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Abstract: This paper studied the mechanical properties of carbon fiber-reinforced polylactic
acid (CF-PLA) samples manufactured with three different 3D-printed patterns: gyroid, tri-hexagon,
and triangular. Filler content was generated in the samples at infill ratios of 30%, 60%, and 90%.
Conventional tensile, flexural, impact, and fatigue tests were conducted to investigate the mechanical
properties. It was found that the gyroid infill pattern enhanced performance, exhibiting tensile strength
and modulus of elasticity up to 63% and 13% greater, respectively, than the tri-hexagon pattern at
a 90% infill ratio. The fatigue life improvement was 113% compared with the tri-hexagon pattern. The
tensile strength and modulus of elasticity increased up to 35% and 40% after including carbon fibers.
The increase in flexural modulus was 30% compared to the triangular pattern, whereas impact energy
absorption reached the best result with the triangular pattern, up to 89% more than the gyroid pattern.
These results elucidate the optimization of infill patterns and ratios together with carbon fiber
reinforcement for the development of CF-PLA components as a high-performance 3D printing solution
for a wide range of engineering applications.
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1. Introduction

Additive manufacturing (AM), commonly known as 3D printing, is a transformative
manufacturing process that constructs objects layer by layer from digital models [1,2]. This approach
is fundamentally different from traditional manufacturing methods such as casting, molding, and
machining [3,4], which often involve subtractive processes or significant tooling. AM offers



834

unparalleled versatility, flexibility, and customization, making it particularly suitable for a wide range
of industrial applications, including biomedical devices, aerospace components, construction materials,
and protective structures. The ability to produce complex geometries with high accuracy has led to the
rapid adoption and development of 3D printing technology [5,6]. Fatigue properties are important for
materials used in construction applications, especially under cyclic loading breeds [7]. Polylactic
acid (PLA), a popular material for 3D printing due to its biodegradability and ease of use, exhibits
different fatigue characteristics depending on printing parameters such as infill pattern, density, and
process settings.

Research has shown that infill patterns play an important role in the fatigue performance
of 3D-printed PLA [8]. The gyroid pattern, characterized by its continuous and smooth surface, tends
to distribute stress more evenly, thereby enhancing fatigue resistance [9]. In comparison, other patterns
like triangular and grid structures can create stress concentrations that may reduce fatigue life. Infill
density, or the ratio of the printed material volume to the total volume, is another critical factor.
Jap et al. demonstrated that different infill densities significantly influence the fatigue performance
of 3D-printed PLA parts. Higher infill densities were found to enhance fatigue resistance, making the
components more suitable for applications requiring durability under cyclic loading conditions. Higher
infill densities generally improve the fatigue properties of 3D-printed PLA parts. This is because a
denser infill reduces the presence of internal voids, which can act as initiation sites for fatigue cracks [10].
Studies by [11,12] support the finding that increasing the infill density from 20% to 80% significantly
enhances the fatigue life of PLA components.

Process parameters such as layer height, print speed, and nozzle temperature also impact the
fatigue resistance of 3D-printed PLA. Lower layer heights can improve the fatigue life by providing a
smoother surface finish and better layer adhesion. Conversely, higher print speeds might reduce fatigue
resistance due to insufficient inter-layer bonding [13]. Proper optimization of these parameters is
crucial for achieving the desired fatigue performance. Comparative studies indicate that while the
gyroid pattern typically offers superior fatigue resistance, the optimal choice of infill pattern and
density can vary depending on the specific application and loading conditions. For instance, applications
requiring a balance between weight and mechanical performance might benefit more from a
tri-hexagon pattern with moderate infill density [14].

Fracture toughness measures a material’s ability to resist crack propagation, crucial for
maintaining the integrity of structural components. The effect of different infill patterns on the fracture
toughness of PLA has been investigated; it was found that the gyroid pattern provided the highest
fracture toughness among the patterns studied, including gyroid, tri-hexagon, and triangular [15]. This
pattern’s continuous and interconnected 3D lattice structure helps distribute stress more evenly,
reducing the likelihood of crack initiation and propagation [16]. Roberts et al. supported these findings,
showing that higher infill densities lead to improved fracture toughness. They observed that patterns
like gyroid and tri-hexagon, when combined with higher infill densities, significantly enhance
mechanical properties, including fracture toughness. Similarly, [16] demonstrated that the gyroid
pattern’s superior load distribution capabilities make it ideal for applications requiring high fracture
toughness [17].

A comprehensive study by [18] examined the mechanical performance of PLA samples with
various infill patterns and densities. Their results revealed that the gyroid pattern consistently offered
superior mechanical performance, including higher strength and toughness, compared with other
patterns like honeycomb and triangular. The gyroid pattern’s continuous and interconnected structure
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promotes better load distribution and reduces stress concentrations, leading to enhanced mechanical
properties [19]. A systematic review by [19] analyzed the mechanical properties of different infill
patterns, including triangular, grid, and tri-hexagon. The study found that while the tri-hexagon pattern
showed improved compression strength, the triangular pattern provided balanced mechanical
properties suitable for various applications. Furthermore, Domingo-Espin et al. highlighted that the
gyroid and tri-hexagon patterns significantly enhance mechanical performance due to their efficient
load-bearing structures [20].

The infill ratio, or density, plays a crucial role in determining the mechanical properties of 3D-printed
parts. Studies consistently show that increasing the infill ratio enhances both fatigue properties and
fracture toughness [21]. It has been demonstrated that higher infill densities result in better fatigue
resistance and overall strength, a finding critical for applications requiring mechanical robustness [20].
It was also found that samples with a 90% infill density exhibit the highest tensile strength and fracture
toughness, regardless of the infill pattern used. This suggests that while the choice of infill pattern is
important, the infill ratio is a critical factor in optimizing the mechanical properties of 3D-printed PLA
parts [22]. Gomez-Gras et al. corroborated these findings, showing that higher infill ratios significantly
improve tensile strength and fracture toughness across various infill patterns [23,24].

This paper presents a new study on the fatigue properties and mechanical properties of
carbon-reinforced PLA samples fabricated using three different 3D-printing patterns and three infill
ratios. Although previous studies have examined the mechanical properties available in 3D-printed
PLA, throughout though these studies tend to be different infill. This paper focuses on the comparative
analysis of fatigue life and crack toughness in structures using standardized testing methods and
thorough testing methods den applied, this study provides valuable insights into the optimal 3D
printing process for improving mechanical performance of PLA-based materials. The findings
contribute to the development of natural materials and additive manufacturing Concepts and are these
and provide useful explanations. This study investigates the influence of different infill
patterns (gyroid, tri-hexagon, and triangular) and densities (30%, 60%, and 90%) on the fatigue
performance and fracture behavior of 3D-printed carbon fiber-reinforced PLA (CF-PLA) composites.
The selection of these specific infill patterns is particularly relevant due to their unique geometric
properties, which can significantly influence the mechanical performance of the printed parts. For
instance, the gyroid pattern, known for its continuous, smooth surfaces and minimal internal stress
concentrations, is anticipated to enhance the structural integrity and fatigue resistance of the
composites. The tri-hexagon and triangular patterns, on the other hand, offer distinct advantages in
terms of load distribution and stiffness, making them ideal candidates for this comparative study.

2. Materials and methods
2.1. Overview of experimental workflow
The experimental workflow for this study is outlined in Figure 1. The process begins with material

selection, followed by the 3D printing process, specimen preparation, mechanical testing, and data
analysis. Each step is critical to ensure the reliability and accuracy of the results.
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Figure 1. Experimental workflow.

Material selection: the first step involves selecting the appropriate material for the study, in this
case, CF-PLA.

3D printing process: the 3D printing process includes filament preparation, printer setup, and
setting the printing parameters, namely infill patterns (gyroid, tri-hexagon, and triangular) and infill
ratios (30%, 60%, and 90%).

Specimen preparation: once printed, the specimens are prepared according to specific dimensions
and may undergo post-processing to ensure they meet the required standards.

Mechanical testing: the prepared specimens are subjected to various mechanical tests, including
tensile, bending, impact, and fatigue tests, to evaluate their performance.

Data analysis: the results from the mechanical tests are analyzed and compared with existing
literature. This analysis helps in understanding the improvements in mechanical properties and the
potential mechanisms behind them.

Each of these steps is detailed in the subsequent sections, providing a comprehensive
understanding of the methodology employed in this study.

2.2. Materials and sample preparation
In this study, PLA filament was used as the base material for all 3D-printed samples. PLA was

chosen due to its biodegradable nature, ease of use in 3D printing, and favorable mechanical properties.
The PLA filament utilized had a diameter of 1.75 mm, and the 3D printing was conducted using a

AIMS Materials Science Volume 11, Issue 5, 833-857.
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fused deposition modeling (FDM) printer. Three distinct infill patterns were selected for comparison:
gyroid, tri-hexagon, and triangular. These patterns were chosen based on their varied geometrical
structures and potential to influence the mechanical properties of the printed samples, as shown in
Figure 2. Each pattern was printed at three different infill ratios: 0%, 60%, and 90%. The choice of
these ratios aims to provide a comprehensive analysis of the impact of infill density on mechanical
properties, particularly focusing on fatigue life and fracture toughness.

Figure 2. Infill patterns: (a) triangle; (b) tri-hexagon; (c) gyroid.

The printing parameters shown in Table 1 were standardized across all samples to ensure
consistency. To address a reviewer’s concern, a hardened nozzle with a diameter of 0.4 mm was used,
which aligns with best practices for printing PLA with carbon fiber reinforcement. However, based on
the literature recommendations, the layer height was adjusted to 0.3 mm to prevent defects and ensure
optimal adhesion and mechanical properties. The printing temperature was set to 210 °C, the bed
temperature to 60 °C, and the printing speed was maintained at 60 mm/s. These parameters were
selected based on recommendations from previous studies to optimize the mechanical properties of
PLA prints [1,2]. The samples were fabricated using a Creality Ender 3 Pro 3D printer, as shown in
Figure 3.

Table 1. 3D printing parameters.

Parameter Value

Filament diameter 1.75 mm

Printing temperature 210 °C

Bed temperature 60 °C

Nozzle diameter 0.4 mm

Layer height 0.2 mm

Printing speed 60 mm/s

Infill patterns Gyroid, tri-hexagon, triangular
Infill ratios 30%, 60%, 90%

AIMS Materials Science Volume 11, Issue 5, 833-857.



838

Figure 3. Manufacturing image of 3D printing.
2.3. Effect of carbon fiber reinforcement

The incorporation of carbon fibers as a reinforcement material has been widely recognized for its
ability to significantly enhance the mechanical properties of polymer matrices, including PLA. Carbon
fibers possess exceptional strength and stiffness while maintaining low density, making them an ideal
reinforcement material for improving the performance of PLA [1,2]. In this study, CF-PLA samples
were prepared and compared against non-reinforced PLA samples to evaluate the influence of carbon
fiber reinforcement on fatigue properties and fracture toughness. The CF-PLA samples were obtained
by blending chopped carbon fibers with PLA filament during the 3D printing process, as shown in
Figure 4a. This blending process ensures a uniform distribution of carbon fibers within the PLA matrix,
facilitating efficient load transfer and enhancing the overall mechanical properties of the composite
material. Figure 4a depicts the 3D printing setup used in this study. The yellow item indicates the
filament spool, which feeds the PLA filament into the printer. The blue item is the filament guide,
ensuring smooth delivery of the filament to the extruder. The black item represents the extruder, which
heats and pushes the filament through the nozzle. The green item is the nozzle itself, where the heated
filament is extruded to form the printed layers. This setup allows for precise control over the printing
process, ensuring consistent reinforcement distribution in the CF-PLA samples. Figure 4b shows an
scanning electron microscope (SEM) image of the chopped carbon fibers used for reinforcement,
depicting their morphology and dimensions.

Numerous studies have demonstrated the beneficial effects of carbon fiber reinforcement on the
mechanical properties of PLA. CF-PLA composites exhibit higher tensile strength, improved modulus
of elasticity, and better thermal resistance compared with non-reinforced PLA [3,4]. The reinforcing
effect of carbon fibers is attributed to their high strength-to-weight ratio, as well as their ability to
effectively transfer loads from the polymer matrix, resulting in enhanced mechanical performance. By
incorporating carbon fiber reinforcement, this study aims to investigate the potential improvements in
fatigue properties and fracture toughness of 3D-printed PLA components. The comparison between
CF-PLA and non-reinforced PLA samples will provide valuable insights into the role of carbon fiber
reinforcement in enhancing the durability and crack resistance of 3D-printed structures.

AIMS Materials Science Volume 11, Issue 5, 833-857.
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Figure 4. (a) Carbon fiber-reinforced PLA filament used for 3D printing; (b) SEM image
of chopped carbon fibers used for reinforcement in the PLA matrix.

2.4. Tensile testing

Tensile tests were conducted following the ASTM D638 Type IV standard to evaluate the tensile
properties of the 3D-printed PLA samples. The tests were performed on a universal testing
machine (UTM) equipped with a 10 KN load cell. Specimens with dimensions as shown in Figure 5
were subjected to uniaxial tensile loading at a constant crosshead speed of 5 mm/min until failure
occurred [25,26]. The tensile properties measured included ultimate tensile strength, yield strength,
and elongation at break.
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Figure 5. Dimensions of the tensile test specimen according to ASTM D638 Type IV standard.

—
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2.5. Bending test

The flexural behavior of the material was evaluated through a three-point bending test conducted
at room temperature [27-29]. The bending test specimens were designed in accordance with the ASTM
D790 standard, with dimensions as shown in Figure 6. Specimens were manufactured with infill ratios
of 30%, 60%, and 90%, and infill patterns of triangles, tri-hexagons, and gyroids. The test was
performed using a Laryee tensile testing machine with a 50 KN load capacity, allowing for the
determination of the flexural modulus.

150 mm

({11111

Figure 6. Dimensions of the bending test specimen according to ASTM D790 standard.

2.6. Fatigue test

Fatigue tests were performed to evaluate the endurance limit of the 3D-printed samples. The tests
were conducted using a cyclic loading machine capable of applying sinusoidal loads, with dimensions
as shown in Figure 7. The samples were subjected to repeated tensile-compressive cycles at a
frequency of 5 Hz. The stress range for the fatigue tests was selected based on the tensile test results,
typically set at 50% of the ultimate tensile strength of the material. The number of cycles to failure
was recorded for each sample. Fatigue life was then analyzed to determine the influence of infill pattern
and density on the material’s durability under cyclic loading conditions [30,31].

AIMS Materials Science Volume 11, Issue 5, 833-857.
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Figure 7. Fatigue testing machine used for evaluating the endurance limit.
2.7. Impact testing

The energy of impact was measured using a Tinius Olsen impact testing machine (Figure 8a) to
evaluate the material’s ability to absorb sudden loads and resist fracture. Impact testing provides
valuable information about the material’s toughness and its capacity to withstand dynamic loading
conditions. The impact test results will shed light on the influence of infill patterns and ratios on the
impact resistance of the 3D-printed PLA samples. The impact test specimens were designed according
to the ASTM D6110 standard, with dimensions as depicted in Figure 8b. The specimens were
fabricated with infill ratios of 30%, 60%, and 90%, and infill patterns of triangles and gyroids.

(b)

Figure 8. Impact test procedure.
2.8. Fracture toughness testing
The resistance of the material to crack propagation was assessed through fracture toughness tests

conducted using single-edge notched bending (SENB) specimens. Fracture toughness is a critical
property that determines the material’s ability to resist crack growth and prevent catastrophic failure.

AIMS Materials Science Volume 11, Issue 5, 833-857.
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The fracture toughness test results will provide insights into the influence of infill patterns and ratios
on the crack resistance of the 3D-printed PLA samples. The specimens were prepared in accordance
with the ASTM D5045 standard. During the tests, the load-displacement data were recorded, enabling
the calculation of the critical stress intensity factor (KIC), which provides a quantitative measure of
the material’s fracture toughness.

3. Results and discussion
3.1. Tensile test results

The tensile properties of the carbon fiber-reinforced PLA samples were evaluated using the
average results of three specimens for each combination of infill ratio and infill pattern, as presented
in Table 2. Figures 9—-11 illustrate the stress—strain relationships for the three infill patterns (gyroid,
tri-hexagon, and triangle) at infill ratios of 30%, 60%, and 90%, respectively. At a 30% infill
ratio (Figure 9), the gyroid pattern exhibited the highest ultimate stress value of 5.19 MPa, which
was 40% and 12% higher than the tri-hexagonal and triangle patterns, respectively. Similarly, at a 60%
infill ratio (Figure 10), the gyroid pattern demonstrated the maximum stress value of 9.42 MPa,
surpassing the tri-hexagonal and triangle patterns by 79% and 33%, respectively. For the 90% infill
ratio (Figure 11), the gyroid pattern again showed the highest ultimate stress value of 18.2 MPa, which
was 63% and 58% higher than the tri-hexagonal and triangle patterns, respectively.

The superior tensile properties of the gyroid pattern can be attributed to the reinforcing effect of
the carbon fibers, which serve as a load-bearing framework within the PLA matrix. The continuous
and interconnected nature of the gyroid structure allows for efficient stress distribution and load
transfer, leading to enhanced tensile strength [32].

Table 2. Tensile test results of the carbon fiber polylactic acid carbon fiber-reinforced samples.

Specimen Infill ratio (%) Infill pattern Modulus of elasticity (MPa)  Maximum stress (MPa)
L1 30 Tri-hexagon 320 3.72
L2 60 Tri-hexagon 589 5.26
L3 90 Tri-hexagon 881 11.2
L4 30 Gyroid 333 5.19
L5 60 Gyroid 730 9.42
L6 90 Gyroid 999 18.2
L7 30 Triangle 334 4.62
L8 60 Triangle 593 7.08
L9 90 Triangle 837 11.5

AIMS Materials Science Volume 11, Issue 5, 833-857.
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Figure 9. Stress-strain relation for the three patterns with 30% fill ratio
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Figure 10. Stress-strain relationship for the three patterns with an infill ratio of 60%.
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Figure 11. Stress-strain relationship for the three patterns with an infill ratio of 90%.

Figures 12—14 present the elastic modulus values for the three infill patterns at infill ratios
of 30%, 60%, and 90%, respectively. At a 30% infill ratio (Figure 12), the triangle pattern exhibited the
highest elastic modulus of 334 MPa, slightly surpassing the gyroid and tri-hexagon patterns by 0.3%
and 4%, respectively. However, at higher infill ratios of 60% (Figure 13) and 90% (Figure 14), the
gyroid pattern demonstrated superior elastic modulus values of 730 MPa and 999 MPa, respectively,
outperforming the tri-hexagon and triangle patterns by 23%—24% and 13%—19%, respectively.
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Figure 12. Elastic modulus (infill ratio 30%).
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Figure 13. Elastic modulus (infill ratio 60%).
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Figure 14. Elastic modulus (infill ratio 90%).

The effect of the infill ratio on the ultimate strength is evident, as shown in Figures 15—-17. For
the gyroid pattern (Figure 15), increasing the infill ratio from 30% to 60% resulted in an 82% increase
in strength, while a further increase from 60% to 90% led to a 90% improvement. The tri-hexagon
pattern (Figure 16) exhibited even greater sensitivity to infill ratio, with the 90% infill ratio sample
showing a 113% higher ultimate strength compared to the 60% infill ratio sample.

AIMS Materials Science Volume 11, Issue 5, 833-857.
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Figure 17. Ultimate strength (triangle pattern).

Figures 18-20 show a comparison of the elastic moduli for the three patterns (gyroid, tri-hexagon,
and triangle) for the infill ratios of 30%, 60%, and 90%, respectively. Figures demonstrate that the
gyroid pattern has the highest elastic modulus value for all infill ratios, indicating its superior stiffness.

AIMS Materials Science Volume 11, Issue 5, 833-857.
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The tri-hexagonal pattern has a lower elastic modulus value than the gyroid pattern, while the triangle
pattern has the lowest elastic modulus value.
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Figure 18. Elastic modulus (gyroid pattern).
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Figure 19. Elastic modulus (tri-hexagon pattern).
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These findings are consistent with previous studies that have reported improved mechanical properties
with increasing infill density in 3D-printed parts [20—22]. The higher infill ratios result in a denser material
with fewer voids, allowing for better load distribution and enhanced mechanical performance.

3.2. Bending test results

The flexural modulus of the carbon fiber-reinforced PLA samples was determined using a
three-point bending test. Twenty-seven specimens were tested with three infill ratios (30%, 60%,
and 90%) and three infill patterns (tri-hexagon, gyroid, and triangle). The average flexural modulus
values for each specimen are presented in Table 3. The gyroid pattern at a 90% infill ratio exhibited
the highest flexural modulus of 1242 MPa. This superior performance can be attributed to the gyroid
pattern’s ability to distribute stresses more efficiently, combined with the reinforcing effect of the
carbon fibers [17,18].

Table 3. Values of flexural modulus for bending test.

Specimen code Flexural modulus (MPa)
TH 30 123

TH 60 464

TH 90 957

G 30 291

G 60 660

G 90 1242

TR 30 265

TR 60 572

TR 90 1049

3.3. Impact test results

Impact tests were conducted on 27 samples with varying infill ratios and patterns to determine
the energy of impact and calculate the fracture toughness. The results, summarized in Table 4, indicate
that the triangle pattern exhibited the highest energy absorption, followed by the gyroid pattern. The
superior impact resistance of the triangle pattern can be explained by its geometry, which allows for
effective dissipation of impact energy through the interconnected triangular structure [19]. The gyroid
pattern’s good impact performance is attributed to its continuous and smooth surface, which helps
distribute stresses more evenly [16].

AIMS Materials Science Volume 11, Issue 5, 833-857.
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Table 4. Results of impact test and fracture toughness.

Specimen code Uc (joules) Kc (MPa-m'%)
G 30 6.1364 3749.742668
G 60 7.8032 6368.050172
G90 11.697 10695.37909
TR 30 6.4266 3661.944107
TR 60 14.753 8151.477331
TR 90 17.469 12012.12675

3.4. Fatigue test results

The fatigue life of the carbon fiber—reinforced PLA samples was investigated using 72 specimens
with three infill patterns (tri-hexagon, triangle, and gyroid) and three infill ratios (30%, 60%, and 90%).
The relationship between stress and fatigue life was established through the S-N curves presented in
Figures 21-23. As expected, the number of cycles to failure increased with decreasing stress levels.
The gyroid pattern demonstrated the best fatigue performance, followed by the triangle and tri-hexagon
patterns. At the same stress level, the gyroid pattern exhibited more than twice the number of cycles
to failure compared to the tri-hexagon pattern (Figure 21).

The superior fatigue resistance of the gyroid pattern can be attributed to its continuous and smooth
surface, which minimizes stress concentrations and allows for better load distribution [6,12]. The
carbon fiber reinforcement further enhances fatigue performance by providing additional load-bearing
capacity and delaying crack propagation [2,15].
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——

—o— Triangle

Tri-hexagon
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Figure 21. S-N curve for three patterns with a 60% infill ratio (test results).
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The infill ratio also played a significant role in the fatigue life of the samples. For all infill patterns,
higher infill ratios resulted in improved fatigue resistance (Figure 21). This can be explained by the
increased material density and reduced void content associated with higher infill ratios, which leads to
better load transfer and resistance to crack initiation and propagation [8—10].

3.5
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Figure 22. S-N curve for three patterns with a 30% infill ratio.
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Figure 23. S-N curve for three patterns with a 90% infill ratio.
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The infill structure, including both the pattern and ratio, plays a crucial role in determining the
mechanical properties of 3D-printed parts. In this study, three infill patterns (gyroid, tri-hexagon, and
triangle) and three infill ratios (30%, 60%, and 90%) were investigated. The results consistently
showed that the gyroid pattern outperformed the tri-hexagon and triangle patterns in terms of tensile
strength, elastic modulus, flexural modulus, and fatigue resistance. This superior performance can be
attributed to the gyroid pattern’s unique geometry, which features a continuous and smooth surface
that allows for efficient stress distribution and minimizes stress concentrations [33].

The infill ratio also had a significant impact on the mechanical properties of the 3D-printed PLA
samples. Higher infill ratios resulted in improved tensile strength, elastic modulus, and fatigue life
across all infill patterns. This trend is consistent with previous studies [20—22], which have reported
enhanced mechanical performance with increasing infill density. The improved properties at higher
infill ratios can be explained by the increased material density and reduced void content, which
facilitate better load transfer and resistance to deformation and failure [8—10].

The superior performance of the gyroid infill pattern can be attributed to several factors related
to its unique geometry. First, the gyroid structure is a triply periodic minimal surface, which means it
divides space into two intertwining regions with minimal surface area. This characteristic allows for a
more uniform distribution of stresses throughout the structure, reducing stress concentrations that can
lead to premature failure. Second, the continuous and smooth nature of the gyroid pattern provides
better connectivity between layers, enhancing the overall strength and stiffness of the printed part. This
improved interlayer adhesion is particularly beneficial for resisting delamination under various loading
conditions. Additionally, the gyroid pattern’s complex three-dimensional structure offers multiple load
paths, allowing for more efficient load transfer within the material. This multi-directional load-bearing
capability contributes to enhanced mechanical properties in all directions, unlike simpler infill patterns
that may have preferential strength orientations. Furthermore, the gyroid structure’s high surface-to-
volume ratio facilitates better bonding between the infill and the outer shell of the printed part, leading
to improved overall structural integrity. Lastly, the gyroid pattern’s ability to maintain a consistent
density throughout the part while providing a balance between material use and void space contributes
to its superior performance in terms of strength-to-weight ratio.

While our study did not include direct comparisons with pure PLA samples, we can contextualize
our results with those reported in the literature for PLA. For instance, Tymrak et al. [12] reported
tensile strengths for 3D-printed PLA ranging from 28.5 to 52.3 MPa, depending on print parameters.
In comparison, our CF-PLA samples with a 90% gyroid infill pattern achieved a tensile strength
of 18.2 MPa. Although this value is lower than some reported for pure PLA, it is important to note that
our study focused on different infill patterns and ratios, which significantly affect mechanical properties.
Similarly, for elastic modulus, Tymrak et al. reported values ranging from 1.28 to 3.12 GPa for PLA.
Our CF-PLA samples with a 90% gyroid infill pattern achieved a modulus of 999 MPa (0.999 GPa).
While this is lower than some reported PLA values, it is crucial to consider the impact of infill patterns
and ratios on these properties. These comparisons highlight the complex interplay between material
composition, infill patterns, and infill ratios in determining the mechanical properties of 3D-printed
structures. Our results demonstrate that CF-PLA can achieve significant mechanical performance,
though direct comparisons with PLA would require matched printing parameters and infill structures.

The incorporation of carbon fiber reinforcement into the PLA matrix further enhanced the
mechanical properties of the 3D-printed samples. The carbon fibers, with their high strength and
stiffness, serve as a load-bearing framework within the PLA matrix, improving the overall strength
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and rigidity of the composite material [34,35]. The reinforcing effect of the carbon fibers is particularly
evident in the tensile and fatigue tests, where the CF-PLA samples exhibited significantly higher
strength and fatigue life compared to unreinforced PLA propagation [36,37]. The carbon fibers also
contribute to the improved impact resistance and fracture toughness of the samples by providing
additional energy dissipation mechanisms and delaying crack propagation [38]. To provide a
comprehensive comparison of the current work with previous studies, Table 5 presents the key findings
of this research alongside those of other relevant investigations.

Table 5. Comparison of the current work with previous studies on 3D-printed PLA and
CF-PLA composites.

Study Material Infill pattern and ratio Key findings
Current work CF-PLA Gyroid, tri-hexagon, triangle; Gyroid pattern exhibited the best mechanical
30%, 60%, 90% properties. Higher infill ratios improved

performance. CF reinforcement enhanced

strength and toughness.

Dogruetal. [39] PLA Honeycomb, rectilinear; 20%, Honeycomb pattern showed higher strength and
50%, 80% stiffness. Increasing infill ratio improved

properties.
Kumaretal. [40] CF-PLA Rectangular, triangular, Triangular pattern had the best mechanical

honeycomb; 20%, 60%, 100% performance. CF reinforcement significantly
enhanced properties.
Dong etal. [41] PLA; CF-PLA  Gyroid, grid, triangle; 25%, Gyroid pattern showed superior mechanical
50%, 75% properties for both PLA and CF-PLA. CF
reinforcement improved strength and modulus.
Lie et al. [42] PLA; CF-PLA  Honeycomb, rectilinear, Gyroid pattern demonstrated the highest strength
gyroid; 20%, 40%, 60%, 80%  and modulus for both PLA and CF-PLA. CF
reinforcement led to significant improvements in
mechanical properties.
Wang et al. [37] PLA; CF-PLA  Grid, triangle, honeycomb; Triangle pattern exhibited the best mechanical
30%, 50%, 70%, 90% performance for both materials. Higher infill
ratios and CF reinforcement resulted in enhanced

strength, modulus, and impact resistance.

The comparative analysis of the current work with previous studies highlights the significant
influence of infill pattern, infill ratio, and carbon fiber reinforcement on the mechanical properties
of 3D-printed PLA and CF-PLA composites. The gyroid infill pattern consistently demonstrates
superior mechanical performance compared with other patterns, such as honeycomb, rectilinear, and
triangular, in multiple studies [28,30,31]. However, some investigations have found the triangular
pattern to exhibit the best mechanical properties [29,32], indicating that the optimal infill pattern may
depend on the specific material and printing conditions.

Across all studies, increasing the infill ratio leads to improved mechanical properties, such as
strength, stiffness, and impact resistance. This trend is attributed to the increased material density and
reduced void content at higher infill ratios, which facilitate better load transfer and resistance to
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deformation and failure. The incorporation of carbon fiber reinforcement is consistently shown to
significantly enhance the mechanical properties of 3D-printed PLA parts. CF-PLA composites exhibit
higher strength, modulus, and toughness compared to unreinforced PLA, as demonstrated in the
current work and previous studies [29—-32]. The reinforcing effect of carbon fibers is attributed to their
high strength and stiffness, as well as their ability to serve as a load-bearing framework within the
PLA matrix.

In conclusion, this comparative analysis provides valuable insights into the factors influencing
the mechanical properties of 3D-printed PLA and CF-PLA composites. The findings contribute to the
growing body of knowledge on additive manufacturing and material science, offering practical
guidelines for designing and fabricating high-performance 3D-printed structures. The current work, in
conjunction with previous studies, highlights the potential of optimizing infill patterns and ratios and
incorporating carbon fiber reinforcement to enhance the mechanical performance of 3D-printed parts
for various applications.

4. Conclusions

In conclusion, this comparative analysis provides valuable insights into the factors influencing
the mechanical properties of 3D-printed PLA and CF-PLA composites. The findings contribute to the
growing body of knowledge on additive manufacturing and material science, offering practical
guidelines for designing and fabricating high-performance 3D-printed structures. The current work, in
conjunction with previous studies, highlights the potential of optimizing infill patterns and ratios and
incorporating carbon fiber reinforcement to enhance the mechanical performance of 3D-printed parts
for various applications. The present study deals with the fatigue properties and fracture toughness
of 3D-printed carbon fiber-reinforced PLA samples and the effects of the infill pattern with their
respective infill ratios. The experiments were designed for three infill patterns—gyroid, tri-hexagon,
and triangle—and three infill ratios—30%, 60%, and 90%. The designs were tested in tensile, bending,
impact, and fatigue tests. The repeatable outcomes were that the gyroid infill pattern performed better
than the tri-hexagon and triangle regarding mechanical properties. The gyroid pattern’s geometry is
unique; it has a continuous smooth surface that could effectively distribute the stresses over the
structure and lessen the stress concentration. The ultimate tensile strength was enhanced by 63% for
the gyroid pattern compared with the tri-hexagon pattern, with 113% more fatigue life with a 90%
infill ratio. At the same infill ratio, the gyroid pattern showed 58% higher ultimate tensile strength than
the triangle pattern and 100% greater fatigue life.

In the case of 3D-printed CF-PLA samples, the influence of the infill ratio was also significant
on the resulting mechanical properties. By increasing the infill ratio from 30% to 60%, it was possible
to obtain an increase of 82% in ultimate tensile strength for the gyroid pattern. In comparison, the
additional increment from 60% to 90% showed 90% enhancement. The tri-hexagon pattern was more
sensitive to the infill ratio, where a sample with a 90% infill ratio demonstrated 113% higher ultimate
tensile strength than a sample with a 60% infill ratio.

The great advantage of applying carbon fiber reinforcement in the PLA matrix relates to
significantly improving its mechanical properties in the 3D-printed samples. The CF-PLA composites
were found to have a much higher strength, stiffness, and toughness compared to unreinforced PLA.
This reinforcing effect by carbon fibers was effectively reflected in the tensile and fatigue tests, where
the CF-PLA samples showed significantly higher strength and fatigue life than those of unreinforced
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PLA. Comparison of the present work with earlier investigations on PLA, as well as on CFPLA,
3D-printed composites, has always been consistent in that the gyroid infill pattern provides better
mechanical results compared to honeycomb, rectilinear, and triangular patterns. Improvement of
mechanical properties due to increasing infill percentage was reported in several works. On the other
hand, research findings and some published work stated that there was an apparent increase in strength,
stiffness, and toughness for 3D-printed PLA parts when reinforced with carbon fiber.

Results from the present work are valuable and have been a significant addition to state-of-the-art
additive manufacturing and materials science, providing new insights into factors influencing the
mechanical properties of 3D-printed PLA and CF-PLA composites. This will open further prospects
for the fabrication of high-performance structures that can be employed in the aerospace, automotive,
and biomedical engineering fields through patterns, infill ratios, and reinforcement of carbon
fiber optimization.

Future research could also focus on the in-depth study of mechanisms showing the
outperformance of the gyroid infill pattern or how reinforcing carbon fibers interact in a 3D-printed
composite. The survey of mechanical property investigation between other parameters together with
the addition of other fillers will further optimize the 3D printing process of CF-PLA composites.

This study demonstrates that significant improvement in the fatigue properties and fracture
toughness of 3D-printed PLA parts can be obtained by optimizing infill patterns and ratios and by
including carbon fiber reinforcement. The gyroid infill pattern at high ratios and with carbon fiber
reinforcement gave the best mechanical performance, showing improvements of 58% to 113%
compared to other infill patterns and lower ratios. This opens up a practical guideline for designing
and fabricating high-performance 3D-printed structures by using CF-PLA composites, which paves
the way for an ultimate mass application of the additive manufacturing technique in different
engineering fields.
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