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ABSTRACT 

This study examines the influence of print orientation and printing speed on the mechanical strength and surface 

roughness of components fabricated from Polylactic Acid (PLA) using the Fused Deposition Modeling (FDM) 

process. The 3D-printed samples were produced with varying orientations (0°, 90°, and 45°) and print speeds, 

while other parameters remained constant. All samples had a 100% infill density, a "Lines" infill pattern, and a 

printing temperature of 210°C. The 0° and 90° samples were printed at 50 mm/s, whereas the 45° samples were 

printed at 40, 60 and 80 mm/s. Each sample was printed three times to ensure repeatability and obtain an average 

result. The results indicate that raster angle plays a critical role in determining mechanical performance, with 0° 

and 90° orientations yielding the highest 72.31 MPa and lowest 56.26 MPa stress values, respectively. 

Additionally, a nuanced relationship was observed between printing speed, surface roughness, and tensile 

strength. Surface roughness metrics, including Ra, Rz, and Rq, improved with decreasing printing speed, 

indicating enhanced surface finishes. The optimal tensile strength of 57.95 MPa was achieved at a moderate 

printing speed of 60 mm/s, offering the best balance between mechanical strength and surface quality. This 

research enhances the understanding of parameter optimisation in FDM processes, providing practical insights 

for the production of high-performance PLA-based components. 
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INTRODUCTION 

 
 

Additive manufacturing, or 3D printing, is a transformative technology that creates three-

dimensional objects by layering material based on digital designs. Unlike traditional methods 

that remove material, 3D printing adds material, enabling the production of complex 

geometries and intricate details [1-3]. This technology has revolutionized industries like 

aerospace, healthcare, and consumer goods by enabling faster prototyping, customization, and 

on-demand production. As it becomes more affordable, 3D printing is increasingly accessible, 

empowering businesses and individuals to innovate and redefine manufacturing [4-6]. Over 

the years, researchers [7-10] have studied the strength and fracture behavior of additively 

manufactured parts due to their exposure to diverse stress conditions in real-world 
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applications.  With the rapid growth of 3D printing in recent years, numerous engineering 

components have been extensively studied in this field [11-14].  

Other researchers investigated the influence of technological parameters on 3D printing 

and the optimization of manufacturing parameters for PLA components using Taguchi and 

Neural Network techniques. Their findings demonstrated the potential to optimize the 

mechanical characteristics of printed parts through appropriate adjustment of 3D printing 

parameters while minimizing production costs. The study specifically examined the effect of 

various printing process parameters on the impact strength of parts fabricated with PLA 

filament [15-16]. Issametova et al. [17] determined residual stresses in 3D-printed polymer 

parts and composites using a combination of bridge curvature, optical scanning, and finite 

element methods. Li et al. [18] conducted experimental and computational research on 3D-

printed polymers. Using the fused deposition modeling (FDM) technique, they fabricated 

single-edge notch tension samples from acrylonitrile-butadiene styrene (ABS). Tests on 

samples with varying raster orientations revealed that raster orientation significantly affected 

fracture properties. The study also suggested that surface topological patterns could enhance 

the strength and fracture toughness of components. Studies have shown that optimizing 

printing parameters, such as raster angle, orientation, and print speed, can significantly 

enhance the tensile properties of 3D-printed components. For example, a smaller layer height 

improves layer adhesion, boosting tensile strength. Adjusting the raster angle helps distribute 

applied loads more uniformly, reducing stress concentrations and enhancing overall strength. 

Additive manufacturing, particularly 3D printing, has revolutionized production by enabling 

near-net-shape geometries with minimal waste. Among the factors affecting the quality of 

3D-printed parts, print speed is particularly critical [19]. 

The tensile strength of 3D-printed parts is heavily influenced by print layer orientation, a 

critical factor for ensuring structural integrity and durability in applications. Printing 

orientation, defined by the alignment of layers relative to the build platform, significantly 

affects mechanical properties. Parts with layers printed perpendicular to the applied force 

generally exhibit higher tensile strength compared to those printed parallel to the force. This 

variation arises from differences in interlayer bonding strength and the anisotropic nature of 

materials inherent to the 3D printing process [20]. The capabilities of 3D printing technology 

are rapidly expanding. Fused Deposition Modeling (FDM), also known as Fused Filament 

Fabrication (FFF), has become a leading method in solid-based additive manufacturing due to 

its low cost, ease of use, and compatibility with a growing range of materials, such as 

polylactic acid (PLA), polypropylene (PP), polyethylene terephthalate glycol (PETG), and 

acrylonitrile butadiene styrene (ABS) [21]. Its cost-effectiveness and user-friendly operation 

make FDM particularly appealing for beginners, driving its widespread use in educational 

institutions, public libraries, and office settings. 

The FDM process begins with designing a digital 3D model using Computer-Aided 

Design (CAD) software. This model is then processed through slicing software, dividing it 

into layers and configuring printer parameters before transmitting the data to the printer. The 

FDM method works by extruding molten thermoplastic through a heated nozzle, building the 

object layer by layer. Thermoplastics in filament form are the primary materials used, 

transitioning from solid to liquid during printing. While most FDM printers currently support 

single-material, single-color printing, advancements in multi-material technology are 

expected to enhance FDM's capabilities and applications [22]. 

The study of tensile properties in 3D-printed materials has gained prominence due to the 

growing adoption of additive manufacturing across industries. Research highlights key factors 

affecting tensile strength, including printing parameters, material types, print orientation, 

printing speed, and post-processing techniques. Increasing the nozzle speed from 30 mm/s to 
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60 mm/s reduces the cooling period between applied fibers or layers, negatively affecting the 

polymer's crystallinity. This results in lower crystallization and a decrease in tensile strength 

[23]. Additionally, the raster pattern directly influences strength, weight, printing duration, 

and accumulated stresses, which can lead to crack formation and delamination [24–25]. 

The mechanical properties of 3D-printed parts are heavily influenced by printing 

parameters. Casavola et al. [26] showed that smaller layer heights improve tensile strength by 

enhancing layer adhesion and minimizing voids. Similarly, Mohamed et al. [27] observed that 

higher printing speeds reduce tensile strength due to insufficient bonding time between layers, 

weakening interlayer adhesion. These studies highlight the need to optimize printing 

parameters for desired mechanical properties. Print orientation also plays a significant role in 

tensile performance. Tymrak et al. [28] found that parts printed along the Z-axis exhibit lower 

tensile strength than those printed along the X-axis, due to weaker interlayer bonding in the 

vertical direction. The anisotropic nature of 3D-printed parts underscores the importance of 

considering print orientation during design and manufacturing to achieve optimal mechanical 

performance. 

Material selection significantly impacts the tensile properties of 3D-printed parts. Wong 

and Hernandez [29] found that ABS generally exhibits higher tensile strength than PLA due 

to superior interlayer bonding, making it suitable for high-performance applications. 

Composite materials further enhance tensile properties, as demonstrated by Tekinalp et al. 

[30], who showed that adding carbon fibres to PLA matrices improves tensile strength and 

modulus, highlighting the potential of material innovation for high-strength applications. PLA 

is widely used for its smooth finishes and ease of printing, making it ideal for rapid 

prototyping and low-stress applications such as decorative items and storage containers [31]. 

Its resistance to warping, due to a low thermal expansion coefficient, is another advantage 

[32]. Additionally, Koslow [33] notes that PLA is safer than ABS, as it does not release 

harmful fumes during printing. However, PLA has limitations. Its low melting point and heat 

sensitivity make it unsuitable for high-temperature applications, as items can deform in 

environments like dishwashers [32, 34]. PLA is also more brittle and less flexible compared 

to materials like ABS or Nylon. Furthermore, its safety for food-related applications can be 

compromised when additives are used, and its tendency to absorb moisture requires careful 

storage [33]. 

Wang et al. [35] analysed FDM process parameters and their effects on PLA’s 

mechanical properties, revealing that factors like printing angle, layer thickness, fill rate, and 

nozzle temperature significantly influence tensile strength. Their findings underscore the 

importance of optimizing these parameters to achieve desired mechanical characteristics in 

FDM-printed PLA components. However, other researchers [36] formulated that 

printing speed and orientation do not have a statistically significant effect on the mechanical 

strength, durability, surface roughness, or overall quality of 3D-printed PLA parts. This 

hypothesis was tested by employing fused deposition modelling (FDM) to evaluate the 

influence of different printing speeds and orientations on the tensile strength and surface 

roughness of PLA samples. The experimental results demonstrated that mechanical strength 

decreased at higher printing speeds, particularly above 80 mm/s, and that samples printed 

along the X-axis exhibited higher impact and tensile strength compared to those printed along 

the Y- and Z-axes. Furthermore, tensile strength decreased by approximately 36% at a vertical 

angle (90°) compared to flat orientations (0°), indicating that lower printing angles generally 

enhanced strength due to alignment with the print direction. 

Despite extensive research on the mechanical behaviour of 3D-printed PLA, the effects of 

specific printing angles on the X, Y, and Z axes remain underexplored. This study addresses 

this gap by analysing the tensile properties of neat PLA samples printed at varying inclination 
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angles using the FDM process, with a focus on comparing their mechanical performance. 

Additionally, this paper investigates the impact of print speed on the surface finish and tensile 

strength of 3D-printed parts. Understanding this relationship is crucial for achieving desired 

quality and performance in applications such as prototyping, manufacturing, biomaterials, 

aerospace and automotive industries. 

 

 
MATERIALS AND EXPERIMENTAL WORKS 

 
 

PLA material was used in this study with the Prusa MK4 3D printer. Tensile tests were 

conducted using the Instron 6800 Series Testometric machine, and the resulting data were 

analysed to generate stress-strain curves, facilitating the calculation of key mechanical 

properties. The samples were printed using the Prusa MK4 3D printer, which employs Fused 

Deposition Modelling (FDM) technology - the most widely adopted method in additive 

manufacturing. The printer's user-friendly design and reliability make it ideal for producing 

consistent, high-quality prints. PrusaSlicer software was used to convert the CAD file of the 

samples into STL format, ensuring compatibility with the 3D printer. This critical step 

enabled accurate interpretation of the digital models. 

During the slicing process, the CAD file was converted into G-code, a set of detailed 

instructions for the 3D printer, including the movements of the nozzle and bed. Following 

these instructions, the printer deposited material layer by layer to construct the physical object 

based on the digital design. By adhering to this structured process, the study ensured precise 

and reliable sample preparation for tensile testing. 

 

 

 

 
 

Fig. 1. Sample type and dimensions 
 

 

The tensile test samples were designed according to the ASTM D638 (TYPE I) standard, 

a widely recognised guideline for evaluating the tensile properties of plastics. This standard 

ensures consistency and comparability of results by specifying the shape and dimensions of 

the samples. Figure 1 and Table 1 show the dimensions of the sample. This standard was 

selected for the study due to its suitability for 3D-printed plastics, ensuring an accurate 

representation of the material's mechanical properties. 
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Table 1. Sample design dimensions 

Properties Values (mm) 

L0 50.0 

l1 57.0 

l2 115.0 

l3 165.0 

H 3.2 

R 76 

b1 13 

b2 19 

 

The 3D-printed samples were fabricated using FDM with variations in printing 

orientation and speed while maintaining constant printing parameters. All samples were 

printed with an infill density of 100%, a "Lines" infill pattern, and a printing temperature of 

210°C. The samples were printed at three orientations: 0°, 90°, and 45°. The printing speed 

was set at 50 mm/s for the 0° and 90° orientations, while for the 45° orientation, additional 

samples were printed at varying speeds of 40, 60,  and 80 mm/s. Each sample was printed 

three times using the same parameters to ensure repeatability and to obtain an average result. 

The detailed process parameters are presented in Table 2. 

 
Table 2. 3D Printing parameters for sample fabrication 

Printing Orientation (0)  Degree Print Speed (mm/sec) 

0 50 

90 50 

45 40 

45 60 

45 80 

 

Mechanical Properties 

The tensile test for the printed samples was carried out using a Testometric machine 

(Instron 6800 Series). Throughout the testing process, the sample was firmly clamped 

between the grips of the machine, and essential parameters were set for the test. The primary 

goal of this tensile test was to assess the material's strength, stiffness, and elongation until it 

reached its breaking point. The Testometric software also automatically generated a stress-

strain curve based on the initial gauge length (𝐿0) and the cross-sectional area (𝐴 = 𝑏1 × ℎ), 

which were specified before the test began. The testing was conducted at a speed of 50 

mm/min, with the machine recording critical data such as the applied force and the 

displacement of the sample throughout the experiment. Stress and strain were calculated to 

analyze the mechanical properties of the material using recorded displacement and force data, 

which included columns for time, displacement, and force. The data was imported into Excel 

for preprocessing, where relevant columns were prepared for analysis. Strain (𝜀), representing 

the elongation per unit length of the material, was then calculated using the formula 1: 

                                                                                                                       (1) 

where: 

ΔL is the displacement in millimetres (mm); 

L is the original length of the sample, which was 50 mm. 
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To facilitate easier interpretation, the strain was converted into a percentage by dividing the 

change in length (ΔL) by the original length (L₀) and multiplying by 100.  

Stress (σ), which measures the internal forces within the material per unit area, was then 

calculated using formula 2: 

                                                                                                                               (2) 

where: 

F is the force applied to the material in N  

A is the original cross-sectional area of the sample, which equals 41.6 𝑚𝑚2 

The resulting stress values were expressed in N/mm2 (MPa).  

 

The modulus of elasticity, also called Young's modulus, was determined from the initial 

linear portion of the stress-strain curve, representing the material's elastic behavior where 

stress and strain have a linear relationship. The linear region, typically within the first 0.5% to 

1% strain, was identified as it reflects elastic behavior before plastic deformation. The slope 

of this region was then calculated to determine the modulus of elasticity, using the following 

formula 3: 

                                                                                                                              (3) 

where: 

E is the modulus of elasticity, in Pa; 

Δσ is the change in stress within the linear region, in Pa; 

Δϵ is the change in strain within the linear region, unitless. 

 

The modulus of elasticity was determined by dividing the change in stress by the 

corresponding change in strain within the identified linear region. 

 

Toughness Calculation 

Toughness, representing the energy a material absorbs until fracture, was determined 

from the area under the stress-strain curve. The curve, plotted with strain on the x-axis and 

stress on the y-axis, was analyzed using software tools to estimate the total area up to the 

fracture point. This analysis provided insights into the material's energy absorption capacity 

before failure.  The toughness was extracted from the plotted stress-strain diagram by first 

generating the curve as described in the previous section, with strain represented on the x-axis 

and stress on the y-axis. The area under the stress-strain curve, which corresponds to the 

toughness, was then visually identified and estimated using appropriate software tools. This 

area represents the total energy absorbed by the material during deformation up to the point of 

fracture. 

 

Surface Roughness  

The data analysis method applied in this research involves a methodical approach of 

examining the results on surface roughness and tensile strength to determine the effect of 

modified print speed on 3D-printed PLA. The data collected for the surface roughness and 

tensile strength tests are then made systematic. By print speed, the results of surface 

roughness parameters such as average roughness (Ra), peak to valley height (Rz), root mean 

square roughness (Rq) and tensile strength of the produced samples are categorized. This 

makes it easier to compare results that have been obtained at different print speeds. Finally, 
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the implications of the statistical analysis results are provided to conclude the appropriate 

print speed setting. Such conclusions will aid in making recommendations on how to achieve 

the optimal surface finish and mechanical properties in 3D printing, particularly when using 

PLA material. 

Taylor-Hobson Form Talysurf Intra Touch was used in surface roughness measurement 

and the mechanical properties of the printed samples were tested using the tensile testing 

machine. The above tools yielded high-accuracy data, which was very crucial in the 

subsequent analysis and vindication of the results of the experiment. To the extent that the 

study was successful, it was achieved through a cautious process of putting into practice and 

enhancing the mentioned and above processes to yield preferable, reliable and replicable 

outcomes. 

 
RESULTS 

 

Effect of Orientation 

The initial phase of the results section introduces the 3D-printed samples prepared for the 

tensile stress tests. Figures 2a and 2b illustrate the samples printed at two distinct orientations, 

0° and 90°, respectively. These orientations were selected to assess how the printing direction 

influences tensile strength. The 0° orientation samples were printed with their layers aligned 

parallel to the loading direction, while the 90° orientation samples were printed with their 

layers perpendicular to the loading direction. Figure 3 shows samples of 0° orientation after 

tensile testing. 

a) 0° orientation  90° orientation 

 
Fig. 2. 3D printed samples  

 

 

Fig. 3. Samples of 0° orientation after tensile testing 
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Figures 4a and 4b illustrate Force - Displacement and Stress-Strain curves, respectively. 

For each experiment, three samples were tested, and the average was taken. Maximum force is 

3032 N and displacement is 3.33 mm. The average stress, Young’s modulus, strain, and 

toughness were 72.31 MPa, 2013.33 MPa, 6.33%, and 6.53 N·m, respectively. 

 

 
a: Force vs. Displacement diagrams 

 

 
b: Stress vs. Strain diagrams 

 
Fig. 4. Force – Displacement and Stress – Strain diagrams for samples of 0° orientation 

 

Figure 5 shows the fracture details for the samples of 90° orientation samples after tensile 

testing. 

 
Fig. 5. Samples of 90° orientation after tensile testing 
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Figures 6a and 6b show Force - Displacement and Stress - Strain curves, respectively. 

Maximum force is 2422 N and displacement is 1.835 mm. The average stress, modulus of 

elasticity, strain, and toughness were 56.26 MPa, 1834 MPa, 3.49%, and 2.21 N·m, 

respectively. 

 

 

 
a: Force vs Displacement diagrams.  

 

 
b: Stress vs Strain diagrams. 

 
Fig. 6. Force – Displacement and Stress – Strain diagrams for Samples of 90° orientation 

 

 

Table 3 shows Young's modulus and toughness results after testing samples with 0° and 90° 

orientation 
 

 

Table 3. Mechanical properties of samples with 0° and 90° orientation 

Printing at 0° Orientation Printing at 90° Orientation 

Sample No Young 

modulus (GPa) 

Toughness 

(N.m) 

Sample No Young 

modulus (GPa) 

Toughness 

(N.m) 

1 1.98 6.11 1 1.86 1.92 

2 2.01 6.35 2 1.83 2.16 

3 2.03 7.15 3 1.79 2.56 

Average 2.01 6.53 Average 1.83 2.21 
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Effect of Speed 

The next group of samples was also produced using FDM printer technology, which 

involved simultaneous printing of objects to ensure that the sample was obtained. All the test 

samples were printed using PLA filament, and the only difference between these samples was 

the printing speed. Other variables that could cause interference, such as ambient temperature 

and humidity, were also kept constant for proper control to achieve the expected print quality 

and mechanical performance. After the print is complete, the samples are allowed to stabilize, 

and then measurements of surface roughness are taken.  The surface roughness of each 

specimen was measured using a Taylor Hobson Form Talysurf Intra Touch profilometer 

(Figure 7a). Before each test, the instrument was calibrated to minimize measurement errors. 

During measurement, each specimen was placed on the testing platform with the stylus in 

contact with the surface. Measurements were taken multiple times across different regions of 

each specimen, with the stylus traversing to the printed layer lines (Figure 7b), to capture the 

surface roughness directionally. The recorded data included Ra (average roughness), Rz 

(mean roughness depth), and Rq (root mean square roughness), providing a comprehensive 

assessment of the surface finish. 

 

 
a: Surface roughness simulation Talysurf Intra Touch 

 

 
b: Surface roughness setup 

 
Fig. 7. Surface roughness measurement and simulation setup 
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Table 4 shows the average roughness test results of the samples. The results and analyses 

of the surface roughness test section describe in detail how the variation in print speeds 

influences the surface finish of the samples made from 3D-printed PLA. Surface roughness 

for each three samples was measured using a Taylor Hobson Form Talysurf Intra Touch 

profilometer, and all measurements had some roughness key parameters recorded, such as 

average roughness (Figure 7b). 

 
Table 4. Roughness test results 

 

 

 

Average amplitude parameters for samples 

 

Material ratio 

parameters 

№ Rp 

(m) 

Rv 

(m) 

Rz 

(m) 

Rc 

(m) 

Rt 

(m) 

Ra 

(m) 

Rq 

(m) 

Rsk Rku Rmr 

% 

Rdc 

(m) 

40 

mm/s 
9.40 6.99 16.41 10.54 23.15 2.61 3.28 0.72 3.44 0.22 5.19 

60 

mm/s 
11.33 5.93 17.26 11.14 25.36 2.75 3.59 1.09 4.14 0.15 5.16 

80 

mm/s 
7.69 18.41 26.10 16.47 36.82 2.91 4.47 -1.56 7.37 0.30 4.36 

 

The key parameters measured include: 

• Ra (Average Roughness): The average value of the heights of the surface and this is 

therefore used to give a general outlook of the surface texture. 

• Rz (Mean Roughness Depth): The ratio of the Arithmetic mean of the five tallest 

peaks within the measurement span and the five deepest troughs as a summary of the 

surface’s peak-to-valley profile. 

• Rq (Root Mean Square Roughness): A more sensitive value highlighting the 

fluctuation in the surface is obtained by the mean square root of the deviation. 

  

Mechanical Properties 

This part will describe the influence of applying different print speeds on the mechanical 

strength of the 3D-printed PLA samples. Tensile strength testing was conducted using a 

tensile test machine; maximum load, break load, and extension at break were among the most 

important parameters measured. Table 5 illustrates the average values of samples after tensile 

testing. 

 
Table 5. Average tensile test results of samples 

Sample Printing  

Parameters 

Ultimate Tensile Stress  

MPa 

Fracture Stress 

 MPa 

Max. Strain (ε) 

40 mm/s 53.96 49.85 8.08 

60 mm/s 57.95 52.26 9.83 

80 mm/s 55.61 45.43 9.17 

 

Every sample is printed in a separate batch to avoid different results because of variations 

in print settings. The print speed is set for every batch of samples, starting from slow to fast 

print speeds, such as low = 40 mm/s, while high = 80 mm/s.  

Figures 8a and 8b illustrate samples after the tensile strength test of the top and side 

views.  Lastly, the study incorporates only standardized geometries that are relatively simple 

for the test samples.  
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a: After the tensile strength test of 8 models (Top view) 

 

 
b: After the tensile strength test of 8 models (Side view) 

 
Fig. 8. Post-tensile test views of samples 

 

 
DISCUSSION 

 
 

The results of the first group of samples (Figures 6a and 6b) in this study provide detailed 

insights into the effect of printing orientation on the tensile strength, toughness, and Young's 

modulus (Table 3) of 3D printed parts using FDM. The tensile tests revealed that samples 

printed at 0° orientation, where the layers are aligned parallel to the applied load, exhibited 

significantly higher tensile strength, with an average stress of 72.31 MPa. In contrast, samples 

printed at 90°, where the layers are perpendicular to the load, demonstrated an average stress 

of 56.26 MPa. This substantial difference underscores the anisotropic nature of FDM-printed 

materials, where the mechanical properties are highly dependent on the direction of the 

applied force relative to the orientation of the print layers. The higher tensile strength 

observed in the 0° orientation can be attributed to the alignment of the extruded material with 

the direction of the applied load. In this configuration, the continuous strands of filament are 

capable of directly resisting the tensile force, resulting in a more efficient transfer of stress 

along the length of the sample. This direct alignment allows for better distribution of the load 
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across the entire material, minimizing weak points and enhancing the overall tensile strength. 

The average stress of 72.31 MPa in the 0° samples reflects this optimal load-bearing capacity. 

In contrast, the 90° orientation exhibits weaker tensile strength due to the reliance on 

interlayer adhesion, which is inherently less robust than the intralayer bonding within each 

layer of material. In this orientation, the applied force acts perpendicular to the layers, placing 

stress on the interfaces between them. These interlayer bonds are formed as successive layers 

of material cool and solidify, but the bonding process is not as strong as the material’s internal 

cohesion. The average stress of 56.26 MPa in the 90° orientation highlights (Figure 6b) the 

challenges associated with this configuration, where the mechanical integrity is more prone to 

failure under tensile loading due to weaker layer bonding. 

Toughness, which measures the energy a material can absorb before fracturing, further 

illustrates the differences between the two orientations. The 0° samples exhibited a higher 

average toughness of 6.53 N.m, compared to 2.21 N.m for the 90° samples (Table 3). This 

significant disparity in toughness indicates that the 0° orientation is not only stronger but also 

more ductile and capable of absorbing more energy before failure. The higher toughness of 

the 0° samples can be attributed to the continuous filament alignment, which allows the 

material to deform more uniformly under stress. In contrast, the lower toughness in the 90° 

orientation is due to the weaker interlayer bonds, which are more prone to brittle failure when 

subjected to tensile forces. 

Young's modulus, a measure of material stiffness, also showed variation between the two 

orientations. The 0° samples had an average Young's modulus of 2.01 GPa, while the 90° 

samples had a lower average modulus of 1.83 GPa (Table 3). This difference in stiffness 

further emphasizes the anisotropic nature of FDM-printed parts. The higher modulus in the 0° 

orientation suggests that the material resists deformation more effectively when the load is 

applied along the continuous strands of filament. Conversely, the lower modulus in the 90° 

orientation indicates that the material is more prone to deformation when the load is applied 

across the weaker interlayer bonds. 

These findings align with previous studies in the field and support the hypothesis, 

confirming that print orientation is a critical factor influencing the mechanical properties of 

FDM-printed parts. Tymrak et al. [28] and Wang et al. [35] both reported similar trends, 

where samples printed with layers parallel to the loading direction exhibited higher tensile 

strengths, greater toughness, and higher stiffness compared to those printed perpendicular to 

the load. The alignment between the results of this study and those reported in the literature 

further strengthens the understanding that anisotropy is a fundamental characteristic of FDM-

printed materials. The consistency of these findings across different studies suggests that the 

anisotropic behavior observed is not an isolated phenomenon but a general property of parts 

produced using FDM technology. 

While the results are like previous experiments [28,35], they also highlight important 

aspects that must be considered when optimizing print settings. The quality of layer adhesion 

is particularly crucial in influencing tensile strength, toughness, and stiffness, especially in 

orientations like 90°, where the load is applied across layers. Factors such as nozzle 

temperature, print speed, and cooling rate all contribute to the effectiveness of layer bonding. 

If these parameters are not properly optimized, they can lead to insufficient adhesion between 

layers, which in turn reduces the mechanical properties. For example, a nozzle temperature 

that is too low might not provide enough heat to ensure proper fusion between layers, while a 

temperature that is too high could degrade the material, weakening the overall structure. 

The second group of samples' roughness test results (Table 3 and Figures 7a,7b) showed 

the relationship between print speed and surface roughness, as the slower the print speed, the 
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smoother the sample's surface. This was reflected by a lower magnitude of Ra, Rz, and Rq 

values relative to print speed.  

In this study, the relationship between print speed and mechanical strength was found to 

be non-linear. Samples printed in the mid-speed range of approximately 50–70 mm/s 

achieved the highest tensile strength, with maximum stress values reaching 58.32 MPa. 

Samples printed at 60 mm/s demonstrated the most favourable balance, exhibiting stable 

break loads, high elongation at break, and good ductility. In contrast, very high printing 

speeds (e.g., 80 mm/s) reduced tensile strength to below 55.61 MPa, while very low speeds 

(e.g., 40 mm/s) also lowered tensile strength, likely due to excessive heat accumulation that 

weakened layer adhesion. Moderate printing speeds promoted a more uniform stress 

distribution, reducing premature failure, whereas high-speed prints showed weaker layer 

bonding and low-speed prints experienced thermal stress and warping. 

Surface roughness analysis further revealed that decreasing printing speed led to lower 

Ra, Rz, and Rq values, supporting the hypothesis that slower deposition improves surface 

quality through enhanced material deposition and substrate cooling. However, a trade-off was 

observed, as excessively high print speeds degraded surface finish and only provided strength 

benefits up to a certain threshold. 

This non-linear behavior is consistent with the mixed findings in the literature. Some 

studies have reported that higher printing speeds negatively affect surface quality and stability 

by increasing porosity and roughness while decreasing extrusion volume [36]. Conversely, 

other research has suggested that lower velocities promote interlayer bonding, whereas higher 

velocities generate thermal stresses detrimental to material strength [37]. These differing 

outcomes highlight the complex interplay between printing speed, thermal effects, and 

mechanical performance, which explains the nonconsistency observed in the present results. 

Therefore, based on these findings, the hypothesis that printing speed and orientation have no 

statistically significant effect on the mechanical properties and surface quality of 3D-printed 

PLA samples was rejected. 

 

 
CONCLUSIONS 

 

− Print orientation significantly influences the mechanical properties of 3D-printed parts, 

such as tensile strength, toughness, and Young's modulus, which are critical for structural 

integrity and performance. 

− Samples with layers oriented parallel to the applied force (0° orientation) exhibited 

superior tensile strength, while those printed at a 90° orientation showed reduced strength 

due to weaker interlayer bonding. 

− Toughness is enhanced in the 0° orientation due to its combination of strength and 

ductility, allowing it to absorb higher energy before failure, whereas the 90° orientation is 

more prone to interlayer fractures under tensile stress. 

− The anisotropic nature of FDM-printed parts is evident in the variation of Young's 

modulus, with 90° orientation samples showing lower stiffness compared to 0° 

orientation samples. 

− A clear correlation between print speed and surface roughness was observed, where 

slower print speeds produced smoother surfaces and improved the overall quality of the 

parts. 
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− A print speed range of 50–70 mm/s was identified as optimal for achieving a balance 

between surface finish and tensile strength in PLA parts, ensuring strong interlayer 

bonding and smooth surfaces. 

− In high-performance applications, such as aerospace, automotive, and medical devices, 

optimized print orientation and speed enhance production efficiency by improving 

mechanical performance and reducing surface imperfections. 

− The flexibility of 3D printing enables customization of parameters to achieve specific 

requirements, allowing the production of parts tailored to prioritize either surface finish 

or mechanical strength, depending on the application. 
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