parameters. Additionally, stress-strain diagrams are presented to contrast elastic and
plastic regions with traditional injection molding. Results demonstrated an interaction of factors in all mechanical measured
variables whenever an orientation and a raster angle were applied. Compared to injection molding, FDM specimens were similar
for all measured torsion variables except for the fracture strain; this led to the conclusion that the FDM process can fabricate
components with similar elastic properties but with less ductility than injection molding. The orientation in Y XZ with the raster
angle at 0° resulted in the most suitable combination identified in the response optimization analysis.
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1 Introduction thermoplastic materials (particularly when compared to metals

or photocurable resins) and to the introduction of affordable

Additive manufacturing (AM) has been gaining ground in the
last decade through the introduction of new platforms for the
fabrication of prototypes and, more recently, of functional
components for specialized industries including the biomedi-
cal and aerospace ones. Due to the reduced cost of
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desktop printers, thermoplastic material extrusion printing is
being used in many factories, schools and even homes. For
example, worldwide sales estimates for 2016 were of 455,772
units, more than twice the 219,168 units shipped in 2015 [1].
Of the seven process categories developed by the ASTM
F2792-12a [2], material extrusion AM has been forecasted
to lead market sales through 2020 [1].

Despite the fact that FDM has a lot of applications, stan-
dardization for the mechanical properties of printed parts is
difficult to establish. Even the same object can have different
mechanical behavior when printed in different orientations.
Thus, determining printer parameters according to the target
functionality is required to ensure the correct operation of the
objects and endure the external and internal mechanical
forces. One of the forces involved in many practical applica-
tions, and little explored for 3D printed thermoplastics, is tor-
sion [3]. Many products involving rotation require specifica-
tions for torque to design components according to the
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Fig. 1 Orientation of specimens according to the origin in the FDM printer machine

physical properties delivered by the material and process.
Manual (wrenches, pliers, drive ratchets, etc.) and electric
tools (drills, routers, circular saws, etc.) and fastening ele-
ments are examples, as well as components involved used in
motors or turbines. In general, any printed part subjected to
angular forces will need torsional specifications.

Literature exists which has explored the anisotropic behav-
ior of 3D printed parts through the characterization of mate-
rials and physical properties of specimens. Tensile strength
and elastic modulus have been reported [4-8] along with com-
pressive strength [9—-11], flexure force [11, 12], and impact
resistance [13, 14]. Many printing parameters have also been
tested to generate more resistant and precise components in
FDM technology. Parameters, such as air gap, layer height,
offset contours, bed width, build direction, and raster angle,
are identified as significant in the optimization of mechanical
properties [4, 7-10, 12, 15].

Air gap is one of these significant parameters and rep-
resents the space formed between printed rasters on the
same layer of a model. In some software, air gap is con-
trolled by the infill parameters. Air gap removal can im-
prove mechanical properties of FDM fabricated parts [7].
A negative air gap leads to more dense components, with
higher strength [10] affecting the elastic performance of
the compliant ABS prototype [12]. In the case of layer
thickness (also referred to as layer height), surface rough-
ness is improved [15] through decreases in layer thick-
ness, while elastic performance [12] and strength [3] are
improved through increases in layer thickness. The

contour of a printed piece is the wall generated at the
exterior boundary of the structure, which also confines
the interior rasters. This exterior boundary can include a
single extrusion pass or multiple passes—with additional
passes increasing the thickness of the contour. The greater
the number of contour passes, the greater the stiffness (as
well as the elastic modulus) and the greater the maximum
strength [4]. When the number of contour passes in-
creases, the percentage of elongation to failure decreases
[10]. Bead width is the width of the filament deposited by
the nozzle [4]. As the bead width decreases, build time
increases; consequently, the production rate is reduced.
However, decreases in bead width beneficially improve
the surface quality and cause a slight effect on the tensile
test [10].

According to literature, air gap, layer height, offset con-
tours, and bead width are measurable parameters that have
intuitive behavior, and existing documentation describes opti-
mization for specific applications [8]. Some authors denote
that since in FDM every layer is filled by roads according to
a certain “path,” roads can be considered as the real building
units of the process [5]. However, orientation and raster angle
are positional parameters that require operator intervention
according to the direction of applied forces in the final field
application.

Build direction is related to the orientation of the part in the
printing chamber of the AM system. Layers are sequentially
added in the positive Z (axial) direction. Build direction has
been analyzed in terms of compression, highlighting the

45°/45°

Fig. 2 Representation of direction of rasters (0°, 90°, 45°, and 45°/45°) of the fusion deposition modeling
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Table 1 Parameters used to build

specimens: (a) Printed specimens Parameter Value Parameter Value
parameters on Fortus 400mc; (b)
Injection molding parameters on Part fill style One raster Clamp force 11,000 kg
Morgan-Press G-100T Part interior style Solid Pilot valve 6,205.28 Kpa
Contour width 0.00508 mm Cycle timer 5s
Raster width 0.00508 mm Nozzle type B
Contour to raster air gap 0.0 mm Barrel temperature 248.89 °C
Raster to raster air gap 0.0 mm Nozzle temperature 260 °C
Layer thickness 0.00254 mm Mold temperature 82.22 °C
Number of contours 1
Number of interior contours 1
Nozzle temperature 316 °C
@ (b)

anisotropic behavior of AM fabricated parts in axial and trans-
verse orientation [9]. In terms of impact resistance, a sensitiv-
ity also exists toward the build orientation [13], and the
strength (tensile) is magnified when the direction of the beads
is parallel to that of the load [10]. For practical use, ASTM
F2921-11 [16] identified a general orthogonal notation to pro-
vide a common framework for describing orientation.

Raster angle is the direction in which the beads or roads
are printed according to the position of the part. 0°, 45°,
90°, and 45°/45° are common raster angles used within
infill areas. The findings of Ziemian et al. in 2012 [6] refer
to the raster angle as having a significant effect on the
tensile strength of the FDM specimens. In compression,
the 45° raster specimens were significantly weaker, and
the three-point bend and impact tests correlate well with
tension test results, indicating that the yield strength is the
largest for the 0° raster angle. Also, Riley [17] demonstrat-
ed that flexural strength was found to be greater than ten-
sile strength for all raster angles considered.

Information on torsion analysis of printed parts is lack-
ing. Torres et al. 2015 evaluated the layer thickness and
infill density along with a post processing heat treatment
implementation in polylactic acid (PLA) material, which

Table 2 Coefficients for
rectangular bars in alb € C2
torsion (table constructed

by referring to [20]) 1 0.208 0.1406
1.2 0.219 0.1661
1.5 0.231 0.1958
2 0.246 0.229
2.5 0.258 0.249
3 0.267 0.263
4 0.282 0.281
5 0.291 0.291
10 0.312 0312
0 0.333 0.333

resulted in two parameters being highlighted in the con-
text of optimizing for strength. In the case of heat treat-
ments, slight improvements were seen in the resulting
properties. Results indicated that ductility was mainly af-
fected by infill and heat treatment, while layer thickness
had only a slight effect on the fracture strain achieved [3].

According to the information presented above, the im-
portance of the printing position lies in the fact that the
printed components could have different mechanical
strength according to the decisions made prior to printing
an object. Consequently, orientation and raster angle could
be parameters useful to provide better mechanical charac-
teristics and can be used by component designers as well as
those involved in developing new hardware and software
for 3D printers.

This research was triggered by the need both to find opti-
mized parameters to obtain the best printing position, and to
fill an information gap concerning torsional behavior.
Additionally, a comparison with injection molding specimens
was used as a baseline in order to understand the performance
of 3D printing relative to traditional manufacturing—specifi-
cally when considering torsion.

2 Experimental process

Torsional specimens were fabricated using a Stratasys ABS-
M30 thermoplastic filament and a Fortus 400mc printer
(Stratasys, Ltd., Eden Prairie, MN, USA). A full factorial
(4%) design of experiments with three replicates was used to
print 48 specimens using the orientation and the raster angles
as factors. XYZ, YXZ, ZXY, and XZY levels (Fig. 1) were
used as most common orientations from ASTM F2921-11
[16], and four raster angle levels were also considered—O0°,
45°,90°, and 45/45° (Fig. 2). For comparison purposes, solid
injection molding specimens were fabricated using a Morgan-
Press machine G-100T (Morgan Industries, Inc. Long Beach
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Calif. USA) in a custom-machined aluminum mold. The same
Stratasys ABS-M30 thermoplastic material (lot, 7677) was
pelletized using a pelletizer machine (Collin, Ebersberg,
Germany) and was subsequently injection molded.

To avoid fabrication errors resulting from geometry ap-
proximation of curves in FDM process, a rectangular spec-
imen of 0.007 X 0.014 x 0.08 m was used following recom-
mendations by ASTM D5279-13 [18]. The printed and
injected specimens were conditioned following the
ASTM D618 standard [19]. Air gap, layer thickness, raster
width, and offset contours were constant for all printed
specimens (Table la). Injection molding parameters are
presented in Table 1b. Minitab Software was used to per-
form statistical analysis.

Torsional tests were performed using a MTS Landmark
Bionix Servohydraulic Test System with a 250 Nm force
transducer (MTS Systems Corporation, Eden Prairie, MN).

O\b
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A monotonic torsion test (angle of twist progressing from 0°
to 270°) was performed using a data acquisition rate of 100
measurements per second. To avoid thermal effects of expan-
sion or contraction, the speed was fixed at one degree per
second at room temperature (25 +1 °C).

Torque, angle, and time were acquired to establish stress-
strain curves. Shearing stress T was calculated by the formula
for a rectangular bar expressed in Pascal units (Pa) [20]:

T
T clab2 (n)
where 7 is the magnitude of the torque applied (Nm), a is
the measure of the wider side of the rectangular specimen
in meters (m), b is the measure of the narrower side of the
cross section in meters (m), and ¢, is the coefficient asso-
ciated with the ratio a/b obtained from Table 2. Shearing

Fig. 4 0.2% yield strength in 40
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Fig. 5 Ultimate strength plot in
torsion with 95% CI and intervals
calculated by individual standard
deviations
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strain y represents the torsion angle in radians (rad) and
can be calculated by using Eq. 2 (based on [20]):
~ Cabg
- ClL

(2)

where L is the length of the specimen (m), C; and C, are
the coefficients also taken from Table 2, and ¢ is the
angle of twist. Then the shear modulus G can be calcu-
lated by using Eq. 3 [20]:

T

G=—
B!

(3)

To find the relation in Eq. 3, a linear regression is obtained
from the linear behavior of the elastic region in the stress-
strain curve. G is the slope of the line obtained for each com-
bination of the factorial Design of Experiment (DOE). G can
be used as a measure to compare the stiffness values of the
considered combinations [21].
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The 0.2% yield strength (T,) is considered a more pre-
cise point at which material begins plastic deformation; it
was obtained from a line that was parallel to the linear
curve in the elastic area with offset to the right by 0.2%
of the angular displacement. This strength is the limit
point where elastic deformation ends and plastic defor-
mation begins [21].

The ultimate shear strength (USg) was obtained from the
maximum shear stress within the ductile region of stress-strain
graph. In a similar manner, fracture strain (y,) was the strain
value at which the shear stress decreased [21].

To identify the effects of orientation and raster angle in
the response variables (G, USg, T, and vy), a general fac-
torial analysis was performed using an ANOVA with a
confidence level (CL) of 95% applied to the full design
considering significance with a p value (p) below 0.05.
The interaction effects of the two factors were captured in
order to search for a significant response when orientation
and raster angle are applied simultancously.

Fig. 6 Interaction of orientation
and raster angle in the ultimate L
strength using fitted means E
E 55
2
g
=2
s 45
40

_._o
+45
—4— 4545
—h— 90

ORIENTATION

@ Springer



Int J Adv Manuf Technol

Fig. 7 Fracture strain plot in
torsion with 95% CI and intervals
calculated by individual standard 4
deviations
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To obtain not only the effect of the factors that produce
better endurance, but also the effects of the level combi-
nations (XYZ, YXZ, ZXY, and XZY levels with 0°, 45°,
90°, and 45/45° levels), a post hoc Bonferroni test of
individual confidence intervals was used for each pairwise
differences. This is a general method valid whenever sev-
eral confidence intervals or tests are considered simulta-
neously [22]. In this direction, tests were performed in
two stages: first, to test comparisons among the four
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levels of each factor (CL =99.17), and second, to test
each of the 16 (4%) initial combinations by pairs plus
one injection molding arrangement (;7C, = 136 intervals
in total) using an adjusted individual CL of 96.96% to
obtain an overall CL of 95%. Finally, response optimiza-
tion was used to find the set of combinations that maxi-
mized the stress and strain values in the four response
variables. A desirability function in a multiple response
model is explained in Section 3.5.
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Fig. 8 Representations of the stress-strain curves grouped by the orientation of the specimen
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Fig. 9 Images of the physical fracture on different specimens. (a) ZXY-0° combination specimen, (b) XZY-0° combination specimen, (c) YXZ-90°

combination specimen, and (d) Injection Molding Specimen

3 Results

Results were classified by the response variables obtained
from the stress-strain analysis. Interval plots with multi-way
grouping were constructed to display the mean and associated
confidence intervals adjusted to reach a 95% of the CL (com-
puted by individual standard deviations) to find differences in
the orientation and raster angle combinations. Also, measure-
ments of the injection molding specimens were added to the
analysis. Expressions containing an axis orientation and an
angle separated by a dash or underscore symbols (e.g.,
XYZ-0° or XYZ_0°) mean that a specific orientation has been
used with a specific raster angle (described in Figs. 1 and 2).

3.1 Shear modulus (G)

In order to find significant differences, a comparison between
each level (e.g., group XYZ against group ZXY), and then a
comparison between each individual combination of the four
levels (e.g., XYZ-90° combination against XYZ-0° combina-
tion), was performed. Results for the shear modulus are pre-
sented in Fig. 3. Note that the mean shear modulus for the 16
possible combinations of orientation and raster angle were
similar. Grouping information using the post hoc method
showed differences within the orientation level XZY against
the XYZ (p= 0.001) and within YXZ against XZY
(p = 0.037), but not within the raster angle levels. The pairwise
analysis for the individual comparisons only showed a signif-
icant difference in the lowest value (107.18 +13.252 MPa) of
the XZY-0° combination (see Figs. 1 and 2), where a

difference was denoted against all individual combinations
except with the XZY-90° (p= 1.000), YXZ-90° (p = 0.203),
and ZXY-0° (p= 0.363). Overall, the combinations of XYZ-
0° (133.19+£5.555 MPa) and ZXY-45°/45° (133.39+
0.605 MPa) exhibited the highest means. Orientation, raster
angle, and their interaction were determinant factors to
modify the shear modulus variable according to the
ANOVA analysis (p= 0.000, p= 0.004, and p= 0.003,
respectively). Besides, the injection molded specimens
did not present significant difference on the stress/strain
compared to printed specimens.

3.2 0.2% yield strength (t,)

The raster angle factor and its interaction with the orientation
was significant (p =0.004 and p =0.003, respectively) in
modifying the variable of the 0.2% yield strength, as opposed
to the orientation factor, where ANOVA did not show signif-
icance (p = 0.262). This can mean that the behavior of the two
factors is different when they are used together. No differences
were found in the orientation levels, but for the raster angle
levels, a difference in 90° against 0° was relevant with a p =
0.000. The pairwise tests of the individual combinations, con-
firmed a significant difference between the combinations with
high means values (XYZ-0°, XZY-0°, YXZ-0°, and ZXY-
90°), against the lower means (YXZ-90°, XZY-90°, and
XYZ-90°) as observed in Fig. 4. The injection molding mean
(25.68 +2.383 MPa) only showed a difference with the YXZ-
90° combination (19.747 +0.554 MPa) with a p =0.043.

Table 3  Values for the multiple response experiment obtained from 2* factorial design

Variable Target value (T)) Lowest acceptable value (L;) SA(,- for YXZ-0°
Y shear modulus (G) 138.75 MPa 92.365 Mpa 130.127 Mpa
Y5 0.2% yield strength (1)) 31.989 MPa 17.038 Mpa 29.3788 Mpa
Y35 ultimate strength (US;) 59.909 Mpa 37.191 Mpa 59.0555 Mpa
Y, fracture strain §7) 3.161 rad 1.2348 rad 2.85357 rad

@ Springer
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Table 4 Values for the multiple

response experiment obtained Variable Individual d; Desirability d; value
from 2* factorial design
Shear modulus (G) di= ((130.127-92.365 MPa)/(138.75-92.365 MPa))= 0.8141
0.2% yield strength (t,) dy ((29.378-17.038 MPa)/(31.989-17.0383 MPa))= 0.8254
Ultimate strength (US;) dy ((59.055-37.191 MPa)/(59.909-37.191 MPa))= 0.9624
Fracture strain (y,) dy ((2.853-1.234 rad)/(3.161-1.234 rad))= 0.8402

3.3 Ultimate strength (USg)

For ultimate strength, a difference of level 90° against 0°
(p= 0.014) and 90° against 45° (p= 0.024), as well as 90°
against 45°/45° was observed in the raster angle factor. For
orientation, no level differences were observed. Figure 5
shows a plot for the ultimate strength where the mean of the
combination YXZ-0° (59.06+0.821 MPa) was the highest
and had a statistically significant difference over all printed
specimens except injection molding (p = 0.574), while YXZ-
90° was the lowest ultimate strength value (38.456
1.562 MPa) of the individual comparisons with a statistically

Table5 Results of the response optimization applied to the full factorial
design
Optimal Orientation Raster angle
i High ZXY 90
: 0'8‘.586 Cur YXZ 0
Predict Low XYZ 0
X X Y 4
Y Z X X0 45 4a5/45 90
z Y z v
‘ |
Composite
desirability s ® pu ® o
D: 0.8586 q
Fracture strain
maximum
y = 28536 ® pu
d= 084022 o g
d @
»
Shearmodulus — — ~9— ® —¢g— & —
maximum .‘ °
y = 130.1267
d = 081409
02%yield ® ~ ¢ P T T 7
maximum -
y = 293788 « *
d = 0.82543
2
Ultimate strength
maximum e e ©
y = 59.0555 a
d = 096241
a
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significant difference from the rest of the combinations.
Injection molding specimens demonstrated no significant dif-
ferences in the maximum strength in relation to some printed
specimens with higher values (i.e., XYZ-45°, XYZ-45°/45°,
XZY-45°, XZY-45°/45°, YXZ-0°, YXZ-45°/45°, and ZXY-
90°), but were significantly greater than the other printed com-
binations (i.e., XYZ-0°, XYZ-90°, XZY-0°, XZY-90°, YXZ-
45°, YXZ-90°, ZXY-0°, ZXY-45°, and ZXY-45°/45°).

The factorial analysis demonstrates that the orientation
did not affect the ultimate strength results (p =0.53),
whereas the raster angle and the interaction did, with a
p=0.000 in both cases. A graph of interaction is shown in
Fig. 6, where the interaction of a 90° raster angle with
XZY is notable, and YXZ orientations produce low ulti-
mate strength values (the slope is decreasing in 90° line).
In contrast, a 0° raster angle with YXZ orientation gener-
ated a higher ultimate strength.

3.4 Fracture strain (yy)

The fracture strains measured for injection molding (4.043 =
0.120 rad) were remarkably different when compared to all
other printed specimens in the interval plot of fracture strain
(Fig. 7). The post hoc test also showed a statistical difference
for injection molding. Considering only the printed speci-
mens, no differences were detected in the fracture strain anal-
ysis. Following injection molding, YXZ-0° (2.854 +
0.335 rad), XZY-45°/45° (2.638 £0.151 rad), and XYZ-90°
(2.531+0.190 rad) were the next best results. Orientation,
raster angle, and the interaction of the two (p= 0.000,
p= 0.001, and p= 0.000) were variables that affected the
ductility behavior of the specimens with no significant differ-
ences between the levels of orientation and raster angle.
Fracture strain values were used as a measure of deforma-
tion before failure, where ductility can be observed in the
strain-stress curve after the 0.2% of yield occurs [21].
Figure 8 presents the strain-strain curves of the torsion test,
where we can compare representations of the mechanical be-
havior of the orientation, raster angle, and injection molding
specimens. As we can see, compared curves seem to be sim-
ilar before ultimate strength in XYZ, ZXY, and XZY orienta-
tions but not in the YXZ orientation. Difference in the plastic-
ity property of the injection molded specimens is remarkable
in the four graphs (see strain axis), and only the orientation
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YXZ-0° was superior in the stress (MPa) results against injec-
tion molding specimens.

According to the results obtained for the four vari-
ables (G, USg, T,, and vy, no perpendicular or parallel
angle association of rasters was detected against the
direction of the torsion force to obtain better strength;
an orthogonal direction of the raster-generated high
values (e.g., XYZ-0° on G, XZY-0° on USg) but also
a parallel raster against the force (e.g., YXZ-0° on USs,
T,, and y). A crossed pattern in rasters (45°/45°) also
obtained higher results when compared against other
combinations (e.g., ZXY-45°/45° on G and USjg). An
exposed fracture was observed (Fig. 9) and a plane cut-
ting line was presented on specimens with printed layers
in the same plane of the force (Fig. 9a), while speci-
mens with no apparent specific cutting shape were pre-
sented when rasters were in different directions against
the torsion force (Fig. 9b, c). Again, no angle against
force was identified as better in relation with stress-
strain results.

3.5 Variables optimization

Using the data from the previous 2* factorial design, an
optimization model was applied to find the combina-
tions of orientation-raster angle levels to maximize
stress and strain values. Following functions proposed
by Derringer and Suich [23], a multiple response model
was utilized based on the individual desirability function
to maximize a response (Eq. 4), and the composite de-
sirability, with the same importance for each response
(Eq. 5).

A

R 0 Y: < L;
Y,—L;
d; = L:<T; (4)
T,—L;
0 ?i < T;
where

Y; Predicted value of /™ response
T, Target value of " response

L, Lowest acceptable value for /™ response

d; Desirability for i response

r;  Weight of desirability function of /™ response

Thus, the formula for composite desirability (D) with the
same importance for each response is:

D= (d xd;x..xd)" (5)

As the multiple response experiment is a maximizing
approach, the target value (T;) for each of the responses in
Eq. 4 was obtained from the maximum value of the runs

in the factorial design (Figs. 3, 4, 5, and 7 show the mean
and standard deviation on each run). Similarly, the lowest
acceptable values (L;) were detected from the lowest
values using the statistical software. Table 3 presents the
obtained values.

Predicted values (Y;) in Table 3 were calculated from the
regression equations in the ANOVA analysis performed in
Section 3. The equations computed by the software utilized
to find differences between the orientation and raster angle
factors are in Egs. 6, 7, 8, and 9.

Shear modulus = 126.348 + 4.45 XYZ—-6.51 XZY
+1.25 YXZ + 0.81 ZXY-3.55 0"
+2.23 45" +3.77 45°\45°2.45 90°
+5.94 XYZ_0-3.62 XYZ_45°
—5.97 XYZ_45%\45°
+3.65 XYZ_90°-9.11 XZY_.0°
+ 5.40 XZY _45°
+4.38 XZY _45°\45°-0.68 XZY 90"
+ 6.08 YXZ_0°-1.67 YXZ_45°
—0.87 YXZ_45°\45°-3.54 YXZ_90°

-2.91 ZXY_0°-0.11 ZXY_45°
+2.46 ZXY_45%\45°

+0.57 ZXY_90° (6)

0.2%yield = 25.199
+ 0.846 XYZ-0.214 XZY—-0.577 YXZ

—0.055 ZXY
+2.830 0°—0.316 45°-0.059 45°\45°

—2.455 90°-0.033 XYZ_0°
+0.430 XYZ_45°

+0.616 XYZ_45°\45°-1.014 XYZ_90°
+2.353 XZY .0°-0.036 XZY 45°

+0.126 XZY 45°\45°-2.443 XZY 90°
+1.928 YXZ.0" 4 0.215 YXZ_45°

+0.276 YXZ_45°\45°-2.419 YXZ.90°  (7)
—4.248 ZXY _0°-0.610 ZXY _45°

—1.018 ZXY_45°\45° + 5.876 ZXY_90"

@ Springer
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Ultimate strength = 50.858 4+ 0.811 XYZ
+0.123 XZY—0.548 YXZ—0.386 ZXY
+1.464 0° + 1.147 45°
+ 1.320 45°\45°-3.932 90°
—1.442 XYZ_0° + 0.026 XYZ_45°
—0.900 XYZ_45°\45°
+2.316 XYZ_90°-1.053 XZY _0°
+0.992 XZY 45°
+1.694 XZY 45°\45°
-1.633 XZY_90° 4 7.280 YXZ_0°
+0.042 YXZ_45°
+0.601 YXZ_45%\45°
~7.923 YXZ_90°—4.786 ZXY .0°
-1.060 ZXY _45°-1.395 ZXY 45°\45°
+ 7.240 ZXY 90° (8)

Fracture strain = 1.8701-0.1558 XYZ
+0.2877 XZY—-0.0634 YXZ
—0.0685 ZXY
+0.1183 0°-0.1159 45°
+0.0038 45%\45°-0.0062 90°
—0.4398 XYZ_0°-0.0794 XYZ_45°
—0.3039 XYZ_45%\45°
4 0.8232 XYZ_90°-0.3723 XZY_0°
+0.3302 XZY 45°
+0.4769 XZY _45°\45°

—-0.4347 XZY _90°
+0.9285 YXZ_0°-0.1723 YXZ_45°

—0.4960 YXZ_45%\45°
-0.2602 YXZ_90°-0.1164 ZXY_0°

—0.0784 ZXY _45°
+0.3231 ZXY_45%\45° 9)

-0.1282 ZXY_90°

To find the predicted value (S?i) on each equation, zero (0)
or one (1) is assigned instead of the variable according to the

@ Springer

presence/no presence of the orientation and raster angle com-
bination (e.g., in XZY_ 90°, set the variable to one for each
containing XZY, 90° or both. The other variables would be set
to zero). Then a series of iterations were performed to find the
combination that obtained the higher value on each regression
equation. The best values found in Table 3 represent the re-
sults of the YXZ-0° combination.

Using the values of Table 3 and the formula of Eq. 4, the
individual desirability was computed, considering the same
weight for all responses (see Table 4).

Then, the composite desirability (D) presented in Eq. 5 was
used, with the individual values shown in Table 4:

D = (0.8141 x 0.8254 x 0.9624 x 0.8402)"/* = 0.8586

Table 5 presents a summary of the software calculations
showing the optimal values for combinations; vertical lines
cross the points where values can be maximized for each of
the mechanical properties of the ABS in torsion. Each variable
features the composite desirability value (d) and the individual
response (Y) calculated. Also, an optimal solution in the YXZ-
0° combination was obtained.

4 Conclusions

According to the torsion results of this research, thermoplastic
ABS-M30 printing using the FDM process shows no signifi-
cant difference when compared to injection molding while
considering results in: shear modulus, ultimate shear strength,
and 0.2% yield strength. However, a notable difference was
detected when comparing fracture strain. This difference may
indicate that the FDM process can print components with
similar elastic properties in torsion, but with less ductility than
injection molding components.

An interaction effect of factors was present in all the inde-
pendent response variables (G, USg, T,, and y,) since the ori-
entation and the raster angle can produce different results
when applied at the same time rather than when applied sep-
arately. This interaction could cause a stronger anisotropic
behavior resulting in difficulties to establish a confident ar-
rangement for prognostic stress-strain results in printed ob-
jects that are under torsion force. In spite of this, the experi-
ment presented remarkable observations: The orientation did
not significantly modify the response variable either in the
ultimate shear strength or in the 0.2% yield strength.
Comparing only printed specimens, the XZY-0° combination
resulted in significantly reduced shear modulus; the XZY-90°
and YXZ-90° had reduced values when considering the 0.2%
yield strength, as well as YXZ-90° in the ultimate strength.
Using an optimization factorial model, the orientation in YXZ
with rasters at 0° resulted in improved responses in all mea-
sured torsion variables (G, USg, T,, and y,). This result is
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consistent with comparisons made through statistical and
graphical analysis. Due to the difference in the material com-
position, the reproduction of this experiment using other kinds
of ABS material can produce different levels of endurance, but
the process behavior should be similar.
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