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Faculty of Mechanical Engineering, University of Novo mesto, Na Loko 2, 8000 Novo Mesto, Slovenia;
elvis.hozdic@fs-unm.si

Abstract: This research paper provides an in-depth examination of the mechanical characteristics
of 3D-printed specimens made from acrylonitrile butadiene styrene (ABS) and resins akin to ABS,
with a focus on two widely used 3D printing methodologies: fused deposition modeling (FDM) and
stereolithography (SLA). The study investigates how variations in 3D printing technology and infill
density impact mechanical parameters such as Young’s modulus, tensile strength, strain, nominal
strain at break, maximum displacement, and maximum force at break. Tensile testing was conducted
to assess these critical parameters. The results indicate distinct differences in mechanical performance
between FDM- and SLA-printed specimens, with SLA consistently showing superior mechanical
parameters, especially in terms of tensile strength, displacement, and Young’s modulus. SLA-printed
specimens at 30% infill density exhibited a 38.11% increase in average tensile strength compared to
FDM counterparts and at 100% infill density, a 39.57% increase was observed. The average maximum
displacement for SLA specimens at 30% infill density showed a 14.96% increase and at 100% infill
density, a 30.32% increase was observed compared to FDM specimens. Additionally, the average
Young’s modulus for SLA specimens at 30% infill density increased by 17.89% and at 100% infill
density, a 13.48% increase was observed, highlighting the superior mechanical properties of SLA-
printed ABS-like resin materials. In tensile testing, FDM-printed specimens with 30% infill density
showed an average strain of 2.16% and at 100% infill density, a slightly higher deformation of 3.1%
was recorded. Conversely, SLA-printed specimens at 30% infill density exhibited a strain of 2.24%
and at 100% infill density, a higher strain value of 4.15% was observed. The comparison suggests
that increasing the infill density in FDM does not significantly improve deformation resistance, while
in SLA, it leads to a substantial increase in deformation, raising questions about the practicality of
higher infill densities. The testing data underscore the impact of infill density on the average nominal
strain at break, revealing improved performance in FDM and significant strain endurance in SLA.
The study concludes that SLA technology offers clear advantages, making it a promising option for
producing ABS and ABS-like resin materials with enhanced mechanical properties.

Keywords: additive manufacturing; FDM; SLA; ABS filament; ABS resin; mechanical parameters

1. Introduction

Additive manufacturing (AM) [1–4] has become extensively popular and marks a
considerable transformation in the manufacturing sector.

The F42 International Committee from the American Society for Testing and Materials
(ASTM) provides a detailed description of additive manufacturing (AM). They define it as
an innovative process that combines materials to create objects straight from 3D computer
models. Distinctly, this method builds objects layer by layer, which is a significant shift
away from traditional subtractive manufacturing methods [5]. The result is a more efficient
and versatile manufacturing paradigm that opens the door to an array of new possibilities.

According to the ISO/ASTM 52900:2015 standard [6], additive manufacturing (AM)
technologies are classified into distinct categories based on their operational principles. This
classification system, as referenced in sources [3,7,8], organizes the technologies into broad
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groups, each defined by its unique approach to material manipulation and deposition, rang-
ing from jetting and photopolymerization processes to fusion and lamination techniques.

Additionally, based on the kind of base material utilized, additive manufacturing
(AM) can be classified into three groups: technologies based on solid, liquid, and powder
materials [9]. These technologies encompass laminated object manufacturing (LOM), fused
deposition modeling (FDM), selective laser sintering (SLS), stereolithography (SLA), 3D
plotting, direct energy deposition (DED), InkJet printing (IJP), direct write (DW), etc.

For this study, the technologies of FDM and SLA were chosen. FDM is recognized
as a broadly utilized and easily accessible method in the field of additive manufacturing
for 3D printing, as supported by numerous research findings [10–14]. In the realm of
FDM, the process unfolds with the melting of thermoplastic filaments, which are then
meticulously deposited, layer by layer.

The FDM process operates by extruding a plastic material (filament) through an
extruder, typically positioned at the rear of the 3D printer. In the FDM process, a pulley-
drive system within the extruder pushes the filament into a heated nozzle at a controlled
rate. The nozzle, part of the extruder or print head, features resistive heaters that maintain
the filament’s temperature slightly above its glass transition point, rendering it in a semi-
liquid state. This molten filament is then extruded smoothly through the nozzle onto a
build platform. Upon extrusion, it rapidly reverts to its solid state, shaping the desired
pattern. This iterative process continues until the model is complete, at which point it is
removed from the build chamber for post-processing [14,15].

FDM technology is characterized by its ability to utilize a diverse range of thermo-
plastic substances. This includes materials such as acrylonitrile butadiene styrene (ABS),
acrylonitrile styrene acrylate (ASA), polyamide (PA), polylactide (PLA), and polyethylene
terephthalate glycol-modified (PETG), as highlighted in source [16]. This versatility em-
powers users to select materials that align with their unique product needs. The wide
array of available materials enables the manufacturing of products with diverse attributes,
including qualities such as strength, flexibility, and resistance to temperature and chemicals.

The SLA is a technology for rapid prototyping and 3D printing that focuses on using
ultraviolet (UV) rays to cure liquid resin and create three-dimensional objects layer by
layer [17–23]. This technology represents one of the earliest methods for 3D printing and
continues to be essential for producing accurate and top-quality models and products.
The method ensures enhanced precision in component dimensions, exceptional quality in
surface finish, and beneficial mechanical properties [19].

The SLA printing process commences with a 3D model of the intended product.
The printer systematically applies a layer of resin to the work surface and solidifies it
using directed UV light. This layer-by-layer solidification process is repeated until the
entire product is finished. Following the printing, an additional UV light exposure is often
required to ensure full solidification [19].

Three-dimensionally-printed objects can undergo UV curing to enhance the solid-
ification process [20]. UV exposure prompts the creation of additional chemical bonds,
enhancing the resin’s mechanical strength and stability. Parameters like temperature,
wavelength, and curing time used during the process impact the ultimate properties [20].
Additionally, this curing method can enhance product homogeneity.

SLA technology allows for exceptionally precise printing with high resolution, mean-
ing that printed products are highly detailed and have smooth surfaces. There is a wide
range of different materials that can be used in SLA printing, including transparent, solid,
flexible, engineering, and even medical resins (biocompatible resins, dental resins, etc.).

In this study, FDM and SLA printers were used to manufacture ABS and ABS-like
specimens for mechanical testing.

ABS is a copolymer that exhibits a unique chemical composition composed of three
primary monomers: acrylonitrile (15% to 35%), butadiene (5% to 30%), and styrene (40%
to 60%) [24–26]. Each of these monomers contributes distinct properties to the polymer,
which collectively result in ABS’s exceptional characteristics.



Appl. Sci. 2024, 14, 649 3 of 22

Based on the review of the scientific literature [27–46], it can be concluded that the
mechanical properties of FDM 3D-printed ABS polymer materials have been explored from
various perspectives, such as the impacts of the raster angle [31–34], layer thickness [35–37],
infill percentage [38–41], printing speed [42–44], etc.

In the paper [38], Baich et al. examined how varying infill percentages impacted the
mechanical strength and production costs of 3D-printed ABS components. They conducted
experiments with infill percentages set at 50%, 75%, and 100%. Their findings revealed that
components created with 100% infill consistently exhibited superior mechanical properties
when compared to those with 50% infill.

Yadav et al. [39] explore the effects of infill density, material density, and extrusion
temperature on the mechanical characteristics of ABS, PETG, and multi-material samples
produced through FDM printing in their study. They create multi-material specimens by
alternately layering 50% ABS and 50% PETG using FDM 3D printing. The researchers
emphasize that the ultimate tensile strength (UTS) experiences a 20% increase when the
infill proportion is raised from 20% to 60%.

Samykano et al. [40] investigated how various printing parameters, such as the infill
percentage, affect the mechanical properties of ABS printed using FDM. They also devel-
oped a mathematical model for the numerical prediction of these properties, employing
response surface methodology. Their research showed notable enhancements in both tensile
strength and Young’s modulus correlating with an increase in infill percentage.

In the paper [41], the authors determined that raising the infill percentage from 20% to
50% in ABS results in a 26% enhancement in ultimate tensile strength (UTS), a 24% increase
in yield stress, a 45% boost in Young’s modulus, and a slight 1% improvement in elongation
at break.

ABS-like resin is part of the group of thermoplastic polymers consisting of three com-
ponents: acrylonitrile, butadiene, and styrene [47–53]. As reported in [49], the presence of
acrylonitrile enhances the thermal and chemical resilience, along with the surface hardness
of the end product. Meanwhile, butadiene plays a crucial role in augmenting the toughness
and impact resistance, whereas styrene is instrumental in improving processability, rigidity,
and the overall strength of the material.

ABS-like resins are well-suited for 3D printing components that require moderate de-
tailing, high durability, and adequate functionality [50]. ABS-like resins are highly regarded
in the industrial sector for their adaptability and superior characteristics. Often utilized
in 3D printing, these resins enable the production of components with decent detailing,
robust strength, and effective functionality. Their extensive utilization encompasses the
fabrication of computer consoles, domestic materials, components for both the interior and
exterior of vehicles, luggage items, and a variety of piping systems [54].

ABS-like resin material is accessible for commercial purposes; however, it lacks exten-
sive mechanical research, resulting in limited available literature [47]. In the paper [47],
Golubović et al. conducted an extensive mechanical examination of both ABS and similar
polymers produced via additive manufacturing techniques such as FDM, SLA, and DLP.
The research utilized test samples with a complete infill density and a print orientation of
90 degrees. The mechanical characteristics were evaluated using tests for tensile strength,
bending, and compression, as well as analyses of the morphology, size precision, and Shore
A hardness. The outcomes of the tensile experiments revealed that the toughness offered
by the FDM technique constitutes roughly 40% of that attained through DLP, with the
elongation at break in FDM reaching 37% of DLPs. Furthermore, the ultimate tensile stress
of SLA was observed to surpass that of FDM by an estimated 27%.

As highlighted through a review of the relevant scientific literature, ABS filaments
have been well-researched through various mechanical tests. However, in the case of
ABS-like resin, the author of this article notes and identifies a scientific gap in this domain.
Various factors influence the final product’s quality, making continuous material testing in
different 3D printing processes crucial.
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Drawing from the author’s expertise in the domain, there appears to be an absence
of systematic comparative studies in the scientific literature that evaluate the mechanical
characteristics and properties of ABS materials printed with FDM and SLA techniques,
particularly focusing on varying infill densities (30% and 100%) in the samples. Key benefits
of incorporating infill in 3D-printed objects are the reduction in material usage, decreased
weight of the final product, and acceleration of the manufacturing process, all of which
significantly influence the overall cost of the end product.

This study aims to address this gap by investigating and comparing the mechanical
parameters of ABS materials (ABS filament and ABS-like resin) produced through two
popular 3D printing technologies, FDM and SLA. Variations in 3D printing technology and
infill density can significantly impact the mechanical properties of ABS materials, which is
crucial for industries relying on these materials, affecting product safety and durability.

In this research, the researcher selected 30% and 100% as the infill density benchmarks
for evaluating the mechanical characteristics of ABS materials. Using 100% infill density
allows for an effective comparison between the mechanical properties of the test samples
and the manufacturer’s specifications for ABS materials. The choice of 30% density is based
on a thorough examination of the existing scientific literature, serving as an additional
standard for assessment.

The focus of this research is on examining how changes in 3D printing techniques and
infill density influence crucial mechanical properties, such as Young’s modulus, tensile
strength, strain, the nominal strain at break, peak displacement, and the highest force at
break. The method of tensile testing was used to assess these essential parameters.

The research also includes a comparative analysis of the measured mechanical pa-
rameters against the manufacturer’s specifications for ABS materials. The findings show
significant disparities in mechanical efficacy between specimens printed using FDM and
SLA techniques. Notably, SLA-printed samples exhibited enhanced mechanical properties,
especially in terms of tensile strength, displacement, and Young’s modulus.

The analysis implies that a higher infill density in FDM printing does not markedly
enhance resistance to deformation. Conversely, in SLA printing, a greater infill density
results in a notable increase in deformation, prompting queries regarding the effectiveness
of using higher infill densities in practical applications.

2. Materials, Methods, and Equipment
2.1. Material Specification

For this paper, two commercially material types, ABS filament (PlastikaTrček, Ljubl-
jana, Slovenia) and ABS-like resin (Anycubic, Hongkong, China), were used.

The specifications and mechanical parameters of ABS filament and ABS-like resin
according to the manufacturers are presented in Tables 1–3 [55,56].

Table 1. ABS filament specification [55].

Parameter Value

Diameter (mm) 1.75
Colour black
Extrusion temperature (◦C) 240–260
Bed platform temperature (◦C) 90–120
Printing speed (mm/s) 40–120
Layer height (mm) 0.1–0.2
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Table 2. ABS-like resin specification [56].

Parameter Value

Layer thickness (mm) 0.05
Colour silver
Normal exposure time (s) 2–3
Off time (s) 0.5–2
Bottom exposure time (s) 20–40
Bottom layers 3–6
Z lift distance (mm) 5–10
Z lift speed (mm/s) 2–6
Z retract speed (mm/s) 2–6

Table 3. Mechanical parameters of ABS filament [55] and ABS-like resin [56].

Material Type ABS Filament ABS-like Resin

Density (g/cm3) 1.04 1.05–1.25
Tensile strength (MPa) ≥43 35–55
Flexural strength (MPa) ≥65 50–60
Young’s modulus (MPa) ≥2100 1400–1600
Elongation at break (%) ≥30 30–40

Table 3 presents mechanical parameters sourced from the filament manufacturer [55]
corresponding to the test samples with a complete 100% infill density.

The research employed filaments of a circular cross-section, conforming to the man-
ufacturer’s specifications [55], characterized by an average diameter of 1.75 mm and
demonstrating minimal standard deviation.

2.2. Specimens Geometrical Dimensions, Manufacturing Parameters, and Experimental Procedures

The empirical investigation involved the use of SolidWorks 2020, a 3D CAD software,
for the design and creation of the test specimens. SolidWorks 2020 was utilized to design
the model of the tensile test specimen, in compliance with the ISO 527-2:2012 standard [57],
as depicted in Figure 1.
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Figure 1. Design of the tensile test specimen following the guidelines of the ISO 527-2:2012 standard.

Subsequently, the models designated for tensile testing were transformed into the STL
file format. These files serve as the foundational input for configuring and fine-tuning the
parameters within the 3D printing workflow.

The Creality K1 3D printer (Creality, Shenzhen, China), utilizing FDM technology,
and the HALOT-MAGE PRO 8K Resin 3D Printer (Creality, Shenzhen, China), employed
for SLA technology, were utilized in the fabrication of the tensile test specimens.

The printer parameters were adjusted using the Creality slicer software (v. 4.3.8.6984)
for the FDM 3D printer (https://wiki.creality.com/en/Software-&-Firmware/Creality-

https://wiki.creality.com/en/Software-&-Firmware/Creality-Slicing-Software/new-page/
https://wiki.creality.com/en/Software-&-Firmware/Creality-Slicing-Software/new-page/
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Slicing-Software/new-page/, accessed on 17 October 2023) and the ChituBox slicer (Version 1.9.5)
for the SLA 3D printer (https://www.chitubox.com/en/download/chitubox-free, accessed
on 2 December 2023).

Within the Creality slicer software, users can choose from four infill patterns: line,
hexagon, triangle, and 3D infill. In this research, the ‘Hexagon’ infill pattern was consis-
tently applied to all ABS tensile test samples, utilizing both 30% and 100% fill densities,
as illustrated in Figure 2a.
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Figure 2. Specimen with “Hexagon” infill pattern: (a) in Creality slicer software and (b) in ChituBox
slicer software.

Upon configuring the requisite parameters in the Creality slicer software, as elaborated
in Table 4, G-code was produced and then forwarded to the computer overseeing the 3D
printer’s operations.

Table 4. Main FDM 3D-printing parameters.

Parameter Value

Filament diameter (mm) 1.75
Infill pattern Hexagon
Infill density (%) 30; 100
Nozzle diameter (mm) 0.40
Base print speed (mm/s) 300.00
Travel speed (mm/s) 500.00
First layer maximum (mm/s) 60.00
Top solid layers 3
Bottom solid layers 3
Layer height (mm) 0.15
First layer height (mm) 0.15
Extrusion temperature (◦C) 250
Bed temperature (◦C) 90

The configuration of parameters for the SLA 3D printer was performed in the ChituBox
slicer software (Version 1.9.5), as shown in Table 5. In Figure 2b, ABS-like tensile test
specimens are displayed, employing a “Hexagon” infill pattern with fill densities of both
30% and 100%.

https://wiki.creality.com/en/Software-&-Firmware/Creality-Slicing-Software/new-page/
https://wiki.creality.com/en/Software-&-Firmware/Creality-Slicing-Software/new-page/
https://www.chitubox.com/en/download/chitubox-free
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Table 5. Main SLA 3D-printing parameters.

Parameter Value

Infill pattern Grid3D
Infill density (%) 30; 100
Top solid layers 3
Bottom layers 3
Layer thickness (mm) 0.1
Bootom exposure time (s) 25
Normal exposure time (s) 2
Z lift distance (mm) 5
Z lift speed (mm/s) 4
Z retract speed (mm/s) 4
Laser beam size (mm) 0.08
Printing orientation (◦) 45

A total of 20 identical tensile test specimens were printed, with ten specimens produced
for each material (Figure 3).
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like with 100% fill density (SLA).

Table 6 exhibits the recorded parameters during the 3D printing process of all ABS
and ABS-like tensile specimens. The printing was conducted using both the Creality K1 3D
printer and the Geetech Alkaid 2K mono LCD screen printer.

Table 6. Recorded parameters during the 3D printing.

Recorded Parameter Infill Density ABS Filament ABS-like Resin

Print time (h.min.s) 30%
100%

00.23.14
00.26.42

06.38.14
06.38.14

Material mass used (g) 30%
100%

8.00
9.00

21.60
24.60

Filament length used (m) 30%
100%

4.01
3.62

-
-

Quantity of material used (mL) 30%
100%

-
-

19.63
22.31

All the 3D-printed specimens underwent testing in compliance with the ISO 527-2:2012
standard. The tensile examinations were performed utilizing the Zwick Z 100 universal
testing machine (Zwick-Roell, Ulm, Germany), equipped with a maximum load capacity of
100 kN and a testing velocity of 5 mm/min.
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The gathered data encompass the specimens tested and their respective tensile test
results. The testXpert software (Version II) was employed for the collection and supervision
of the tensile test data. This advanced software enables not only the acquisition of key data
points such as the tensile strength (σ in MPa), strain (ε in %), nominal strain at break (εtb
in %), and Young’s modulus (E in MPa) for each test but also assists in generating tensile
strength–strain curves.

Subsequently to the tensile strength data being obtained, the forthcoming section
will detail the results, which were processed using Excel. The mechanical parameters,
specifically the maximum displacement (∆L in mm) and the maximal force at break (Fmax
in N), were determined based on the data from the tensile tests.

The maximal displacement, denoted as ∆L, was calculated utilizing Equation (1),
wherein ε signifies the nominal strain at break and L corresponds to the initial grip sep-
aration, as depicted in Figure 4. Concurrently, the maximal force at break, Fmax, was
ascertained using Equation (2). In this equation, E is Young’s modulus, A indicates the
narrowest cross-sectional area, ∆L is the maximal displacement, and L is the initial grip
separation distance.

∆L = ε · L · 1
100%

(1)

Fmax = E · A · ∆L
L

(2)
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The following section will showcase the outcomes derived from evaluating the tensile
mechanical properties of 3D-printed specimens using ABS filament and ABS-like resin.

The data from the tensile tests are categorized into four distinct sections: (1) informa-
tion from FDM 3D-printed ABS samples made with ABS filament and 30% infill density
(1A_30, 2A_30, 3A_30, 4A_30, and 5A_30)—referred to as Case 1, (2) details of FDM 3D-
printed ABS samples produced with ABS filament and 100% infill density (1A_100, 2A_100,
3A_100, 4A_100, and 5A_100)—known as Case 2, (3) data from SLA 3D-printed ABS-like
samples created using ABS-like resin with 30% infill density (1S_30, 2S_30, 3S_30, 4S_30,
and 5S_30)—termed Case 3, and (4) information on SLA 3D-printed ABS-like samples
made from ABS-like resin with a 100% infill density (1S_100, 2S_100, 3S_100, 4S_100,
and 5S_100)—designated as Case 4.

3. Results
3.1. Mechanical Properties of the FDM 3D-Printed and Tensile-Tested ABS Specimens

The tensile test data for all FDM 3D-printed ABS specimens are shown in Table 7.

Table 7. FDM 3D-printed ABS tensile-tested specimens: test results.

Case Specimen
Code

Tensile
Strength

σ
[MPa]

Strain
ε

[%]

Nominal
Strain

at Break
εtB
[%]

Young’s
Modulus

E
[MPa]

Case 1

1A_30 19.423 2.11 2.51 1376.824
2A_30 19.756 2.15 3.13 1138.182
3A_30 19.545 2.14 2.42 1409.644
4A_30 18.911 2.22 2.76 1278.181
5A_30 19.912 2.17 2.54 1400.937

Average (St.
Dev.) 19.509 (0.384) 2.16 (0.04) 2.67 (0.28) 1320.754

(114.695)

Case 2

1A_100 26.715 2.33 4.75 1730.422
2A_100 28.635 2.26 3.22 1831.286
3A_100 27.187 2.28 3.09 1751.838
4A_100 27.545 2.13 3.11 1920.691
5A_100 26.925 2.20 3.92 1788.691

Average (St.
Dev.) 27.401 (0.756) 2.24 (0.08) 3.62 (0.72) 1804.586

(75.380)

The graphical presentations of the tensile strength and strain for individual FDM
3D-printed ABS tensile-tested specimens are shown in Figures 4 and 5.

Figure 4 illustrates the graphical representation of the tensile test outcomes for FDM
3D-printed ABS samples with a 30% fill density (referred to as Case 1), whereas Figure 5
shows the results of tensile tests for ABS samples with a 100% fill density (identified as
Case 2).

The examination of the graphs in Figure 4, combined with the mechanical parameters
detailed in Table 7, clearly indicates that FDM 3D-printed ABS samples with a 100% infill
density exhibit enhanced tensile strength and higher values for nominal strain at break.

The average value of the tensile strength increased by 28.81% in FDM 3D-printed ABS
specimens with 100% infill density (Table 7 and Figure 6a).
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Figure 5. The tensile strength–strain curves for ABS specimens produced using FDM 3D printing
with a 100% infill density (referred to as Case 2).
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Figure 6. The mechanical parameters of ABS 3D-printed specimens using FDM were tested under
tensile loading conditions at two different infill densities: 30% (Case 1) and 100% (Case 2): (a) average
tensile strength, (b) average strain, (c) average nominal strain at break, (d) average Young’s modulus.
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The average value of the strain increased by 3.57% in FDM 3D-printed ABS material
specimens with 100% infill density compared to FDM 3D-printed ABS material specimens
with 30% infill density (Table 7 and Figure 6b).

The impact of infill density on the efficacy of ABS specimens produced via FDM 3D
printing is distinctly evident in both the average nominal strain at break and the average
Young’s modulus, as demonstrated in Figure 6.

The average nominal strain at break is 26.24% greater in FDM 3D-printed ABS speci-
mens tested for tensile strength with 100% infill density when compared to specimens with
30% infill density (Figure 6c).

The average Young’s modulus exhibited a similar pattern, as shown in Figure 6d.
The average Young’s modulus was 26.81% lower in FDM 3D-printed ABS specimens tested
for tensile strength with 30% infill density compared to those with 100% infill density.

By employing the tensile test data showcased in Table 7 and applying Equations (1) and (2),
the maximum force at break and the maximum displacement were calculated for the ABS
specimens fabricated through FDM 3D printing and subjected to tensile testing. Table 8
and Figure 7 exhibit the respective average maximum displacement and average maximum
force at break.

Table 8. The calculated value of mechanical parameters for FDM 3D-printed ABS tensile-
tested specimens.

Case Specimen
Code

Max.
Displacement

∆L [mm]

Max.
Force at Break

Fmax [N]

Case 1

1A_30 2.89 794.750
2A_30 3.60 822.497
3A_30 2.78 817.702
4A_30 3.17 771.801
5A_30 2.92 825.025

Average (St. Dev.) 3.07 (0.33) 806.355 (22.729)

Case 2

1A_100 5.46 1177.557
2A_100 3.70 1217.823
3A_100 3.55 1198.283
4A_100 3.58 1194.612
5A_100 4.51 1181.455

Average (St. Dev.) 4.16 (0.83) 1193.946 (15.922)
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Figure 7. The calculated average value of mechanical parameters for FDM 3D-printed ABS tensile-
tested specimens: (a) average maximal displacement and (b) average maximal force at break.
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Based on the data from Table 8, it is evident that the average maximal displacement
value increased by 35.51% in FDM 3D-printed ABS specimens with 100% infill density
compared to ABS specimens with 30% infill density (Figure 7a). Furthermore, the average
value of the maximal force at break demonstrates a 26.29% increase, as depicted in Figure 7b.

When contrasting the average tensile strengths of the FDM 3D-printed ABS specimens
with a 100% infill density against the manufacturer’s specified values for ABS filament, it is
evident that these FDM 3D-printed specimens achieve about 63.72% of the values indicated
for the filament (Figure 8a).
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Figure 8. Comparison between tensile strength and Young’s modulus of FDM 3D-printed ABS speci-
mens post-tensile testing and manufacturer-specified filament values: (a) average tensile strength,
(b) average Young’s modulus.

Similarly, in analyzing Young’s modulus, the juxtaposition of results from the FDM
3D-printed ABS specimens with 100% infill density and the manufacturer-specified values
for ABS filament reveals that these FDM 3D-printed specimens attain roughly 85.92% of
the filament’s designated values (Figure 8b).

3.2. Mechanical Properties of the SLA 3D-Printed and Tensile-Tested ABS-like Resin Specimens

Table 9 presents the tensile testing data for all ABS-like resin specimens fabricated
using SLA 3D printing. Figures 9 and 10 depict the graphical representations of tensile
strength and strain for each of the ABS-like resin specimens subjected to tensile testing.

Figure 9 represents a graphical depiction of the tensile test results for SLA 3D-printed
ABS-like resin tensile-tested specimens with 30% fill density (Case 3), while Figure 10
displays the tensile test results for ABS-like resin tensile-tested specimens with 100% fill
density (Case 4).

Upon thorough examination of the graphs displayed in Figures 9 and 10, a clear pattern
emerges. It is clearly evident that the ABS-like resin specimens, produced through SLA
3D printing with a 100% infill density, demonstrate a notable enhancement in both tensile
strength and nominal strain at break values. This observed enhancement underscores the
efficacy of SLA 3D printing when producing high-strength ABS-like resin components, thus
demonstrating its potential for applications demanding superior mechanical properties.

The average value of the tensile strength exhibited a notable 30.49% increase in SLA
3D-printed ABS-like resin specimens with a full 100% infill density (Figure 11a). This
substantial rise in tensile strength underscores the remarkable capacity of SLA 3D printing
to enhance the mechanical performance of ABS-like resin components, making them
not only stronger but also more robust and reliable in a wide range of engineering and
manufacturing applications. This improved tensile strength can open up new possibilities
for designing and producing parts that must withstand substantial loads and stresses with
greater confidence.
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Table 9. SLA 3D-printed ABS-like resin tensile-tested specimens: test results.

Case Specimen
Code

Tensile
Strength

σ
[MPa]

Strain
ε

[%]

Nominal
Strain

at Break
εtB
[%]

Young’s
Modulus

E
[MPa]

Case 3

1S_30 33.312 3.01 3.07 1698.081
2S_30 25.658 2.36 2.36 1340.203
3S_30 35.591 3.27 3.31 1787.256
4S_30 33.018 2.59 2.61 1783.058
5S_30 30.008 4.28 4.33 1434.025

Average (St.
Deev.) 31.517 (3.830) 3.10 (0.75) 3.14 (0.76) 1608.525

(207.890)

Case 4

1S_100 45.621 4.53 5.66 2050.024
2S_100 45.468 4.56 5.81 2043.581
3S_100 42.915 3.91 6.25 2202.640
4S_100 44.694 3.34 3.33 2073.162
5S_100 48.010 4.42 4.91 2059.801

Average (St.
Dev.) 45.342 (1.839) 4.15 (0.52) 5.19 (1.15) 2085.842

(66.237)
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Figure 11. The mechanical parameters of SLA 3D-printed ABS-like resin tensile-tested specimens
with 30% (Case 3) and 100% (Case 4) infill density: (a) average tensile strength, (b) average strain,
(c) average nominal strain at break, (d) average Young’s modulus.
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The average strain value exhibited a 25.30% increase in SLA 3D-printed ABS material
specimens with 100% infill density as opposed to those with 30% infill density (refer to
Table 9 and Figure 11b).

The data emphasizes a substantial 25.30% rise in nominal strain at break for SLA 3D-
printed ABS-like resin specimens with 100% infill density, in contrast to those with a 30%
infill density, as illustrated in Figure 11c. This improvement underscores the heightened
flexibility and durability achieved with higher infill densities in SLA 3D printing. This
advancement has broad implications, particularly in applications requiring materials to
endure deformation and stress without failing structurally. Components with full infill
density exhibit greater resilience, allowing them to withstand more significant strains,
thereby expanding their potential applications in engineering and design.

The same pattern was observed in the average Young’s modulus, as depicted in
Figure 11d. When examining SLA 3D-printed ABS-like resin samples, those with a 30%
infill density exhibited an average Young’s modulus that was 22.88% lower than that of
SLA 3D-printed ABS-like resin specimens subjected to tensile testing, which had a 100%
infill density.

Utilizing the data from Table 9 and applying Equations (1) and (2), the maximal
displacement and maximal force at break for the SLA 3D-printed ABS-like resin specimens
are calculated. The results for the average maximal displacement and average maximal
force at break are presented in Table 10 and Figure 12.

Table 10. The calculated value of mechanical parameters for SLA 3D-printed ABS-like resin tensile-
tested specimens.

Case Specimen
Code

Max
Displacement

∆L [mm]

Max
Force at Break

Fmax [N]

Case 3

1S_30 3.53 1374.599
2S_30 2.71 1047.965
3S_30 3.81 1433.605
4S_30 3.01 1347.233
5S_30 4.98 1238.802

Average (St. Dev.) 3.61 (0.88) 1288.441 (151.859)

Case 4

1S_100 6.51 1845.802
2S_100 6.67 1812.359
3S_100 7.19 1709.733
4S_100 3.83 1806.313
5S_100 5.65 1924.241

Average (St. Dev.) 5.91 (1.32) 1819.689 (77.36)
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Based on the data presented in Table 10 and Figure 12, it is evident that the average
maximum displacement exhibited a substantial increase of 38.92% in SLA 3D-printed ABS-
like resin specimens with 100% infill density when compared to ABS-like resin specimens
with 30% infill density (as depicted in Figure 12a). Additionally, as indicated in both
Table 10 and Figure 12b, the average maximum force at the point of break decreased by
22.88% in Case 4 when compared to the value observed in Case 3.

Comparing the average tensile strengths, it is evident that the SLA 3D-printed ABS-
like specimens with 100% infill density surpass the manufacturer’s specified values for
ABS-like resin by about 0.76%, as demonstrated in Figure 13a.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 17 of 23 
 

  
(a) (b) 

Figure 13. Comparison of the tensile strength and Young’s modulus of the SLA 3D-printed ABS-like 
tensile-tested specimens with those of the resin (manufacturer values): (a) average tensile strength, 
(b) average Young’s modulus. 

3.3. Comparative Analysis 
The comparison of mechanical parameters for the ABS and ABS-like tensile-tested 

specimens produced through both FDM and SLA 3D printing methods is elucidated in 
Table 11 and visually represented in Figure 14. 

Table 11. Comparison of mechanical parameters in tensile-tested ABS (filament) and ABS-Like 
(resin) specimens manufactured via FDM and SLA 3D printing. 

Material Case 

Average  
Tensile  

Strength 𝝈 
[MPa] 

Average 
Strain 𝜺 

[%] 

Average 
Nominal 

Strain 
at Break 𝜺𝒕𝑩 

[%] 

Average 
Young’s  

Modulus 𝑬 
[MPa] 

Average  
Maximal 

Displacement ∆𝑳 
[mm] 

Average 
Maximal  

Force  
at Break 𝑭𝒎𝒂𝒙 

[N] 

ABS  
(filament) 

Case 1 
(St. Dev.) 

19.507 
(0.384) 

2.16 
(0.04) 

2.67 
(0.28) 

1320.754 
(114.695) 

3.07 
(0.33) 

806.355 
(22.729) 

Case 2 
(St. Dev.) 

27.401 
(0.756) 

2.24 
(0.08) 

3.62 
(0.72) 

1788.691 
(75.380) 

4.16 
(0.83) 

1093.946 
(15.922) 

ABS-like  
(resin) 

Case 3 
(St. Dev.) 

31.517 
(3.830) 

3.10 
(0.75) 

3.14 
(0.76) 

1608.525 
(207.890) 

6.51 
(5.65) 

1288.441 
(151.859) 

Case 4  
(St. Dev.) 

45.132 
(1.839) 

4.15 
(0.52) 

5.19 
(1.15) 

2085.842 
(66.237) 

5.91 
(1.32) 

1924.241 
(77.360) 

The results obtained from Table 11 reveal a clear pattern—when 3D-printed using 
SLA technology, ABS material shows improvements in its specific mechanical parameters, 
especially in tensile strength, Young’s modulus, and displacement. 

0

10

20

30

40

50

A
ve

ra
ge

 T
en

si
le

 S
tr

en
gt

h
[M

Pa
]

0

500

1000

1500

2000

2500

A
ve

ra
ge

 Y
ou

ng
’s

 m
od

ul
us

 
[M

Pa
]

Case 3

Case 4

Manufacturer
values

Figure 13. Comparison of the tensile strength and Young’s modulus of the SLA 3D-printed ABS-like
tensile-tested specimens with those of the resin (manufacturer values): (a) average tensile strength,
(b) average Young’s modulus.

Similarly, when scrutinizing the examination of Young’s modulus in relation to the
manufacturer’s specified values for ABS-like resin and the results obtained from testing
the SLA 3D-printed ABS-like specimens with 100% infill density, a discernible pattern
becomes apparent. The SLA 3D-printed ABS-like specimens impressively achieve a striking
99.33% of the values established by the resin manufacturer (Figure 13b). These results
underscore the exceptional precision and reliability of SLA 3D printing in producing ABS-
like components that closely align with industry standards, demonstrating its suitability
for applications demanding consistent and high-quality material performance.

3.3. Comparative Analysis

The comparison of mechanical parameters for the ABS and ABS-like tensile-tested
specimens produced through both FDM and SLA 3D printing methods is elucidated in
Table 11 and visually represented in Figure 14.

Table 11. Comparison of mechanical parameters in tensile-tested ABS (filament) and ABS-Like (resin)
specimens manufactured via FDM and SLA 3D printing.

Material Case

Average
Tensile

Strength
σ

[MPa]

Average
Strain

ε

[%]

Average
Nominal

Strain
at Break

εtB
[%]

Average
Young’s

Modulus
E

[MPa]

Average
Maximal

Displacement
∆L

[mm]

Average
Maximal

Force
at Break

Fmax
[N]

ABS
(filament)

Case 1
(St. Dev.)

19.507
(0.384)

2.16
(0.04)

2.67
(0.28)

1320.754
(114.695)

3.07
(0.33)

806.355
(22.729)

Case 2
(St. Dev.)

27.401
(0.756)

2.24
(0.08)

3.62
(0.72)

1788.691
(75.380)

4.16
(0.83)

1093.946
(15.922)

ABS-like
(resin)

Case 3
(St. Dev.)

31.517
(3.830)

3.10
(0.75)

3.14
(0.76)

1608.525
(207.890)

6.51
(5.65)

1288.441
(151.859)

Case 4
(St. Dev.)

45.132
(1.839)

4.15
(0.52)

5.19
(1.15)

2085.842
(66.237)

5.91
(1.32)

1924.241
(77.360)
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The results obtained from Table 11 reveal a clear pattern—when 3D-printed using
SLA technology, ABS material shows improvements in its specific mechanical parameters,
especially in tensile strength, Young’s modulus, and displacement.

In the case of SLA 3D-printed ABS-like resin material specimens, which were printed
with a 30% infill density, the average tensile strength increased by 38.11% when compared
to FDM 3D-printed specimens with a 30% infill density (Figure 14a). For SLA 3D-printed
ABS-like resin material specimens with a 100% infill density, the average tensile strength
increased by 39.57% compared to FDM 3D-printed specimens with a 100% infill density
(Figure 14a).

In the context of SLA 3D-printed ABS-like resin material specimens, printed with
a 30% infill density, the average maximum displacement exhibited a 14.96% increase
when compared to FDM 3D-printed ABS specimens with a 30% infill density (Figure 14e).
In the case of SLA 3D-printed ABS-like resin material specimens with a 100% infill density,
the average maximum displacement showed a 30.32% increase compared to FDM 3D-
printed ABS specimens with a 100% infill density (Figure 14e).

In the case of SLA 3D-printed ABS-like resin material specimens featuring a 30%
infill density, a noteworthy increment of 17.89% in the mean Young’s modulus was ob-
served in comparison to their FDM 3D-printed ABS counterparts with a 30% infill density,
as illustrated in Figure 14d.

Conversely, for SLA 3D-printed ABS-like resin material specimens featuring a 100%
infill density, the average Young’s modulus exhibited a noteworthy 13.48% increase when
compared to FDM 3D-printed ABS specimens with a full 100% infill density, as also shown
in Figure 14c. These observations underscore the benefits of SLA 3D printing in augmenting
the mechanical characteristics of ABS-like resin materials, regardless of the infill density,
in comparison to FDM printing.

In FDM-printed tensile-tested specimens, those containing ABS material with 30%
infill density show an average strain of 2.16%. On the other hand, samples with 100%
infill density exhibited a slightly higher deformation, measuring 3.1%. This suggests that
increasing the infill density in FDM printing of ABS material does not significantly enhance
deformation resistance. In the case of SLA-printed tensile-tested specimens using ABS-
like resin with 30% infill density, the average strain is 2.24%. Conversely, tensile-tested
specimens with 100% infill density reached a higher strain value of 4.15%. These results
indicate that increasing the infill density in SLA printing of ABS-like materials may lead
to a substantial increase in deformation, raising questions about the practicality of using
higher infill densities (Figure 14b).

The comparison of FDM- and SLA-printed tensile-tested specimens reveals that
while higher infill density in FDM does not significantly improve deformation resistance,
the same parameter in SLA printing of ABS-like materials may result in a considerable in-
crease in deformation, prompting considerations about the viability of employing elevated
infill densities.

Figure 14c furnishes valuable data concerning the average nominal strain at break
for both FDM and SLA 3D-printed tensile-tested specimens, considering different infill
densities. In the case of FDM-printed specimens with 30% infill density, the average
nominal strain at break was recorded at 2.67%, while specimens with 100% infill density
exhibited a higher value of 3.62%. This disparity suggests that increasing the infill density in
FDM printing has a noticeable impact on the material’s ability to withstand strain, resulting
in improved performance at higher densities. SLA 3D-printed ABS-like resin samples
displayed a different trend. Those with 30% infill density had an average nominal strain at
break of 3.614%, whereas specimens with 100% infill density showed a significant increase
to 5.19%. This contrast indicates that, unlike FDM, higher infill densities in SLA printing
contribute to a substantial rise in the material’s ability to endure strain, emphasizing the
importance of infill density considerations in material selection and 3D printing processes.

The data presented in Figure 14c highlight the substantial influence of infill density on
the average nominal strain at break for FDM and SLA 3D-printed tensile-tested specimens.
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The FDM-printed specimens exhibited an observable improvement in strain resistance with
increased infill density, while SLA-printed ABS-like resin samples demonstrated a signifi-
cant rise in strain endurance, underscoring the critical role of infill density considerations
in material selection and 3D printing processes.

The average value of the maximum force at failure followed the same trend, as shown
in Figure 14f.

Overall, these findings indicate that SLA technology offers clear advantages in terms
of mechanical performance, making it a promising option for the production of ABS and
ABS-like resin materials with improved mechanical properties.

4. Conclusions

This research has yielded valuable insights into the mechanical properties of 3D-
printed ABS filament and ABS-like resin specimens. The two pivotal 3D printing tech-
nologies, FDM and SLA, were the principal subjects of inquiry, with a particular focus
on their influence on critical mechanical parameters: tensile strength, Young’s modulus,
and maximum displacement.

The findings illuminate a profound disparity in the mechanical parameters of FDM-
and SLA-printed specimens. Notably, SLA consistently emerges as the superior technology,
displaying substantial enhancements across the board. Most notably, in the realm of tensile
strength, displacement, and Young’s modulus, the advantages of SLA technology are
strikingly evident.

When ABS samples were evaluated at 100% fill density, a significant increase in av-
erage tensile strength was found, namely a 28.81% increase for the 3D printed FDM ABS
specimens and a remarkable 30.49% increase for the 3D printed SLA ABS-like resin speci-
mens. In addition, there was also a notable increase in the average maximum displacement
value, which increased by 35.51% for the 3D-printed FDM ABS specimens with 100% fill
density, while for the SLA 3D-printed ABS-like resins with 100% fill density, the increase in
fill density reached an extraordinary 38.92%.

For specimens at 100% fill density, a significant increase in 26.81% was observed for
FDM 3D printed ABS and an even more impressive increase in 13.48% for 3D printed
ABS-like SLA resin, demonstrating the obvious advantages that SLA has in improving
material stiffness.

In a world increasingly shaped by innovation and technological advancement, the
significance of these findings cannot be overstated. The implications reach far and wide,
extending to industries reliant on 3D-printed components. These discoveries hold the
promise of substantially raising the benchmarks for product safety and durability, thereby
propelling progress in the fields of manufacturing and design.

In summary, the emergence of SLA technology heralds an exciting frontier, one with
the potential to redefine the limits of mechanical performance in 3D-printed ABS and
ABS-like resin materials. This narrative extends beyond the confines of the laboratory,
casting ripples across various sectors, promising new possibilities and applications with
heightened capabilities. The potential of SLA technology paves the way for a brighter
future in 3D printing, where the boundaries of what is achievable continue to expand.

The findings suggest promising avenues for future research with the following aims:
(1) to investigate how different resin compositions impact mechanical properties for opti-
mized material formulations; (2) to explore the relationship between infill density, resin
curing, and mechanical properties to enhance control over deformation characteristics;
(3) to extend research to assess the performance of SLA-printed ABS-like resins in di-
verse applications, providing practical insights, etc. This research framework aims to
contribute to the ongoing evolution of 3D printing technologies, unlocking new possi-
bilities for material optimization, application-specific performance, and sustainability in
manufacturing processes.
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