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Abstract: The mechanical performance of components fabricated via fused deposition modeling (FDM)
is critically influenced by both processing parameters and material selection. In this work, a systematic
comparison was performed among acrylonitrile styrene acrylate (ASA), polyamide (PA), and carbon
fiber-reinforced polyamide (PA-CF) to assess their tensile and flexural responses at three infill
densities (33%, 66%, and 100%). Standardized ASTM specimens were printed under controlled
conditions, and mechanical testing was complemented with fracture surface inspection to identify
failure mechanisms associated with layer adhesion and internal porosity. A statistical analysis based
on an analysis of variance (ANOVA) design revealed that both material type and infill density exert
significant effects on strength, stiffness, and strain at break, with a strong interaction between the two
factors. Increasing infill density consistently enhanced tensile and flexural strengths, although the
degree of improvement depended on the intrinsic ductility and interlayer bonding of each polymer.
Among the tested materials, PA exhibited the highest tensile and flexural strengths combined with
superior ductility, while ASA showed greater stiffness but lower elongation. The PA-CF composite
displayed intermediate performance, possibly influenced by the short carbon fibers embedded in the
filament, which create local discontinuities within the polymer matrix and reduce overall ductility.
These findings provide valuable insights for optimizing FDM parameters to enhance the structural
integrity of additively manufactured components.
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1. Introduction

Additive manufacturing (AM) has fundamentally transformed modern production paradigms by
enabling the layer-by-layer fabrication of complex geometries directly from digital models. Among
the various AM techniques, fused deposition modeling (FDM) has emerged as one of the most widely
adopted methods due to its cost-effectiveness, accessibility, and compatibility with a broad spectrum
of thermoplastic materials [1,2]. FDM is an extrusion-based process wherein a thermoplastic filament
is fed into a heated nozzle, melted, and deposited along predefined paths to construct parts in a
layer-by-layer manner [3]. The slicing of a computer-aided design (CAD) model into cross-sectional
layers enables precise control over the geometry and internal structure of the printed object. At the
same time, the z-axis motion facilitates the stacking of layers to form the final three-dimensional
component [4—6]. This process enables the fabrication of parts with intricate internal and external
geometries, eliminating the need for traditional tooling [6]. The main advantages of FDM include low
capital investment, rapid prototyping capability, and the availability of diverse polymer feedstocks.
However, the technique is also subject to intrinsic limitations, such as anisotropic mechanical behavior
resulting from the sequential deposition of layers, relatively low resolution, and the frequent need for
support structures in overhanging regions [7]. These drawbacks become particularly relevant when
high structural performance and dimensional accuracy are required. Weak interlayer adhesion and the
presence of voids further contribute to diminished strength and stiffness along the build (Z) direction [8].
Consequently, enhancing the mechanical performance of FDM polymers remains essential for their
broader adoption in functional applications [3,9]. Standardized mechanical testing (ASTM D638
tensile, D790 flexural, and D256 impact specimens) is routinely employed to evaluate these materials,
yielding quantitative benchmarks for tensile strength, modulus, and impact resistance [10,11]. Such
rigorous assessments not only establish material feasibility for engineering applications but also
provide critical data to optimize process parameters and improve part performance. Ultimately,
advancing the mechanical reliability of FDM parts—through both material innovation and process
refinement—is pivotal for transitioning from prototyping to the fabrication of load-bearing
components [9].

Recent advancements in additive manufacturing have led to an in-depth investigation of the
mechanical performance of components produced via FDM [12], with a particular focus on
engineering-grade polymers such as acrylonitrile styrene acrylate (ASA) [13,14], polyamide (PA,
nylon) [15,16], and carbon fiber-reinforced polyamide (PA-CF) [17-19]. Numerous studies have
demonstrated that incorporating short carbon fibers into a nylon matrix substantially improves tensile
strength and stiffness compared to unreinforced (neat) nylon [20,21], due to enhanced load transfer
mechanisms and increased rigidity of the composite structure [22—24]. Conversely, ASA, valued for
its exceptional weatherability and ultraviolet (UV) resistance, has gained traction in applications
exposed to outdoor environments [25,26]. Nevertheless, its mechanical properties are highly sensitive
to processing parameters, which can lead to significant variations in performance [13,27,28]. A key
determinant of the mechanical performance of FDM-fabricated components is the influence of
processing parameters [29]. Extensive research has established that variables such as print speed, layer
thickness, nozzle temperature, and infill density critically affect the strength, stiffness, and overall
durability of the final printed parts. Ahn et al. [5] demonstrated the inherently anisotropic nature of
FDM-printed structures, attributing variations in tensile strength to differences in interlayer adhesion
resulting from the layer-by-layer deposition process. In a complementary study, Turner et al. [4]
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conducted an in-depth analysis of the melt extrusion dynamics, revealing that lower layer heights
promote enhanced interlayer fusion, which in turn leads to improved tensile performance.
Zisopol et al. observed ASA tensile strength improvements of 30% when optimizing layer height and
infill, with ASA outperforming a comparable material (PETG) by roughly 20% in ultimate strength
under optimal settings [30]. Moreover, infill density has a pronounced effect on ASA part performance;
increasing fill from 50% to 100% can significantly raise tensile strength as the material approaches a
solid interior [30]. Beyond strength, a key asset of ASA is its environmental durability: unlike
acrylonitrile butadiene styrene (ABS), which embrittles and loses toughness under UV exposure, ASA
retains its mechanical properties under prolonged sunlight and weathering [25]. This stability,
combined with ASA’s relatively low shrinkage and warping, makes it ideal for outdoor engineering
applications (e.g., automotive housings) where sustained mechanical performance is required in harsh
conditions [25].

Extensive research on nylon-based materials has demonstrated that the mechanical performance
of FDM-printed components can be significantly improved through careful optimization of printing
parameters. PA, commonly referred to as nylons, are commercially available, moderately priced,
non-biodegradable engineering polymers known for their high tensile strength, resilience, and impact
resistance [31]. However, their hydrophilic nature presents a key limitation, as moisture absorption
can lead to surface imperfections and dimensional instability [31,32]. In the context of additive
manufacturing, nylon parts produced via FDM are particularly prone to surface roughness resulting
from the staircase effect, warpage, and thermal distortion—defects inherent to the layer-by-layer
deposition process [31,32]. Lay et al. [33] conducted a comparative study between nylon parts
fabricated via FDM and those produced by injection molding, concluding that although FDM-printed
specimens generally exhibit inferior mechanical properties, this gap can be partially bridged through
precise control of key parameters such as nozzle temperature and infill density. Further insights were
provided by Ramesh and Panneerselvam [34], who systematically analyzed the mechanical behavior
of FDM-printed nylon components. Their findings revealed that infill density is the most influential
parameter affecting tensile strength, flexural strength, impact resistance, and Shore D hardness.
Moreover, the combined optimization of high infill density, reduced layer height, and controlled print
speed resulted in significant improvements across all evaluated properties. The study also highlighted
the effectiveness of statistical tools, such as the Taguchi method and ANOVA, in identifying optimal
process conditions, thereby reinforcing their value in the context of additive manufacturing process
optimization [34]. More recently, Gonabadi et al. [35] proposed an experimental-numerical approach
combining mechanical testing, digital image correlation, and finite-element analysis to characterize
FDM-printed short fiber—reinforced polyamide composites. Their results showed strong agreement
between simulations and experiments, confirming that carbon fiber-reinforced PA offers superior
stiffness-to-weight performance compared to glass fiber composites [35]. Complementary to these
findings, Gonabadi et al. [36] developed a hybrid nano-indentation and finite-element homogenization
framework to determine the orthotropic properties of 3D-printed fiber-reinforced composites. This
approach accurately captured the elastic, plastic, and visco-plastic responses of polyamide matrices
while reducing experimental effort and improving the prediction of stress transfer and
stiffness anisotropy [36]. These advanced experimental and numerical methodologies have
strengthened the understanding of how microstructural parameters—such as fiber orientation, interfacial
bonding, and matrix viscoelasticity—govern the macroscopic mechanical behavior of additively
manufactured composites.
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In the case of carbon fiber—reinforced nylon, Tekinalp et al. [37] reported that the incorporation
of short carbon fibers markedly enhances both stiffness and tensile modulus. However, these
mechanical gains may be accompanied by reduced interlayer adhesion, a consequence of the intrinsic
brittleness and limited ductility of the fiber reinforcements, which can inhibit effective fusion between
printed layers. In another investigation, Gomez-Ortega et al. [38] systematically assessed print
parameters: wall thickness, infill density, and nozzle temperature, together with their effects on
porosity and interlayer fusion in PA6/66-carbon fiber composites produced by FDM. Employing a
Taguchi L9 design, they demonstrated that although a 99% infill delivers the highest tensile (52.8 MPa)
and flexural (67.4 MPa) strengths, the optimal trade-off among stiffness, strength, and toughness is
achieved with a 66% infill, 1.2 mm wall thickness, and a 255 °C nozzle setting. This configuration
demonstrates that near-peak mechanical performance can be maintained while significantly reducing
material usage, rather than relying on fully dense (100%) prints. In another study on carbon
fiber—reinforced nylon, Matsika Klossa et al. (2023) [39] investigated the influence of chopped carbon
fiber content (0%—-20 wt.%) and raster orientation (0°, +45°, 90°) on the tensile properties of
FDM-printed specimens. Their results revealed that while pure nylon exhibited relatively consistent
mechanical behavior regardless of raster angle, the addition of carbon fibers introduced a strong
anisotropy: specimens with 10 wt.% reinforcement printed at 0° showed the highest tensile strength
and Young’s modulus. This orientation aligns the short fibers with the tensile load, maximizing stress
transfer. Furthermore, a finite element analysis of a transtibial patellar tendon bearing (PTB) socket
using the optimal composite confirmed that the stresses remained within the elastic region under
typical physiological loading conditions. These findings highlight the viability of moderately
reinforced nylon composites for structural applications in personalized medical devices produced via
additive manufacturing. In another study, Rodriguez-Reyna et al. [40] explored the optimization of
mechanical properties in 3D-printed parts made from polylactic acid (PLA), ABS, and carbon
fiber—reinforced nylon (N + CF) using FDM technology. Through a two-factorial design of
experiments (DOEs), the authors rigorously evaluated the effects of key printing parameters, including
infill percentage, raster orientation, layer thickness, and geometric pattern, on ultimate tensile
strength (UTS) and Young’s modulus. Notably, the study demonstrated that UTS can surpass that of
the original filament in both PLA and N + CF when optimal conditions are applied, particularly at 100%
infill, reduced layer thickness (0.14 mm), and a +45°/—45° deposition angle [40]. The research further
establishes a strong correlation (R? > 0.94) between specimen density and UTS, underscoring the role
of material densification in enhancing mechanical properties [40]. In another work, Dubey et al. [41]
examined five distinct infill patterns (grid, triangular, sinusoidal, honeycomb, and rectilinear) and
evaluated their influence on the mechanical, thermal, and microstructural behavior of short carbon
fiber—reinforced nylon composites produced via FDM. Through tensile and flexural testing, the authors
demonstrated that the rectilinear pattern achieved the highest ultimate tensile strength (34.58 MPa) and
stiffness (Young’s modulus = 982 MPa). In comparison, the triangular pattern delivered superior
flexural strength (23.45 MPa) and the greatest dynamic storage moduli in both tensile (747 MPa) and
flexural (1280 MPa) dynamic mechanical analysis tests [41]. These results highlight the crucial role
of infill geometry in enhancing load transfer, energy dissipation, and dimensional accuracy for
high-performance, additively manufactured composite components [41].

Despite this progress, several challenges and knowledge gaps remain in comparing and
optimizing ASA, nylon, and CF-nylon for FDM. One central challenge is the pronounced influence of
processing conditions on mechanical outcomes for each material. Print orientation, layer thickness,
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raster angle, and annealing conditions can all substantially alter tensile and flexural properties [8]. For
example, changing the build orientation from flat to upright can reduce the tensile strength of FDM
polymers by 30%—50% due to the layered structure [8]. Nylon and ASA parts each respond differently
to such parameters: nylon tends to require higher temperatures and slower speeds to ensure interlayer
diffusion, whereas ASA (an amorphous polymer) is less sensitive to cooling rates but can suffer from
residual stresses if not printed with an adequate enclosure [31,42]. The current literature lacks a
systematic, head-to-head comparison of these materials under identical print settings; most studies
optimize parameters for one material at a time, making it difficult to isolate inherent material
differences from processing effects. Another issue is material anisotropy and the underlying
structure—property relationships. While it is known that all FDM parts are anisotropic, the degree and
nature of anisotropy differ between ASA, PA, and CF-PA [8].

Addressing these challenges, there is a clear rationale for a focused comparative study of ASA,
PA, and PA-CF in FDM. Such a study fills critical research gaps and provides valuable guidelines for
both researchers and practitioners. It establishes a reference baseline of mechanical performance—
specifically tensile strength and flexural modulus—for each material under identical specimen
geometry and printing parameters. This standardization enables a direct, like-for-like comparison that
is currently absent from the literature. Moreover, it facilitates material selection; for instance, when
carbon fiber-reinforced nylon exhibits superior tensile strength compared to ASA but markedly lower
impact toughness, engineers can make informed decisions depending on whether stiffness or impact
resistance is prioritized in the design. By using standard test specimens (e.g., ASTM D638 Type IV
tensile samples, D790 flexural samples) printed with the same infill and orientation for all three
materials, the study ensures that observed differences are intrinsic to the material compositions themselves.

Based on the foregoing, this study examines the influence of infill percentage and material type
on the tensile strength, flexural strength, and elastic modulus of FDM-printed specimens. Three
materials were selected—ASA, PA, and PA-CF-in combination with three infill levels: 33%, 66%,
and 100%. To systematically evaluate these factors, an n* factorial experimental design was employed,
comprising 45 specimens for tensile testing and an additional 45 specimens for flexural testing.

2. Materials and methods

All filaments employed in this work were eSUN commercial filaments with diameters of 1.75 mm.
The nominal properties reported by the manufacturer are summarized in Table 1. In particular, the
PA-CF filament consists of a polyamide-6 (PA6) matrix (75-85 wt.%) reinforced with 15-20 wt.%
short carbon fibers and 2-5 wt.% additives. Nevertheless, a noticeable divergence was observed
between the manufacturer’s specifications and the experimental values obtained in this study, in line
with the discrepancies previously reported by Calignano [9]. It is also important to note that the
mechanical properties reported for the as-supplied filament correspond to those of a single fiber,
whereas the mechanical response of a fully 3D-printed component can differ significantly due to the
combined effects of process-induced porosity, interlayer adhesion, and fiber orientation.

The 3D printer used to fabricate the specimens was a FlashForge Guider 3 (Figure 1). Tensile and
flexural tests were conducted using a Tinius Olsen universal testing machine H25KS, with a capacity
of 25 kN.
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Table 1. 3D filament properties according to manufacturers.

Mechanical properties ASA PA PA-CF
Density (g/cm?) 1 1.12 1.24
Elongation (%) 30 175.32 10.61
Young’s modulus (MPa) 4300 1370 4363
Ultimate tensile strength (MPa) 50 52.45 140
Ultimate flexural strength (MPa) 35 58 140

Control
Touchpad

Platform

Figure 1. General view of the FlashForge Guider 3 3D Printer, showing the main elements.

Table 2 summarizes the mechanical testing parameters employed in this study. For tensile testing,
the tensile speed and grip separation were selected in accordance with ASTM D638 recommendations,
ensuring reliable strain-rate control and reproducibility of specimen elongation. Flexural testing was
conducted in accordance with ASTM D790 guidelines, utilizing well-defined support spans and
loading rates to accurately capture the bending response of the printed polymers. Distinct testing
speeds were applied for tensile evaluation of each material (0.5 mm/min for ASA, 15 mm/min for PA,
and 5 mm/min for PA-CF), reflecting preliminary adjustments aimed at preventing premature failure
or slippage while maintaining comparability across tests. These adjustments were implemented to
ensure that the total duration of the tensile tests remained within the specified range of 0.5-5 min, as
outlined in ASTM D638. For the flexural tests, the loading speed and support span were defined in
accordance with ASTM D790, which establishes the relationship between specimen thickness and the
span-to-depth ratio to ensure reliable bending results. A constant flexural speed of 2 mm/min was
employed for ASA specimens. In comparison, a higher rate of 4 mm/min was used for PA and PA-CF,
reflecting the greater ductility and load-bearing capacity of these materials. Similarly, the support span
was adjusted to 70 mm for ASA and 40 mm for PA and PA-CF, thereby maintaining the recommended
span-to-thickness ratio and preventing non-standard failure modes (shear or local indentation). These
conditions ensured that the flexural response was representative of each material’s intrinsic mechanical
behavior, allowing for consistent comparisons across the different 3D-printed parts.
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Table 2. Testing parameters.

Tensile speed (mm/min)  Grip distance (mm)  Flexural speed (mm/min)  Support distance (mm)

ASA 0.5 68 2 70
PA 15 68 4 40
PA-CF 5 68 4 40

The specimens were modeled using Autodesk Fusion 360 CAD software. Flexural specimens
were designed in accordance with ASTM D790, adopting rectangular geometry with dimensions
of 127 mm in length, 12.7 mm in width, and 3.2 mm in thickness, which satisfy the span-to-depth ratio
requirements specified by the standard. Tensile specimens were modeled following the Type IV
geometry prescribed by ASTM D638, as illustrated in Figure 2. This configuration is commonly used
for polymer testing, with a thickness of 3.2 mm and a reduced section designed to promote uniform
stress distribution during tensile loading.

V.
~
X
~~ T
/\L 1]
| | by
25 | 16 33 16 | 25 32 ||
| I ST
65
115

Figure 2. Geometry and dimensions of the tensile test specimen (units in mm) according
to ASTM D638 Type IV standard.

The elastic modulus was determined following the procedure described in ASTM D638-22 by
calculating the slope of the initial linear region of the stress—strain curve. The yield strength was
determined using the 0.2% offset method, in which a line parallel to the elastic portion of the curve,
displaced by 0.002 units of strain, was drawn, and its intersection with the experimental curve was
taken as the yield point, following Annex A1 and A2 of ASTM D638. The percent elongation at break
was obtained by measuring the extension of the specimen at the point of rupture, dividing that
extension by the original gauge length, and multiplying the result by 100. As specified by ASTM
D638-22 for Type IV specimens, the gauge length used in this study was 25 mm, ensuring
standardization and comparability of the mechanical results. The flexural strength (or) and flexural
modulus (Eg) of the specimens were determined in accordance with the procedures described in the
ASTM D790 standard. Both parameters were calculated using Eqs 1 and 2, which correspond to the
standard formulations for three-point bending tests.

3PL
O-f = 2bd? (1)
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mL3
B ™ 4pas3 (2)

where P is the maximum load (N), L is the support span (mm), b is the width of the beam tested (mm),
d is the depth of the beam tested (mm), and m is the slope of the tangent to the initial straight-line
portion of the load—deflection curve (N/mm of deflection).

The CAD models were exported in STL (Standard Tessellation Language) format and
subsequently processed with the slicer software FlashPrint, provided by the same manufacturer as
the 3D printer employed in this study. This workflow ensured precise control over specimen geometry
and reproducibility across the different materials and test conditions.

The slicing process was carried out using FlashPrint, which generates output files with the .gx
extension, containing the complete set of instructions for extrusion temperature, build platform heating,
and toolpath movements. Table 3 summarizes the processing conditions used for each material, which
were defined based on manufacturer recommendations, default settings from the FlashPrint software,
and complementary data reported in the literature. Once the spools of filament were unsealed, they
were immediately used for printing to minimize any exposure to ambient humidity. The drying process
was not included as part of the standard pre-printing procedure; however, it was carried out whenever
the filament had been exposed to ambient conditions for more than 1 or 2 h, in order to ensure its
optimal characteristics during printing and to prevent moisture presence in the filament. Under these
conditions, before printing, the PA and PA-CF filaments were dried in a convection oven for 12—14 h
at 70 °C, as recommended by the manufacturer. This procedure effectively limited moisture absorption,
thereby maintaining stable melt viscosity, improving interlayer adhesion, and ensuring a uniform
surface finish. The 3D printing system used in this study (see Figure 1) was equipped with a fully
enclosed build chamber, providing a controlled environment that further reduced the influence of
ambient humidity and temperature fluctuations on filament stability. These combined measures
contributed to enhanced dimensional accuracy and mechanical consistency of the printed components.
Extrusion and platform temperatures were set according to the thermal characteristics of each filament:
ASA (240/100 °C), PA (265/90 °C), and PA-CF (280/70 °C). Printing speeds ranged from 40 to 60 mm/s
to mitigate warping. A uniform layer height of 0.2 mm was selected for all specimens, ensuring
consistent surface finish and interlayer adhesion. Linear infill patterns were adopted with a raster angle
0f90°/90°, which provides a balanced distribution of stresses along orthogonal directions. Infill density
was incorporated as a key variable in the experimental design, with three levels selected (33%, 66%,
and 100%) to analyze the effect of internal architecture on mechanical performance. Extrusion and
platform temperatures, as well as printing speeds, were individually adjusted for each polymer to
achieve stable extrusion flow and proper interlayer bonding, following the manufacturer’s
recommendations. Nevertheless, such variations can influence the resulting microstructure and,
therefore, the mechanical response of the printed parts. Differences in thermal profiles may alter
interlayer diffusion, residual stress relaxation, and crystallization behavior, particularly in
semicrystalline materials such as PA and PA-CF. Consequently, part of the variability observed in
tensile and flexural performance may arise not only from intrinsic material characteristics but also
from these processing-related effects. Even maintaining the recommended conditions ensured
adequate printability and reproducibility across all samples, allowing for a representative comparison
under practical printing conditions and the exact structure of the samples.
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Table 3. 3D printing parameters by material.

3D printing parameters ASA PA PA-CF
Extruder temperature (°C) 240 265 280
Platform temperature (°C) 100 90 70
Printing speed (mm/s) 60 40 60
Layer height (mm) 0.2 0.2 0.2
Geometrical pattern (—) Linear Linear Linear
Raster angle (°) 0°/90° 0°/90° 0°/90°
Infill density (%) 33, 66, 100 33, 66, 100 33, 66, 100
Wall line count (Walls) 3 3 3
Top/bottom layers (Layers) 4 4 4
Overlap perimeter (%) 30 30 30

Figure 3 illustrates the infill structures generated by FlashPrint for both flexural (top) and
tensile (bottom) specimens at each density level. Lower infill density (33%) resulted in highly porous
geometries with reduced material usage. In contrast, intermediate infill density (66%) and full infill
density (100%) produced progressively denser structures, directly influencing stiffness, load-bearing
capacity, and failure mechanisms.

To systematically evaluate the effect of processing parameters on mechanical performance, a
statistical factorial design was employed. Factorial designs facilitate the simultaneous study of multiple
variables, reducing variability and enhancing reproducibility. In the classical n* factorial approach, n
denotes the number of levels for each factor, while k represents the number of factors considered. In
this work, two factors were analyzed: material type (ASA, PA, and PA-CF) and infill density (33%, 66%,
and 100%), resulting in a 32-factorial design comprising 90 experimental runs. Data analysis was
performed using Minitab software, enabling efficient statistical treatment and interpretation of the
results. The sample nomenclature adopted for this study is illustrated in Figure 4, and the complete
factorial scheme is detailed in Table 4.
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33% 66% 100%

I

Figure 3. Infill density patterns generated by FlashPrint for specimens at three density
levels: 33%, 66%, and 100%. The top row corresponds to flexural specimens and the
bottom row to tensile specimens.

Table 4. Design of experiments (DOE).

Material Infill density (%) Flexural samples Tensile samples
ASA 100 AF1-5 AT1-5

66 AF6-10 AT6-10

33 AF11-15 ATI11-15
PA 100 NF1-5 NT1-5

66 NF6-10 NT6-10

33 NF11-15 NTI11-15
PA-CF 100 CF1-5 CT1-5

66 CF6-10 CT6-10

33 CF11-15 CT11-15
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1-5=100%
6-10 = 66%
11-15=33%

CT9

A ASA J LT Tensile sample

C _ P A-CF F = Flexural sample

Figure 4. Specimen’s nomenclature.
3. Results and discussion

Figure 5 present the stress—strain curves obtained for ASA, PA, and PA-CF specimens
manufactured with three distinct infill densities: 100% (red), 66% (green), and 33% (blue). These
curves reveal the direct influence of internal architecture on tensile behavior, showing that specimens
with higher infill consistently outperform those with reduced densities in both stiffness and UTS. The
trend is evident across the three materials analyzed, confirming the importance of infill density as a
design parameter in FDM-printed polymers. The average UTS values for fully dense specimens
reached 26.92 MPa for ASA, 38.07 MPa for nylon, and 26.44 MPa for carbon fiber-reinforced nylon,
underscoring the fact that the interaction between material composition and fill density plays a critical
role in defining mechanical performance. This finding highlights how internal porosity reduction
translates into improved load-bearing capacity and simultaneously establishes a baseline for
comparison between brittle and ductile thermoplastics, as well as fiber-reinforced composites.

The mechanical response of ASA (Figure 5a) reflects the behavior of a brittle polymer. Its curves
are dominated by a nearly linear elastic region, where stress increases proportionally with strain,
followed by fracture with minimal or almost no plastic deformation. This linear profile indicates that
once the elastic limit is surpassed, the material cannot undergo significant plastic accommodation
before catastrophic failure. The progressive reduction in UTS with lower infill densities demonstrates
that porosity not only decreases stiffness but also accelerates premature failure. Therefore, ASA
specimens printed with 33% or 66% infill density exhibit a significantly diminished ability to sustain
applied loads compared to those with full density.
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Figure 5. Stress—strain curves obtained from tensile tests of (a) ASA, (b) PA, and (c) PA-
CF specimens fabricated with different infill densities.

In contrast, the nylon specimens (Figure 5b) reveal a markedly different stress—strain profile,
characteristic of ductile polymers. After an initial linear elastic region, the material yields and enters a
broad plastic regime, allowing significant deformation before fracture. This ductility is particularly
evident in the 66% infill specimens, which, despite reaching lower maximum stress values than the
fully dense samples (100%), exhibit a remarkable capacity for elongation before failure. This behavior
may be related to the interaction between the external contour layers and the internal infill pattern:
at 66% density, the reduced internal constraint allows the deposited filaments to stretch and
accommodate strain more effectively than in the 100% dense specimens, where the higher degree of
internal compaction restricts deformation. Consequently, the 66% specimens demonstrate a balance
between structural continuity and internal flexibility, providing greater capacity for plastic deformation
compared to both 33% and 100% infill densities. These results highlight nylon’s superior toughness
and its ability to combine moderate strength with enhanced elongation, making it an attractive option
for applications that require flexibility, energy absorption, and load-bearing capacity. It is also worth
noting that the slightly lower UTS observed for the 66% infill specimens compared to some 33%
samples is consistent with the formation of larger internal voids and irregular filament bonding, which
hinder effective stress transfer and promote early damage initiation. Additionally, the raster angle
configuration employed in this study (ranging from 0 to 90°, as shown in Figure 3) can have a
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significant impact on the tensile response. In the 66% infill pattern, the higher frequency of filament
crossings increases the number of fiber discontinuities along the loading axis, thereby reducing the
effective load transfer through the PA fiber network. Conversely, in the 33% infill specimens, the
filament paths are more aligned with the tensile direction, resulting in fewer discontinuities and more
efficient stress transmission, which explains their relatively higher UTS than 66% infill.

Figure Sc illustrates the stress—strain curves for PA-CF specimens at different infill densities,
highlighting the reinforcing effect of carbon fibers on the tensile response of the polymer matrix. The
specimens with 100% infill density exhibit the highest stiffness and ultimate tensile strength, as
evidenced by the steep initial slope of the curves and the elevated stress values reached before failure,
confirming the efficiency of fiber reinforcement in improving load-bearing capacity. In contrast,
reducing the infill density to 66% and 33% results in a progressive decrease in both strength and
rigidity, a consequence that can be attributed to the increased porosity of the internal structure and the
reduced continuity between filaments, which limits the effective transfer of stress. However, it is
noteworthy that some 33% infill specimens display mechanical behavior comparable to that of the 66%
group, suggesting that additional factors, such as the anisotropic distribution and orientation of carbon
fibers during deposition, as well as the inherent moisture sensitivity of nylon-based composites,
influence the reproducibility of the results. These observations are consistent with the trends reported
by Muhamedagic et al. [43], who studied a PA6 matrix reinforced with 10 wt.% short carbon fibers
and reported higher tensile strengths (~70 MPa). In this work, the filament contained a higher fiber
fraction (15-20 wt.%), which also introduced more fiber—matrix interfaces and microstructural
discontinuities that can act as stress concentrators, thereby reducing the overall tensile strength. In
addition, specimens were printed with a raster angle of 90°, a layer height of 0.2 mm, and a relatively
low printing speed, parameters that favor dimensional stability and interlayer adhesion but may also
reduce the UTS due to more prolonged exposure to heat and potential microstructural discontinuities.
Unlike ASA, which is predominantly brittle, and neat nylon, which exhibits extensive plastic
deformation, PA-CF demonstrates an intermediate mechanical response characterized by high tensile
strength combined with moderate ductility. This balance between stiffness and deformability not only
reduces the risk of sudden catastrophic fracture but also provides a margin of plastic accommodation
under load.

Figure 6 shows the representative fracture surfaces of ASA, PA, and PA-CF specimens after
tensile testing at different infill densities (100%, 66%, and 33%). Apparent differences in fracture
morphology can be observed as a function of both material type and internal architecture. ASA
specimens (left column) exhibit well-defined layer boundaries and clean fracture planes, characteristic
of brittle failure with limited filament deformation. The reduction in infill density from 100% to 33%
reveals an increasingly open internal structure, where interlayer voids become more evident, promoting
stress concentration and premature failure, especially in the infill zone.

In contrast, PA specimens (middle column) display extensive plastic deformation and filament
stretching, particularly at 66% and 33% infill densities. The fractured surfaces appear rough and
irregular, indicating ductile failure and strong bonding between filaments. The large deformation
before fracture is consistent with the material’s high elongation and energy absorption capacity. For
PA-CF specimens (right column), the fracture surfaces appear more compact and uniform than those
of neat nylon, with visible fiber reinforcement distributed across the cross-section. At 100% infill, the
structure remains dense and cohesive, while lower infill densities reveal internal porosity and partial
delamination between layers. The carbon fibers contribute to a stiffer structure and improved load
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transfer, but also limit the extent of plastic deformation compared to pure PA. Overall, these
microstructural observations support the mechanical trends observed in tensile tests, where PA exhibits
the highest ductility, ASA displays the most brittle behavior, and PA-CF shows an intermediate
response that combines strength and rigidity. In addition to the stress—strain curves presented in
Figure 5, the visual appearance of the fractured specimens is provided in the Supplementary
Information (Figures S1-S3), which display representative ASA, PA, and PA-CF samples tested at
different infill densities (100%, 66%, and 33%). These supplementary images support the mechanical
findings by evidencing the macroscopic patterns associated with material composition.

Figure 6. Representative fracture surfaces of ASA, PA, and PA-CF specimens after tensile
testing at different infill densities (100%, 66%, and 33%).

Figure 7 presents the load-displacement curves obtained from the three-point bending tests of
ASA, PA, and PA-CF specimens fabricated with infill densities of 100%, 66%, and 33%. The results
clearly demonstrate that increasing the infill density enhances flexural resistance in all materials, as
the fully dense specimens (red curves) consistently sustain higher loads and exhibit steeper initial
slopes compared to those with reduced infill densities (green and blue curves). This behavior confirms
the direct relationship between internal porosity and the ability of the printed structures to withstand
bending stresses. As shown in Figure 7a, ASA specimens with 100% infill density withstand
significantly higher tensile forces before failure compared to those printed with 66% and 33% infill
densities. The curves exhibit an initial linear region corresponding to elastic behavior, followed by a
gradual increase in force until an abrupt fracture occurs. The fully dense samples maintain structural
integrity over a wider displacement range, demonstrating superior resistance to bending loads.
However, the lack of a plastic deformation stage reflects the brittle character of ASA. Figure 7b (PA)
illustrates the flexural response of nylon specimens, which exhibit a distinct peak force followed by a
gradual decline, indicative of yielding and plastic deformation, with the test ultimately being stopped
due to the large deformations sustained without fracture. In this case as well, none of the specimens
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fractured during the tests, and the experiments were terminated after large displacements were
achieved. The 100% infill density samples reached the highest maximum load values, while the 66%
and 33% infill density specimens displayed lower resistance but demonstrated remarkable elongation.
This confirms nylon’s capacity to combine toughness with deformation tolerance under bending loads,
further emphasizing its ductile behavior and superior ability to absorb energy without fracturing.
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Figure 7. Load-displacement curves obtained from flexural tests of (a) ASA, (b) PA, and
(c) PA-CF specimens fabricated with different infill densities.

Figure 7c¢ (PA-CF) demonstrates the reinforcing effect of carbon fibers on the nylon matrix, as
the specimens with 100% infill density reached the highest stiffness and load-bearing capacity among
the three materials. The steeper initial slope and elevated maximum force confirm the role of fibers in
restricting matrix deformation and improving structural performance. As with the PA specimens, the
PA-CF specimens did not fracture during the tests; instead, the experiments were stopped after
sustained loading, highlighting their ability to deform under bending while retaining structural integrity.
At lower infill densities, flexural resistance decreased due to porosity and reduced filament continuity;
however, even under these conditions, PA-CF maintained a superior compromise between stiffness
and deformation compared to ASA.

Tables 5 and 6 summarize the average mechanical properties obtained from tensile and
three-point bending tests for ASA, PA, and PA-CF specimens fabricated with different infill densities.
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The results clearly confirm that increasing the infill density enhances the overall mechanical
performance. Fully dense specimens (100% infill) consistently exhibited the highest tensile and
flexural strengths as well as elastic modulus across all materials. For instance, ASA at 100% infill
achieved a tensile strength of 26.9 MPa, a flexural strength of 48.4 MPa, and an elastic modulus
of 1920.5 MPa, indicating its stiffness as well as its brittle nature. In addition, the yield strength and
elongation at break for ASA were 26.9 MPa and 3.9%, respectively, confirming its limited ductility
and tendency toward brittle fracture. PA displayed the best tensile performance, achieving 38.1 MPa
in tensile strength (see Table 5) and 71.0 MPa in flexural strength (see Table 6) at 100% infill, values
that highlight its superior ductility and load-bearing capacity. Furthermore, the yield strength of PA
reached 31.4 MPa, accompanied by an elongation at break of 68.5%, demonstrating a pronounced
capacity for plastic deformation before fracture. PA-CF specimens combined high strength with
stiffness, as the incorporation of carbon fibers increased the flexural modulus to 1081.1 MPa and
flexural strength to 59.1 MPa at full density. However, the PA-CF specimens exhibited a lower tensile
strength (UTS) compared to the neat PA samples, showing UTS values more comparable to those of
ASA. At 100% infill density, PA-CF reached a tensile strength of 26.4 MPa. In contrast, neat PA
achieved a significantly higher value, confirming the superior load-bearing capacity and ductility of
the unreinforced polyamide. The tensile strength of PA-CF was nearly equivalent to that of
ASA (26.9 MPa), indicating that the incorporation of short carbon fibers did not lead to a
substantial improvement in tensile resistance. Moreover, their tensile strength (26.4 MPa), yield
strength (12.6 MPa), and elongation at break (45.9%) were notably lower than those of neat
nylon (PA), which is likely associated with incomplete stress transfer between the polymer matrix and
the short fibers, as well as with fiber discontinuity, interfacial adhesion limitations, and the typical
reduction in ductility induced by fiber reinforcement in FDM-processed thermoplastic composites.

Table 5. Tensile properties of ASA, PA, and PA-CF specimens with different infill densities.

Material Infill density (%) UTS (MPa) Tensile modulus Yield strength  Elongation at break
(MPa) (MPa) (%)

SA 100 269+29 3455+99 26.9+29 39+0.3
66 22.9+0.9 2616+ 79 22.9+09 44+03
33 21.1+14 2390 + 31 21.1+14 44+03

PA 100 38.1+£1.7 2135+ 96 314+39 68.5+ 14
66 231+ 1.1 662 +79 142+1.0 181.9+35
33 296+ 1.1 1860 + 78 247+14 51.8+ 14

PA-CF 100 264+ 1.1 1628 =197 12.6 £0.7 459+13
66 20.2+0.4 838 + 78 94+1.2 63.2+8
33 182+2.2 835+ 64 7.6+0.2 66.9+5
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Table 6. Flexural properties of ASA, PA, and PA-CF specimens with different infill densities.

Material Infill density (%) Flexural strength (MPa) Flexural modulus (MPa)
ASA 100 484+ 1.3 1920 + 63
66 41.0+0.9 1752 + 58
33 40.1+4.2 1699 + 56
PA 100 71.0+3.3 869 =47
66 579+64 650+ 114
33 522+1.7 636 + 138
PA-CF 100 59.1+8.1 1081 £ 54
66 43.2+2.0 773 £35
33 37.5+£0.7 755+ 48

At reduced infill densities (66% and 33%), all materials showed decreased strength, with values
dropping by 10%-30% depending on the property measured. For example, PA specimens at 66% infill
exhibited a tensile strength of 23.1 MPa and a flexural strength of 57.9 MPa, while ASA decreased
to 22.9 and 41.0 MPa, respectively. Interestingly, PA at 33% infill still achieved a tensile strength
of 29.6 MPa, surpassing ASA and PA-CF at the same density. This behavior is also reflected in its
yield and elongation values, where PA maintained a yield strength of 24.7 MPa and an elongation at
break of 51.8%, highlighting its ability to absorb deformation energy even at lower internal densities.
This effect can be attributed to nylon’s microstructural characteristics and molecular chain mobility,
which enable significant elongation and energy absorption, even when the internal architecture is more
porous. In contrast, ASA consistently exhibited brittle behavior, characterized by high stiffness and
minimal plastic deformation, with an elongation at break of 4.4% at 33% infill density, confirming its
limited capacity for strain accommodation and its tendency toward sudden fracture under tensile
loading. On the other hand, PA-CF offered a balanced performance, since the addition of carbon fibers
increased both strength and stiffness. Nevertheless, the yield strength and elongation at break
decreased to 7.6 MPa and 66.9%, respectively, at 33% infill, reflecting a compromise between rigidity
and ductility typical of short-fiber composites.

When comparing the tensile strength of three materials at 100% infill density, nylon (PA) shows
the highest performance with an average value of 38.1 MPa. This indicates its superior load-bearing
capacity and its ability to withstand higher stresses before failing. In contrast, ASA demonstrates a
lower tensile strength of 26.9 MPa, suggesting a more brittle behavior despite its greater stiffness.
PA-CF has a tensile strength of 26.4 MPa, which is very close to that of ASA and significantly lower
than that of nylon. While incorporating carbon fibers has enhanced stiffness and flexural strength, it
has not led to an increase in tensile strength. This may be attributed to factors such as fiber orientation
and interfacial bonding within the matrix. Overall, these findings indicate that nylon outperforms both
ASA and PA-CF in terms of tensile resistance under fully dense conditions. At the same time, ASA
and PA-CF display similar yet lower tensile strength values. Additionally, the tensile modulus values
are presented in Table 5, which reveals a clear distinction in stiffness among the tested materials. ASA
exhibits the highest tensile modulus, reaching up to 3455 + 99 MPa at 100% infill, which reflects its
inherently rigid amorphous structure and strong interlayer bonding during FDM printing. In contrast,
PA and PA-CF specimens show significantly lower modulus values, consistent with the semi-crystalline
and more ductile nature of polyamide matrices. Although the incorporation of short carbon fibers in
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PA-CF slightly increases stiffness compared to neat PA—owing to the reinforcing effect of the
fibers—the improvement is limited by the discontinuous fiber distribution typical of FDM-processed
composites. In Table 5, the yield strength and elongation values reveal distinct deformation behaviors
among the materials. ASA exhibited a yield strength of 26.9 MPa with a very low elongation of 3.9%,
confirming its brittle response at 100% infill. In contrast, PA combined a yield strength of 31.4 MPa
with a remarkably high elongation of 68.5%, demonstrating superior ductility. Meanwhile, PA-CF
showed intermediate behavior, with a yield strength of 12.6 MPa and an elongation of 45.9%, indicating
that carbon fiber reinforcement enhanced stiffness but reduced the material’s plastic deformability.

Figure 8 shows the Pareto charts of standardized effects for the two main responses analyzed: (a)
UTS and (b) flexural strength. Factor A corresponds to the material type, factor B to the infill density,
and AB represents the interaction between both factors. The red vertical line at 2.03 on the x-axis
marks the limit for statistical significance at a 95% confidence level (o= 0.05). Any factor or interaction
whose standardized effect exceeds this limit is considered statistically significant. For UTS (Figure 8a),
both material and infill density have a significant impact, with standardized effects exceeding the
threshold. The material factor (A) has the most important influence, followed closely by infill
density (B). Their interaction (AB) also has a notable contribution, but to a lesser degree. This result
shows that the choice of material is the most critical factor in determining tensile strength. However,
the internal structure (infill density) and its interaction with material choice also play a role. In contrast,
for flexural strength (Figure 8b), the interaction effect (AB) is much smaller, although still statistically
significant, suggesting that flexural performance is more directly governed by the intrinsic properties
of the material and the degree of infill, with less dependence on their combined interaction.

(a) Pareto chart of the standardized effect (b) Pareto chart of the standardized effect
(UTS, MPa; a =0.05) (Flexural strength, MPa; o = 0.05)
Tem | Factor Name Tem y Factor Name
A Material A Material
AL B Infill density AR B Infill density

Standardized effect Standardized effect

Figure 8. Pareto charts of the standardized effects for (a) UTS and (b) flexural strength of
3D-printed specimens. Factor A: material type; Factor B: infill density.

Figure 9 shows the interaction plots for UTS and flexural strength as they relate to material type
and infill density. This highlights how these two factors, when combined, affect the mechanical
response of the printed specimens. In terms of tensile behavior (Figure 9a), PA had the highest strength,
reaching 38.1 MPa at 100% infill. ASA and PA-CF had similar values around 27 MPa. Notably, even
with lower infill densities, PA maintained higher tensile strength than the other two materials,
with 29.6 MPa at 33% infill. This demonstrates its ability to withstand tensile loads despite having a
higher porosity. In contrast, ASA and PA-CF experienced a greater decrease in tensile performance
with lower infill, indicating that their internal structure is more sensitive to changes. For flexural
strength (Figure 9b), the effects of both material and infill density were more apparent. Nylon again
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had the highest resistance, peaking at 71.0 MPa for 100% infill, followed by PA-CF at 59.1 MPa and
ASA at 48.4 MPa. The effect of infill density was especially significant in flexural loading, as strength
dropped sharply at 66% and 33% for all materials.

@ Interaction plot ®) Interaction plot
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Figure 9. Interaction plot for the factorial design showing the effect of material and infill
density on (a) ultimate tensile strength and (b) flexural strength.

4. Conclusions

This work demonstrated the significant influence of both material type and infill density on the
tensile and flexural performance of FDM-printed parts made of ASA, PA, and PA-CF using a 2°
complete factorial design. The experimental results confirm that increasing the infill density improves
tensile strength, flexural strength, and elastic modulus across all tested materials. Fully dense
specimens (100% infill) consistently outperformed those printed at 66% and 33% densities, indicating
the direct contribution of internal architecture (infill density) to load-bearing capacity and stiffness.

Among the studied materials, PA exhibited the best overall performance, achieving the highest
tensile strength (38.1 MPa) and flexural strength (71 MPa) at a 100% infill ratio. Even at reduced infill
densities, PA retained relatively high tensile properties (29.6 MPa at 33% infill), confirming its
superior ability to sustain loads and undergo large deformations without fracture. ASA, by contrast,
showed the lowest tensile and flexural strengths, although it maintained the highest elastic
modulus (1920 MPa at 100% infill), reflecting its stiff but brittle character. Carbon fiber-reinforced
nylon (PA-CF) displayed intermediate behavior: although its tensile strength (26.4 MPa at 100% infill)
was comparable to ASA, the addition of carbon fibers and its nylon matrix significantly enhanced
flexural strength (59.1 MPa) and stiffness (1081 MPa), providing a favorable balance between rigidity
and moderate ductility.

The statistical analysis further confirmed that material selection is the dominant factor influencing
both tensile and flexural responses, followed by infill density, with their interaction being particularly
relevant for tensile strength. The interaction plots revealed that tensile properties are more sensitive to
the combined effect of material and infill, whereas flexural properties are more strongly governed by
independent contributions of each factor.

In summary, nylon proved to be the most suitable material for applications requiring high strength
and ductility. ASA is more appropriate where stiffness is prioritized, despite its limited toughness.
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PA-CF offers a robust compromise between strength and stiffness, owing to fiber reinforcement. These
findings provide valuable guidelines for material and design selection in additive manufacturing,
where the choice of polymer and internal architecture can be tailored to meet the mechanical demands
of specific engineering applications.
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