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Additive Manufacturing (AM) is rapidly taking 
over many manufacturing industries, such as aero-
space and robotics, due to its ability to create complex 
objects in a timely and cost-e!cient manner. "ere 
are multiple types of AM, the main ones being Fused 
Deposition Modeling (FDM), stereolithography, and 
selective laser sintering [1]. FDM, also known as 3D 
printing, involves placing melted #lament down in a 
path that cools and hardens, building the part layer 
by layer. FDM is cost-e$ective and among the most 
widespread AM processes [1], [2]. "e reason for this 
cost-e$ectiveness is FDM’s three main in#ll param-
eters: pattern, density, and orientation [3]. "e in#ll 
pattern is a preset layout that determines the internal 
design of the part [4], [5], [6], [7]. "e in#ll density is 
the area of the internal section for an FDM part that 
will be #lled [3]. "e in#ll orientation controls the an-
gle at which the pattern is printed [5]. Due to the lack 

of uniformity, FDM parts are anisotropic, meaning 
they vary in strength in di$erent orientations [5]. Al-
though anisotropy is a principal quality of FDM parts, 
there has been no clear conclusion on how changing 
the in#ll orientation a$ects the %exural properties cre-
ated when printing the #lament. 

I. Literature Review
A. E!ect of Printing Parameters

Previous studies have investigated various printing 
parameters’ e$ects on FDM parts. Some parameters 
directly a$ect how the #lament is deposited, such 
as printing speed and temperature [8]-[10]. Higher 
printing speeds increase dimensional inaccuracies 
and weld lines, and in turn decrease structural integri-
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ty and strength [8], [9]. Higher printing temperatures 
lead to fewer dimensional inaccuracies and improved 
strength, due to the #lament fusing better when more 
melted [8]. Additionally, other parameters, such as 
layer thickness and air gaps, control the characteris-
tics of the print. Increasing layer thickness and air gap 
size decreases the precision of the part, and air gaps 
can lead to structural weaknesses [5], [8], [11].

B. E!ect of In"ll Parameters

Similarly, the three primary in#ll parameters have a 
large e$ect on the part’s mechanical properties. Stud-
ies have found that higher in#ll densities generally 
result in higher mechanical strength and increased 
brittleness, but also raise manufacturing costs with 
increased print times and total #lament usage [3]-
[5], [8], [12]-[16]. While the in#ll pattern attribute 
has a negligible impact on cost, many sources have 
a!rmed that it has a signi#cant impact on a part’s me-
chanical properties [4], [6], [12], [13], [17]. Although 
Gonabadi et al. [12] concluded that the in#ll pattern 
has little e$ect on tensile strength or Young’s modulus, 
numerous other studies have challenged that conclu-
sion, generally #nding that the hexagonal and grid 
patterns are sti$er and have higher tensile strengths 
while triangular patterns have higher Young’s moduli 
[4], [13], [17], [18]. Also, provided that the 0° orien-
tation aligns with the direction of applied force, the 
mechanical properties generally decrease the more 
the in#ll orientation deviates away from 0° [17], [19]. 
Many studies have called attention to this anisotropy 
in all parts manufactured with FDM [5], [12], [15], 
[17], [19], [20]. 

C. Anisotropy in FDM Parts

While FDM parts’ anisotropic nature has been 
identi#ed, there remains a need for additional re-
search on anisotropy. Casavola et al. [19] had shown 
up to a 50% and 60% decrease in maximum stress and 
energy absorption capability, respectively, between a 
#lament orientation aligned vs not aligned with the 
load direction. "ose results reveal that the anisotropy 
heavily a$ects the properties of FDM parts, and not 
understanding those anisotropic behaviors can cause 
items made with this process to be unusable. Despite 
its signi#cance, there is still an absence of comprehen-

sive data about the e$ect of in#ll orientation on FDM 
parts. 

D. Research Gap

"e goal of this research study was to answer the 
question: How does changing the in#ll orientation af-
fect the %exural properties in parts made with FDM? 
"is study measured the %exural properties of FDM 
parts while only changing the in#ll orientation to fur-
ther investigate the e$ect of orientation. Furthermore, 
it builds upon the more general knowledge of the an-
isotropy in FDM parts by providing speci#c insight 
into how orientation a$ects the various %exural prop-
erties of those parts.

II. Material and Methods 
A. Research Approach and Methods

"is study used the mixed methods approach to 
investigate the e$ect of in#ll orientation on the %ex-
ural properties in FDM parts. Quantitative data were 
utilized to determine the mechanical properties of 
the samples. Qualitative data were utilized to record 
observations and failure modes. "e quantitative and 
qualitative data collected were able to reliably validate 
the conclusions made in the study at hand.

"e experimental research method was used in this 
study to determine the e$ect that the in#ll orientation 
of FDM parts had on their %exural properties. "is 
method was used to identify the changes to the %ex-
ural properties caused by modifying the in#ll orienta-
tion, which provided enough evidence to thoroughly 
answer the research question.

B. Subject Selection

"is study used the Acrylonitrile Butadiene Sty-
rene (ABS) polymer and the grid in#ll pattern. ABS 
was chosen because it is one of the most common ma-
terials used in FDM and was chosen for many similar 
studies including [9], [11], and [19]. "e grid in#ll was 
chosen due to it being one of the most common in#ll 
patterns and having no signi#cant structural abnor-
malities. In#ll orientations of 0° and 45° were chosen 
due to this in#ll pattern having four axes of symmetry, 
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meaning those orientations would result in the larg-
est amount of variation. "e width selection required 
more analysis since the impact of the outer border on 
the overall characteristics was unknown. "e border 
consisted of solidly printed lines of #lament in the ver-
tical and horizontal directions, which could skew the 
results of the test if the border represented a large part 
of the overall strength of the samples. 3-Point Bending 
tests were conducted on samples with a length of 96 
mm, a thickness of 3 mm, and widths of 12.5 mm, 25 
mm, and 37.5 mm. Even though the border made up a 
slightly larger portion of the smaller samples, all three 
widths resulted in almost identical properties. As a re-
sult, the width was chosen based on how consistently 
it was able to be printed, and that was determined us-
ing the coe!cient of variation, a measurement of the 
variation and discrepancy in a data set. "e 25 mm 
width resulted in samples that had the least coe!cient 
of variation between the trials and thus was chosen to 
be used in this study.

C. Validity

"e number of external factors that a$ected the re-
sults were minimized, and #ve replicates were done 
for each orientation to ensure that outliers would not 
heavily impact the data. Due to ABS being a polymer 
that shares many characteristics with a multitude of 
other polymers, the overall results of this study could 
be applied to FDM parts made from those similar 
polymers as well. "is study focused on the general 
trends between the %exural properties of samples 
in di$erent orientations and less on the individual 
strength values themselves. "is means that if a part 
has a similar structure and in#ll to the samples in 
this experiment, the results would provide some in-
sight into its properties. "e tools used in this study 
were a dial caliper and a micrometer, both of which 
determined the dimensions of the samples with an 
accuracy of 0.001 mm. An Instron Universal Testing 
machine with a 3-Point Bending #xture was used to 
gather data about the strength and displacement of 
each of the samples. "e Instron machine was accu-
rate to within 0.5% of the measured force.

D. Procedure

In this study, ten samples made from ABS with di-
mensions of 96 mm by 25 mm by 3 mm were printed 
through FDM in a Stratasys© uPrint© SE. "e sam-
ples had 100% in#ll density and the grid in#ll pattern. 
Five samples had a 0° in#ll orientation and #ve had a 
45° in#ll orientation. "e border width was set to the 
smallest setting, 0.1 mm. Figure 1 provides a diagram 
illustrating the samples’ in#ll pattern and orientation. 
"e ten samples were labeled and then measured with 
a dial caliper, micrometer, and scale to determine 
the actual dimensions and weight of each sample. A 
3-Point Bending test, depicted in Figure 2, was per-
formed with an Instron Universal Testing machine 
with a 100 N load cell according to the speci#cations 
in the standard provided by ASTM [21]. Following 
those speci#cations, the test used a support span of 
72 mm, had a 2.54 mm/min loading velocity, and ran 
until the samples had passed their point of ultimate 
strength. "e tests provided values for time and force 
at displacement intervals of 0.0254 mm. "e failure 
mode, which is the way that each sample broke, was 
manually recorded.

Figure 1. Diagram of the samples detailing the grid in-
!ll pattern at 0° and 45° in!ll orientations. Note that 
the space in between the lines is only to emphasize the 
in!ll structure and no perceptible gaps were in the ac-
tual samples tested.
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E. Data Analysis

"e standard deviations, averages, and coe!cients 
of variation were used to analyze the results of this 
study. "e equations in the standard test method [21] 
were used to determine the %exural strength, %exural 
chord modulus of elasticity, and other related proper-
ties from the collected data. Graphs displaying force 
vs displacement and %exural stress vs %exural strain 
were created. 

III. Results
A. General Characteristics

"e basic dimensions and characteristics of the 
samples are displayed in Table 1. "e graph of force 
vs displacement for all samples is displayed in Figure 3. 
"e maximum force, displacement at the maximum 
force, and displacement at the point of failure for each 
sample are displayed in Table 2. 

Figure 2. Diagram of 3-Point Bending test used in this 
study. Adapted from [22]

Sample 
No

In#ll 
Orientation 

(degrees)
Length 
(cm)

Width 
(cm)

"ickness 
(cm) Weight (g)

Density

(g/cm^3)
1 0 9.589 2.494 0.320 6.441 0.841
2 0 9.602 2.506 0.318 6.441 0.842
3 0 9.589 2.497 0.321 6.441 0.839
4 0 9.611 2.499 0.315 6.441 0.851
5 0 9.608 2.497 0.321 6.441 0.836
6 45 9.601 2.501 0.325 6.532 0.836
7 45 9.595 2.492 0.317 6.532 0.862
8 45 9.605 2.498 0.319 6.486 0.848
9 45 9.590 2.496 0.321 6.532 0.850

10 45 9.580 2.499 0.332 6.532 0.822

Table 1. "e in!ll orientations, dimensions, weight, and density of tested samples. 
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Figure 3. Force vs displacement in a 3-Point Bending test, describing how much force was required to continuously 
push down the sample with the loading pin at a rate of 0.254 mm/min. Points were recorded in intervals of 0.05 
mm or less of displacement.

Sample 
No

In#ll Orientation 
(degrees)

Max 
Force (N)

Displacement at Max 
Force (mm)

Displacement at Failure 
Point (mm)

1 0 89 9.1897 11.4732
2 0 92 8.8392 9.9263
3 0 90 9.6393 11.1430
4 0 94 8.5471 9.4615
5 0 90 9.3472 11.2979
6 45 91 11.8237 > 16
7 45 98 11.5138 > 16
8 45 98 11.5291 > 16
9 45 98 11.3614 > 16

10 45 91 12.1615 > 16
Table 2. "e maximum force exerted, the displacement at the point of maximum force, and the displacement at 
the point of failure for each sample during the 3-Point Bending tests. 
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Samples 1 to 5, with a 0° in#ll orientation, exhib-
ited a brittle failure mode, breaking cleanly into two 
pieces while or slightly a&er reaching its maximum 
loading force. In Figure 3, between a displacement of 
9 mm and 12 mm, the value of force for samples 1 
to 5 sharply dropped to 0 N. Alternatively, samples 6 
to 10, with a 45° in#ll orientation, exhibited a ductile 
failure mode, deforming further instead of breaking 
a&er reaching its peak load. "e values of force for 
samples 6 to 10 gradually decrease a&er the samples 
have reached their maximum load. Figure 4 and Fig-
ure 5 show pictures of samples 1 and 6, respectively, 
and visually display the di$erence in failure modes 
between the two samples. 

All samples showed visual signs of plastic deforma-
tion visible as whitening at the central break location 
in the 0° samples and the middle of the 45° samples. 
However, plastic deformation was much more exten-
sive in the 45° samples, as shown in Figure 5. "e 
plastic deformation could be observed mainly on the 
tension side, where the material was being stretched 
apart. "e plastic deformation across the center of the 
span a$ected both the material composing the bor-
der and the in#ll of the sample. "e most deformation 
could be seen at the center of the samples.

B. Calculated Mechanical Properties

All the properties calculated for the samples were 
found using the equations found in the standard 
method [21]. "e %exural stress was calculated using 
(1) and the %exural strain was calculated using (2). 

where ' is the stress at the outer surface at mid-
span, P is the applied force, L is the support span, b 
is the width of the beam, and h is the thickness of the 
beam.

where ( is the maximum strain at the outer surface, 
) is the mid-span de%ection, L is the support span, 
and h is the thickness of the beam.

Sample 
No

In#ll Orientation 
(degrees)

Max 
Force (N)

Displacement at Max 
Force (mm)

Displacement at Failure 
Point (mm)

1 0 89 9.1897 11.4732
2 0 92 8.8392 9.9263
3 0 90 9.6393 11.1430
4 0 94 8.5471 9.4615
5 0 90 9.3472 11.2979
6 45 91 11.8237 > 16
7 45 98 11.5138 > 16
8 45 98 11.5291 > 16
9 45 98 11.3614 > 16

10 45 91 12.1615 > 16

Figure 4. Sample 1 (0° orientation) a#er it underwent 
its 3-Point Bending test and a brittle failure mode.

Figure 5. Sample 6 (45° orientation) a#er it underwent 
its 3-Point Bending test and a ductile failure mode.
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Figure 6 shows the graph of %exural stress vs %ex-
ural strain. "e 0° samples all followed a linear pat-
tern, transitioned to a non-linear pattern until peak-
ing around 39 MPa, and then suddenly decreased to 
0 MPa. "e 45° samples originally followed the same 
pattern as the 0° samples, starting linear and becom-
ing non-linear, but did not experience any sudden 
drops, and instead more gradually decreased a&er 
peaking around 40 MPa.

"e %exural strength, the %exural strain at the point 
of maximum %exural stress, the 0.2% o$set yield stress, 
and the %exural chord modulus of elasticity for the 
samples are displayed in Table 3. "e %exural chord 
modulus of elasticity was calculated according to (3). 

where Ef
chord is the %exural chord modulus of elas-

ticity, *' is the di$erence in %exural stress between 
the two selected strain points, and *( is the di$erence 
between the two selected strain points.

"e 0.2% o$set line was calculated by #nding the 
linear slope of the original data between the strain 
values of 0.1% and 0.3% and o$setting a line with 
that slope to the right by 0.2% %exural strain. "e 
0.2% o$set yield stress was then found by determin-
ing the %exural stress value for the intersection point 
between the %exural stress vs %exural strain curve and 
the linear o$set line. "at 0.2% yield stress represents 
the amount of force required to cause permanent de-
formation of 0.2% in the sample. "e mean, standard 
deviation, and coe!cient of variation for each of the 
four properties displayed in Table 3 are shown in 
Table 4.

Figure 6. Graph of $exural stress vs $exural strain during the 3-Point Bending test. 

+
Flexural 

Strength (MPa)

Flexural Strain 
at Maximum 

Flexural Stress
0.2% O$set Yield 

Stress (MPa)

Flexural Chord 
Modulus of Elasticity 

(MPa)

In#ll 
Orientation

Mean 
± SD CV 

Mean ± 
SD CV 

Mean ± 
SD CV

Mean ± 
SD CV

0 degrees
38.72 
± 1.26 3.25%

0.0336 ± 
.0016 4.76%

35.34 ± 
1.87 3.25%

1,695.56 ± 
26.09+ 1.54

45 degrees
39.60 
± 2.68 6.76%

0.0436 ± 
.0018 4.04%

+33.06 ± 
3.21 6.76%

1,506.09 ± 
114.15+ 7.58+
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Table 3. Flexural strength, $exural strain at the point of maximum $exural stress, the 0.2% o%set yield stress, and 
the $exural chord modulus of elasticity are displayed for samples 1 to 5 during the 3-Point Bending tests. 

Sample 
No

In#ll 
Orientation 

(degrees)

Flexural 
Strength 
(MPa)

Flexural Strain 
at Max Flexural 

Stress
0.2% O$set Yield 

Stress (MPa)

Flexural Chord  
Modulus of 

Elasticity (MPa)
1 0 37.78 0.034 33.89 1,683
2 0 39.11 0.033 36.08 1,746
3 0 37.98 0.036 33.99 1,685
4 0 41.02 0.031 38.70 1,693
5 0 37.69 0.035 34.02 1,671
6 45 37.21 0.045 29.32 1,416
7 45 42.26 0.042 36.26 1,612
8 45 41.64 0.043 35.57 1,590
9 45 41.28 0.042 35.17 1,586

10 45 35.59 0.047 28.99 1,327

+
Flexural 

Strength (MPa)

Flexural Strain 
at Maximum 

Flexural Stress
0.2% O$set Yield 

Stress (MPa)

Flexural Chord 
Modulus of Elasticity 

(MPa)

In#ll 
Orientation

Mean 
± SD CV 

Mean ± 
SD CV 

Mean ± 
SD CV

Mean ± 
SD CV

0 degrees
38.72 
± 1.26 3.25%

0.0336 ± 
.0016 4.76%

35.34 ± 
1.87 3.25%

1,695.56 ± 
26.09+ 1.54

45 degrees
39.60 
± 2.68 6.76%

0.0436 ± 
.0018 4.04%

+33.06 ± 
3.21 6.76%

1,506.09 ± 
114.15+ 7.58+

Table 4. "e means, standard deviations, and coe&cients of variation (CV) of the $exural strength, $exural strain 
at the point of maximum $exural stress, the 0.2% o%set yield stress, and the $exural chord modulus of elasticity are 
displayed for each of the in!ll orientations evaluated.
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C. Summary of Research 

Overall, samples 6 to 10 had higher maximum 
loads and higher %exural properties than samples 1 to 
5, but lower %exural chord moduli of elasticity. "e 
failure modes were dependent on the orientation of 
the in#ll pattern, as the samples printed with the grid 
pattern in the 0° orientation had a brittle failure mode 
and the samples with the grid pattern in the 45° orien-
tation had a ductile failure mode. Across most of the 
samples, the curve of any calculated property followed 
the same approximate path up until near the point of 
failure.

IV. Discussion 
A. Property Analysis

"e primary di$erence in the samples were their 
failure modes, and the results strongly suggest that the 
in#ll orientation was the cause of it. "ere is imper-
fect bonding between the parallel layers in FDM parts 
that creates a weakness, and the 0° samples had half 
of their internal #lament in layers parallel to the y/z 
plane provided in Figure 7, which depicts the forces 
active in a 3-Point Bending test. Due to their orienta-
tion, the forces were in the same direction as the vul-
nerability, resulting in the complete failure of the in-
terlayer bonds and a brittle failure mode. On the other 
hand, in the 45° samples, both layers of #lament had 
their weaknesses o$set by 45° to the direction of force 
and logically the interlayer bonds were more resistant 
to completely failing. Harpool et al. [13], instead of 
using %exural tests, conducted tensile tests on FDM 
samples. "ey used samples with a 15% in#ll density 
and observed that both 0° and 45° samples resulted 
in ductile failure modes under tensile force. "e lack 
of change in failure modes may have been due to the 
low in#ll density resulting in samples that were less 
sti$ and acted similarly to the less sti$ 45° samples in 
the study at hand. However, they did evaluate solid 
samples with 100% in#ll density and found that those 
samples were very sti$ and exhibited a brittle failure 
mode. Based on their results [13], the conclusions 
made in the study at hand apply primarily to FDM 
parts that have higher in#ll densities and that the in#ll 
density’s in%uence on the part cannot be ignored. 

Since both 0° and 45° samples in the study at hand 
had no measured di$erences in their weights and the 
45° samples were able to support a maximum load 
that was 5% higher on average than the 0° samples, 
it suggests that using a 45° in#ll orientation results 
in slightly stronger FDM objects than a 0° in#ll ori-
entation for the same amount of material used. One 
explanation for this is that due to the chosen in#ll 
pattern consisting of two primary #lament directions 
perpendicular to each other, the 45° samples were able 
to utilize to some extent #lament in both directions to 
support the load, whereas the 0° samples were unable 
to use the #lament in the direction perpendicular to 
its length to support almost any part of the load.

Alternatively, despite the 45° samples being able 
to support heavier loads and having higher %exural 
strengths, the 0° samples had a 7% higher 0.2% o$set 
yield stress on average compared to the 45° samples. 
Due to the de#nition of 0.2% o$set yield stress, this 
means that 0° samples were able to support a 7% 
higher amount of force before permanently deform-
ing by 0.2%, which indicates that having a 0° in#ll ori-
entation results in parts that are initially sti$er than 
parts with a 45° in#ll orientation. Additionally, the 0° 
samples had a %exural chord modulus of elasticity that 
was 13% higher than the 45° samples, which means 
that 13% heavier loads are required to deform or bend 
the 0° samples by the same amount as the 45° sam-
ples during the linear part of the curve. "at suggests 
that a 0° in#ll orientation is better in situations where 
avoiding or minimizing permanent deformation is 
the priority, but in situations where deformation is ac-
ceptable and the ability to withstand a heavier load is 
prioritized, a 45° in#ll orientation is better.

"e engineering stress vs engineering strain graph 
in Harpool et al. [13] showed that the samples with a 
0° in#ll orientation were able to support much higher 

Figure 7. Diagram of the forces active in a 3-Point 
Bending test. Adapted from [23]
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engineering stress values during a tensile test com-
pared to the samples with a 45° in#ll orientation. "is 
is contrary to the results of the study at hand where 
both in#ll orientations resulted in similar %exural 
stress values. ABS in general tends to have higher %ex-
ural strength than tensile strength, which might have 
caused it to be more sensitive to the tensile forces in 
[13]. 

Another study, [19], concluded that when the pri-
mary load direction is parallel to the primary #lament 
direction, the mechanical properties are higher. In the 
study at hand, the 0° samples had 7% higher 0.2% o$-
set yield stress and 13% higher %exural chord moduli 
of elasticity, which supports the conclusion made in 
that study. While that conclusion is not always true for 
the samples evaluated in this study, in the few proper-
ties where the 0° samples are weaker, the values for 
the 45° samples are at most 5% greater than the values 
for the 0° samples. "is is not a negligible di$erence, 
but since two of the main %exural properties are much 
greater in the 0° samples than in the 45° samples, it 
can be concluded that generally, the conclusion in the 
earlier study [19] is supported by the results of the 
study at hand. 

Since the 0° samples had coe!cients of variation 
that were much lower than the 45° samples in all 
calculated %exural properties except %exural strain, 
where they were only 1% higher, it suggests that fabri-
cating parts with a 3D printer is a much more consis-
tent process when using a 0° in#ll orientation rather 
than a 45° in#ll orientation. One explanation for this 
is that 3D printers may be more consistent at print-
ing in an isolated x or y direction and less consistent 
at printing in a diagonal direction. "is means that 
when parts need to be made to speci#c tolerances and 
speci#cations, using a 0° in#ll orientation is better, 
but when precision can be sacri#ced for additional 
strength, then a 45° in#ll orientation is better. 

Overall, the data collected in this study suggests 
that the 0° in#ll orientation is superior in situations 
where a sti$er, more precise part resistant to deforma-
tion is required, but a 45° in#ll orientation is supe-
rior in situations where the ability to support a larger 
amount of weight is the highest priority for the part. 
Additionally, it indicates that using a 0° in#ll orienta-
tion creates risks for a part to snap abruptly and brit-
tlely when it is overloaded but using a 45° in#ll ori-
entation removes the risk of snapping and results in a 

ductile failure mode where the part would get weaker 
as it bends further. 

B. Alternative Explanations and Limitations

An alternative explanation for these results is that 
the di$erences in the way that the 3D printer prints 
the 0° in#ll orientation versus a 45° in#ll orientation 
are the cause of the di$erences in the %exural proper-
ties. To elaborate, the printer needs to move horizon-
tally and vertically simultaneously to print a diagonal 
section as opposed to only needing to move in one 
direction to print a vertical or horizontal section. "at 
might have caused the 45° parts to have more inac-
curacies and weaknesses than the 0° parts, as they are 
printed primarily with #lament running along a di-
agonal path that is more complicated for a printer to 
follow. "at could mean that the results of this study 
were only due to the %aws in the printer itself and the 
e$ect of in#ll orientation had little to no impact on a 
part’s %exural properties.

Further research can be utilized to come to a better 
conclusion about the validity of the alternative expla-
nation. Speci#cally, another study could investigate 
whether printing the 45° samples with a 45° angle 
o$set, so that the in#ll would still be in line with the 
printer’s x and y axes, results in samples that di$er 
greatly from the 45° samples in the study at hand. "at 
would be necessary to determine if the weaknesses in 
the 45° samples in this study are due to weaknesses in 
the printer, or if the in#ll orientation is the primary 
cause of those weaknesses.

While the conclusions made in this study can be 
applied to other in#ll patterns that are structured sim-
ilarly to the grid in#ll pattern, little can be concluded 
about other in#ll patterns that do not share a similar 
structure. Additionally, while the 0° and 45° orienta-
tions provided the largest variation, it is still neces-
sary to test the angles between those orientations for 
a more thorough understanding of the anisotropic 
behaviors. Also, the in#ll density has been shown to 
have a large enough in%uence on the properties of 
the samples to cause the failure mode to switch from 
a brittle to a ductile failure mode. Additional stud-
ies can investigate how the conclusions made in this 
study are a$ected by changes in in#ll density.
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V. Conclusion
"e FDM parts with a 0° in#ll orientation were 

most resistant to bending and had less variation be-
tween replicates of the samples, and the FDM parts 
with a 45° in#ll orientation were able to support a 
higher maximum force. When a bending force was ap-
plied, the 0° in#ll orientation resulted in a brittle fail-
ure mode, while the 45° in#ll orientation resulted in a 
ductile failure mode. "ese conclusions are important 
to the #eld of study because they provide insight into 
the extent of in%uence that the in#ll orientation has 
on various %exural properties and thus can be used to 
make decisions when manufacturing parts with FDM. 
Furthermore, if these conclusions are not considered 
when manufacturing an object using FDM, then the 
object may fail to meet the required standards for its 
properties, which is extremely dangerous in many in-
dustries.
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