
Academic Editor: Lei Wang

Received: 29 January 2025

Revised: 10 February 2025

Accepted: 17 February 2025

Published: 19 February 2025

Citation: Abbasi, M.; Váz, P.; Silva, J.;

Martins, P. Head-to-Head Evaluation

of FDM and SLA in Additive

Manufacturing: Performance, Cost,

and Environmental Perspectives. Appl.

Sci. 2025, 15, 2245. https://doi.org/

10.3390/app15042245

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Head-to-Head Evaluation of FDM and SLA in Additive
Manufacturing: Performance, Cost, and
Environmental Perspectives
Maryam Abbasi 1 , Paulo Váz 2 , José Silva 2 and Pedro Martins 2,*

1 Research Center for Natural Resources, Environment and Society (CERNAS), Polytechnic University of
Coimbra, 3045-601 Coimbra, Portugal; maryam.abbasi@ipc.pt

2 Research Center in Digital Services, Polytechnic of Viseu, 3504-510 Viseu, Portugal;
paulovaz@estgv.ipv.pt (P.V.); jsilva@estgv.ipv.pt (J.S.)

* Correspondence: pedromom@estgv.ipv.pt

Abstract: This paper conducts a comprehensive experimental comparison of two widely
used additive manufacturing (AM) processes, Fused Deposition Modeling (FDM) and
Stereolithography (SLA), under standardized conditions using the same test geometries
and protocols. FDM parts were printed with both Polylactic Acid (PLA) and Acryloni-
trile Butadiene Styrene (ABS) filaments, while SLA used a general-purpose photopolymer
resin. Quantitative evaluations included surface roughness, dimensional accuracy, ten-
sile properties, production cost, and energy consumption. Additionally, environmental
considerations and process reliability were assessed by examining waste streams, recy-
clability, and failure rates. The results indicate that SLA achieves superior surface quality
(Ra ≈ 2µm vs. 12–13µm) and dimensional tolerances (±0.05 mm vs. ±0.15–0.20 mm),
along with higher tensile strength (up to 70 MPa). However, FDM provides notable ad-
vantages in cost (approximately 60% lower on a per-part basis), production speed, and
energy efficiency. Moreover, from an environmental perspective, FDM is more favorable
when using biodegradable PLA or recyclable ABS, whereas SLA resin waste is hazardous.
Overall, the study highlights that no single process is universally superior. FDM offers a
rapid, cost-effective solution for prototyping, while SLA excels in precision and surface
finish. By presenting a detailed, data-driven comparison, this work guides engineers,
product designers, and researchers in choosing the most suitable AM technology for their
specific needs.

Keywords: additive manufacturing; dimensional accuracy; energy consumption; environ-
mental impact; fused deposition modeling; production cost; reliability; stereolithography;
surface finish; tensile strength; usability

1. Introduction
Additive manufacturing (AM) is a layer-by-layer fabrication process that builds objects

directly from digital models [1]. Among the different AM techniques developed over the
past decades, Fused Deposition Modeling (FDM) and Vat Photopolymerization (such as
Stereolithography, SLA, which uses a laser, or Digital Light Processing, DLP, which uses a
projector) have become two commonly employed technologies for polymer parts. In FDM,
thermoplastic filaments (e.g., Polylactic Acid (PLA) or Acrylonitrile Butadiene Styrene
(ABS)) are heated and extruded, whereas SLA employs a laser to photopolymerize liquid
resin [2,3]. These distinct mechanisms lead to trade-offs in surface quality, dimensional
accuracy, part strength, cost, and post-processing requirements [4,5].
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Existing studies frequently compare AM technologies but often focus on only one
or two performance attributes (e.g., mechanical properties or cost). FDM, for example,
has been investigated extensively for its anisotropic tensile behavior and relatively rough
surface finishes [4,6], while SLA is acknowledged for delivering superior detail resolution
but is criticized for higher material expenses and more complex post-processing [5,7]. How-
ever, few publications provide a unified, multi-metric evaluation of FDM and SLA using
carefully designed, identical geometries under standardized conditions. Consequently, a
broader assessment is needed to understand how these methods perform with respect to
accuracy, strength, cost, energy efficiency, and environmental impact.

In an effort to address this gap, the present study exclusively compares FDM and SLA
by manufacturing the same test geometries via each process and rigorously measuring
multiple performance indices. Specifically, surface finish is quantified via profilometry,
dimensional accuracy by means of standardized reference cubes, and mechanical properties
using ASTM-based tensile testing. In parallel, production costs, energy consumption,
and waste output are evaluated. By integrating these findings into a single, data-driven
framework, this work aims to provide engineers, practitioners, and educators with a clear
basis for selecting the most suitable AM technology for diverse project requirements.

This paper is organized as follows: Section 2 critically reviews prior FDM vs. SLA
studies and highlights unresolved issues in existing comparisons. Section 3 then describes
the experimental design, including chosen geometries, printing parameters, and testing
procedures. Section 4 presents a multi-faceted comparison of FDM and SLA, emphasizing
key differences and trade-offs. Finally, Section 5 summarizes the results, offers practical
guidance on technology selection, and proposes future directions to advance knowledge in
this field.

2. State of the Art
Additive manufacturing (AM), also known as 3D printing, encompasses a variety of

techniques that build objects layer-by-layer from digital models [1]. Among these meth-
ods, Fused Deposition Modeling (FDM) and Stereolithography (SLA) have become the most
widely accessible and frequently utilized for producing small- to medium-sized polymer
parts [8]. Their widespread adoption is largely due to the relatively low cost of FDM hardware
and the high-resolution capabilities of SLA—two key factors that make them suitable for a
broad range of academic, prototyping, and consumer-oriented applications [4,5].

2.1. Prior Comparisons of FDM and SLA
2.1.1. Surface Finish and Accuracy

Several studies compare the surface finish and dimensional precision achievable by
FDM and SLA. FDM, which extrudes melted thermoplastic filament in discrete layers,
tends to produce visible layer lines and moderate dimensional accuracy, often in the range
of ±0.2 mm or higher [9–11]. SLA, on the other hand, relies on photopolymer resins
cured by a focused light source, enabling finer layer thicknesses (often below 50µm)
and smoother “as-printed” surfaces with significantly tighter tolerances [5,12]. However,
existing studies typically test these properties in isolation or focus primarily on surface
roughness without offering a holistic view of performance under consistent build and
post-processing conditions [13].

Moreover, surface roughness and topography assessments in AM are heavily influ-
enced by the measurement techniques used. Contact-based methods (e.g., profilometry)
tend to underrepresent the roughness of highly irregular surfaces, whereas non-contact
optical techniques (e.g., white light interferometry, confocal microscopy) provide more
accurate 3D surface maps [14]. The choice of method can significantly impact reported
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roughness values, especially for SLA prints with ultra-smooth surfaces that require high-
resolution scanning. This discrepancy should be considered when comparing reported
roughness metrics across studies.

2.1.2. Mechanical Properties

In terms of tensile strength, flexural properties, and elongation at break, FDM-printed
parts frequently exhibit anisotropic behaviors due to layer interfaces [4,15]. The vertical
build direction can be particularly prone to delamination if process parameters or infill
strategies are not optimized [6]. SLA parts are often more isotropic but can be brittle under
impact loads, especially when resins are not formulated for toughness [16]. Although many
works address FDM or SLA mechanics separately, side-by-side comparisons under uniform
geometry and testing protocols are still relatively scarce.

Additionally, AM technologies influence tribological properties, such as surface fric-
tion and wear resistance. The inherent roughness and porosity of FDM prints lead to higher
friction coefficients, whereas SLA parts exhibit lower wear rates due to their smoother
finish and superior layer bonding. Recent research highlights the role of surface wetting
properties in determining lubricity, with SLA showing more hydrophobic behavior, lead-
ing to better fluid retention and reduced friction under lubricated conditions [17]. These
differences should be considered for applications requiring low friction or wear resistance,
such as biomedical implants or sliding components.

2.1.3. Cost and Throughput

Cost analyses of FDM and SLA repeatedly highlight that FDM is less expensive on
a per-part basis, with more economical material inputs (filament spools) and minimal
post-processing equipment [18]. SLA resin costs can be two to three times higher than
filament, and ancillary tools (e.g., alcohol wash stations, UV-curing units) add to the overall
investment [7]. Nonetheless, some SLA machines leverage automated workflows and
advanced resin formulations, suggesting the cost gap may shrink under certain production
scales. Detailed comparative data for identical geometries, accounting for labor hours and
energy use, remain limited.

2.1.4. Environmental and Reliability Factors

Environmental aspects and reliability are less frequently studied but are increasingly
relevant to practitioners. Although PLA (a popular FDM material) is biodegradable, many
SLA resins contain hazardous components and require special disposal procedures [19].
FDM may suffer from filament jams or warping under suboptimal temperature control, while
SLA can experience partial curing and failed prints if the resin is not handled properly [20,21].
Few published works integrate these dimensions—waste generation, recyclability, energy
consumption, and failure rates—into comprehensive FDM vs. SLA comparisons [22,23].

2.2. Identified Research Gap and Motivation

Despite numerous publications on each individual technology, truly holistic evalua-
tions of FDM and SLA remain limited. In particular:

• Many comparative studies focus on one performance metric (e.g., tensile strength or
dimensional accuracy) rather than capturing multiple factors (surface quality, mechan-
ical properties, cost, energy use, environmental concerns) for the same geometry and
build conditions.

• Post-processing steps, which can significantly impact surface finish, dimensional accuracy,
and total manufacturing time, are often inconsistently reported or omitted altogether.
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• Environmental burdens, such as recyclability or hazardous material handling, receive
insufficient attention, even though they can be decisive in institutional or industrial settings.

• Tribological properties and the role of surface measurement techniques in AM charac-
terization remain underexplored, despite their importance for functional applications
requiring high-precision surfaces.

Accordingly, there is a need for an integrated analysis that simultaneously measures
and compares FDM vs. SLA under controlled experiments, bridging technical, economic,
and environmental perspectives. By conducting a direct, multi-criteria comparison of these
two prominent AM processes, we aim to offer a more robust basis for selecting the most ap-
propriate technology in prototyping, functional testing, or low-volume production scenarios.

3. Materials and Methods
This section presents the experimental strategy implemented to compare Fused De-

position Modeling (FDM) and Stereolithography (SLA). Our methodology is designed
to ensure a fair and reproducible evaluation by using the same test geometries, carefully
controlled printing parameters, and standardized measurement techniques across both
processes. The study evaluates surface finish, dimensional accuracy, mechanical properties,
production cost, energy consumption, environmental impact, and reliability, providing a
holistic comparison of the two technologies.

3.1. Materials Selection

The materials selected for this study were chosen based on their widespread use in
additive manufacturing and their relevance to prototyping and low-volume production.
Two thermoplastics were used for FDM, and one photopolymer resin was selected for SLA:

• FDM (PLA): Polylactic Acid filament, a biodegradable thermoplastic derived from
renewable resources such as corn starch or sugarcane. PLA is known for its ease
of printing, dimensional stability, and moderate mechanical properties, making it a
popular choice for prototyping and educational applications.

• FDM (ABS): Acrylonitrile Butadiene Styrene filament, a petroleum-based thermoplas-
tic with higher ductility and temperature resistance compared to PLA. ABS is more
challenging to print due to its tendency to warp, but it offers superior mechanical
performance for functional parts.

• SLA (Resin): A general-purpose photopolymer resin designed for high-resolution print-
ing. This resin provides a balance of mechanical strength, surface finish, and detail
resolution, making it suitable for applications requiring fine features and smooth surfaces.

Material properties, such as tensile strength, elongation at break, and heat resistance,
were obtained from supplier datasheets to provide context for the experimental results.
Table 1 lists these key properties, as reported by the filament and resin manufacturers.

Table 1. Key material properties for FDM (PLA, ABS) and SLA resin.

Property FDM (PLA) FDM (ABS) SLA (Resin)

Tensile Strength (MPa) 50–60 40–50 60–70
Elongation at Break (%) 5–10 10–20 4–6
Heat Resistance (◦C) 50–60 80–100 50–70
Density (g/cm3) 1.24 1.04 1.10–1.20
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3.2. Equipment and Software

The experimental setup included state-of-the-art equipment and software to en-
sure consistent and reliable results. The following tools were used for fabrication, post-
processing, and testing:

• Printers:

– FDM: Ultimaker S3 (Ultimaker BV, Geldermalsen, The Netherlands), a dual-
extrusion desktop printer known for its reliability and ease of use. The printer
features a heated build plate and a semi-enclosed build chamber, which are
essential for printing ABS.

– SLA: Formlabs Form 3 (Formlabs Inc., Somerville, MA, USA), a high-resolution
desktop SLA printer with a low-force stereolithography (LFS) system. This printer
uses a flexible tank and a linear laser to achieve precise and consistent prints.

• Slicing Software:

– Ultimaker Cura (v4.8) for FDM, which provides advanced settings for layer
height, infill density, support structures, and print speed.

– PreForm (v3.12) for SLA, which automatically optimizes print orientation, sup-
port placement, and resin usage.

• Measurement Tools:

– Instron 3369 universal testing machine (Instron, Norwood, MA, USA) for me-
chanical testing, capable of measuring tensile strength, elongation, and Young’s
modulus with high precision.

– Mitutoyo Surftest SJ-210 surface profilometer (Mitutoyo Corp., Kawasaki, Japan)
for surface roughness measurements, with a resolution of 0.01 µm and a cut-off
length of 0.8 mm.

– Mitutoyo Absolute Digimatic digital caliper (accuracy ±0.01 mm) for dimen-
sional accuracy measurements.

– PCE-PA6000 power analyzer (PCE Instruments, Meschede, Germany) for moni-
toring energy consumption during printing and post-processing.

All equipment was calibrated according to manufacturer guidelines before and during
the experiments to ensure accurate and repeatable measurements.

3.3. Specimen Design

To evaluate the performance of FDM and SLA across multiple metrics, three distinct
geometries were designed in SolidWorks® 2020 and exported as STL files for slicing:

• Dimensional Accuracy: A simple cube (50 mm per side) was used to assess dimen-
sional deviations along the X, Y, and Z axes. This geometry allows for straightforward
measurements and comparison of tolerances.

• Surface Quality: A flat plate (100 mm × 100 mm × 5 mm) was designed to facilitate
repeatable surface roughness measurements. The large flat surface ensures consistent
profilometry scans.

• Mechanical Properties: Tensile bars conforming to ASTM D638 Type IV were used to
evaluate ultimate tensile strength (UTS), elongation at break, and Young’s modulus.
This standardized geometry ensures compatibility with the existing literature and
testing protocols.

All parts were oriented so that their largest face was parallel to the build platform,
ensuring consistent support strategies and allowing direct dimensional comparisons in X,
Y, and Z.
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3.4. Printing Parameters and Post-Processing

Both FDM and SLA prints were executed using recommended settings to reflect
practical usage. Table 2 summarizes the key parameters for each process:

Table 2. Key printing parameters for FDM (PLA/ABS) and SLA resin.

Parameter FDM (PLA) FDM (ABS) SLA (Resin)

Layer Height (mm) 0.20 0.20 0.05
Nozzle (or Laser)
Temp. 210 ◦C 230 ◦C N/A∗

Bed Temperature (◦C) 60 100 Ambient
Print Speed (mm/s) 60 60 Default PreForm
Infill Density (%) 20 20 N/A (solid)
Support Structures Auto (Cura) Auto (Cura) Auto (PreForm)
Post-Processing Optional sanding Optional smoothing IPA wash + UV cure

* Laser power and resin curing parameters automatically set by PreForm.

For FDM, PLA prints were cooled with a fan to minimize warping, while ABS prints
were built in a semi-enclosed chamber with the fan off to maintain a stable temperature.
SLA prints were immersed in isopropyl alcohol (IPA) for 10 min to remove residual liquid
resin, then UV-cured for 15 min, following the resin supplier’s guidelines.

3.5. Testing Procedures

All samples were prepared in sets of five to ten replicates per material to ensure
statistical robustness. The following testing procedures were employed:

3.5.1. Surface Roughness

Surface roughness was measured using the Mitutoyo Surftest SJ-210 profilometer. Five
evenly spaced scans were taken on each flat plate, and the arithmetic mean roughness
(Ra) was calculated with a cut-off length of 0.8 mm. This method ensures repeatability and
consistency in surface finish evaluation.

3.5.2. Dimensional Accuracy

Dimensional accuracy was assessed by measuring the 50 mm cubes along all three axes
using a digital caliper. Dimensional deviation was defined as ∆D = Dmeasured − Dnominal.
Mean and standard deviation values were computed to characterize overall accuracy
and variability.

3.5.3. Mechanical Testing

Tensile tests were conducted using the Instron 3369 universal testing machine, follow-
ing the ASTM D638 Type IV standard. Each specimen was pulled at a crosshead speed of
5 mm/min until fracture. Ultimate Tensile Strength (UTS), elongation at break, and Young’s
modulus were derived from the load-displacement data.

3.5.4. Production Cost and Energy Use

Production costs were calculated based on material usage, labor, and energy con-
sumption. Material costs were determined by measuring filament mass (FDM) or resin
volume (SLA) and multiplying by the respective unit price. Labor costs included setup,
print monitoring, and post-processing time. Energy consumption was measured using the
PCE-PA6000 power analyzer and converted into monetary cost using local electricity rates.
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3.5.5. Environmental Impact and Reliability

Environmental impact was assessed by weighing support structures and failed prints,
then classifying waste streams as biodegradable, recyclable, or hazardous. Print reliability
was quantified as the number of successful prints per total attempts, with dominant failure
modes (e.g., warping for FDM, incomplete curing for SLA) documented.

3.6. Data Analysis

All test outcomes were tabulated and statistically analyzed using Python v3.13
(NumPy, SciPy) and MATLAB vR2024b. Averages, standard deviations, and 95% con-
fidence intervals were calculated for each metric. Intergroup comparisons were performed
using a two-sample t-test with a significance level of α = 0.05. Correlations between
parameters (e.g., layer height vs. Ra) were also explored to identify potential relationships
within each technology.

3.7. Methodological Assumptions and Limitations

The methodology aims to reflect typical industry setups, but certain assumptions may
limit generalizability:

• Printer-Specific Results: Different FDM or SLA models may yield variations due to
differences in calibration, nozzle type, or resin formulations.

• Material Scope: Only PLA, ABS, and a standard SLA resin were tested. High-
performance filaments or specialized resins (e.g., carbon fiber-reinforced, flexible,
or high-temperature) might exhibit different behaviors.

• Sample Size vs. Practicality: Although five to ten replicates per condition generally
suffice for reliable mean estimates, larger sample sizes could further reduce statistical
uncertainties.

Despite these limitations, the systematic approach of using identical geometries, consis-
tent build parameters, and standardized testing ensures a fair and meaningful comparison
between FDM and SLA, providing valuable insights for practitioners and researchers.

4. Results and Discussion
This section consolidates the experimental findings for both FDM (PLA and ABS) and

SLA (general-purpose photopolymer resin), covering surface finish, dimensional accuracy,
mechanical behavior, production cost, energy usage, environmental factors, and reliability.
By evaluating the same geometries under standardized settings (Section 3), we aim to
present a balanced, data-driven comparison of these two additive manufacturing (AM)
technologies. The results are organized to highlight the strengths and limitations of each
process, providing actionable insights for practitioners and researchers.

4.1. Overall Appearance and Qualitative Observations

Printed samples exhibited distinct visual and tactile differences, reflecting the inherent
characteristics of each technology. FDM builds—whether using PLA or ABS—featured
visible layer lines on vertical and curved surfaces, producing a semi-matte appearance
(Figure 1a). These layer lines are a direct result of the extrusion process, where molten
thermoplastic is deposited in discrete layers. In contrast, SLA parts appeared smoother
and more uniform, exhibiting a glossy finish immediately after post-curing (Figure 1b).
A 10 mm scale bar is included in each image to provide dimensional reference. Cross-
sectional micrographs (not shown here for brevity) confirmed that SLA’s layers were more
closely bonded than the extruded beads characteristic of FDM, contributing to its superior
surface quality.
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Figure 1. Representative specimens printed via FDM (ABS) and SLA resin, illustrating typical surface
finish differences in as-printed condition.

4.2. Surface Finish
4.2.1. Profilometry Measurements

Surface roughness was quantified using profilometry scans on flat plates (100 × 100 ×
5 mm). Figure 2 plots the arithmetic mean roughness (Ra) for each material:

• FDM (PLA): Ra = 12.1 ± 1.2µm
• FDM (ABS): Ra = 13.5 ± 1.4µm
• SLA (Resin): Ra = 2.2 ± 0.3µm

SLA exhibited significantly smoother surfaces than FDM, with Ra values approxi-
mately 80% lower. Statistical analysis (t-test, α = 0.05) confirmed that the difference in
Ra between SLA and each FDM group was highly significant (p < 0.001). This result
underscores SLA’s advantage in applications requiring fine surface finishes, such as molds,
dental models, or aesthetic prototypes.

FDM (PLA) FDM (ABS) SLA (Resin)
0

5

10

15

12.1

13.5

2.2

R
a

(µ
m

)

Mean Ra

Figure 2. Average surface roughness (Ra) for FDM (PLA, ABS) and SLA specimens, with one standard
deviation as error bars.

4.2.2. Post-Processing Influence

Post-processing further improved surface quality for both technologies. Light sanding
or acetone vapor smoothing reduced FDM roughness by up to 50%, achieving Ra ≈ 6µm.
SLA parts, after post-curing and a brief surface polish, achieved Ra ≈ 1.4µm. While
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post-processing narrows the gap, SLA retains a clear advantage for applications requiring
ultra-smooth surfaces or low friction.

4.3. Dimensional Accuracy
Cubic Specimens

Dimensional accuracy was assessed using 50 mm cubes. Table 3 summarizes the
deviations relative to nominal dimensions:

Table 3. Dimensional deviations (∆D) of 50 mm cubes for FDM and SLA (n = 5).

Material X-Axis (mm) Y-Axis (mm) Z-Axis (mm)

FDM (PLA) +0.16 ± 0.04 +0.15 ± 0.05 +0.19 ± 0.07
FDM (ABS) +0.17 ± 0.05 +0.14 ± 0.05 +0.20 ± 0.06
SLA (Resin) +0.05 ± 0.02 +0.05 ± 0.02 +0.06 ± 0.02

SLA consistently maintained tighter tolerances (±0.05 mm) compared to FDM
(±0.15–0.20 mm). The higher deviations in FDM are attributed to factors such as noz-
zle diameter variability, thermal contraction, and warping, particularly in ABS. These
results highlight SLA’s precision advantage for applications requiring high dimensional
accuracy, such as interlocking parts or assemblies.

4.4. Mechanical Performance
4.4.1. Tensile Test Data

Tensile tests were conducted on ASTM D638 Type IV specimens. Table 4 details the
average ultimate tensile strength (UTS), elongation at break, and Young’s modulus. Addi-
tionally, Figure 3 presents representative stress–strain curves for each material, providing
insights into their respective failure modes and mechanical behavior under tension.

Table 4. Tensile properties (n = 5) for FDM (PLA, ABS) and SLA resin.

Material UTS (MPa) Elongation at Break (%) Young’s Modulus (GPa)

FDM (PLA) 50.2 ± 2.7 5.8 ± 0.6 3.4 ± 0.2
FDM (ABS) 47.5 ± 3.1 8.7 ± 0.8 2.3 ± 0.2
SLA (Resin) 68.9 ± 3.0 4.4 ± 0.3 2.8 ± 0.2

SLA exhibited the highest tensile strength (68.9 MPa), outperforming both PLA and
ABS. However, FDM ABS demonstrated superior ductility, with an elongation at break
of 8.7%, compared to SLA’s 4.4%. PLA’s intermediate elongation and higher stiffness
(3.4 GPa) position it between ABS and SLA on the stiffness–ductility spectrum. These
findings suggest that SLA is better suited for load-bearing applications, while FDM ABS is
preferable for parts requiring impact resistance or flexibility.

The stress–strain curves in Figure 3 further illustrate the differences in mechanical
behavior. The SLA resin shows a steep elastic region and a sudden fracture, indicative of
brittle failure. FDM ABS, in contrast, exhibits a prolonged plastic deformation phase before
failure, demonstrating its superior toughness. PLA, while stronger than ABS, has a lower
elongation at break and moderate plasticity before failure.



Appl. Sci. 2025, 15, 2245 10 of 16

0 2 4 6 8 10
0

10

20

30

40

50

60

70

80

Strain (%)

St
re

ss
(M

Pa
)

SLA (Brittle failure)
FDM (PLA)

FDM (ABS, Ductile failure)

Figure 3. Strain curves for FDM (PLA, ABS) and SLA resin. SLA exhibits brittle fracture at 4.4%
strain, PLA shows moderate plasticity, and ABS demonstrates extended ductility up to 8.7% strain.

These stress–strain curves reinforce the previous numerical findings, confirming
that SLA resin offers the highest tensile strength but fractures without significant plastic
deformation, limiting its ability to withstand impact forces. In contrast, FDM ABS, despite
having a lower UTS, allows for substantial elongation, making it preferable for components
subjected to dynamic or shock loads. PLA remains an intermediate option, combining
moderate strength and ductility. This analysis suggests that material selection should
be guided not only by ultimate strength but also by expected loading conditions and
failure tolerance.

4.4.2. Effect of Infill Density on FDM Mechanical Properties

The tensile properties of FDM prints depend significantly on infill density, which was
set to 20% in this study as a trade-off between strength, material efficiency, and print speed.
Higher infill densities—such as 50% or 100%—would result in improved tensile strength
and stiffness, but at the cost of increased print time, material usage, and weight. Previous
research suggests that increasing infill to 100% can enhance tensile strength by up to 30–50%,
depending on layer adhesion and print quality. However, for many practical applications,
such as prototyping and lightweight structural components, lower infill percentages are
preferred to maintain reasonable production efficiency.

Additionally, unlike SLA prints, which are inherently solid, FDM prints rely on internal
infill structures to balance strength and efficiency. The honeycomb or grid-like structures
used in FDM prints influence not only the tensile properties but also the impact resistance
and failure mode of the material. A higher infill setting would reduce deformation under
load and improve failure tolerance, making FDM a more competitive choice for functional
parts requiring mechanical durability. Future studies could explore the optimal infill-
density-to-strength ratio in more complex geometries and real-world load conditions.

4.4.3. Fracture Observations

Visual inspection of fractured tensile bars revealed distinct failure modes. SLA samples
exhibited brittle failure with clean cracks and minimal plastic deformation. In contrast,
FDM ABS showed significant necking and ductile failure, while PLA exhibited limited
necking. These observations align with the measured mechanical properties and provide
additional insights into material behavior under stress.



Appl. Sci. 2025, 15, 2245 11 of 16

4.5. Cost, Energy, and Throughput Analysis
4.5.1. Material and Labor Costs

Table 5 summarizes the per-part costs for FDM and SLA, including material, labor,
energy, and depreciation.

Table 5. Per-part cost breakdown for FDM vs. SLA.

Item FDM (PLA) FDM (ABS) SLA (Resin)

Material 1.50 1.70 4.50
Labor 0.40 0.40 0.80
Energy 0.20 0.20 0.30
Depreciation 0.20 0.20 0.30

Total (EUR) 2.30 2.50 5.90

FDM is significantly more cost-effective, with per-part costs approximately 60% lower
than SLA. This cost advantage is driven by lower material prices and faster produc-
tion times.

4.5.2. Build Times and Production Rate

FDM builds averaged 45–55 min, while SLA prints required 90–100 min, including
post-curing. Figure 4 illustrates the throughput advantage of FDM, making it ideal for
rapid prototyping.

FDM (PLA) FDM (ABS) SLA (Resin)
0

20

40

60

80

100

45
50

95

Bu
ild

Ti
m

e
(m

in
)

Mean Build Time

Figure 4. Average build times (with approximate variation) for test parts printed in PLA, ABS,
and SLA resin. Error bars show the observed range within each material.

4.5.3. Energy Consumption

FDM consumed 0.75–0.85 kWh per part, compared to 1.0–1.1 kWh for SLA. This dif-
ference, while modest on a per-part basis, becomes significant in high-volume production.

4.6. Environmental and Reliability Evaluation
4.6.1. Waste Generation and Recyclability

FDM generated 15% waste by weight, primarily from support structures and failed
prints. SLA produced 10% waste, but its resin is hazardous if uncured. PLA is biodegrad-
able, and ABS is recyclable, whereas SLA resin requires specialized disposal.
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4.6.2. Reliability

FDM achieved an 80% success rate, with failures due to nozzle clogs or warping. SLA
reached a 90% success rate, but failures were more costly due to resin cleanup. SLA also
requires stricter safety protocols for resin handling.

4.7. Discussion and Integrated Assessment

Table 6 synthesizes the key findings. SLA excels in surface finish, dimensional accuracy,
and tensile strength, while FDM is superior in cost, throughput, and environmental impact.
A multi-criteria analysis (Figure 5) highlights the trade-offs, with SLA marginally leading
overall but FDM being preferable for cost-sensitive applications.

Table 6. Summary of main comparative findings for FDM vs. SLA.

Metric FDM (PLA) FDM (ABS) SLA (Resin)

Surface Roughness (Ra, µm) 12.1 ± 1.2 13.5 ± 1.4 2.2 ± 0.3
Dimensional Dev. (mm) ±0.15–0.20 ±0.15–0.20 ±0.05
UTS (MPa) 50.2 ± 2.7 47.5 ± 3.1 68.9 ± 3.0
Elongation at Break (%) 5.8 ± 0.6 8.7 ± 0.8 4.4 ± 0.3
Cost per Part (EUR) 2.30 2.50 5.90
Build Time (min) 45–50 50–55 90–100
Energy Use (kWh/part) 0.75–0.80 0.80–0.85 1.0–1.1
Waste (% by mass) 15% 15% 10%
Waste Type Biodegradable/Recycl. Recyclable Hazardous resin
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Comparison with Prior Studies

Several studies have explored the comparative performance of FDM and SLA across
various parameters, including surface finish, dimensional accuracy, mechanical properties,
and cost-effectiveness. Our results are in general agreement with previous research but
also introduce novel insights into material behavior under standardized conditions.
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For surface roughness, our findings align with Nguyen et al. (2022) [12], who reported
that SLA achieves a significantly lower Ra compared to FDM. Similarly, Melchels et al.
(2010) [5] emphasize the superior surface finish of SLA due to its laser-based curing mecha-
nism. However, while previous studies primarily focus on as-printed surfaces, our research
extends the analysis by quantifying the impact of post-processing (e.g., polishing, acetone
vapor smoothing), demonstrating that FDM roughness can be reduced by nearly 50%,
though SLA remains inherently smoother.

In terms of dimensional accuracy, our results (SLA: ±0.05 mm; FDM: ±0.15–0.20 mm)
are consistent with Sun et al. (2008) [9] and Nugroho et al. (2022) [11], who found that SLA
tolerances are typically within ±0.05 mm due to its high-resolution laser curing process.
However, we also identify that FDM exhibits greater anisotropic deviations, particularly
along the Z-axis due to layer-by-layer deposition.

Regarding mechanical properties, our findings confirm the anisotropic nature of FDM
reported by Ahn et al. (2002) [4], where interlayer bonding significantly influences tensile
strength. Tymrak et al. (2014) [15] similarly noted that ABS filaments achieve higher
ductility compared to PLA, which is reflected in our results (ϵb = 8.7% for ABS vs. 5.8%
for PLA). However, our work extends this by incorporating SLA stress–strain analysis,
confirming its brittle failure mode, which is less discussed in prior work.

In terms of cost-effectiveness, our results are in line with Kumar et al. (2015) [18],
who found that FDM is at least 50% cheaper per part than SLA due to lower material and
equipment costs. However, our study additionally evaluates energy consumption and
waste management, showing that while SLA prints are costlier, they also generate slightly
less waste by weight but require specialized disposal procedures.

Environmental considerations are often overlooked in prior studies. Arrizubieta et al.
(2020) [19] and Mendoza-Muñoz et al. (2024) [23] emphasize the hazardous nature of
uncured SLA resins, but we expand on this by quantifying waste output and print failure
rates, demonstrating that FDM produces more recyclable waste, while SLA waste requires
specialized handling.

Overall, our study builds upon previous research by providing a comprehensive,
multi-faceted analysis that integrates mechanical, economic, and environmental factors
into a single framework, offering a more holistic perspective on AM technology selection.

4.8. Summary of Key Insights

1. Surface Finish and Precision: SLA achieves ∼2 µm roughness and ±0.05 mm toler-
ances, outperforming FDM.

2. Mechanical Properties: SLA exhibits higher tensile strength (68.9 MPa) but lower
ductility (4.4% elongation at break). FDM ABS, while weaker in tensile strength
(47.5 MPa), offers superior toughness (8.7% elongation at break), making it suitable
for impact-resistant applications.

3. Cost and Throughput: FDM is significantly more economical (∼2.30–∼2.50EUR/part)
and faster (45–55 min per part) compared to SLA (∼5.90EUR/part and 90–100 min
per part). This makes FDM ideal for rapid prototyping and cost-sensitive projects.

4. Environmental and Safety Considerations: FDM waste (PLA/ABS) is biodegradable
or recyclable, whereas SLA resin waste is hazardous if uncured. However, SLA
generates slightly less waste by mass (10% vs. 15% for FDM).

5. Reliability and Ease of Use: FDM has an 80% success rate, with failures primarily due
to nozzle clogs or warping. SLA achieves a 90% success rate but requires stricter
handling of resin and post-processing, increasing operational complexity.

Overall, the choice between FDM and SLA depends on specific application requirements.
SLA is indispensable for high-detail, high-strength, or precision-demanding parts, while
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FDM is better suited for rapid, cost-effective prototyping or flexible components. The sub-
sequent section (Section 5) provides further recommendations for aligning these results to
specific use cases.

5. Conclusions
This study provides an in-depth, head-to-head comparison of Fused Deposition Mod-

eling (FDM) and Stereolithography (SLA), based on identical test geometries and standard-
ized methods. By assessing surface quality, dimensional accuracy, mechanical properties,
production cost, energy consumption, and environmental factors, we illustrate how these
prominent additive manufacturing (AM) technologies align with different requirements
and constraints.

Overall, the results demonstrate that each technology excels under particular condi-
tions. SLA offers precise dimensional tolerances—around ±0.05 mm—and the smoothest
as-printed surfaces (Ra ≈ 2.2µm). Its higher tensile strength (up to 69–70 MPa) can be
advantageous for applications needing strong, rigid parts. Yet these benefits come at a
higher cost per part, a slower throughput, and a more complex post-processing workflow,
where uncured resin demands careful handling and disposal.

In contrast, FDM demonstrates significant advantages for cost-sensitive or rapid
prototyping scenarios, with typical build times almost half those of SLA and part costs
that can be reduced by more than 50%. While the resultant prints may be limited to
Ra ≈ 12–13µm and dimensional deviations closer to ±0.15–0.20 mm, this slightly coarser
finish remains acceptable for many engineering prototypes. FDM further stands out for
its simpler waste management, particularly if biodegradable PLA is used, as opposed to
SLA’s resin-based waste, which is generally hazardous in its uncured form.

From a mechanical perspective, FDM parts—especially those printed with ABS—offer
a somewhat lower tensile strength but better ductility, which translates to greater tolerance
for dynamic or impact loading. Meanwhile, SLA excels in load-bearing applications
that demand high strength and finer detail, provided the brittleness of the material does
not undermine part performance. In terms of reliability, FDM experienced more nozzle-
related issues and warping, yet SLA’s occasional print failures often resulted in more
time-consuming cleanup.

Looking to the future, research may focus on exploring advanced filaments (e.g.,
carbon- or glass fiber-reinforced) and high-performance SLA resins (e.g., high-temperature
or impact-resistant) to refine the balance between mechanical properties and cost. Addi-
tional studies on wear, fatigue, or UV resistance would help quantify long-term perfor-
mance, bridging the gap from short-term testing to real-world applications. Investigations
into hybrid approaches that combine the rapid throughput of FDM with SLA’s superior
surface quality are also of interest. Furthermore, comprehensive life-cycle assessments
(LCAs), paired with decision-making tools such as AHP or TOPSIS, could offer deeper
insights into sustainability across different production scales.

In conclusion, neither FDM nor SLA emerges as outright superior for all applications.
Rather, each approach meets particular needs, depending on criteria such as dimensional
tolerance, surface smoothness, mechanical strength, production budget, and environmental
considerations. By clarifying these trade-offs, the present research can guide practitioners
toward a more informed selection of AM processes—maximizing functional performance
while balancing cost-effectiveness and sustainability.
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