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Abstract

Selective laser melting (SLM) is an additive manufacturing method based on powder bed
fusion that has gained prominence in prosthodontics for its capability to create intricate,
patient-specific metal restorations with precision and consistency. SLM has become an
important part of digital dental workflows, allowing for the direct creation of dental frame-
works from computer-aided design (CAD), offering advantages over traditional casting and
subtractive milling techniques. This review outlines the fundamentals of SLM, the dental
alloys commonly employed, and the microstructural characteristics that affect mechanical
properties, corrosion resistance, and biocompatibility. It explores current uses in removable
partial denture frameworks, fixed dental prostheses, metal-ceramic restorations, implant-
supported prosthetics, and maxillofacial rehabilitation. Alloys based on cobalt-chromium
and titanium produced through SLM exhibit strong mechanical properties, fatigue resis-
tance, and biological compatibility when suitable post-processing is conducted. Despite
these advantages, issues such as surface roughness, porosity, anisotropy, powder handling,
and high costs remain, and there is a lack of extensive long-term clinical data. Ongoing
process refinement and clinical validation are crucial for the wider integration of SLM into
standard prosthodontic practice.

Keywords: selective laser melting; prosthodontics; dental alloys; additive manufacturing;
digital dentistry

1. Introduction

The rapid progress in digital dentistry has significantly altered the approach to de-
signing, creating, and delivering prosthodontic treatments [1]. Over the last twenty years,
the adoption of computer-aided design and computer-aided manufacturing (CAD/CAM)
technologies has allowed dental professionals and technicians to transition from traditional
manual processes to highly accurate, data-driven techniques [2,3]. Among these technolog-
ical advancements, additive manufacturing (AM), often referred to as three-dimensional
(3D) printing, has become one of the most impactful innovations [4]. This is due to its
capability to produce intricate structures directly from digital models with high consistency
and minimal material waste [5].

Additive manufacturing includes a range of processing methods, which are generally
classified according to the ISO/ASTM 52900 standard [6,7]. These methods consist of
material extrusion, vat photopolymerization, binder jetting, material jetting, sheet lam-
ination, directed energy deposition, and powder bed fusion (PBF) [8]. In the field of
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dentistry, PBF has become particularly prominent for creating metallic parts, as it allows
for the layer-by-layer consolidation of metal powders using high-energy laser or electron
beams [9,10]. Selective laser melting (SLM), a laser-based PBF method, is especially benefi-
cial in prosthodontics because it can completely melt and fuse metal powders into dense,
high-strength components that are suitable for use inside the mouth [11].

SLM marks a significant shift from conventional manufacturing methods like cast-
ing and subtractive milling [12]. Traditional lost-wax casting, despite its long-standing
use, often suffers from issues such as shrinkage defects, porosity, variable alloy quality,
and steps that are highly dependent on the operator’s expertise [13]. Milling, another
common CAD/CAM technique, offers greater precision but is constrained by tool accessi-
bility, substantial material waste, and difficulties in creating complex shapes. In contrast,
SLM integrates effortlessly with digital processes and enables the direct production of
intricate dental alloys such as cobalt-chromium (Co-Cr), titanium, and their variants
with enhanced microstructural uniformity, fewer casting defects, and superior mechanical
properties [14,15].

The integration of SLM in prosthodontics is propelled by both clinical and technolog-
ical needs. Clinicians are increasingly in search of restorations that provide excellent fit
accuracy, long-lasting durability, and customization tailored to individual patients [15]. At
the same time, laboratories strive for quicker turnaround times, consistent reproducibility,
and scalable digital production processes. SLM meets many of these requirements by
allowing the creation of removable partial denture (RPD) frameworks, fixed dental pros-
theses, implant-supported bars, maxillofacial prosthetic components, and metal-ceramic
substructures with high dimensional accuracy and minimal human error [16,17].

Although SLM offers several benefits, it also has its drawbacks. Issues like surface
roughness, anisotropic mechanical properties, residual stresses, and powder contamination
need to be addressed through effective process control and post-processing techniques [18].
Additionally, there is a lack of extensive clinical evidence supporting the long-term effec-
tiveness of prostheses made using SLM compared to traditional methods, highlighting the
need for ongoing research and standardization [19,20].

Considering these advancements, the objective of this review is to deliver a detailed
and critical examination of the current role of SLM in prosthodontics. This review delves
into the core principles of SLM technology, its diverse applications within prosthodontic
fields, the mechanical and biological characteristics of dental alloys created using SLM, the
advantages it holds over traditional fabrication methods, the challenges that persist, and
the future pathways for research and clinical adoption. By compiling existing knowledge,
this work aims to assist both clinicians and researchers in comprehending the increasing
relevance of SLM in the realm of digital dentistry.

2. Principles of Selective Laser Melting

To understand the clinical relevance of SLM in prosthodontics, it is essential to first
examine its fundamental working principles and processing mechanisms.

2.1. Basic Mechanism of SLM

SLM is an additive manufacturing method based on powder bed fusion that facilitates
the direct creation of dense metal parts by melting them with a laser [21,22]. Unlike tradi-
tional prosthodontic manufacturing techniques such as casting or subtractive milling, SLM
enables the formation of intricate shapes and customized microstructures by accurately
managing thermal energy input, powder feedstock, and digital design [23]. The SLM pro-
cess depends on a closely linked interaction between the layer-by-layer construction, laser
processing settings, and powder properties, all of which influence melt pool dynamics, in-
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terlayer adhesion, and the final material characteristics [24]. In dental applications, changes
in these elements can greatly affect density, surface finish, microstructural consistency,
and mechanical dependability, making it crucial to understand SLM’s core mechanisms to
enhance prosthodontic restorations [25].

a. Layer-by-Layer Fabrication

SLM utilizes a method of constructing objects layer by layer, where a precisely aimed
laser melts thin metal powder layers based on cross-sectional data from a sliced CAD
model [26]. During each cycle, a consistent layer of powder is spread over the build platform
and then selectively melted by a high-energy laser, which fully liquefies the powder
particles to create dense layers with strong metallurgical bonds and excellent interlayer
adhesion [27]. Once solidified, the build platform is lowered by a set layer thickness,
and the process is repeated until the three-dimensional prosthodontic component is fully
formed [28]. This layer-by-layer technique allows for precise control over the geometry and
internal structures, enabling the creation of intricate features like thin clasps, undercuts,
and lattice designs that are challenging to produce with traditional casting or subtractive
methods [29,30]. Additionally, the additive and digital nature of SLM minimizes material
waste, improves reproducibility, and seamlessly integrates with CAD/CAM workflows
and intraoral scanning, supporting patient-specific and highly customized prosthodontic
solutions [31].

b. Laser Parameters (Power, Scan Speed, Hatch Spacing)

The parameters used in laser processing are crucial in influencing the quality, mechan-
ical properties, and structural soundness of dental alloys produced through SLM [32]. The
volumetric energy density, which is mainly determined by laser power and scanning speed,
has a direct impact on the behaviour of the melt pool, the bonding between layers, and
the level of densification. Insufficient energy can result in lack-of-fusion defects, while too
much energy can lead to unstable melt pool dynamics, residual stresses, and inaccuracies
in dimensions. Additionally, hatch spacing affects the overlap of melt pools and the for-
mation of porosity; inadequate overlap can cause weak bonding between tracks, whereas
excessively small spacing can lead to heat buildup and microstructural inconsistencies [33].
In prosthodontic applications, where restorations endure repeated occlusal loading, it is
vital to carefully optimize laser parameters to create dense structures with minimal defects,
ensuring reliable mechanical properties and long-term clinical success [34,35].

c. Powder Characteristics (Size, Flowability, Morphology)

SLM, the characteristics of metal powders, both physical and chemical, are crucial
for ensuring process stability and the quality of the final product [36]. The distribution of
particle sizes significantly affects the density of powder packing, the interaction between
the laser and powder, and the uniformity of layers [37]. Powders that are too fine tend to
oxidize easily and have poor flowability, whereas powders that are too coarse can lead
to incomplete melting and fusion defects [38]. The shape of the powder particles is also
vital; spherical, gas-atomized powders offer better flowability and consistent recoating
compared to irregularly shaped particles, which can cause uneven melting and dimensional
errors [39]. Maintaining good powder flowability and cleanliness is essential for achieving
consistent layer thickness, as contamination or inadequate spreading can increase porosity
and compromise mechanical reliability [40]. Furthermore, repeated recycling of powder can
change particle shape and chemical makeup, raising oxygen levels and deteriorating me-
chanical properties. This underscores the importance of stringent powder management and
recycling control to maintain consistent quality in SLM-produced dental prostheses [41].

Figure 1 illustrates the fundamental mechanism of the Selective Laser Melting process.
Initially, a thin and uniform layer of metal powder is spread across the build platform using
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a recoating system. A high-energy laser then selectively scans the powder bed based on
the cross-sectional geometry derived from the digital model, generating a localized melt
pool where complete melting of particles occurs. Upon solidification, a dense metallurgical
bond is formed between adjacent tracks and successive layers. The build platform is
subsequently lowered, and a new powder layer is deposited, allowing the process to repeat
in a layer-by-layer manner. The stability of the melt pool, heat transfer behaviour, and
solidification dynamics play critical roles in determining microstructure evolution and
defect formation, directly influencing the mechanical performance and reliability of the
final component [42].

2. Powder Layering

1. CAD Model Slicing » \ 3. Laser Melting

High-Energy Laser

/

Thin layer of metal powder
spread on build platform

Laser scans and melts powder

¥

1

6. Recoating 4. Solidification
——— e Build Platform
New powder layer is applied Selective Laser Melting (SLM}

\ Build plattorm lowers after each layer

e —

5. Platform Lowering /

Build platform lowers after each layer

Figure 1. SLM process steps, adapted with permission from Ref. [42]. Copyright 2012, John Wiley
and Sons.

2.2. Materials Commonly Used in Oral Prosthetics

Following an understanding of the SLM process, material selection becomes a critical
factor that influences processing behaviour and final prosthetic performance. Since the
response of a material to rapid melting and solidification strongly affects the quality of the
final restoration, material selection is a critical consideration in SLM-based prosthodontics.
The mechanical properties, biocompatibility, and supporting long-term clinical success of
prosthodontic restorations created through SLM are heavily dependent on the choice of ma-
terials [43]. This is because the process exposes alloys to rapid and localized thermal cycles,
impacting their microstructure, phase composition, and residual stress distribution [44].
As a result, not all dental alloys that are suitable for casting or milling are appropriate
for SLM. The materials must demonstrate proven biocompatibility, resistance to corrosion
in the oral environment, and adequate strength and fatigue resistance to endure occlusal
forces [45,46]. Additionally, they must be compatible with digital workflows and capable
of forming stable microstructures under rapid solidification conditions [47]. These criteria
have led to the widespread use of cobalt-chromium alloys and titanium-based materials
in SLM prosthodontics, while the use of stainless steel is limited due to concerns about
biological compatibility and corrosion [48,49].
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a. Co-Cr alloys

Cobalt—chromium (Co-Cr) alloys are extensively utilized in SLM for prosthodontic
purposes because of their superior mechanical strength, outstanding wear resistance, and
corrosion stability in the oral environment (Table 1) [50]. The rapid melting and solidifi-
cation process characteristic of SLM results in fine and uniform microstructures, which
help to minimize typical casting defects like shrinkage porosity, elemental segregation,
and irregular grain growth [51]. This refined microstructure improves yield strength and
fatigue resistance (Table 1), which are essential for fixed dental prostheses that endure
occlusal loading and for ensuring long-term stability and retention in removable partial
denture frameworks [52]. Furthermore, Co-Cr alloys produced through SLM develop a
stable chromium-rich passive oxide layer that offers excellent corrosion resistance, reducing
ion release and adverse tissue reactions [53]. With suitable post-processing and surface
finishing (Table 1), their corrosion performance is comparable to or better than that of
traditionally cast alloys, contributing to their increasing acceptance as dependable, digitally
compatible materials in modern prosthodontic practice, such as RPD framework, crown,
bridges, and implant bars (Table 1) [54].

b. Titanium and Titanium Alloys (Ti-6Al-4V)

Titanium and its alloys, especially Ti-6Al-4V, are extensively utilized in SLM for max-
illofacial and implant-supported prosthodontic purposes because of their outstanding
biocompatibility, excellent corrosion resistance, and advantageous mechanical character-
istics (Table 1) [55]. The high strength-to-weight ratio of titanium alloys allows for the
creation of lightweight yet durable prosthetic components, enhancing patient comfort while
maintaining structural integrity. SLM further boosts the clinical potential of titanium by
enabling the production of intricate, patient-specific shapes, thin-walled structures, and
porous or lattice designs that encourage more natural stress distribution and minimize
stress shielding (Table 1) [56]. The development of a stable titanium oxide (TiO,) passive
layer offers robust corrosion resistance and facilitates protein adsorption, cell adhesion, and
osteointegration, which are essential for supporting long-term clinical success [57]. With
suitable post-processing and surface modification, SLM-produced titanium components
exhibit biological and mechanical performance that is comparable to or better than tradition-
ally manufactured counterparts, supporting their growing use in advanced prosthodontic
and maxillofacial applications (Table 1) [20,58].

c. Stainless Steel (Limited use)

Stainless steel has been explored as a candidate material for SLM, yet its application in
permanent prosthodontics is still restricted. While austenitic stainless steels like 316L are
commonly employed in biomedical devices due to their cost-effectiveness, adequate me-
chanical properties, and ease of manufacturing, they offer poorer corrosion resistance in the
dynamic oral environment compared to cobalt—chromium and titanium alloys (Table 1) [59].
The passive oxide layer on stainless steel is less stable and can deteriorate under acidic con-
ditions or mechanical stress, resulting in increased ion release. Furthermore, the release of
nickel and chromium ions has been linked to hypersensitivity and inflammatory responses,
limiting its long-term use in the mouth (Table 1) [60]. Because of these material and bio-
logical constraints, stainless steel is typically limited to experimental research, temporary
restorations, or non-permanent components (Table 1), while Co-Cr and titanium alloys
continue to be the preferred materials for SLM-fabricated prosthodontic restorations that
require long-term durability and biocompatibility [61].
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Table 1. Materials used in SLM for prosthodontic.
Materials Key Properties  Advantages of SLM Limitation Applications Ref.
High strength, = Fine microstructure, Requires RPD
Co—Cr alloys wear resistance, hlgh fatigue post-processing framewo_rks, [51,53,54]
corrosion resistance, stable to reduce crowns, bridges,
resistance oxide layer roughness and implant bars
High strength-to- Lightweight, Implant
Tis6 Al-4V weight ratio, customizable porous Amsotropy, frarr}eworlfs, [20,55-57]
excellent structures, excellent residual stress maxillofacial
biocompatibility osseointegration prosthese
Stainless steel Moderate Cirliil;ﬁ)il Temporary
strength, Processable by SLM restorations, [59-61]

(316L)

cost-effective

resistance, ion
release concerns

experimental use

2.3. Microstructural Characteristics of SLM Alloys

In addition to material selection, the microstructural characteristics generated during
SLM processing play a key role in determining mechanical properties and clinical per-
formance. Dental alloys created through SLM display unique microstructural properties
compared to those made by traditional casting or subtractive manufacturing methods [62].
This is largely due to the highly localized and rapid thermal cycles inherent in the SLM
process [63]. The repeated cycles of melting and solidification under sharp temperature
gradients lead to distinctive microstructures that significantly affect mechanical properties,
corrosion resistance, and the long-term clinical performance of prosthodontic devices [64].
It is crucial to understand these microstructural characteristics-such as the effects of rapid
solidification, refined grain structures, anisotropy, and process-induced porosity-especially
in dentistry, where restorations face cyclic occlusal forces and a chemically active oral
environment [65,66].

a. Rapid Solidification

Rapid solidification is a defining microstructural feature of alloys produced by SLM, re-
sulting from the extremely high cooling rates associated with localized laser melting, which
can reach 10%-10° K/s-significantly higher than those in conventional casting processes [67].
Such rapid cooling limits atomic diffusion and leads to non-equilibrium microstructures
characterized by fine cellular or dendritic morphologies and a more homogeneous distri-
bution of alloying elements in systems such as cobalt-chromium and titanium alloys [68].
This microstructural refinement enhances mechanical uniformity and reduces segregation-
related weaknesses; however, it may also promote the retention of metastable phases
and the development of residual stresses, necessitating post-processing treatments such
as stress-relief heat treatment to ensure dimensional stability and optimal mechanical
performance [69].

The phase evolution of SLM-fabricated alloys differs significantly depending on mate-
rial composition. In titanium alloys such as Ti-6Al—4YV, the extremely high cooling rates
associated with SLM promote the formation of metastable o’ martensite, which contributes
to high strength but may reduce ductility unless appropriate heat treatment is applied. In
contrast, cobalt-chromium alloys exhibit the formation of carbide phases, which enhance
hardness, wear resistance, and overall mechanical stability. These differences in phase
evolution highlight the importance of material-specific post-processing strategies to opti-
mize the mechanical performance and clinical reliability of SLM-fabricated prosthodontic
components [46].
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b. Fine Microstructure

Alloys produced through SLM generally possess a fine and highly refined microstruc-
ture characterized by small grain sizes and elevated dislocation densities due to the rapid
solidification process [70]. The refinement of grains serves as an effective strengthening
mechanism, as explained by the Hall-Petch relationship, where a decrease in grain size
results in enhanced yield strength and hardness. In contrast to cast alloys, which often have
coarse and uneven grain structures due to slow and uncontrolled cooling, SLM-fabricated
alloys exhibit greater microstructural uniformity, minimizing localized stress concentra-
tions and encouraging consistent mechanical performance [71]. This refined and uniform
microstructure is especially beneficial in prosthodontic applications, where resistance to
wear, deformation, and fatigue is crucial for preserving the long-term integrity of fixed
prostheses and removable partial denture frameworks [72].

c.  Anisotropy

Even with their sophisticated microstructure, alloys produced through SLM often
display anisotropic mechanical and microstructural characteristics due to the directional
heat flow inherent in the layer-by-layer manufacturing process [73]. This directional so-
lidification encourages the development of elongated columnar grains that align with the
build direction, leading to mechanical behaviour that varies with orientation. Practically
speaking, anisotropy can result in differences in strength, ductility, and fatigue resistance
based on the loading direction in relation to the build orientation [74]. For prosthodon-
tic components that experience complex multidirectional forces, it is crucial to carefully
consider the build orientation and apply suitable post-processing treatments to reduce
anisotropy and ensure reliable clinical performance [75].

d. Porosities and Defects

While SLM allows for the production of nearly fully dense metal parts, porosity and
microstructural flaws can still arise based on the processing conditions [76]. Typical defects
include gas porosity from trapped gases in powder particles, lack-of-fusion porosity due to
insufficient energy input or inadequate scan overlap, and voids from keyholes caused by
excessive energy density [77]. These imperfections serve as stress concentrators and sites
for crack initiation, adversely impacting fatigue strength, corrosion resistance, and overall
mechanical reliability. In prosthodontic applications, which are subject to cyclic loading and
a corrosive oral environment, it is crucial to rigorously control process parameters, powder
quality, and scan strategies, along with suitable post-processing, to minimize defects and
ensure that SLM-fabricated dental alloys meet clinical performance standards [78].

3. Current Applications of SLM in Prosthodontics

The clinical applications of SLM in prosthodontics are closely influenced by its pro-
cessing principles, material selection, and the resulting microstructural characteristics and
defect behaviour, which collectively determine the performance and reliability of prosthetic
restorations. The following sections present representative clinical applications of SLM that
illustrate these relationships in practice.

3.1. Removable Partial Denture Frameworks (RPD)

One of the earliest and most widely adopted clinical applications of SLM in
prosthodontics is in RPD. SLM has been one of the pioneering and most commonly
embraced clinical uses in prosthodontics, particularly for creating frameworks for RPD
(Table 2) [79]. Traditionally, RPD frameworks are crafted from cobalt-chromium (Co-Cr)
alloys (Table 1) through the lost-wax casting process, which is highly sensitive to technique
and often results in dimensional inaccuracies due to wax distortion, investment expansion,
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and solidification shrinkage. These issues frequently lead to poor fit and necessitate sig-
nificant adjustments at the chairside. In contrast, SLM allows for precise control over the
geometry, clasp design, and thickness of the framework, enhancing reproducibility and
minimizing operator-dependent variability [80,81].

SLM-produced Co-Cr RPD frameworks offer promising superior fit precision, mechan-
ical durability, and structural dependability compared to traditional casting methods [82].
The digital manufacturing process reduces dimensional discrepancies and has been re-
ported to improve adaptation in key areas such as clasps, rests, and major connectors,
achieving fit within clinically acceptable ranges [83]. Rapid solidification in SLM con-
tributes to a refined microstructure, which is associated with increased yield strength and
fatigue resistance under repeated occlusal loading. In addition, SLM frameworks generally
exhibit fewer internal defects and more uniform mechanical properties than cast counter-
parts. These characteristics have been linked to favourable short- to medium-term clinical
outcomes, including adequate retention and functional performance (Table 2). However,
it should be noted that most available evidence is derived from in vitro studies or lim-
ited clinical follow-up, and long-term clinical validation remains insufficient, including
adequate retention and functional performance. Although long-term clinical data are still
scarce, current evidence suggests that SLM is a clinically feasible option for RPD framework
production. Issues such as shrinkage porosity, microsegregation, and incomplete mould
filling are largely mitigated by the layer-by-layer laser melting process [84,85].

3.2. Fixed Dental Prostheses

SLM has emerged as an important technique in the fabrication of fixed dental prosthe-
ses, including crowns, bridges, and implant-supported restorations, providing an alterna-
tive to traditional casting and subtractive machining methods (Table 2) [86]. Conventional
approaches often face challenges such as material wastage, limited tool accessibility, and
distortion from casting, whereas SLM allows for the precise creation of metal frameworks
with intricate designs, controlled thickness, and high reproducibility directly from digital
models (Table 2) [87]. This layer-by-layer technique supports accurate reproduction of
thin margins, connector areas, and patient-specific anatomical details, resulting in im-
proved dimensional accuracy and fewer internal defects. In vitro research has shown that
cobalt-chromium frameworks for crowns and bridges made using SLM achieve marginal
and internal fit values within clinically acceptable limits, often matching or surpassing
those produced by traditional methods [88,89]. SLM offers advantages for implant bars
and superstructures, where achieving passive fit, mechanical stability, and fatigue resis-
tance is essential [90]. By combining digital implant planning with CAD, SLM facilitates
the creation of custom implant frameworks with high-dimensional precision and design
versatility, including lattice structures and varying cross-sections that can improve stress
distribution and reduce prosthesis weight [91]. Research has shown that implant bars
made using SLM exhibit comparable passive fit and mechanical performance to milled
frameworks. Additionally, the refined microstructure produced by SLM enhances fatigue
resistance by reducing internal porosity and potential crack initiation points [92,93].

3.3. Metal-Ceramic Prostheses

Metal-ceramic prostheses continue to be a popular choice in prosthodontics be-
cause they offer a beneficial mix of mechanical strength, longevity, and esthetic appeal
(Table 2) [94]. The enduring success of these restorations is largely reliant on the bond
strength between the veneering porcelain and the metal substructure, as well as their
thermal compatibility. With the growing adoption of SLM for creating metal frameworks,
significant focus has been placed on assessing whether alloys made through SLM can

https://doi.org/10.3390 /met16040415


https://doi.org/10.3390/met16040415

Metals 2026, 16, 415

9 of 28

achieve metal-ceramic bonding performance on par with traditional casting methods [45].
Research indicates that cobalt-chromium frameworks produced via SLM, when treated
with surface processes like sandblasting and oxidation firing, demonstrate metal-ceramic
bond strength that aligns with international clinical standards [95]. The refined and uni-
form microstructure of SLM alloys aids in the consistent formation of oxide layers, which
enhances chemical bonding and predominantly results in cohesive or mixed failure modes,
rather than adhesive failure at the metal-ceramic interface (Table 2) [96].

Another crucial aspect affecting clinical reliability is the thermal compatibility between
the metal framework and the veneering porcelain. Studies show that the coefficient of
thermal expansion for SLM-produced Co-Cr alloys is within the acceptable range for widely
used dental porcelains and is similar to that of cast alloys. This allows for the creation of
beneficial compressive stresses in the ceramic as it cools [97]. While rapid solidification in
SLM can lead to residual stresses that might impact thermal behaviour if post-processing is
insufficient, SLM frameworks that undergo proper heat treatment exhibit thermal compati-
bility and fracture resistance akin to traditional metal-ceramic systems [98]. Initial clinical
reports and case studies corroborate these findings, highlighting the successful application
of SLM-fabricated metal-ceramic crowns and bridges, which show good esthetic results,
stable porcelain layering, and no veneer debonding or fractures during short- to medium-
term follow-up. Although long-term clinical data are still scarce, the current evidence
supports the clinical viability of SLM-fabricated metal-ceramic prostheses, suggesting the
need for further prospective research [99,100].

3.4. Implant-Supported Prosthetics

The application of SLM is further extended to implant-supported prosthodontics,
where precision, passive fit, and mechanical stability are essential. Implant-supported
prosthetics are among the most challenging aspects of prosthodontics, necessitating precise
accuracy, mechanical stability, and biocompatibility to support lasting clinical success [101].
Mistakes in implant-supported components can result in biological issues like peri-implant
bone loss and mechanical problems such as screw loosening or framework fractures. Al-
though traditional methods like casting and subtractive milling have been commonly
employed, they are constrained by material waste, limited tool access, and dimensional
inaccuracies [102]. The advent of SLM has broadened the scope for implant-supported
prosthetics by facilitating a completely digital workflow that incorporates digital implant
planning (Table 2), CAD, and additive manufacturing. This approach allows for the creation
of patient-specific components with greater design flexibility and dimensional accuracy,
especially in complex scenarios like full-arch restorations and maxillofacial reconstructions.

Custom abutments and implant frameworks created through SLM exhibit mechanical
performance and fit accuracy on par with those produced by traditional milling methods.
SLM allows for the precise design of custom abutments (Table 2) to enhance emergence
profiles, correct angulation, and achieve esthetic results, even in situations with limited in-
terocclusal space or non-parallel implant placement [103,104]. Additionally, SLM facilitates
the creation of implant frameworks with optimized geometry, controlled rigidity, and fewer
internal defects, promoting favourable stress distribution and long-term structural integrity.
Research shows that SLM-fabricated frameworks can attain a passive fit similar to milled
frameworks when proper design, build orientation, and post-processing protocols are
followed. With reduced material waste and increased design flexibility, these benefits make
SLM a competitive and increasingly popular manufacturing method for implant-supported
prosthodontic restorations (Table 2) [105,106].

https://doi.org/10.3390 /met16040415


https://doi.org/10.3390/met16040415

Metals 2026, 16, 415

10 of 28

3.5. Maxillofacial Prosthodontics

The design flexibility of SLM also enables its application in maxillofacial prosthodon-
tics, particularly for complex and patient-specific reconstructions. Maxillofacial prosthodon-
tics addresses complex craniofacial defects resulting from trauma, tumour resection, in-
fection, or congenital conditions, requiring highly individualized prosthetic solutions to
restore function and esthetics [107]. Conventional fabrication methods are often limited
by poor fit, prolonged production time, and difficulty adapting to irregular defect geome-
tries. The integration of SLM with advanced imaging techniques such as CT or CBCT and
computer-aided design has significantly improved digital maxillofacial prosthodontics,
enabling the production of patient-specific metallic components with high-dimensional
accuracy and structural reliability (Table 2) [108,109].

SLM has demonstrated clear advantages in maxillofacial prosthodontics, particularly
in the fabrication of custom reconstruction plates, subperiosteal implants, and craniofacial
prosthetic frameworks (Table 2) [110]. Patient-specific reconstruction plates produced by
SLM closely match postoperative anatomy, reducing intraoperative adjustments and surgi-
cal time while providing high strength and fatigue resistance [111]. Advances in digital
imaging combined with SLM have also revitalized the use of custom subperiosteal implants,
enabling anatomically precise titanium frameworks that improve load distribution and sta-
bility in cases of severe alveolar bone loss [112]. Additionally, SLM enables the production
of lightweight, anatomically accurate craniofacial frameworks with improved retention
and esthetics. When appropriate design and post-processing protocols are applied, SLM-
fabricated frameworks can achieve passive fit and mechanical performance comparable to
milled counterparts. Despite promising early outcomes, long-term clinical evidence is still
required to confirm durability and establish standardized treatment protocols [113,114].

Table 2. Current applications of SLM in prosthodontics.

Application Clinical Purpose Advantages of SLM Ref.
RPD Frameworks Support gnd retention of  Improved fit, redgced casFlng defects, [80,85]
partial dentures enhanced fatigue resistance
Fixed Dental Prostheses Crowns, bridges High margma'l aceuracy, [86,87]
reproducibility

Metal-Ceramic Prostheses Esthetic restorations Adequate bond strength, compatible [94,96]

Implant-Supported Bars, custom abutments Passive fit, geometry optimization [103-106]
Prostheses

Maxillofacial Prosthetics ~ Craniofacial reconstruction Patient-specific design, reduced [108-110]

surgical time

4. Advantages of SLM in Prosthodontics

The advantages of SLM in prosthodontics arise from the interplay between its process-
ing principles, material selection, and the resulting microstructural characteristics, which
collectively influence the performance, reliability, and clinical applicability of fabricated
restorations. The following sections summarize these advantages as reflected across various
prosthodontic applications.

4.1. Digital Workflow Integration

SLM integrates effortlessly with contemporary digital dentistry processes, allowing for
the efficient and highly accurate creation of prosthodontic restorations by directly utilizing
digital data [115]. This integration decreases manual interventions, reduces variability
dependent on the operator, and facilitates treatment planning tailored to individual pa-
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tients. It is the preferred manufacturing method for implant-supported prosthodontic
restorations [116].

a. CAD/CAM Compeatibility

SLM seamlessly integrates with CAD/CAM systems, enabling the digital design
of prosthodontic frameworks with precise control over their geometry, thickness, and
structural characteristics prior to production. This digital approach allows for easy adjust-
ments, simulations, and optimization of restorations, enhancing accuracy and consistency
compared to traditional methods [117].

b. Intraoral Scanning

Integrating intraoral scanning allows for precise digital recording of a patient’s
anatomy, doing away with traditional impressions and improving data accuracy. When
paired with SLM, intraoral scanning facilitates a seamless digital process from data collec-
tion to the creation of the final prosthesis, leading to better fit precision, quicker turnaround,
and increased patient comfort [118].

4.2. Mechanical Advantages

Dental alloys produced through SLM possess mechanical characteristics that are
highly suitable for use in prosthodontics, especially for restorations that endure repeated
functional stress and extended clinical use [119].

a. High Tensile Strength

Alloys created through SLM often demonstrate elevated tensile and yield strength,
attributed to rapid solidification, fine grain structures, and a higher density of dislocations.
These microstructural characteristics improve resistance to plastic deformation, enabling
prosthodontic frameworks to endure occlusal forces without undergoing permanent defor-
mation [36].

b. Good Fatigue Resistance

The uniform microstructure and robust interlayer connections found in SLM-produced
alloys enhance their resistance to fatigue. By minimizing stress concentration points, these
alloys delay the onset and spread of cracks, thereby ensuring the long-term durability of
restorations that endure repeated chewing forces [120].

c. Reduced Defects Compared to Casting

SLM significantly reduces typical casting defects such as shrinkage porosity and incom-
plete mould filling. Although rapid solidification promotes a more uniform distribution of
alloying elements, elemental segregation is not completely eliminated and may still occur
at the microstructural level. By minimizing these internal imperfections, SLM enhances the
mechanical reliability and predictability of prosthodontic components, making them more
resistant to fatigue-related failures and mechanical degradation over time [121].

4.3. Accuracy and Reproducibility

SLM achieves high precision and consistency in creating prosthodontics by utilizing
digitally managed production methods instead of traditional manual approaches [122].

a. Consistent Production

SLM allows for the accurate and consistent creation of prosthodontic parts directly
from digital design files. The utilization of controlled processing parameters and an
automated layer-by-layer manufacturing approach ensures uniform geometry, precise
dimensions, and reliable mechanical properties across various builds [123].

b. Lower Human Error
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By removing steps that are sensitive to technique, such as creating wax patterns and
handling moulds manually, SLM greatly minimizes variability that depends on the operator.
This decrease in human error enhances predictability, reduces the necessity for adjustments
at the chairside, and ensures dependable clinical results [124].

Table 3 summarizes the key differences between SLM, casting, and milling techniques,
showing that SLM generally achieves higher yield strength compared to casting, along with
reduced porosity and improved design flexibility. While milling offers good mechanical
performance, it is associated with greater material waste and limited geometric complexity.
Casting, although widely used, tends to exhibit lower mechanical properties and higher
defect levels due to process-related limitations. Overall, SLM provides advantages in
mechanical performance, accuracy, and manufacturing efficiency, although its outcomes
remain highly dependent on process parameter optimization.

Table 3. Comparison of fabrication methods.

Parameter SLM Casting Milling Ref.
Yield Strength High Moderate High [125,126]
Fatigue Resistance High Moderate High [127,128]
Porosity Low (process-dependent)  Higher (shrinkage, gas) Low [129,130]
Fit Accuracy Very high Moderate High [131,132]
Material Waste Low Moderate High [133,134]

5. Limitations and Challenges

Despite these advantages, several technical and clinical limitations remain that may
affect the broader adoption of SLM in prosthodontics.

5.1. Surface Roughness

Surface roughness poses a significant challenge for prosthodontic components pro-
duced through SLM, as the surfaces created are naturally uneven due to the presence of
partially fused powder particles and the layer-by-layer construction method [135]. To attain
a surface quality that meets clinical standards, post-processing techniques such as polishing,
heat treatment, and machining are generally necessary to minimize surface irregularities,
enhance aesthetics, improve biocompatibility, and optimize mechanical properties [136].
Nonetheless, these additional procedures extend the manufacturing duration, increase
costs, and add complexity to the process, requiring careful management to maintain the
dimensional precision and structural integrity of the final product [137].

5.2. Porosity and Microdefects

Porosity in SLM-fabricated alloys can be broadly categorized into lack-of-fusion poros-
ity, keyhole porosity, and gas-induced porosity, each arising from distinct processing
conditions and exhibiting different impacts on material performance. Lack-of-fusion poros-
ity typically results from insufficient energy density, where incomplete melting prevents
proper bonding between adjacent tracks or layers, leading to irregular and elongated voids.
These defects are particularly detrimental to fatigue performance, as they act as stress
concentrators that facilitate early crack initiation under cyclic loading [138]. In contrast,
keyhole porosity occurs under excessive energy input, where deep and unstable vapour
cavities form within the melt pool due to metal evaporation; upon collapse, these cavities
generate near-spherical voids that can compromise both mechanical integrity and corrosion
resistance. Gas porosity, on the other hand, originates from entrapped gases within powder
particles or shielding environments and is generally characterized by small, spherical pores
distributed throughout the material [139].
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From a performance perspective, lack-of-fusion defects are considered the most criti-
cal, as they can reduce fatigue life by more than 50% compared to fully dense structures,
whereas gas porosity typically has a less severe but still measurable effect depending
on pore size and distribution. Furthermore, porosity increases the effective surface area
exposed to the oral environment, promoting localized corrosion and accelerating electro-
chemical degradation. Therefore, precise control of process parameters, including energy
density, scan strategy, and powder quality, is essential to minimize defect formation and en-
sure reliable mechanical and corrosion performance in prosthodontic applications [140,141].
The defect formation mechanisms under different processing conditions are schematically
illustrated in Figure 2.

Melt Pool Dynamics in SLM Microstructure Evolution

—> Laser Beam Rapid Solidification Columnar Grains
Vaporization ﬁ

_—> Heat Flow I}

Solidification

Solidified Layer %

Powder Layer

Anisotropic Structure

" Build Platform

Types of Defects in SLM

Lack-of-Fusion Porosity Keyhole Porosity Gas Porosity
(Low Energy) (High Energy) (Entrapped Gas)
Insufficient \‘ ' Excessive Energy' ' Deep Vapor Cavity ”‘J] 2 Trapped Gas
Energy <— M/ k;)u 2 e e°

Incomplete Melting Deep Vapor Cavity Spherical Gas Pores

Figure 2. Schematic illustration of melt pool dynamics, defect formation, and microstructure evolution
in SLM (adapted from Refs. [142,143]).

5.3. Anisotropy in Mechanical Properties

Anisotropy in mechanical properties is a fundamental constraint of SLM due to the
directional characteristics of heat flow and solidification during the layer-by-layer manufac-
turing process [144]. This technique encourages the development of elongated columnar
grains that align with the build direction, resulting in variations in strength, ductility,
and fatigue resistance based on orientation [145]. In prosthodontic applications, where
restorations face complex and multidirectional occlusal forces, such anisotropic behaviour
could undermine long-term mechanical reliability if not properly managed. Therefore, it
is crucial to carefully choose the build orientation, optimize processing parameters, and
apply suitable post-processing treatments like heat treatment to minimize anisotropy and
ensure consistent clinical performance of SLM-fabricated prosthodontic components [146].

5.4. Powder Contaminations and Recycling Issues

In SLM, managing powder contamination and recycling poses considerable difficulties.
The repeated reuse of metal powders can lead to changes in particle shape, size distribution,
and chemical makeup. During multiple build cycles, exposure to oxygen, moisture, and
high temperatures can increase oxide formation and oxygen levels, negatively impacting
the stability of the melt pool, the microstructure, and the mechanical properties of the
produced alloys [147]. Powders that are contaminated or overly recycled may result
in higher porosity, decreased fatigue resistance, and inconsistent build quality, which
are major concerns for prosthodontic applications that demand long-term dependability.
Consequently, rigorous powder management practices, such as setting controlled recycling

https:/ /doi.org/10.3390/met16040415


https://doi.org/10.3390/met16040415

Metals 2026, 16, 415

14 of 28

limits, implementing sieving processes, and conducting chemical monitoring, are crucial to
maintaining consistent quality and ensuring the clinical safety of SLM-produced dental
prostheses [148].

5.5. Cost Consideration

Cost remains a significant challenge for SLM in prosthodontics, as the initial outlay for
SLM equipment is considerably higher compared to traditional casting or milling systems.
Beyond the purchase price, ongoing costs such as maintenance, calibration, inert gas supply,
and the replacement of optical components further elevate operational expenses [149]. Ad-
ditionally, successful SLM implementation necessitates specialized training for technicians
and clinicians to handle digital design, process optimization, and post-processing tasks.
These financial and educational hurdles may restrict access, especially for smaller dental
labs, despite the long-term advantages of enhanced precision, reproducibility, and digital
integration that SLM technology provides [150].

6. Post-Processing of SLM Dental Alloys

In addition to the inherent characteristics of the SLM process, post-processing treat-
ments play a crucial role in improving the properties of fabricated components. The
following section outlines several post-processing approaches that are applied to en-
hance surface quality, relieve residual stress, and improve the overall performance of
prosthetic restorations.

6.1. Heat Treatment

Heat treatment is essential for enhancing the structural and mechanical properties
of dental alloys produced through SLM [151]. The rapid cycles of melting and solidifi-
cation, along with the sharp thermal gradients characteristic of SLM, often result in a
microstructure that includes residual stresses, metastable phases, and anisotropic grain
patterns. These features can affect the mechanical characteristics, dimensional stability, and
clinical effectiveness of the material. Consequently, post-processing heat treatments are
crucial for achieving microstructural uniformity and ensuring the functional dependability
of SLM components in prosthodontics [152,153].

a. Stress Relief

Metal frameworks produced through SLM often experience significant residual stress
due to the rapid thermal cycling and sequential layer deposition involved in the process
(Table 4) [154]. These stresses can lead to issues such as distortion, warping, or the formation
of microcracks, especially in thin and intricate dental structures like RPD frameworks or
extensive fixed prostheses. To alleviate these internal stresses, a stress-relief heat treatment
is typically applied at moderate temperatures (for instance, 600-950 °C) [155], facilitating
the relaxation of stresses through controlled atomic diffusion and partial recovery of the
microstructure [156,157].

b. Grain Refinement

The microstructure of SLM alloys, as constructed, is defined by fine, highly oriented
columnar grains that are generally aligned with the build direction due to directional
solidification. While these fine grains can improve strength, excessive anisotropy might
adversely impact fatigue resistance and corrosion behaviour (Table 4) [158].

¢. Mechanical Improvements

Proper heat treatment greatly improves the mechanical properties of SLM dental
alloys, ensuring they fulfil or surpass the clinical standards required for prosthodontic
use [159].
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(1) Increased Ductility and Reduced Brittleness

Alloys created through SLM can possess high strength but often have reduced duc-
tility due to residual stresses and anisotropic microstructures. Applying heat treatment
alleviates these internal stresses and enhances the microstructure, enabling greater plastic
deformation before the material fails (Table 4) [160].

(2) Improved Fatigue Resistance

Fatigue failure poses a significant issue for RPD clasps, implant bars, and long-span
prostheses. Heat treatment encourages microstructural consistency, minimizes stress con-
centration areas, improves resistance to repeated loading This directly leads to an extended
clinical service life (Table 4) [161].

(3) Enhanced Corrosion Resistance

Enhancing microstructural uniformity leads to a more even distribution of chromium
and molybdenum, which fortifies the passive oxide layer that shields Co—Cr alloys from
corrosion in the oral environment [162].

6.2. Surface Finishing

Surface finishing plays a crucial role in the post-processing of prosthodontic com-
ponents created through SLM [163]. This step is vital because the surfaces produced by
the powder-based, layer-by-layer manufacturing method are naturally rough. Effective
surface finishing is required to enhance smoothness, improve esthetics, minimize bacterial
adhesion, and ensure the dental prostheses perform optimally in mechanical, biological,
and clinical aspects [164].

a. Polishing

Mechanical polishing is commonly employed to decrease the surface roughness of
dental alloys produced by SLM by eliminating partially fused powder particles and irregu-
larities caused by layering [165]. This process enhances surface smoothness, esthetics, and
patient comfort, especially in areas that come into contact with oral soft tissues. Nonetheless,
polishing requires precise technique and can be challenging to apply evenly on intricate
shapes like undercuts or lattice structures. Over-polishing can also affect dimensional
accuracy (Table 4) [166].

b. Sandblasting

Airborne-particle abrasion, commonly known as sandblasting, often employs alu-
minum oxide particles to effectively clean SLM surfaces and enhance surface roughness in
a controlled way. This technique is particularly advantageous for boosting the mechanical
interlocking and bonding strength between metal frameworks and veneering ceramics.
However, if sandblasting parameters are not properly set, it can lead to surface defects,
embed abrasive particles, or adversely impact corrosion resistance (Table 4) [167].

c.  Electropolishing

Electropolishing is an electrochemical surface finishing technique that selectively
removes microscopic surface asperities, producing a smooth and homogeneous surface
without mechanical abrasion. This method is particularly advantageous for SLM compo-
nents with complex geometries, as it preserves dimensional accuracy while significantly
reducing surface roughness. Electropolished surfaces generally exhibit improved corrosion
resistance and reduced bacterial adhesion, although the technique requires specialized
equipment and precise process control (Table 4) [168].
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6.3. Coating and Surface Modification

To further boost the functional and biological properties of SLM-produced dental
alloys, surface coating and modification methods are employed, going beyond the capa-
bilities of mere surface finishing [169]. These techniques are designed to enhance wear
resistance, improve corrosion characteristics, augment esthetic appeal, and optimize tissue
response, especially in implant-supported and long-term prosthodontic uses [170].

a. Titanium Nitride (TiN)

Titanium nitride coatings are frequently used on dental alloys to enhance surface
hardness, wear resistance, and corrosion resistance. TiN-coated SLM frameworks possess a
dense and chemically stable surface that minimizes ion release and boosts durability during
chewing. Additionally, the gold-like appearance of TiN may provide esthetic advantages
in certain prosthodontic applications (Table 4) [171].

b. Hydroxyapatite

Hydroxyapatite coatings are mainly utilized to boost the bioactivity of components
made through SLM, particularly those designed for direct interaction with bone or soft
tissues. By replicating the mineral makeup of natural bone, hydroxyapatite encourages cell
adhesion, osteointegration, and tissue compatibility. In the field of prosthodontics, these
coatings are especially significant for implant-supported frameworks and maxillofacial
prostheses (Table 4) [172].

Table 4. Post-processing and effects.

Method

Heat treatment

Polishing
Sandblasting

Electropolishing

TiN coating
Hydroxyapatite coating

Purpose Main Effect on Material Ref.
Stress rehef, microstructure Increase(?l ductlh.ty, improved [154,158,160,161]
refinement fatigue resistance
Reduce surface roughness Lower bacterial adhesion [165,166]
Surface activation Improved ceramic bonding [167]
Smooth Coglplex Enhanced corrosion resistance [168]
geometries
Surface protection Increased wear and corrosion [171]
resistance
Bioactivity Enhanced osteointegration [172]

7. Biological Consideration

In addition to mechanical and structural performance, the clinical success of SLM-
fabricated prosthodontic restorations is strongly influenced by their biological behaviour in
the oral environment.

7.1. Biocompatibility

Ensuring biocompatibility is crucial for prosthodontic components produced through
SLM, as these materials remain in extended contact with oral tissues and fluids [173].
The biological reaction to SLM dental alloys is determined by factors such as their chem-
ical makeup, surface texture, and surface energy, all of which can be altered using post-
processing methods [38].

a. Cell Viability Studies (MG-63, Fibroblasts)

In vitro studies on cell viability are often performed to assess the cytocompatibility
of dental alloys created through SLM [174]. Researchers frequently use osteoblast-like
MG-63 cells along with human gingival or fibroblast cells to evaluate how well cells
adhere, proliferate, and maintain metabolic activity on the surfaces of these alloys. Many
investigations have shown that cobalt—-chromium and titanium alloys produced by SLM
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offer cell viability that is on par with or better than that of alloys made through traditional
casting or milling, especially when they undergo suitable heat treatment and surface
finishing. These results indicate that SLM-fabricated alloys are appropriate for supporting
biological functions related to bone and soft tissue [175,176].

b. Contact Angle/Wettability

Surface wettability, often evaluated through contact angle measurements, is crucial for
protein adsorption, cell attachment, and subsequent tissue integration. Surfaces created
using SLM typically show increased surface energy and reduced contact angles following
surface modification or finishing, which suggests enhanced wettability. Improved wettabil-
ity aids in better cell spreading and adhesion, thereby enhancing biocompatibility. Surface
treatments like electropolishing, coating, or laser texturing have been demonstrated to
further optimize wettability, thus encouraging beneficial biological interactions in the oral
environment [177,178].

7.2. Corrosion Resistance

Corrosion resistance plays a vital role in determining the long-term effectiveness of
dental alloys produced through SLM, as these prosthodontic restorations are constantly
subjected to the intricate and ever-changing conditions of the oral cavity [179]. Fluctuations
in pH levels, temperature, the composition of saliva, and mechanical stress can hasten
electrochemical deterioration and the release of ions, which may impact both the material’s
durability and its biological safety [180].

a. Oral Environment Effects

The oral cavity is a complex corrosive environment due to pH variations resulting
from food consumption, bacterial activity, and inflammatory conditions. Saliva, which
contains electrolytes, enzymes, and proteins, can affect the development and stability of
passive oxide layers on dental alloys [181]. Alloys produced through SLM, especially
those based on cobalt-chromium and titanium, typically form stable passive films that
are rich in chromium or titanium oxides. Nonetheless, the surface roughness, residual
stresses, and microstructural inconsistencies inherent in the as-built SLM condition can
locally weaken passivation, highlighting the need for suitable post-processing to improve
corrosion resistance [182].

b. Comparison with Cast and Milled Materials

SLM dental alloys often show enhanced or similar corrosion resistance compared to
traditionally cast alloys, thanks to their finer microstructure and more consistent elemental
distribution. Defects associated with casting, like shrinkage porosity and micro-segregation,
can serve as starting points for corrosion, whereas SLM processing generally minimizes
these flaws [183]. When compared to milled materials, SLM alloys display comparable
corrosion characteristics, although variations might occur based on surface finishing and
heat treatment conditions [184]. Overall, research indicates that with appropriate post-
processing, SLM-fabricated prosthodontic components can achieve corrosion resistance
that is adequate for long-term use in the mouth [185].

7.3. Microbial Adhesion and Biofilm Formation

Microbial attachment and the subsequent formation of biofilms on prosthodontic
materials pose significant challenges for maintaining long-term oral health. These issues
are closely linked to peri-prosthetic inflammation, secondary caries, and infections related
to implants. The surface properties of dental alloys produced through SLM are crucial in
influencing bacterial adhesion and the development of biofilms [186].
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a. Surface Roughness Effect

Surface roughness plays a crucial role in the adhesion of microbes to dental materials.
Surfaces created by SLM often have greater roughness due to the presence of partially
fused powder particles and the layer-by-layer construction process, which creates ideal en-
vironments for bacteria to colonize [187]. These surface irregularities enhance the retention
of oral microorganisms and shield them from being removed during regular oral hygiene
practices. Research indicates that achieving smoother surfaces through methods like pol-
ishing or electropolishing can greatly decrease bacterial adhesion and biofilm formation on
alloys made with SLM, underscoring the significance of surface finishing in prosthodontic
applications [188].

b. Need for Antibacterial Strategies

Even with advancements in surface finishing, managing biofilms over the long term re-
mains difficult, especially for patients at high risk or with intricate prosthetic designs [189].
Consequently, there is a growing interest in exploring additional antibacterial methods
for dental components made using SLM. These methods include applying antibacterial
coatings, integrating antimicrobial elements, and modifying surfaces to prevent bacterial
attachment while ensuring biocompatibility. Developing these strategies is crucial to reduc-
ing infection risks and enhancing the durability and clinical effectiveness of prosthodontic
restorations based on SLM technology [190,191].

8. Future Direction

Despite the significant progress of SLM in prosthodontics, several challenges related to
process control, material performance, and clinical validation remain. Future developments
should therefore focus on translating current technological advances into feasible and
clinically applicable solutions. The following sections outline key directions that may
address these challenges and enhance the overall performance and reliability of SLM-based
prosthetic systems.

8.1. Al-Assisted Optimization of SLM Parameters

The integration of artificial intelligence and machine learning is anticipated to greatly
enhance the future of SLM in prosthodontics [192]. Current SLM processes are often
limited by parameter sensitivity and variability, which can lead to inconsistent quality
and defect formation. Al-assisted optimization offers a potential solution by enabling
predictive control of process parameters and improving reproducibility. Although still
in development, this approach may enhance process stability and reduce trial-and-error
experimentation in the future [193].

8.2. Multi-Material Additive Manufacturing

Conventional prosthodontic materials are typically limited to single-material sys-
tems, which restrict the ability to combine mechanical and functional properties within
a single prosthesis [194]. Multi-material additive manufacturing presents a potential so-
lution by enabling the fabrication of components with tailored properties. While still
largely experimental, this approach could significantly expand the functional capabilities
of prosthodontic restorations [195].

8.3. Patient-Specific Lattice Structures for Lightweight Prosthetics

Conventional prosthetic designs are often limited by solid structures that increase
weight and may result in suboptimal stress distribution, particularly in large or implant-
supported restorations. Patient-specific lattice structures enabled by SLM offer a potential
solution by reducing material usage while maintaining mechanical strength and improv-
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ing load distribution. This approach also allows for greater design flexibility tailored to
individual anatomical conditions. Although further clinical validation is still required,
lattice-based designs represent a promising strategy for improving prosthesis performance
and patient comfort in future applications [196].

8.4. Functional Grading for Improved Stress Distribution

Material mismatch between prosthetic components and biological tissues can result in
stress concentration and mechanical failure. Functionally graded designs enable a smooth
transition in material composition or porosity throughout a prosthesis, which helps to
minimize stress concentrations at crucial interfaces [197]. This strategy can improve the
mechanical durability and lifespan of prosthodontic restorations, especially in applications
that involve bearing loads [198].

8.5. Integration with Digital Intraoral Scanning and Chairside Workflows

Conventional fabrication workflows can be time-consuming and prone to cumulative
errors. Integration of SLM with digital intraoral scanning and chairside workflows offers a
solution by enabling a more streamlined and fully digital process. This integration has the
potential to improve efficiency, accuracy, and clinical predictability [199].

8.6. Clinical Standardization and Long-Term Data Requirements

To achieve broad clinical acceptance, it is crucial to establish standardized protocols for
manufacturing, testing procedures, and reporting guidelines. Furthermore, extensive clini-
cal trials are necessary to confirm the longevity, safety, and effectiveness of prosthodontic
components produced through SLM [200].

9. Conclusions

SLM marks a significant leap forward in the field of prosthodontic production, allow-
ing for the digital creation of intricate, patient-specific metal restorations with exceptional
precision and consistency. Research shows that cobalt—-chromium and titanium alloys
produced through SLM offer mechanical properties, resistance to corrosion, and biocom-
patibility that are on par with or superior to those of traditionally manufactured prostheses
in a variety of clinical settings. Nonetheless, issues such as surface roughness, porosity,
anisotropy, powder handling, and cost persist, and there is still a lack of extensive long-term
clinical data. To facilitate wider use of SLM in standard prosthodontic practice, further
efforts in process standardization, optimization, and clinical validation are required.
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Abbreviations
The following abbreviations are used in this manuscript:

SLM Selective laser melting

CAD  Computer-aided design

CAM  Computer-aided-manufacturing

AM Additive manufacturing

3D Three dimensional

ISO International organization for standardization
ASTM  American society for testing and materials
PBF Powder bed fusion

RPD Removable partial denture

CT Computed tomography

CBCT  Cone beam computed tomography

TiN Titanium Nitride
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