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Abstract: In fused deposition modeling (FDM) 3D printing, the properties and performance of the
fabricated components are profoundly affected by the selected process parameters. Therefore, it is
crucial to choose and optimize these parameters to improve the quality and mechanical characteristics
of the final product. Given this, the present study explored the mechanical properties of 3D-printed
components fabricated from polylactic acid (PLA)+ filament, specifically examining how different
raster angles influence their flexural and tensile performance. Three raster angle conditions were
investigated: parallel (0°/0°), grid (0°/90°), and crisscross (45°/—45°). The results demonstrate that the
raster angle has a significant effect on the flexural and tensile strength of the printed specimens.
The parallel raster (0°/0°) produced the highest flexural strength, attributed to the alignment of the
fibers perpendicular to the applied load, which enhances the load capacity. Conversely, the
crisscross (45°/—45°) orientation resulted in the lowest flexural strength but exhibited greater ductility,
as evidenced by extensive plastic deformation. This increased ductility is attributed to the material’s
ability to absorb more energy before failure, resulting from favorable shear deformation dynamics. In
tensile testing, the parallel raster (0°/0°) showed superior strength, while the grid and crisscross
orientations followed with progressively lower values. The fracture behavior revealed that samples 3D
printed with a 45°/-45° raster angle tend to fail along the raster orientation, primarily due to the
development of shear stresses.
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1. Introduction

Additive manufacturing (AM) has presented various new opportunities in product design and
engineering [1]. AM methods offer parts based on faster and more flexible procedures than
conventional manufacturing processes [2,3]. Consequently, this technology enables the production of
a prototype from a 3D model, proving valuable in both the design phase and in preparation for
manufacturing [4]. 3D-printed parts are currently employed as prototypes and final products [5].

Furthermore, 3D printing presents several competitive advantages over conventional manufacturing
methods, including reduced cost, simplified fabrication, shortened time between design and final part
acquisition, minimized waste generation, and incorporation as an Industry 5.0 technology [2]. On the
other hand, it is noteworthy that a wide range of industries, including automotive, aerospace, medical,
mechanical, food, fashion, architecture, chemical, construction, electrical, electronics, and education,
among others, are capitalizing on the benefits of 3D printing [6].

Among the different AM methods, fused deposition modeling (FDM) is the most prevalent
technology due to its user-friendliness, economic feasibility, and widespread commercial availability
of feedstock materials [6]. FDM is a technique that involves extruding a filament through a heated
nozzle. The filament melts and reaches the nozzle in a semi-liquid state. The printing process operates
by displacing the nozzle along the XY plane, enabling the precise formation of two-dimensional
cross-sectional geometries. Concurrently, the build platform (or bed) undergoes incremental vertical
displacement along the Z-axis. This coordinated motion facilitates the sequential deposition of material
layers, thereby constructing the final three-dimensional structure. The controlled movement of the
nozzle in the XY plane defines the in-plane geometry. At the same time, the layer-wise advancement
of the platform in the Z direction results in the additive formation of the volumetric object [2].

A diverse range of thermoplastics are employed in FDM 3D printing, with the most prevalent
being polylactic acid (PLA) [3], acrylonitrile butadiene styrene (ABS), polycarbonates (PC),
polyetherether ketone (PEEK), nylon (N), polyetherimide (PEI), and polycaprolactone (PCL) [7,8].
Among these, PLA is one of the most favorable polymers for FDM 3D printing due to its low melting
temperature, biodegradability, and printability [9-11]. PLA has garnered significant attention from
researchers due to its heightened sensitivity to process parameters compared to ABS [2,12]. Numerous
FDM printing parameters have been extensively researched, including layer geometry patterns, nozzle
and bed temperatures, layer thickness, infill percentages, printing speeds, number of part contours,
build times, moisture contents, and others [13—16]. However, based on these studies, it has been
established that the parameters that most significantly influence the properties of parts produced
using 3D printing technology are layer height, infill pattern and geometry, build orientation, and infill
density [17-20].

The influence of FDM printing parameters on the mechanical properties of 3D printed parts has
been extensively studied, focusing on tensile behavior [21-24]. Researchers have demonstrated that
increasing infill density enhances tensile strength [25-28]. For instance, Khan [20] found that the infill
pattern plays a crucial role in determining the mechanical properties of 3D-printed PLA parts. The
rectilinear pattern exhibited the highest performance at a constant infill density of 20%, achieving a
tensile strength of 19.1 MPa and an elastic modulus of 10.51 GPa. In flexural testing, this pattern
reached a maximum flexural strength of 24.4 MPa and a tangent modulus of 0.359 GPa, clearly
outperforming the concentric, honeycomb, and Hilbert curve patterns [20]. In another work,
Kadhum et al. [29] demonstrated that the selection of infill pattern plays a crucial role in dictating both
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the mechanical performance and surface quality of 3D-printed parts made from PLA, PLA+, and
PETG materials. Their extensive study, which employed a constant 20% infill density across fourteen
distinct patterns, revealed that the optimal tensile strengths were achieved using the cubic, gyroid, and
concentric patterns for PLA, PETG, and PLA+, respectively recording maximum ultimate tensile
strengths of 15.6, 20.8, and 16.5 MPa [29]. In another work, Tan et al. [30] demonstrated that infill
density and raster angle critically influence the mechanical properties of 3D-printed PLA specimens.
The results revealed that a 0° raster angle combined with 100% infill density yields the highest tensile
strength and Young’s modulus [30]. As mentioned earlier, these works underline the need to optimize
printing parameters to tailor the mechanical performance of PLA parts to specific engineering applications.

On the other hand, layer thickness exhibits a less pronounced effect on the mechanical strength
of 3D printed parts. While an increase in layer thickness leads to a slight rise in tensile strength up to
a certain point, the overall impact is relatively minor [31,32]. Investigations into the influence of build
orientations on mechanical strength, particularly tensile strength, reveal that build orientations have a
significant impact on the mechanical behavior of printed parts [27]. A detailed analysis of various
process parameters shows that the angle of the raster pattern is a critical factor in determining the
mechanical strength of 3D-printed parts [33—35]. For instance, Gopi et al. [27] reported that the
mechanical performance of FDM-printed PLA parts is significantly influenced by raster orientation.
In particular, specimens printed with a 45°/—45 ° raster pattern exhibit superior flexural and impact
strengths compared to those printed with a 0°/90° orientation, while compressive strengths remain
relatively similar across both configurations. This indicates that the denser and more interlocked raster
arrangement in the 45°/-45° pattern enhances load distribution and energy absorption during
deformation. In another work, Ayatollahi et al. [36] demonstrated that in-plane raster orientation
critically governs tensile and fracture behaviors in FDM-printed PLA specimens. The study revealed
that a 45°/-45° raster pattern achieves the highest elongation at break and fracture resistance, whereas
a 0°/90° orientation produces significantly lower plastic deformation and fracture load in tensile tests.
Supported by detailed scanning electron microscopy (SEM) analysis and finite element simulations,
these results underscore the pronounced anisotropy in mechanical properties, particularly in plastic
strain, and highlight the importance of optimizing raster angles to enhance the durability and
performance of 3D-printed components [35]. Another investigation is that by Khosravani et al. [37],
who examined the influence of acetone-based surface treatment on the tensile and fracture behavior
of 3D-printed ABS specimens with raster orientations of 0°/90° and 45°/—45°. Their results showed
that, after treatment, the ultimate tensile strength decreased from 31.16 to 30.01 MPa for 0°/90°
specimens and from 29.76 to 28.84 MPa for 45°/-45° specimens. The study demonstrates that while
surface quality improves, chemical post-processing compromises mechanical performance, with raster
orientation playing a key role in this degradation [37].

A comprehensive literature review revealed that the raster angle has emerged as a crucial
parameter in numerous studies [27,30,38—41], consistently demonstrating its significant effect on the
tensile [42—45] and flexural properties [46,47] of 3D-printed components across diverse materials.
Slicing software utilizes a standardized infill pattern, with FDM printing building layers by first
constructing the outer profile and then filling the interior sections. These infill patterns come in various
forms, such as honeycomb, rectilinear, crisscross, and grid [27]. Although few studies have specifically
examined the effects of a 0°/0° raster pattern, this configuration has received limited attention
compared to other more commonly used deposition angles. In this study, the mechanical properties—
particularly tensile and flexural strength—of 3D-printed PLA+ specimens were evaluated using three
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different raster orientations: 0°/0°, 0°/90° (grid), and 45°/—45° (crisscross). The latter two patterns are
typically default in most slicing software due to their well-established balance between stiffness and
mechanical strength. This work aims to compare the tensile and flexural performance of PLA+ samples
printed with the 0°/0° orientation against those fabricated using the grid and crisscross configurations,
thereby assessing the impact of raster alignment on the mechanical behavior of 3D-printed components.

2. Materials and methods

The filament material used was PLA+, which had a diameter of 1.75 mm and was purchased from
eSun. It is essential to mention that PLA is a biodegradable polymer derived primarily from renewable
sources such as corn starch or sugarcane. Its low cost and excellent printability have established it as
a dominant material in additive manufacturing. However, PLA has particular mechanical strength and
thermal resistance limitations, leading manufacturers to develop enhanced formulations known as
PLA+ (also referred to as tough PLA or pro PLA). These improved formulations incorporate various
additives to increase impact resistance, heat tolerance, surface finish, and interlayer adhesion,
enhancing their performance for functional and engineering applications [29]. Table 1 presents the
properties as specified by the manufacturer. The ultimate tensile strength (UTS) is equal to that
reported by other authors [2]. Additionally, according to the manufacturer, PLA+ filament exhibits a
good balance of strength, rigidity, and toughness, as well as strong impact resistance. Additionally, the
filament is composed of 92%—-96% polylactic acid (PLA) (CAS No. 6100-51-6) and 2%—4% calcium
carbonate (CAS No. 471-34-1); the remaining components are other additives.

Table 1. 3D-printing filament properties according to the manufacturer.

Properties Values

Density 1.23 g/cm?
Tensile strength 60 MPa
Elongation at break 20%

Bending strength 74 MPa

Flexural modulus 1973 MPa

Heat distortion temperature 53 °C (0.45 MPa)
Melt index 5 (190 °C/2.16 kg) g/10 min
Printing speed 40-100 mm/s
Base plate temperature 45-60 °C
Printing temperature 210-230 °C

Table 2 lists the parameters selected for printing specimens. The printing parameters were
selected based on recommendations from the FlashPrint software, supported by literature data and
manufacturer specifications, as long as they conformed to the range established in Table 1. This
approach ensured both technical consistency and practical relevance [2]. The table also highlights the
three conditions employed for raster angle variations. These conditions are designated as C1, C2, and
C3, as follows:

e Condition 1 (C1): This condition utilizes a raster angle of 0°/0°, representing a parallel
orientation of the raster lines along the specimen’s length.
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e Condition 2 (C2): In this condition, the raster angle is set to 0°/90° (grid), indicating a
perpendicular alignment of the raster lines with respect to each other.

e Condition 3 (C3): This condition employs a raster angle of 45°/90° or 45°/-45° (crisscross),
representing a diagonal orientation of the raster lines, creating a 45° angle with both the X and Y axes.

Table 2. Main 3D printing parameters.

Parameters Values

Extruder temperature 220 °C

Bed temperature 60 °C

Printing speed 50 mm/s

Travel speed 100 mm/s

Infill 100%
Deposition orientation 0° (in plane)
Layer thickness 0.2 mm

Fill pattern Lineal

Start and cross angle C1 sample: 0°/0°

C2 sample: 0°/90° (grid)
C3 sample: 45°/-45° or 45°/90°(crisscross)

Outer shell 1
Inner shell 3
Overlap perimeter 30%

Figure 1 comprehensively illustrates the design of the raster angles, delineating both the initial
deposition orientations and the subsequent crossing angles for each experimental condition. This
schematic demonstrates the filament lay-down strategy during the additive manufacturing process,
providing a precise understanding of the interlayer bonding mechanisms. Moreover, these specifically
chosen raster angle configurations were implemented to evaluate their impact on the tensile and
flexural performance of the 3D-printed PLA+ components.

The specimens were designed using Autodesk Fusion 360 (Educational License). This CAD
software was used to generate the STL (Standard Tessellation Language) file, which was imported via
the FlashPrint slicer, developed by the same company that manufactures the 3D printer used in this
study. A file with a .gx extension was created by the FlashPrint slicer software. This file contains the
code uploaded to the 3D printer, which governs the machine’s movements, temperature settings, and
other printing parameters. The 3D printer used to generate the required specimens was a FlashForge
Guider III (see Figure 2).
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(a) Condition C1 (b) Condition C2

Start angle = 0° Cross angle = 0° Start angle = 0° Cross angle = 90°

(c) Condition C3
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/

Start angle = 45° Cross angle = -45°

Figure 1. Pattern of the raster angles.

Figure 2. General view of the FlashForge Guider I1I 3D Printer.

AIMS Materials Science Volume 12, Issue 2, 363-379.



369

The tensile and flexural tests were carried out using a Tinius Olsen universal machine, model
H25KS, with a capacity of 25 kN, as shown in Figure 3. The tensile tests were carried out according
to ASTM D638-22 [48] at a testing speed of 5 mm/min at room temperature. Other authors used these
test conditions [2]. The flexural test was conducted according to ASTM D790-17 [49] at a speed
of 2 mm/min and a span (L) of 70 mm between the two supports. When the specimen deformation reaches
the specified deflection, the maximum bending stress can be referred to as the flexural strength [50].
Therefore, the flexural strength orin MPa was calculated using Eq 1:

_ 3PL
OFf = bn2

(1

where P is the maximum load in Newtons, b is the width of the test specimen in millimeters, and 4 is
the depth of the test specimen in millimeters. Also, the modulus of elasticity (E5) of the flexural tests
was calculated using Eq 2. The test data were processed using OriginLab software.

L%F
Ep = 4bh38 (2)

where ¢ is the deflection of the sample in millimeters.

Figure 3. Universal stress machine.

The samples used for the tensile test were prepared according to ASTM D638-14 [48] using
type-IV specimens. In contrast, the samples designated for the flexural tests were prepared by ASTM
D790-17 [49] standards, featuring a length of 127 mm, a width of 12.7 mm, and a thickness of 3.2 mm.
Each test utilized five samples, adhering to the specifications outlined in the referenced standards for
this study.
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3. Results and discussion

Figure 4 presents the load vs. displacement curves obtained from the flexural tests performed on
the five samples for each condition of the raster angles. The graph shows that the C1 samples (0°/0°)
exhibited the highest flexural strength, followed by the C2 samples (0°/90°, grid); finally, the C3
samples (45°/—45°, crisscross) displayed the lowest flexural strength. It is important to note that none
of the tested samples experienced fracture, and the test was halted after verifying that the sample had
reached its maximum strength. The average flexural stress and flexural modulus are shown in Table 3.
The C1 samples had the highest average flexural strength of 78 MPa, while the C2 samples had an
average of 52.1 MPa; finally, the C3 samples had an average of 40.7 MPa. This phenomenon can be
explained by the fact that a higher number of fibers (3D-printed filament) perpendicular to the flexural
load results in higher flexural strength of the component. In other words, the C1 sample, which
has 100% of its fibers perpendicular to the flexural load, has the highest strength, while the C2 sample,
with 50% of its fibers (grid) perpendicular to the load, has lower strength compared to the C1 sample.
Finally, the behavior of fibers oriented at 45° (samples C3, crisscross) under flexural load demonstrates
the lowest strength among all tested conditions. This is attributed to the tendency of these fibers to
deform by shear under load, resulting in an unfavorable redistribution of stress and thereby
compromising the material’s overall flexural strength Therefore, it can be seen that the orientation of
the raster angle influences the flexural strength, achieving greater strength when a higher number of
fibers are perpendicular to the applied load. On the other hand, the elastic modulus of the samples
follows the same trend, with the C1 samples having the highest modulus, followed by the C2 samples,
and finally the C3 samples (see Table 3). Notably, despite their low flexural strength, C3 samples
exhibited a wider range of plastic deformation in the load-displacement curves (see Figure 4, green
curve), greater than that of the other samples. This indicates that the C3 samples have high ductility,
meaning the material can absorb significant energy through deformation before failure. In these
samples, the junction points of the fibers and layers may exhibit elastoplastic behavior, thereby
reducing their flexural strength. However, these junctions between the fibers, layers, and their inherent
strength allow for greater ductility of the component, avoiding a rapid decrease in the curve in the
plastic zone as observed in samples C1 and C2 (see Figure 4). Comparing the results of this study with
those reported by Jaya Christiyan et al. [51], a clear correlation is observed, as they demonstrated
that 3D printing parameters significantly affect the flexural strength of PLA components fabricated by
FDM. The highest flexural strength, 68 MPa (lower than the C1 sample), was achieved under 0° raster
orientation, 0.2 mm layer thickness, and a printing speed of 38 mm/s. This enhanced performance is
attributed to the increased number of layers and improved interlayer adhesion. In contrast, vertically
printed specimens (90° orientation) exhibited a marked decrease in flexural strength, with values
of 48 MPa for 0.2 mm, 42 MPa for 0.25 mm, and 36 MPa for 0.3 mm, all printed at a speed
of 52 mm/s. Rivera-Lopez et al. [52] reported higher flexural strength values, demonstrating that the
flexural performance of FDM-printed PLA specimens is susceptible to nozzle temperature. Their
experiments, conducted under controlled conditions (0.4 mm nozzle diameter, 0.2 mm layer height,
and 100% infill), showed a progressive increase in flexural strength as the nozzle temperature ranged
from 180 to 260 °C. The maximum flexural strength, 92.8 MPa, was achieved at 260 °C, while lower
temperatures resulted in reduced values—80.2 MPa at 180 °C and 83.8 MPa at 200 °C [52].
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Figure 4. Load and displacement curve of flexural test for different raster angles.

Table 3. Results of the flexural test.

Sample Flexural strength (MPa) Modulus of elasticity (MPa)
Cl1 78.0 £ 1 2491 + 67.8

C2 52.1+1.3 1844 + 50

C3 40.7+1.3 1206 + 34

The stress vs. strain curves of the C1, C2, and C3 samples obtained from tensile tests are shown
in Figure 5. Most of the tested samples exhibited brittle behavior, characterized by a minimal or
nonexistent plastic zone in the curve. Sample C1 demonstrated the highest tensile strength with an
average ultimate tensile strength (UTS) of 38.2 MPa (see Figure 5a), followed by sample C2 with a value
of 35.8 MPa (see Figure 5b). Sample C3 exhibited the lowest tensile strength with 31.5 MPa (see
Figure 5c). Notably, all samples fractured, predominantly at the section change of the specimen, as
observed in the bottom right part of Figure 5a—c. For comparison, other researchers have reported
similar tensile strength values for PLA samples fabricated via FDM. Balasubramanian et al. [23] found
that using a +45° raster orientation, 75% infill density, and a layer thickness of 0.16 mm resulted in a
tensile strength of PLA ranging from 30.91 to 38.89 MPa, depending on the applied strain rate. The
maximum 38.89 MPa was recorded at an 8 mm/min cross-head speed. Tan et al. [37] reported lower
tensile strength values and examined the effect of infill density and raster angle on the mechanical
properties of PLA parts manufactured via FDM. Their results showed that the lowest ultimate tensile
strength, 17.33 MPa, was obtained using a 30% infill density and 90° raster angle. These conditions
promote weak interlayer bonding and poor stress distribution due to the filaments’ orientation
perpendicular to the load. In contrast, the highest strength achieved in their study was 28.93 MPa,
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corresponding to 100% infill and 0° raster angle, where the filament paths are aligned with the applied
force. These findings highlight that lower infill densities and unfavorable raster orientations
significantly reduce the tensile performance of 3D-printed PLA, primarily due to increased porosity
and reduced load transfer efficiency between layers. Other higher tensile strength values were reported
by Saravana Kumar et al. [16], who investigated PLA components fabricated via material extrusion
using a multi-criteria optimization approach. Using a Taguchi method, the authors identified the
optimal combination of 0.1 mm layer thickness, 60 mm/s printing speed, and 200 °C printing
temperature, under which the maximum ultimate tensile strength reached 45.22 MPa. This notable
increase was attributed to enhanced interlayer bonding and reduced porosity, as confirmed by SEM
analysis. Sandanamsamy et al. [40] reported lower tensile strength values and evaluated the influence
of raster angle and printing temperature on the tensile behavior of PLA parts produced via FDM. Under
a controlled setup with 100% infill density and a concentric infill pattern, the maximum ultimate tensile
strength recorded was 16.95 MPa, achieved using a 90° raster angle at a printing temperature of 220 °C.
In contrast, the lowest tensile strength, 14.69 MPa, was observed for samples printed at a 0° raster
angle and 180 °C. The study found that increasing raster angle and temperature improved tensile
strength, yield strength, and Young’s modulus, attributed to enhanced interlayer bonding and increased
polymer fluidity at higher temperatures.
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Figure 5. Stress vs. strain curves for the raster angles studied: (a) samples C1, (b) samples
C2, and (c) samples C3.
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Other significant work on the tensile performance of PLA was reported by Rajpurohit and
Dave [53], who systematically investigated the influence of raster angle, layer height, and raster width
on the tensile strength of FDM-printed PLA components. Their results demonstrated that the highest
tensile strength of 47.3 MPa (higher than that of sample C1) was achieved using a 0° raster angle,
a 0.1 mm layer height, and a 0.6 mm raster width. This combination optimizes inter-layer bonding and
filament alignment with the loading direction [53]. This difference in tensile strength may be attributed
to the fact that sample C1 has a greater layer thickness (0.2 mm).

Additionally, the observations recorded during the tensile tests revealed that the stepped behavior
occurring within the elastic region of certain specimens (see Figure 5a,b) is associated with the
premature failure of the outer layers, indicating that the infill structure played a predominant role in
sustaining the maximum tensile load. This stepped response is most likely attributed to weak interfacial
adhesion between the infill and the outer layers, particularly in the C1 specimens. On the other hand,
sample C3 exhibited a fracture at a 45° angle to the load application axis, confirming that this type of
raster angle tends to undergo shear deformation under load, resulting in an unfavorable redistribution
of stresses and a reduction in the overall strength of the component (see Figure 5c).

A more detailed observation of the samples’ fractures using a stereoscope (magnification 16x) is
shown in Figure 6. Figure 6a,b shows the representative fracture of samples C1, where a fracture occurs
perpendicular to the applied tensile load. Furthermore, Figure 6a revealed that the cross-section of the
C1 specimens exhibited strong adhesion between the infill printing layers (z-axis), with fractures
occurring primarily along the filament paths. Additionally, as observed on the left side of Figure 6a, a
visible separation exists between the infill and the outer layers, indicating weak adhesion at this
interface. This lack of bonding is likely the primary cause of the stepped behavior observed in Figure Sa,
where the external structures (shells) fail first, followed by the infill supporting the maximum applied
load (see Figure 6a). These findings are consistent with Khan et al.’s review, who highlighted inter-bead
voids’ formation as a recurrent defect in 3D-printed fiber-reinforced polymer composites [54]. Such
voids originate from the circular geometry of the nozzle and the selected printing parameters, leading
to weakened inter-bead and inter-layer bonding. Similar void morphologies were identified in the C1
samples and the outer layers of the C2 samples, suggesting that these structural discontinuities are
intrinsic to the extrusion-based deposition process and contribute significantly to the observed failure
modes [54].

In contrast, sample C2 showed no interlayer failures in the specimen, with fractures primarily
occurring in the fibers parallel to the load direction, while the transverse fibers remain unaffected (see
Figure 6¢,d). Finally, a macroscopic inspection of sample C3 revealed a distinct fracture plane oriented
at a 45° angle relative to the applied load (Figure 6e,f). Furthermore, delamination was characterized
by the detachment of the four outermost layers from the internal fill material (see Figure 6f). This
debonding was most likely caused by weak interfacial adhesion between the fill and the outer layers.
This behavior observed in sample C3 highlights the tendency of fibers to undergo shear deformation
under loading. This phenomenon results in an unfavorable redistribution of stresses, compromising
the material’s overall tensile strength. Moreover, the observed fracture behavior aligns with the results
reported by Khosravani et al. [42], who confirmed through visual inspection that, in specimens with
a 0° raster orientation, crack propagation occurred predominantly in the vertical direction relative to
the raster layout. This indicates inter-layer failure perpendicular to the deposited filaments. In contrast,
for specimens printed with raster angles of 30, 45, and 60°, the fractures followed paths aligned with
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the raster direction, highlighting the critical role of raster orientation in dictating the crack trajectory
and failure mechanisms in FDM-printed PLA components.
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Figure 6. Stereoscopic observation of the fracture surface of the samples after the tension
test: (a, b) C1, (¢, d) C2, and (e, f) C3. Magnification 16x.

4. Conclusions

This study investigated the influence of raster angle on the flexural and tensile properties
of 3D-printed PLA+ components. The raster angle had a significant impact on the flexural strength of
the specimens. Specimens printed with a 0°/0° raster angle exhibited the highest flexural strength
at 74 MPa, followed by the 0°/90° (grid) orientation at 52.1 MPa, and finally the 45°/—45° (crisscross)
orientation at 40.7 MPa. This trend can be attributed to the alignment of printed filaments with the
applied load. A higher number of filaments oriented perpendicular to the load direction resulted in
greater flexural strength. Like flexural strength, the elastic modulus in the flexural test followed the
same trend. Interestingly, the crisscross samples with the lowest flexural strength displayed a wider
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plastic deformation region in the load-displacement curves than the other groups. This indicates higher
ductility, implying the material’s ability to absorb more energy before failure.

The tensile strength followed a similar trend to the flexural strength, with the 0°/0° raster angle
orientation (C1 samples) displaying the highest value (38.2 MPa), followed by the 0°/90°
orientation (C2, 35.8 MPa), and finally the 45°/-45° orientation (C3, 31.5 MPa). The majority of
samples exhibited brittle behavior, characterized by minimal plastic deformation. The fracture analysis
revealed several key points. C1 samples fractured predominantly at the filling section and displayed
initial failure in the outer layers before the fracture was completed. Samples C3 with the 45° raster
angle were fractured at an angle corresponding to the raster orientation, confirming the tendency for
shear deformation and stress redistribution under load. Additionally, delamination was observed
between the outer layers and the infill in C3 samples, potentially due to weak interfacial adhesion.

Overall, the results highlight the importance of selecting the raster angle to optimize the
mechanical properties of 3D-printed PLA+ components. Careful consideration of the intended
application and desired properties is crucial for achieving optimal component performance. This
entails strategically aligning a significant proportion of fibers perpendicularly to the load in cases
involving bending and parallel to the load in instances of tensile loading to enhance resistance and
maximize structural integrity.
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