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1. INTRODUCTION 
 

The term additive manufacturing (AM), introduced in 

1980s, is a method that facilitates the production of complex 

geometries with design flexibility, enables customized 

mechanical properties, and increases manufacturing freedom 

by allowing the use of a wide variety of materials in modern 

industrial applications [1,2]. Fused deposition modeling 

(FDM) remains one of the most common AM techniques and 

is also referred to as material extrusion 3D printing (ME3DP) 

or fused filament fabrication (FFF) [3,4]. 

FDM involves the melting of thermoplastic polymer 

filaments through a heating unit and the layer-by-layer 

deposition of material, enabling the production of highly 

accurate parts directly from digital models [5-7]. This method 

allows for the fabrication of high-strength components using 

low-cost polymers and provides rapid and efficient 

manufacturing, particularly for flexible or otherwise difficult-

to-produce designs [8]. The most common thermoplastics in 

FDM are biodegradable (under certain conditions) and 

sustainable polylactic acid (PLA), lightweight and durable 

acrylonitrile butadiene styrene (ABS), and glycol-modified 

polyethylene terephthalate (PETG) [9,10]. Additionally, 

thermoplastics such as polyamide 6 (PA6), polypropylene 

(PP), polycarbonate (PC), and polyether ether ketone (PEEK) 

are employed in industrial applications [11]. 

Polymer products fabricated by FDM process are 

employed across various industries depending on the filament 

type and processing parameters. These applications include 

aviation and space industry, medical and biomedical fields 

[12], automotive and electronics [13], prototyping [1], small-

scale mass production [14], as well as architectural and 

decorative artistic applications [15].  

The mechanical performance, dimensional accuracy, and 

structural integrity of parts vary depending on the filament 

type and processing parameters. These parameters can be 

categorized into thermal conditions (nozzle and build plate 

temperatures, cooling rate), filament flow and printing speed, 

and geometric configurations (layer height, layer width, raster 

angle, infill density and pattern) [16, 17,18, 19]. 
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Thermal conditions directly influence the melting of the 

filament, the bonding between deposited layers, and the 

overall thermal behavior. Key parameters include the nozzle 

temperature, build plate temperature, and cooling rate. The 

nozzle temperature determines the viscosity of the filament 

and the intermolecular fusion between successive layers. 

Increasing the nozzle temperature improves flow 

characteristics, enhancing interlayer bonding and thereby 

improving the mechanical properties. This effect has been 

shown to increase interfacial fracture toughness [12]. The 

build plate temperature is particularly critical for polymers 

with high melting points. Raising the bed temperature has 

been reported to enhance the tensile strength of materials 

printed with such polymers. In addition, the cooling rate and 

temperature affect the crystallinity of thermoplastic materials, 

thereby altering their final mechanical properties [20, 21]. 

Interlayer bonding time and void formation are determined 

by the interaction between filament deposition rate and 

quantity, as well as thermal conditions. High deposition rates 

can prevent the filament from achieving sufficient thermal 

fusion, leading to increased interlayer voids and consequently 

reduced tensile strength. The filament feed rate and flow 

volume can be optimized together with the deposition rate to 

minimize the porosity of printed parts [12]. 
Geometric settings also play a crucial role in determining 

the mechanical performance of FDM parts. These settings 
include layer height, layer width, raster angle/filament 
orientation, infill density, infill pattern, and nozzle geometry 
and diameter. Layer height is a critical factor affecting 
mechanical properties, void formation, and dimensional 
accuracy [22,23]. Reducing the layer height has been shown 
to increase tensile strength and reduce porosity in bio-
composite specimens [12]. However, in PEEK/fiber-
reinforced composites, increasing the layer height negatively 
impacts mechanical properties [24]. Gonabadi et al. [23] 
reported that layer height, layer width, and overlap region 
influence the size of inter-bead voids, which particularly 
reduce stiffness along with the thickness. Raster angle or 
filament orientation determines the deposition direction of the 
filament and is a key parameter for load transfer mechanisms 
[22].  

The raster angle affects the tensile strength and the fracture 
behavior. For example, in PLA+ specimens, the highest 
maximum force and ultimate tensile strength were observed at 
a 90° raster angle, whereas a ±45° raster angle exhibited the 
greatest elongation and toughness [8]. Similarly, Kopar et al. 
[14] investigated the effect of print speed (60, 70, 80 mm/s) 
and raster angle (±45° and 0–90°) on the mechanical 
performance of ABS specimens produced via FFF. A tensile 
strength of 36.26 MPa was achieved at 60 mm/s and ±45°, 
while 31.77 MPa was recorded at 0–90°. Çakan [25] observed 
that increasing the raster angle reduces ultimate tensile 
strength, with maximum strength occurring at 0°. Faidallah et 
al. [26] reported that on-edge 0° orientation exhibited the 

highest tensile properties in PETG specimens with different 
standard geometries. 

Infill density controls the amount of material in the inner 
layers and generally improves mechanical properties and 
interlayer bonding by reducing void content [27]. However, 
100% infill density increases energy consumption [28]. Khan 
et al. [29], in a PLA-PETG-ABS composite study, reported 
that increasing infill density improves tensile strength. After 
layer height, infill density was found by Sagias et al. [2] to be 
the second most important factor influencing mechanical 
characteristics in ABS specimens. The infill pattern, which 
defines the internal structure, also influences strength and 
toughness; Galeta et al. [30] found that honeycomb-patterned 
specimens exhibited the highest strength. Furthermore, nozzle 
geometry and diameter significantly affect material 
performance by influencing void content in printed parts [12]. 

A survey of the literature reveals that extensive research 
has been undertaken on the thermal, mechanical, and 
microstructural properties of ABS, PLA, and PETG parts 
fabricated via FDM. However, systematic studies 
investigating the combined effects of material type, infill 
density, and infill pattern on tensile behavior remain limited.  

This work involved the fabrication of tensile specimens 
using FDM, considering these characteristics. The influence 
of material type, infill density, and infill pattern on tensile 
strength, elongation, and elastic modulus was investigated 
experimentally, and the relative influence of each parameter 
was analyzed statistically using ANOVA. 

 

2. MATERIALS AND METHODS 
 

In this study, Elas 3D brand ABS, PETG, and PLA 

filaments were used in the fabrication. To distinguish between 

the types of filaments, gray, black, and pastel purple colors 

were selected, respectively. The tensile specimens were 

designed according to the ISO 527-2 Type 1A standard, with 

an overall length of approximately 170 mm, a gauge length of 

80 mm, a narrow section width of 10 mm, and a thickness of 

4 mm. 

For the production of the tensile specimens, a Creality K1 

high-speed 3D printer was used, offering an acceleration of 

20,000 mm/s² and a printing speed of 600 mm/s, capable of 

producing objects with a build volume of 220 × 220 × 250 

mm3. The Orca Slicer software was employed for slicing the 

models for 3D printing, and auxiliary G-codes were generated 

using the printer settings listed in Table 1. The production 

process was initiated based on the designs corresponding to 

the patterns and infill ratios shown in Figure 1. The specimens 

were produced with two samples for each combination of 

infill density, infill pattern, and filament type, resulting in a 

total of 54 tensile specimens (Figure 2). 

 

TABLE I 

3D PRINTER SETTINGS 

Printer Creality K1 High Speed 

 

Slicing Software Orca Slicer 

Printing Temperature (°C) PLA:210, PETG:250, ABS:260 

Build Plate Temperature (°C) PLA:55, PETG:80, ABS:100 

Infill Pattern Triangle, Honeycomb, Rectilinear 

Infill Density (%) 15, 30, 45 

Layer Height (mm) 0,2 

Print Speed (mm/s) 300 

Number of Wall Lines 4 

Top/Bottom Thickness (mm) 1mm 
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Figure 1. Visual and numerical data regarding infill pattern and infill density in tensile specimens 

 

 
PETG PLA ABS 

 

Figure 2. Tensile specimens obtained by 3D printing 
 

The use of two specimens per condition (n = 2) was selected 

to maintain experimental feasibility while enabling the 

evaluation of a relatively wide parameter space consisting of 

three filament materials, three infill densities, and three infill 

patterns. This experimental design resulted in 27 parameter 

combinations and a total of 54 tensile specimens. 

 

   
ABS PLA PETG 

 
Figure 3. Tensile testing of specimens fabricated from ABS, PLA, and PETG  
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Although a larger number of repetitions would improve 

statistical confidence and allow a more detailed assessment of 

within-condition variability, the primary objective of this 

study was to identify comparative trends and the relative 

influence of process parameters using ANOVA rather than to 

determine absolute mechanical properties with high statistical 

precision. All specimens were therefore produced under 

identical printing conditions and tested using the same 

experimental setup in order to minimize process-induced 

variability. Nevertheless, the limited number of repetitions 

should be considered when interpreting the results, and future 

studies with larger sample sizes could further improve the 

statistical robustness of the findings. 

The infill density range of 15–45% was selected to 

represent commonly used levels in practical FDM 

applications, where weight reduction, material efficiency, and 

printing time are critical design considerations. Fully solid 

specimens (100% infill) were intentionally excluded, as they 

are less representative of lightweight design strategies and 

would limit the evaluation of density-normalized (specific) 

mechanical performance. The selected range also reflects 

commonly used infill densities in lightweight FDM 

components, where structural efficiency and reduced material 

consumption are often prioritized over fully solid parts. 

The specimens were tested on a Shimadzu universal 

testing machine with a 5 kN load and a 1 mm/s cross head 

speed. Images of the experimental setup are shown in Figure 

3. The data obtained during the test were recorded on the 

machine’s computer, and tensile strength and modulus of 

elasticity were calculated using these data. Additionally, 

ANOVA analysis was applied to identify the effects of the 

parameters on tensile strength, elongation, and modulus of 

elasticity. 

To assess the performance of the mechanical properties on 

a per-weight basis, the effective densities of the specimens 

were calculated using their theoretical volume and measured 

mass, ensuring that internal voids due to infill density 

variations were realistically captured. Specific tensile strength 

and specific modulus values were then re-analyzed through 

ANOVA to evaluate the effects of material type, infill density, 

and infill pattern. The results showed that, beyond the absolute 

mechanical properties, the weight-specific structural 

efficiency is also influenced by production parameters, 

offering additional criteria for optimizing FDM-fabricated 

components. 

 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
 

The tensile test results of specimens fabricated from ABS 

with 15%, 30%, and 45% infill densities and rectilinear, 

triangular, and honeycomb infill patterns are given in Figure 

4 in terms of tensile strength, elongation, and modulus of 

elasticity. 

 

  
a) Rectilinear infill pattern b) Triangle infill pattern 

  
c) Honeycomb infill pattern d) Modulus of elasticity 

 
Figure 4. Tensile strength, elongation, and modulus of elasticity of ABS specimens 
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In specimens fabricated from ABS filaments, Figure 4a 

shows that both tensile strength and elongation increase via 

higher infill density for the rectilinear infill pattern. The 

minimum tensile strength and elongation in the rectilinear 

pattern were measured as 18.78 MPa and 4.09% at 15% infill 

density, while the maximum values were 21.54 MPa and 

6.71% at 45% infill density. In Figure 4b, for the triangular 

infill pattern, increasing the infill density from 15% to 30% 

led to an increase in tensile strength from 18.96 MPa to 19.59 

MPa and elongation from 3.81% to 5.53%. However, at 45% 

infill density, both tensile strength and elongation decreased 

slightly, measured as 18.52 MPa and 4.15%, respectively. For 

the honeycomb infill pattern in Figure 4c, increasing the infill 

density generally enhanced both tensile strength and 

elongation. Tensile strength and elongation were maximum at 

45% infill density with values of 23.41 MPa and 5.87%, while 

the lowest values were obtained at 15% infill density with 

19.98 MPa and 5.11%.  

Overall, across all infill patterns and densities, tensile 

strength ranged from 18.78 to 23.41 MPa, while elongation 

varied between 4.09% and 6.71%, with the highest values 

observed for the honeycomb infill pattern. Examination of the 

modulus of elasticity graphs in Figure 4d indicates that both 

infill pattern and infill density have a significant effect. 

Increasing the infill density led to higher modulus of elasticity 

values. The maximum modulus of elasticity, 929.42 MPa, was 

measured for the honeycomb pattern at 45% infill density, 

whereas the minimum, 688.92 MPa, was recorded for the 

triangular pattern at 15% infill density. 

Literature studies indicate that infill density is one of the 

most important parameters influencing the mechanical 

properties of FDM-fabricated parts. This is because increasing 

the infill density eliminates internal voids, thereby making the 

part stiffer and enlarging the load-bearing cross-sectional area 

[5,31]. 

Infill pattern, on the other hand, determines the 

arrangement of internal voids and thus influences the part's 

response to stress. It has been reported that a hexagonal void 

structure improves overall mechanical performance, as the 

hexagonal geometry reduces localized stress concentrations, 

thereby increasing yield stress and tensile strength [6]. Ali et 

al. [32] also reported that ABS specimens with a Gyroid infill 

pattern exhibited the highest compressive strength and 

ultimate tensile stress. 

The tensile strength, elongation and modulus of elasticity 

values obtained as a result of tensile tests of rectilinear, 

triangular and honeycomb filler patterned samples produced 

from PETG filaments with 15%, 30% and 45% filler ratios are 

given in Figure 5. 

 

  
a) Rectilinear infill pattern b) Triangle infill pattern 

  
c) Honeycomb infill pattern d) Modulus of elasticity 

 

Figure 5. Tensile strength, elongation, and modulus of elasticity of PETG specimens 
 

Based on the data presented in Figure 5, the tensile 

strengths of the specimens produced from PETG filaments 

were obtained in the range of 23.30–29.57 MPa, elongation in 

the range of 4.72–8.24%, and the modulus of elasticity in the 
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range of 740.36–930.93 MPa. Similar to the specimens 

produced with ABS filaments, an increase in infill density 

improved the mechanical properties of the PETG specimens, 

and the highest mechanical performance was obtained from 

honeycomb patterned specimens with 45% infill density. This 

pattern was followed by triangular and rectilinear infill 

patterns, respectively. Overall, the obtained values were 

higher than those achieved with ABS filaments. Mishra et al. 

[33] reported that the ductility of PETG is higher than that of 

ABS and ABS/PETG blends. Khan et al. [29] also 

demonstrated that high mechanical properties are achieved 

when high layer thickness and high infill density, while low 

infill density leads to the formation of micro-voids, gaps, 

delamination, and peel-like structures, thereby reducing 

tensile strength.  

The primary way to enhance the mechanical performance 

of parts produced by FDM is to minimize voids and porosity 

within the printed structure [34,35]. Reducing the porosity 

increases the amount of load-bearing material and the inter-

filament contact area, thereby improving tensile strength and 

modulus of elasticity [35]. Increasing infill density enhances 

the amount of material within the part and reinforces the load-

carrying capacity of the structure [29, 36]. Valvez et al. [36] 

stated that an infill density of 100% is the most critical factor 

in maximizing the mechanical properties of PETG and PETG 

composites. 

The tensile test results of the PLA specimens are given in 

Figure 6 in terms of tensile strength, elongation, and modulus 

of elasticity. It can be seen that the mechanical properties of 

the specimens produced with PLA filament show trends 

similar to those of specimens produced with ABS and PETG 

filaments. The highest tensile strength and modulus of 

elasticity were obtained from the specimen with a honeycomb 

pattern and 45% infill density, with values of 34.95 MPa and 

1380.66 MPa, respectively. The lowest tensile strength and 

modulus of elasticity were observed in the specimen with a 

rectilinear infill pattern. For the PLA specimens, tensile 

strength ranged from 27.50 to 34.95 MPa, elongation at break 

ranged from 3.31% to 4.38%, and the modulus of elasticity 

ranged from 1077 to 1380.66 MPa. 

 

  
a) Rectilinear infill pattern b) Triangle infill pattern 

 

f

 
c) Honeycomb infill pattern d) Modulus of elasticity 

 

Figure 6. Tensile strength, elongation, and modulus of elasticity of PLA specimens 
 

The PLA specimens exhibited higher tensile strength and 

modulus of elasticity compared to the ABS and PETG 

specimens, while showing lower ductility. In a similar study, 

Güdür et al. [37] produced PLA, ABS, and PETG polymers 

using the FDM method with different lattice designs, and 

reported that in the gyroid lattice structure, PETG exhibited 

maximum deformation, whereas PLA achieved maximum 

tensile strength. Sepahi et al. [38] investigated the effects of 

five different raster angles on tensile strength, elongation, and 

modulus of elasticity, and indicated that PETG showed the 
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highest elongation, while PLA demonstrated the highest 

tensile strength and modulus of elasticity. Furthermore, in the 

study conducted by Ekrem and Yılmaz [13], the maximum 

stress values of specimens produced with PLA, PETG, and 

ABS filaments were reported as 48 MPa for PLA, 51.3 MPa 

for PETG, and 42.8 MPa for ABS, respectively. 

The effects of filament material type, infill pattern and 

density on tensile strength, elongation and modulus of 

elasticity were analyzed using ANOVA, and the results are 

given in Table 2. 

The filament type was the process parameter contributing 

most significantly to tensile strength, elongation, and modulus 

of elasticity. The contribution ratios of this parameter to 

tensile strength, elongation, and modulus of elasticity were 

determined as 83.64%, 54.95%, and 88.51%, respectively, 

indicating a particularly dominant role in tensile strength and 

modulus of elasticity. The infill pattern contributed 4.11% and 

2.60% to tensile strength and modulus of elasticity, 

respectively, while its contribution to elongation was highest 

at 18.67%. Infill density provided a higher contribution than 

the infill pattern to tensile strength and modulus of elasticity, 

but it was the parameter with the lowest contribution to 

elongation. 

 
TABLE II 

ANOVA ANALYSIS CONDUCTED ON THE ABSOLUTE VALUES OF THE MECHANICAL PROPERTIES 

Tensile Strength 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Filament Materials 2 478.34 83.64% 478.27 239.137 248.06 0.0000 

Infill Pattern 2 23.49 4.11% 23.48 11.738 12.18 0.0003 

Infill Density (%) 2 50.82 8.89% 50.81 25.407 26.35 0.0000 

Error 20 19.25 3.37% 19.28 0.964     

Total 26 571.91 100.00%         

S 0.981852 R-sq 96.63% R-sq(adj) 95.62% 

Elongation (%) 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Filament Materials 2 29.111 54.95% 29.111 14.5555 23.28 0.0000 

Infill Pattern 2 9.891 18.67% 9.891 4.9456 7.91 0.0029 

Infill Density (%) 2 1.477 2.79% 1.477 0.7383 1.18 0.3275 

Error 20 12.503 23.60% 12.503 0.6251     

Total 26 52.981 100.00%         

S 0.790654 R-sq 76.40% R-sq(adj) 69.32% 

Modulus of Elasticity 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Filament Materials 2 1191624 88.51% 1191626 595813 404.08 0.0000 

Infill Pattern 2 35011 2.60% 35009 17504 11.87 0.0004 

Infill Density (%) 2 90256 6.70% 90256 45128 30.61 0.0000 

Error 20 29490 2.19% 29490 1474     

Total 26 1346381 100.00%         

S 38.3989 R-sq 97.81% R-sq(adj) 97.15% 

The studies reported in the literature are consistent with 

the mechanical behavior trends observed in this study. 

Gonabadi et al. [39] reported that different infill patterns had 

minimal effects on mechanical properties. Benamira et al. [40] 

investigated the main and interaction effects of layer thickness 

and print orientation at 100% and 40% infill densities. They 

found that at 100% infill density, layer thickness had a 

significant effect on the modulus of elasticity, while at 40% 

infill density, both layer thickness and print orientation had 

significant effects on tensile strength and elongation. 

For the purpose of evaluating mechanical performance on 

a weight basis, the densities of ABS, PETG, and PLA 

materials were determined as 1.04, 1.25, and 1.26 g/cm3, 

respectively, based on the length and mass of the filaments 

used. The effective density was then calculated using the 

nominal cross-sectional area of the tested region. Based on 

these effective density values, the specific strength and 

specific modulus of the specimens were obtained, and the 

results are presented in Table 3. 

Specific strength measures the load-bearing capacity per 

unit weight of the specimens. According to the obtained 

results, although the absolute strength of all materials 

increases with increasing infill density, the performance per 

unit weight decreases due to the increased density. In this 

context, specimens with 15% infill generally exhibited the 

highest specific strength, while those with 30% and 45% infill 

showed lower values. Similarly, the specific modulus reflects 

the stiffness provided by the structure per unit weight. 

Specimens with 15% infill generally demonstrated higher 

specific modulus values, followed by those with 30% and 45% 

infill densities. 

In the material-based evaluation, the higher densities of 

PLA and PETG compared to ABS resulted in lower specific 

strength and specific modulus values. For PLA and ABS 

specimens, those with a triangular infill pattern and 45% infill 

density exhibited the lowest specific strength, whereas for 

PETG, the lowest value was observed in the specimen with a 

rectilinear infill pattern.  

On the other hand, although ABS specimens exhibited 

lower absolute strength, they demonstrated comparable 

performance to the other materials in terms of strength per unit 

weight. Regarding specific modulus, the difference between 

ABS and PLA was reduced, and ABS provided higher 

stiffness per unit weight compared to PETG. 

An ANOVA analysis was conducted to evaluate in detail 

the effects of the manufacturing parameters on specific tensile 

strength and specific modulus, and the results are given in 

Table 4. 

When the specific tensile strength results in Table 4 were 

examined, it was seen that the effect of the filament material 

decreased from 83.64% to 62.64%, and the infill pattern 

decreased from 4.11% to 1.29%. In contrast, the effect of infill 

density, previously 8.89%, increased to 28.17%, becoming a 

strong factor. The infill pattern variable was determined to 

lose statistical significance due to a p=0.22. Although the 

filament material still had the largest effect in the normalized 

data, the effect of infill density increased significantly, 

indicating that the difference decreased with normalization. 
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TABLE III 

DATA OBTAINED FROM EXPERIMENTS AND VALUES NORMALIZED ACCORDING TO EFFECTIVE DENSITY 

Material 

Infill 

Pattern - 

density 

Effective 

density 

(g/cm3) 

Ultimate Tensile 

Strength  

(MPa) 

Modulus of 

Elasticity  

(MPa) 

Elongation 
(%) 

Specific 

Strength 

(MPa×cm3/g) 

Specific 

Modulus 

(MPa×cm3/g) 

ABS R-15 0.59 18.78 727.69 4.09 31.83 1233.38 

ABS R-30 0.68 20.09 740.73 6.27 29.76 1097.37 

ABS R-45 0.76 21.54 803.75 6.71 28.44 1061.06 
ABS T-15 0.59 18.96 688.92 3.81 32.41 1177.64 

ABS T-30 0.67 19.59 787.83 5.53 29.24 1175.86 

ABS T-45 0.76 18.22 781.52 4.15 24.14 1035.13 
ABS H-15 0.61 19.98 786.26 5.12 32.76 1288.96 

ABS H-30 0.71 21.02 796.60 5.87 29.61 1121.98 

ABS H-45 0.80 23.41 929.42 5.51 29.17 1158.16 
PETG R-15 0.71 23.30 740.36 8.06 32.81 1042.75 

PETG R-30 0.81 24.72 759.35 8.24 30.51 937.47 

PETG R-45 0.91 26.24 779.36 8.17 28.83 856.43 
PETG T-15 0.70 22.95 700.04 4.72 32.67 996.49 

PETG T-30 0.81 26.12 838.02 5.42 32.44 1041.02 

PETG T-45 0.91 27.47 879.56 5.58 30.27 969.21 
PETG H-15 0.73 25.15 743.27 6.04 34.34 1014.71 

PETG H-30 0.86 26.56 851.22 6.05 31.07 995.58 

PETG H-45 0.97 29.57 930.93 5.58 30.64 964.69 
PLA R-15 0.74 27.50 1077.44 4.38 37.42 1465.91 

PLA R-30 0.84 29.96 1183.77 3.89 35.67 1409.25 

PLA R-45 0.95 32.16 1257.52 3.98 34.03 1330.71 
PLA T-15 0.73 28.49 1166.17 3.42 39.16 1602.98 

PLA T-30 0.84 29.71 1264.62 4.08 35.58 1514.52 

PLA T-45 0.94 30.99 1364.66 3.85 32.88 1447.91 
PLA H-15 0.76 29.20 1202.64 4.09 38.42 1582.42 

PLA H-30 0.89 31.29 1242.78 3.31 35.26 1400.31 

PLA H-45 1.00 34.95 1380.66 3.99 34.95 1380.66 

 

TABLE IV 

ANALYSIS OF VARIANCE (ANOVA) CONDUCTED ON SPECIFIC (NORMALIZED) VALUES 
Specific Tensile Strength 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Filament Materials 2 184.671 62.64% 184.671 92.336 79.23 0.0000 

Infill Pattern 2 3.810 1.29% 3.810 1.905 1.63 0.2200 

Infill Density (%) 2 83.043 28.17% 83.043 41.522 35.63 0.0000 

Error 20 23.309 7.91% 23.309 1.165    

Total 26 294.834 100.00%      

S 1,7956 R-sq 92,09% R-sq(adj) 89,72% 

Specific Modulus 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Filament Materials 2 1064147 87.87% 1064147 532073 225.40 0.0000 

Infill Pattern 2 18661 1.54% 18661 9330 3.95 0.0358 

Infill Density (%) 2 81086 6.70% 81086 40543 17.18 0.0000 

Error 20 47212 3.90% 47212 2361   

Total 26 1211105      

S 48,5858 R-sq 96,10% R-sq(adj) 94,93% 

 

When the specific module results are examined, it is seen 

that the effect of normalization is much more limited. While 

the effect of filament material type decreased from 88.51% to 

87.87%, the effect of infill pattern decreased from 2.60% to 

1.54%, and the effect of infill density remained unchanged at 

6.70%. All three parameters were found to be statistically 

significant (p<0.05). These results indicate that the effects of 

the variables on specific modulus remained nearly the same 

after normalization, and weight did not significantly affect the 

specific modulus. 

 

4. CONCLUSION 
 

In this study, the tensile behavior of FDM-printed ABS, 
PETG, and PLA specimens manufactured with different infill 
densities (15%, 30%, and 45%) and infill patterns (honeycomb, 
triangular, and rectilinear) was experimentally investigated. 
The mechanical performance in terms of tensile strength, 
elongation, and elastic modulus was evaluated, and the relative 
influence of process parameters was quantified using ANOVA. 

Overall, increasing the infill density resulted in improved 
tensile properties for all materials. Among the investigated 
infill geometries, the honeycomb pattern generally provided 
higher tensile strength and elastic modulus. Material type was 
identified as the most influential parameter governing 
mechanical performance. PLA specimens exhibited the highest 
tensile strength and stiffness but showed limited elongation, 
whereas PETG demonstrated more ductile behavior with the 
highest elongation values. ABS samples displayed lower 
absolute mechanical properties; however, their lower density 
enabled more competitive performance when evaluated on a 
specific (weight-normalized) basis. 

The analysis of normalized mechanical properties 
highlighted that infill density plays a more pronounced role in 
specific tensile strength, thereby reducing the dominance of 
filament type. These findings indicate that the mechanical 
evaluation of FDM components should not be limited to 
absolute property values but should also consider performance 
per unit weight, particularly for lightweight structural 
applications. 
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From an industrial perspective, the results provide useful 
guidance for the design of lightweight FDM components. In 
many applications, reducing material usage and printing time 
while maintaining sufficient mechanical performance is 
essential. The findings indicate that appropriate combinations 
of filament type, infill density, and infill pattern can be selected 
to balance mechanical performance with manufacturing 
efficiency and material cost. 

This study focused exclusively on tensile loading under 
quasi-static conditions and considered a limited range of infill 
densities and patterns. Other critical factors such as raster 
angle, layer thickness, build orientation, and environmental 
effects were not addressed. In addition, the results are specific 
to the selected filament brands and printing parameters. Future 
studies could extend the analysis to different loading modes 
(e.g., flexural and impact), broader process windows, and long-
term performance under thermal or environmental aging to 
provide a more comprehensive assessment of FDM-printed 
components. 
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