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Abstract

Fused Deposition Modeling (FDM) is one of the most widely used additive manufacturing technologies;
however, the effects of process parameters on tensile strength are still often investigated separately for each
material. This study aims to analyze and compare the effects of layer height, nozzle temperature, print speed, and
infill density on the tensile strength of PLA, ABS, and PETG materials within a uniform analytical framework.
The research data were obtained through the compilation of 96 experimental data points from 11 scientific
publications, with each material represented by 32 data points. The analysis was conducted using descriptive
statistics and Pearson correlation at a significance level of 5%. The results showed that PLA had the highest
average tensile strength of 48.65 MPa, followed by PETG at 32.98 MPa and ABS at 21.41 MPa. For PLA, infill
density showed the strongest and most significant relationship with tensile strength, followed by print speed and
nozzle temperature. For PETG, nozzle temperature was the only parameter that showed a significant relationship
and the highest correlation compared with the other parameters. In contrast, all parameters analyzed for ABS did
not show statistically significant relationships, indicating that the tensile strength of ABS is more influenced by
other factors such as printing orientation and raster angle, which are beyond the scope of this study. These
findings indicate that the response of materials to FDM process parameters is material-dependent; therefore,
process parameter optimization strategies need to be adjusted according to the characteristics of each material to
achieve optimal tensile strength.
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1. Introduction

Additive Manufacturing (AM) has developed rapidly over the past few decades and has become one of the
manufacturing technologies widely used in product development, prototyping, and the production of functional
components. The development of this technology has been driven by its ability to produce complex geometries
with relatively short production times compared with conventional manufacturing methods [1]. Among the
various AM technologies, Fused Deposition Modeling (FDM) is one of the most popular methods because it has
relatively low cost, is easy to operate, and is supported by the availability of a wide range of materials [2]. The
increasing use of FDM technology has also increased the demand for the quality of printed products. The
products produced must not only meet dimensional accuracy requirements but also possess mechanical
properties that are suitable for their intended applications. The mechanical properties of FDM -printed products
are influenced not only by the type of material used but also by the process parameter settings during printing
[3]. Various studies have shown that parameters such as layer height, nozzle temperature, print speed, and infill
density affect the quality of the deposited layers and ultimately determine the mechanical performance of the
printed products [4]. Therefore, understanding the effects of process parameters is important for achieving
optimal print quality [5].

Among the various mechanical properties used to evaluate the quality of FDM-printed products, tensile strength
is one of the most commonly used parameters. Tensile testing provides an indication of a material's ability to
withstand applied loads before failure occurs [6]. In addition to evaluating the mechanical performance of
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materials, tensile testing is also widely used to assess the effectiveness of the process parameters applied during
printing [7]. Various thermoplastic materials have been widely used in the FDM process, including Polylactic
Acid (PLA), Acrylonitrile Butadiene Styrene (ABS), and Polyethylene Terephthalate Glycol (PETG). PLA is
widely used because it has good tensile strength, high dimensional stability, and ease of printing [8]. On the
other hand, ABS is known to have better impact resistance and toughness than PLA, making it widely used in
engineering applications [9]. Meanwhile, PETG has become an increasingly popular alternative because it
combines the ease of printing of PLA with toughness comparable to that of ABS [10]. Several studies have
reported the effects of process parameters on the mechanical properties of these materials. Studies on PLA have
shown that variations in layer height, nozzle temperature, and infill density can produce considerable variations
in tensile strength [11]. Other studies have also shown that each material responds differently to changes in
process parameters, so the optimal printing conditions for one material do not necessarily produce the best
performance for other materials [12]. Although many studies on the FDM process have been conducted, most
have focused on a single material under different experimental conditions, making the results difficult to
compare directly. This condition makes it difficult to understand the differences in material responses to the
same process parameters. In addition, comparative studies investigating the effects of process parameters on the
tensile strength of various thermoplastic materials using a consistent analytical method remain scarce.

Unlike previous studies, which generally investigated a single material separately, this study integrates
experimental data from various scientific publications to analyze the three materials simultaneously within a
uniform statistical analysis framework. This approach enables a direct and quantitative comparison of the
responses to the process parameters. Therefore, this study aims to analyze and compare the effects of layer
height, nozzle temperature, print speed, and infill density on the tensile strength of these three materials. The
results of this study are expected to provide a more comprehensive understanding of the differences in the
responses of each material to changes in process parameters and to serve as a reference for determining
appropriate printing conditions to achieve more optimal mechanical performance.

2. Materials and Methods

This study was conducted to analyze the effects of Fused Deposition Modeling (FDM) process parameters on the
tensile strength of PLA, ABS, and PETG materials using secondary data obtained from various scientific
publications. The research stages used in this study are shown in Figure 1.
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Figure 1. Research workflow.

This study is a quantitative study based on secondary data that aims to analyze the effects of FDM process
parameters on the tensile strength of thermoplastic materials. The analysis was conducted by compiling and
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evaluating tensile test data reported in various scientific publications, thereby enabling comparisons of material
characteristics and the relationships between process parameters and tensile strength. The research data were
obtained through a literature review of scientific articles discussing the relationship between FDM process
parameters and the tensile strength of printed materials. Data were collected by searching articles from various
academic databases. The publications were selected based on their relevance to the objectives of this study,
namely those that applied the FDM process, used PLA, ABS, or PETG materials, and quantitatively reported the
printing parameters and tensile strength values. The data selection process was carried out in stages by applying
consistent inclusion and exclusion criteria. Articles were included in the dataset if they used FDM as the printing
method, used one of the three materials without reinforcing fibers or special additives, and quantitatively
reported layer height, nozzle temperature, print speed, infill density, and tensile strength for each experimental
condition. In addition, the tensile strength data had to be reported in MPa according to the ASTM D638 or ISO
527 testing standards and use a print speed of less than 100 mm/s. Articles that did not meet any of these criteria
were excluded from the research dataset.

Although the selection process was conducted rigorously, this study acknowledges the potential variability
among data sources that should be considered when interpreting the results. Differences in the type of FDM
machine, filament brand and quality, ambient temperature during printing, and other printing parameters such as
build orientation, raster angle, and air gap, which were not always reported consistently across the studies, may
have influenced the obtained tensile strength values. In addition, although all data were selected based on
compatible tensile testing standards, differences in specimen geometry and testing procedures that were not
entirely identical across the studies may still have introduced variations in the results. Therefore, the
relationships obtained in this study should be interpreted as general trends in the relationships between process
parameters and tensile strength. Accordingly, the resulting correlation coefficients are descriptive and indicative
in nature and are not intended to represent strict causal relationships between process parameters and tensile
strength. This study analyzes the relationships between FDM process parameters and the tensile strength of
materials. The independent variables include layer height (mm), nozzle temperature (°C), print speed (mm/s),
and infill density (%), whereas the dependent variable analyzed is tensile strength (MPa).

These four process parameters were selected because they are the most commonly used parameters in optimizing
the quality of FDM-printed products and have been widely reported to influence the mechanical properties of the
printed products. All variables were obtained from tensile test data reported in scientific publications that met the
research criteria. The data were analyzed using descriptive analysis, Pearson correlation analysis, and data
visualization. Descriptive analysis was used to describe the characteristics of the data through the minimum,
maximum, mean, median, and standard deviation values. Subsequently, Pearson correlation analysis was used to
evaluate the direction and strength of the relationship between the process parameters and tensile strength. The
Pearson correlation coefficient was calculated using the following equation 1.

oo 2D i) 1)
\/Z?=1(xi - x)? ?:1(% -¥)?

where ris the Pearson correlation coefficient, x; and y; represent the i-th observation values of variables xand v,
respectively, X and y are the mean values of variables x and y, respectively, and ndenotes the number of data
points used in the analysis. The Pearson correlation coefficient ranges from —1 to 1. A positive value indicates a
positive relationship between two variables, whereas a negative value indicates an inverse relationship [13]. The
significance of the relationship was evaluated using the p-value at a significance level of 5%.

The Pearson correlation method was selected in this study because all variables analyzed were continuous
numerical data, namely the FDM process parameters and tensile strength values, making this method suitable for
measuring the direction and strength of the linear relationship between variables. In addition, the Pearson
correlation coefficient allows the degree of relationship between each process parameter and tensile strength to
be compared directly and quantitatively for each material investigated. This method has also been widely used in
additive manufacturing research to evaluate the relationship between process parameters and the mechanical
properties of materials. Nevertheless, Pearson correlation has limitations because it can only describe linear
relationships between variables and is sensitive to the presence of outliers. In the FDM process, the relationship
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between process parameters and tensile strength is not always linear because it is often influenced by interactions
among printing parameters and other experimental factors. Therefore, the results of this analysis are interpreted
as a descriptive and indicative representation of the relationships among the variables and are not intended to
demonstrate definitive cause-and-effect relationships. To support the interpretation of the analysis results, the
data were subsequently visualized using distribution plots and relationship plots between the process parameters
and tensile strength.

3. Results and Discussion

Before analyzing the effects of FDM process parameters on tensile strength, it is first necessary to understand the
characteristics of the dataset used in this study. The dataset was compiled from 11 scientific publications
reporting tensile test results for PLA, ABS, and PETG materials under various printing process conditions. The
characteristics of the studies used as data sources are presented in Table 1.

Table 1. Characteristics of studies included in the dataset.

Number of Data Experimental Design
1 PLA 25

Taguchi L27 [14]
2 PETG 16 Taguchi L16 [15]
ABS, .

3 PETG 15 Taguchi L9 [16]
PLA, . .

4 ABS 11 Factorial experiment [17]

5 ABS 9 Taguchi L9 [18]

ABS 9 Taguchi L9 [19]

PETG 6 Taguchi L9 [20]

g ABS > Slnglejfactor 21]
experiment

9 PETG 1 Taguchi L9 [22]

10 PETG 1 Taguchi L16 [23]

11 PLA 1 Taguchi L9 (validation) [24]

The data sources used in this study were derived from various experimental designs, with the Taguchi method
being the most widely used approach. The number of data points obtained from each study varied, ranging from
one to twenty-five experimental data points. The diversity of these data sources provides a sufficiently broad
range of printing conditions, thereby supporting a more representative analysis of the relationships between
FDM process parameters and tensile strength. The distribution of the data based on material type is presented in
Figure 2.

PETG

96 Material Data

33.3%

ABS
Figure 2. Distribution of material data.

Overall, the dataset consisted of 96 data points divided equally into the three material groups, with each group
accounting for 33.3% of the total data. This balanced composition provides an advantage in the analysis process
because it allows comparisons to be conducted more objectively without the dominance of data from any
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particular material group. In addition to its balanced distribution, the dataset also covers a sufficiently wide range
of process parameters. The layer height values ranged from 0.05 to 0.30 mm, nozzle temperatures ranged from
200 to 270°C, print speeds ranged from 30 to 90 mm/s, and infill densities ranged from 20% to 100%. The
diversity of these parameters provides a sufficiently broad range of printing conditions, thereby supporting a
more representative analysis of the relationships between FDM process parameters and tensile strength.

3.1 Comparison of Material Tensile Strength

After understanding the characteristics of the dataset used, the next step is to compare the tensile strength of each
material analyzed. This comparison is important for providing an initial overview of the mechanical performance
of the three materials before conducting further analysis of the effects of FDM process parameters. A summary
of the tensile strength statistics for each material is presented in Table 2.

Table 2. Descriptive statistics of tensile strength.

Material Min Median Max
PLA 48.65 8.45 27.63 51.11 59.53
ABS 21.41 8.14 3.15 20.77 38.95

PETG 32.98 11.77 19.76 31.50 60.76

Based on the table, PLA showed the highest average tensile strength of 48.65 MPa, followed by PETG at 32.98
MPa and ABS at 21.41 MPa. A similar pattern was observed for the median values, where PLA had the highest
median value of 51.11 MPa, whereas PETG and ABS had median values of 31.50 MPa and 20.77 MPa,
respectively. These results indicate that, in general, PLA has a better ability to withstand tensile loads than PETG
and ABS within the analyzed dataset. In terms of data variability, PETG exhibited the largest standard deviation,
at 11.77 MPa, indicating that the tensile strength values of this material are more variable than those of the other
materials. In contrast, PLA and ABS had relatively lower standard deviations of 8.45 MPa and 8.14 MPa,
respectively. These differences in variability indicate that the consistency of the mechanical performance is not
the same for each material; therefore, the distribution of tensile strength values needs to be analyzed further. The
distribution of tensile strength values for each material is presented in Figure 3.
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Figure 3. Distribution of tensile strength values.

PLA exhibited a distribution concentrated within a relatively high range of values, indicating that most samples
achieved good tensile strength. In contrast, ABS tended to be concentrated within a lower range of values,
resulting in the lowest average tensile strength among the three materials. Meanwhile, PETG exhibited a wider
distribution range, indicating greater variation in tensile strength among the samples. These differences in
distribution patterns indicate that the mechanical characteristics of each material differ not only in terms of
tensile strength but also in the consistency of their performance. The predominance of PLA within the higher
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tensile strength range can be attributed to its relatively high stiffness and mechanical strength compared with
other FDM materials [25]. Similar findings were also reported by [26], who showed that FDM-fabricated ABS
components tend to exhibit lower tensile strength due to their anisotropic nature and high dependence on
interlayer bonding quality. Meanwhile, the broader distribution of PETG indicates that this material exhibits a
more variable response to different printing conditions. This finding is consistent with the study reported in [27],
which showed that PETG is capable of providing a good combination of strength and toughness, although its
mechanical performance is highly influenced by the processing conditions. Therefore, the differences in the
intrinsic characteristics of each material contribute to the tensile strength distribution patterns observed in this
study.

3.2 Effects of Process Parameters on Tensile Strength

After comparing the tensile strength characteristics of each material, the subsequent discussion focuses on the
effects of FDM process parameters on tensile strength. To identify the degree of relationship between the process
parameters and tensile strength, Pearson correlation analysis was conducted. The results of the correlation
analysis are presented in Figure 4.

0.25 Material
[ PLA
3 ABS
I PETG

Layer Height -0.01

Nozzle Temperature

Print Speed

Infill Density
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Figure 4. Comparison of Pearson Correlation Coefficients Between FDM Process Parameters and Tensile
Strength.

The Pearson correlation coefficients ranged from —0.01 to 0.57, indicating that the degree of relationship
between the process parameters and tensile strength differed across the materials. Some parameters showed a
positive relationship with tensile strength with varying correlation strengths, whereas the others exhibited very
weak or almost no relationship. These differences in the Pearson correlation coefficients indicate that the
response of each material to changes in the FDM process parameters is not uniform. To obtain a more
comprehensive understanding of these relationship patterns, further analysis was conducted using scatter plots
and linear regression lines, as presented in Figure 5.
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Figure 5. Relationship between process parameters and tensile strength.

The analysis results show that the tensile strength response to changes in the FDM process parameters differs for
each material. For layer height, the relationship with tensile strength tends to be weak across all three materials,
indicating that the effect of this parameter does not act independently but depends on its interaction with other
parameters, such as build orientation, raster angle, and air gap [28]. Theoretically, the smaller the layer height,
the greater the number of layers formed, resulting in more uniform interlayer contact. However, this effect is
highly dependent on the quality of material melting, which is determined by the nozzle temperature and other
printing conditions. A more pronounced effect was observed for nozzle temperature, particularly for PETG. The
results show that an increase in nozzle temperature tends to be followed by an increase in tensile strength. This
finding is consistent with previous studies [29] and [30], which reported that increasing the nozzle temperature
can improve interlayer bonding quality by reducing the viscosity of the molten filament and enhancing polymer
chain diffusion at the layer interfaces. These conditions allow stronger interlayer bonding to be formed, thereby
increasing tensile strength. PETG exhibits greater sensitivity to this parameter because the quality of its
interlayer bonding is strongly influenced by the thermal history during the printing process. In contrast, the
relationship is relatively weaker for ABS, which is likely associated with its higher thermal shrinkage, making
the material more susceptible to warping and the development of residual stresses during the cooling process.

For print speed, PLA showed a tendency for tensile strength to increase as the printing speed increased. This
condition indicates that the range of printing speeds used was still capable of producing adequate material
deposition. In contrast, changes in print speed exhibited a less consistent relationship for ABS, which is likely
influenced by its interaction with warping and residual stress during the printing process. This finding is
consistent with [31], which stated that the effect of print speed cannot be separated from its interaction with other
process parameters, particularly nozzle temperature. Infill density showed the clearest positive relationship for
PLA. An increase in infill density tended to be followed by an increase in tensile strength, as also reported by
[32]. Theoretically, increasing the infill density reduces internal voids, thereby increasing the effective cross-
sectional area that resists the applied load and resulting in a more uniform stress distribution. In contrast, this
relationship was relatively weak for ABS, which is likely associated with the material's ability to undergo plastic
deformation, allowing stress redistribution to occur despite the presence of internal voids. For PETG, the results
showed that the relationship between infill density and tensile strength was weaker than the effect of nozzle
temperature, suggesting that interlayer bonding quality is a more dominant factor.

37



Overall, the analysis results indicate that the effects of FDM process parameters are material-dependent.
Variations in thermal characteristics, melt flow behavior, shrinkage, and interlayer bonding mechanisms cause
the parameters that effectively improve tensile strength in one material not necessarily to produce the same
response in other materials. Therefore, the optimization of FDM process parameters should be tailored to the
characteristics of each material to achieve optimal mechanical performance. Nevertheless, several limitations
should be considered when interpreting the results of this study. The data were compiled from 11 independent
publications with different machine conditions, filament brands, and testing procedures that were not entirely
consistent. Therefore, the obtained correlation coefficients represent the trends in the relationships between
variables rather than definitive cause-and-effect relationships. In addition, the Pearson correlation method only
describes linear relationships, so potential non-linear relationships cannot be identified. The amount of data for
each material was also relatively limited; therefore, the analysis results should be interpreted with caution.
Several other parameters known to influence tensile strength, such as build orientation, raster angle, bed
temperature, and filament moisture, could not be controlled because they were not consistently reported across
all data sources.

4. Conclusion

This study analyzed the effects of four Fused Deposition Modeling (FDM) process parameters, namely layer
height, nozzle temperature, print speed, and infill density, on the tensile strength of PLA, ABS, and PETG using
a dataset compiled from 11 scientific publications. Based on the results of the descriptive statistical analysis and
Pearson correlation analysis, three main conclusions were obtained. First, PLA exhibited the highest average
tensile strength of 48.65 MPa, followed by PETG at 32.98 MPa and ABS at 21.41 MPa. PETG showed the
greatest data variation, with a standard deviation of 11.77 MPa, whereas PLA exhibited a relatively consistent
tensile strength distribution within the higher value range, and ABS was concentrated within the lower value
range. Second, the parameter showing the strongest relationship with tensile strength differed for each material.
For PLA, infill density showed the strongest positive relationship, followed by print speed and nozzle
temperature. For PETG, nozzle temperature showed the clearest relationship compared with the other
parameters. In contrast, all parameters analyzed for ABS showed relatively weak relationships, indicating that its
tensile strength is more strongly influenced by other factors, such as build orientation, raster angle, and air gap.
Third, the results of this study indicate that the optimization of FDM process parameters is material-dependent.
The parameter showing the strongest relationship with tensile strength for one material does not necessarily
produce the same response in other materials. Therefore, infill density should be given primary consideration
when printing PLA, whereas nozzle temperature control is the most important factor for PETG. For ABS, tensile
strength optimization requires a more comprehensive approach by considering build orientation and other
geometric parameters. For future research, it is recommended to use a larger dataset and include additional
variables, such as build orientation, raster angle, and air gap, so that the effects of FDM process parameters on
tensile strength can be understood more comprehensively.
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