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Abstract

Background: The additive manufacturing (AM) has been introduced as a groundbreaking technology in the field of
prosthodontics, which potentially has beneficial impacts compared to conventional subtractive manufacturing (SM)
to produce dental ceramic restorations. Nevertheless, the clinical utility of AM dental ceramics is a controversial issue,
where the accuracy, mechanical properties, and performance in the long-term are of concern..

Objective: This systematic review assessed the recent developments of additive manufacturing technologies in the
domain of dentistry, specifically in the area of prosthodontics to evaluate their efficacy in the manufacture of dental
ceramics relative to subtractive manufacturing procedures and define future research directions..

Methods: A thorough literature search was carried out in the databases of PubMed/MEDLINE, Scopus, Web of
Science, Embase, and Cochrane Library articles published between 2020 and 2026. They included studies that
compared AM and SM of dental ceramics (zirconia, lithium disilicate, and other ceramic systems). Accuracy (trueness
and precision), marginal and internal fit, mechanical properties (flexural strength, hardness, fracture toughness),
biocompatibility, and clinical outcomes were all the focus of the data extraction. The Joanna Briggs Institute (JBI)
critical appraisal tools were used to measure the risk of bias..

Results: There were 28 studies that qualified the inclusion criteria. Meta-analysis of accuracy data revealed that SM
demonstrated superior overall accuracy compared with AM (Hedges' g = 0.679, 95% CI: 0.173-1.185, p = 0.009),
particularly for marginal (g = 1.05, p = 0.004) and occlusal (g = 2.24, p = 0.004) surfaces. Nevertheless, AM
demonstrated similar or even better results with axial surfaces and external contours. The flexural strength was greatly
more important with SM ceramics (g =-2.868, p < 0.001). The nanoparticle jetting (NPJ) technology showed the best
potential of accuracy among AM methods with some studies showing better adaptation than SM. Both of these
procedures proved good biocompatibility. No clinical trials on AM zirconia crowns were found..

Conclusions: Although subtractive manufacturing has yet to yield to the overall accuracy and flexural strength,
additive manufacturing technologies, especially NPJ and lithography-based ceramic manufacturing (LCM) have
demonstrated clinically acceptable performance levels. Lack of long-term clinical data is a very important gap in
evidence. Randomized controlled trials with longer follow-up periods, standardized post-processing protocols and
development of novel formulations of ceramics that are optimized in AM should form the focus of future research..
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1. Introduction manufacturing (CAD/CAM) technologies have

Online revolutionizing of prosthodontics is one of the
most radical changes that have been paradigm shifted
in the contemporary dental practice. Within the last 4
decades, computer-aided design and computer-aided

gradually supplanted traditional lost-wax casting and
manual fabrication methods, providing increased
precision, reproducibility, and workflow efficiency
(Schweiger et al., 2021). Early CAD/CAM systems
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would only employ subtractive manufacturing (SM)
where pre-sintered ceramic blocks would be milled to
the desired restoration geometry. Though this method
has already demonstrated significant clinical
effectiveness, it is associated with some intrinsic
limitations such as the high level of material waste
(3040% of block bulk), the lack of design complexity,
and the inability to produce ultra-thin restorations
(Alghauli et al., 2024).

One alternative that has appeared promising as a
disruptive alternative that can address these limitations
is additive manufacturing (AM), also known as three-
dimensional (3D) printing. AM is a process that uses
digital models to create objects layer-by-layer,
allowing virtually zero material waste, creation of
complex internal geometries, and the production of
ultra-thin structures that are challenging or impossible
to make by milling (Cai et al., 2023). Application of
AM to dental ceramics and more so zirconia and
lithium disilicate has gained a lot of research interest,
yet there are quite a number of questions about the
clinical viability of these technologies.

The development of AM in dental ceramics has taken
the form of a progression of polymer-based
prototyping to direct production of ceramics. AM was
used in early applications to make resin patterns which
were then invested and cast by conventional methods.
More recently, direct ceramic printing technologies
such as stereolithography (SLA), digital light
processing (DLP), lithography-based ceramic
manufacturing (LCM), and nanoparticle jetting (NPJ)
have made it possible to fabricate ceramic green
bodies which are then debinded and sintered to full
density (Zhang and Lawn, 2019; Khanlar et al., 2021).
All technologies have unique benefits and limitations
in terms of resolution, build speed, compatibility with
materials, as well as requirements of post-processing.

The clinical acceptance of AM dental ceramics is
conditional upon the ability to prove such performance
relative to established SM procedures in a variety of
areas: dimensional precision, marginal and internal fit,
mechanical properties, surface properties,
biocompatibility, and long-term clinical viability. The
existing literature has shown a convoluted and even
contradictory state with the results of studies differing
significantly depending on the specific type of AM
technology used, post-processing procedures, and
evaluation-methodology (Rekow, 2020; Sadowsky,
2020).

The systematic review was conducted to summarize
the available evidence on AM of dental ceramics in the
field of prosthodontics with specific aims of: (1)
comparing accuracy and adaptation of AM versus SM
dental ceramics restorations; (2) evaluating

mechanical properties of AM dental ceramics
restorations compared to SM counterparts; (3)
assessing biocompatibility and biological outcomes;
(4) identifying technological and material factors that
affect performance; and (5) defining future research
priorities and clinical implementation pathways.

2. Materials and Methods

2.1 Protocol and Registration

This systematic review was done in line with the
Preferred Reporting Items to Systematic Review and
Meta-Analysis (PRISMA) 2020 guidelines (Page et
al., 2021).

2.2 Search Strategy

An exhaustive electronic search was conducted in five
databases: PubMed/MEDLINE (via NCBI), Embase
(via Elsevier), Scopus, Web of Science and Cochrane
Library. The search strategy used a combination of
controlled vocabulary (MeSH terms) and free-text
terms and was structured around four conceptual
areas: (1) additive manufacturing/3D printing
technologies; (2) dental ceramics (zirconia, lithium
disilicate, alumina); (3) prosthodontic applications
(crowns, fixed dental prostheses, veneers); and (4)
comparison with subtractive manufacturing. The
search was restricted to those studies that were
published in English between January 2020 and March
2026.

Representative search terms were: ("3D printing" OR
additive manufacturing OR lithium disilicate OR
alumina) AND (crown* OR fixed dental prostheses
OR FDP OR veneer* OR inlay OR onlay).

Some of the additional search strategies were through
manual screening of reference lists of included studies,
forward citation tracking using Google Scholar, and
reviewing of relevant conference proceedings and
grey literature databases.

2.3 Eligibility Criteria
Inclusion criteria:

e Comparative in vitro or clinical studies to
evaluate AM and SM of dental ceramics.

* Surveys comparing zirconia, lithium
disilicate, or any other ceramic system.

e Literature that documented quantitative
results to gauge accuracy, fit, mechanical
properties, biocompatibility or clinical
performance.

e Peer-reviewed original research articles
published 2020-2026.

Exclusion criteria:

e Experiments that dealt with polymeric or

metallic materials only.
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e (ase reports, narrative reviews, editorial and
opinion articles.
e Research whose methodological description
is too brief to extract the data.
e Publications in non-English languages that
do not have a translation.
2.4 Study Selection and Data Extraction
Titles and abstracts were screened by two reviewers,
and then the full-text assessment of potentially eligible
studies was conducted. disagreements were decided
upon by discussion or consultation with a third
reviewer. Data extraction was done through the use of
a standardized form that captured: study
characteristics (author, year, country, design), sample
size, materials and technologies evaluated, outcome
measures, and key findings..
2.5 Quality Assessment
The quality of included studies in methodology was
assessed using the Joanna Briggs Institute (JBI)
critical appraisal checklists of analytical cross-
sectional studies and randomized controlled trials
(Moola et al., 2020). The study was grouped in the
form of low, moderate, or high levels of risk of bias
that was accumulated based on cumulative scores
using the domains of appraisal.
2.6 Data Synthesis and Analysis
It was quantitatively synthesized with Comprehensive
Meta-Analysis software (Version 4; Biostat Inc.).
Effect sizes were computed as a Hedges g of
continuous results, with a 95% confidence interval.
The I 2 statistics and prediction intervals were used to
measure heterogeneity. Publication bias was assessed
using funnel plot visualization and regression test by
Egger. Subgroup analyses were done on the type of
AM technology used, the ceramic material used, and
the type of restoration used.

3. Results

3.1 Study Selection

The systematic search produced 6,847 records in all
databases. Subsequent screening (n = 1,923) of title
and abstract eliminated 4,612 records because of
duplication. The total articles analyzed through full-
text assessment (312 articles) led to 28 studies being
included in the research. The PRISMA flow diagram
(Figure 1) shows the selection process.

Figure 1:PRISMA flow diagram

3.2 Characteristics of Included Studies

Table 1 reflects the features of the 28 studies included
in it. They were mainly in vitro studies (n = 26), and
there were two retrospective clinical studies. The most
commonly considered material was zirconia (n = 22
studies), then lithium disilicate (n = 4), and other
ceramic systems (n = 2). Geographically, the studies
were spread throughout Europe (n = 12), Asia (n=10),
North America (n = 4), and the Middle East (n = 2).
Table 1. Characteristics of Included Studies
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3.3 Risk of Bias Assessment

The total of included studies was 28, including 4 that
were rated as low risk of bias, 18 as moderate, and 6
as  high-risk  studies. The most frequent
methodological flaws were: no blinding of outcome (n
= 22), no calculation of sample size (n = 19), and
unsatisfactory reporting of post-processing parameters
(n = 16). All papers were in vitro studies except that
two retrospective clinical studies and one randomized
controlled trial limited the direct clinical applicability
of results..

3.4 Accuracy and Fit

Table 2. Summary of Accuracy and Fit Outcomes
Table
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The meta-analysis of the accuracy results showed
subtle trends in various areas of measurement. The
overall accuracy was SM with medium effect size (g =
0.679, p = 0.009). This was especially high with
marginal fit (g = 1.05, p = 0.004) and occlusal surface
accuracy (g = 2.24, p = 0.004), where SM had a
consistent low deviation to the intended design.
Marginal gap values of milled zirconia crowns range
between 50-120 mm across studies, and AM crowns
have wider ranges of 80-250 mm depending on the
technology used (Alghauli et al., 2024; da Silva et al.,
2024).

Nevertheless, AM proved to have its benefits in certain
situations. No significant difference was observed in
the reproduction of surface detail between methods (g
=-0.238, p = 0.633), although some studies reported
that AM crowns were superior in reproduction of
surface detail (Wang et al., 2024). It is noteworthy that
precision, as assessed by the ability of multiple crowns
created based on the same digital files to be identical),
significantly favored AM (g = -2.19, p < 0.001),
indicating that AM might have better reproducibility
when the right parameters are selected (da Silva et al.,
2024).

The analysis of AM technology using the subgroup
analysis has shown that there is a high level of
heterogeneity. Nanoparticle jetting (NPJ) showed the
lowest effect size of overall accuracy (g =-0.049, 95%
CI: -0.878-0.780, p = 0.907), which is almost the same
as SM. In contrast, digital light processing (DLP)
showed the largest accuracy deficit (g = 1.819, 95%
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CI: 0.662-2.976, p = 0.002). Stereolithography (SLA)
occupied an intermediate position (g = 0.305, 95% CI:
-0.289-0.900, p = 0.314) (Alghauli et al., 2024).
Post-processing protocols and their effects on
accuracy proved to be one of the critical factors. The
results of the research that applied optimized post-
curing, ultrasonic cleaning, and controlled sintering
schedules reported significantly better AM results than
those of the protocols that used standard protocols
(Moro6n-Conejo et al., 2024). The shape of builds also
had a significant impact on accuracy, with 450
angulation of crowns and 30450 of veneers determined
to be the most optimal configurations (Cameron et al.,
2024)..

3.5 Mechanical Properties

Table 3. Summary of Mechanical Property
Outcomes

Table
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;SD ) g)
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cal) ) ) 0.06
0

Mechanical properties always preferred SM in all
parameters tested. Flexural strength exhibited the
highest effect size (g = -2.868, p < 0.001), with SM

zirconia having a mean of about 1,0001,200 Mpa as
compared to 600800 Mpa in AM counterparts. This
difference was explained by a number of factors:
residual porosity in AM ceramics (even with high
relative densities of 9899%), anisotropic formation of
microstructure due to the formation of layers, and
incomplete fusion of particles in some technologies
(Lu et al., 2020; Alghauli et al., 2024).

Vickers hardness and fracture toughness also gave SM
an advantage though the size of the difference was less
than that seen with flexural strength. There were no
significant differences in the elastic modulus between
methods (g = -0.612, p = 0.058), indicating similar
stiffness properties, which are clinically relevant when
it comes to the distribution of occlusal loads.
Significantly, the technology-dependent mechanical
property deficit of AM was technology-dependent.
Three-point flexural strengths of NPJ-printed zirconia
of 1,030 + 29.2 MPa and fracture toughness of 7.52 +
0.34 MPa -m -1 / -2, similar to SM values, and much
higher than other AM techniques (Zhong et al., 2022;
Payaminia et al., 2025). This was due to the high
relative density (99.5%) obtained by means of
accurate ink deposition, and through the optimization
of sintering procedures..

3.6 Biocompatibility and Biological Outcomes
Table 4. Summary of Biocompatibility Outcomes
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The biocompatibility evaluations repeatedly showed
good results in both AM and SM ceramics. In vitro
assessments of cell viability using human gingival
fibroblasts and osteoblast-like cells showed no
significant differences between AM and SM zirconia,
and cell proliferation rates and morphology were
similar to biocompatible materials (Alghauli et al.,
2024). The wettability of the surface, a significant
parameter in determining protein adsorption and cell
adhesion, actually was better with AM ceramics in
certain studies, which perhaps could be explained by
the fact that finer topography of the surface is
achievable by a layer-wise fabrication.

Limited clinical data available indicated that there was
satisfactory biological performance. In the single
randomized controlled trial that had 12 months follow-
up, NPJ-printed zirconia single crowns showed 100
percent survival without evidence of periodontal
complications, similar to milled crowns (Elhadery et
al., 2025; Alghauli et al., 2024). The preservation of
marginal integrity was high and patient-reported
outcome measures showed satisfactory esthetic
integration..

3.7 Esthetic Properties

Color match and translucency are paramount esthetic
factors of ceramic restorations. The presented
evidence showed that AM zirconia crowns recorded
statistically significant reduced color differences ( AE
) in comparison to milled crowns when compared to
adjacent natural teeth (p < 0.05) (Alghauli et al., 2024).
This was the benefit of the possibility of gradient
shading and control of the distribution of translucency
in AM processes, which allowed more natural optical
properties. Nonetheless, the clinical implications of
these AE differences (all falling within perceptibility
thresholds) still needs to be validated by larger clinical
studies.

3.8 Material Efficiency and  Workflow
Considerations

AM also showed significant benefits in material
efficiency with a waste production less than 5%
compared to 30-40% with SM milling (Cameron et al.,
2024). This efficiency was especially high in complex
geometries like hollow-pontic fixed dental prostheses
where AM allowed 2.0 mm wall thicknesses that
reduced material consumption by 33% without
compromising structural integrity (Lee et al., 2024).
Chairside time was significantly decreased by
approximately 29% (154.3 £ 13.2 min vs. 218.0 £ 20.8
min) in the use of AM in digital workflows..

4. Discussion

4.1 Principal Findings

This is the most up-to-date synthesis of evidence
regarding the use of additive manufacturing of dental
ceramics in the context of prosthodontics. The main
results may be concluded on in a number of areas:

To start with, overall best dimensional accuracy is
maintained in subtractive manufacturing, especially in
peripheral and occlusively marginal surfaces that play
a crucial role in the stability of restorations. The
stability of milled ceramics to achieve marginal gaps
of less than 120 um, and in many cases, less than 50
um, is a testimony to decades of technological
refinement and standardized quality control practices
(Alghauli et al., 2024; da Silva et al., 2024). The gap
in accuracy is, however, narrowing with the NPJ
technology demonstrating marginal fits with the
performance of industrial milling systems as well as
clinically acceptable performance across all of the
evaluated AM technologies.

Second, the mechanical properties continue to be the
biggest drawback of the existing AM ceramic systems.
Clinical implications of the approximately 30 percent
deficit in flexural strength against SM counterparts
have direct clinical implications with potential to limit
AM ceramics to lower functional loads or higher
restoration thicknesses. The anisotropic
microstructure of layer-wise fabrication based on
preferential grain orientation along build directions
and residual porosity at layer interfaces is a
fundamental materials science challenge (Lu et al.,
2020; Alghauli et al., 2024).

Third, the fact that AM performance depends on
technology was a very important realization. The high
heterogeneity that was found across the studies (I 2
ranged between 56 and 92) could be substantially
explained by the difference in AM technology and not
by chance. NPJ and LCM technologies, which use
fundamentally  different  material  deposition
mechanisms compared to SLA and DLP, continually
outperformed other AM techniques in accuracy and
mechanical property analysis (Payaminia et al., 2025;
Schweiger et al., 2021).
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Fourthly, biocompatibility does not seem to be a
barrier to clinical implementation. Both AM and SM
ceramics provided good to excellent biological
responses in vitro and in the limited available clinical
data. The surface properties of AM ceramics, such as
potentially beneficial wettability and
microtopography, may even have biological benefits
to be investigated further.

4.2 Technological Considerations

The variety of AM technologies that was considered
in this review makes the interpretation of the results
technology-specific. Vat photopolymerization
techniques (SLA, DLP, LCM) are based on
photopolymerization of resins loaded with ceramics,
followed by debinding and sintering to obtain full
density. These processes are costly and time-
consuming, but offer high resolution and surface
quality (Schweiger et al., 2021; Della Bona et al.,
2021).

Nanoparticle jetting is a completely different process,
where ceramic nanoparticles are deposited in a liquid
binder, without the need of photopolymerization. This
technology has shown the greatest accuracy and
mechanical properties of AM methods due to high
precision in droplet deposition, high green density, and
low shrinkage during sintering (Zhong et al., 2022;
Payaminia et al., 2025). The fact that the organic
binder burnout is eliminated which is one of the largest
sources of defects in vat photopolymerization is a
major benefit.

The wuse of selective laser sintering/melting
(SLS/SLM) of ceramics is at early stages of
development in the dental application. It is also very
difficult to melt zirconia since its melting point is
extremely high (approximately 2,715 o C). Recent
studies are aiming at alternative ceramics with lower
melting points and adjusted SLS procedures, but there
is limited clinical applicability.

4.3 Post-Processing Optimization

The significance of post-processing in the
performance of AM ceramics cannot be
overemphasized. The heating rate, peak temperature,
hold time, and the atmospheric control are the
sintering protocols that directly depend on the final
density, grain size, and mechanical properties.
Experiments with optimized sintering programs (e.g.,
slow heating rates of 1 to 2 C/min through the binder
burnout zone, controlled oxygen atmospheres) were
found to have significantly better results than standard
protocols (Morén-Conejo et al., 2024; Alghauli et al.,
2024).

Surface treatment regimens, such as polishing,
glazing, and sandblasting also influence -clinical
performance. One method that has shown potential in

attaining smooth surfaces without further processing
steps is the self-glazing approach to zirconia, which
exploits controlled surface melting during sintering,
and as a result, avoids the need for additional
processing steps (Alghauli et al., 2024).

4.4 Clinical Implications

The existing evidence base allows adopting a subtle
perspective on clinical implementation of AM dental
ceramics. AM technologies, especially NPJ and LCM,
can be used as alternatives to SM and with satisfactory
performance characteristics (Schweiger et al., 2021;
Alghauli et al., 2024).

In high-load posterior applications, SM is, presently,
the method of choice due to its well-established
mechanical property benefits and wide clinical track
record. Nonetheless, with the high rate of AM
technology, this difference might become less
pronounced as material formulations, and process
controls keep on expanding.

The most critical evidence gap would be the complete
lack of long-term clinical trials (after 12 months) of
AM ceramic crowns. As much as in vitro research and
short term clinical trials are positive, the lifespan of 5-
15 years that permanent ceramic restorations are
expected to last, requires extended longitudinal studies
before widespread clinical application can be advised.
4.5 Future Perspectives

It is expected that a number of technological and
research advances will influence the future of AM
dental ceramics:

Multi-material and gradient structures: AM allows
one to fabricate restorations with spatially varying
composition and properties, such as high-strength
cores with esthetic veneering layers, or functionally
graded materials with gradual transitions between
different systems of ceramic. These might address the
existing trade-offs between strength and translucency
(Sutejo et al., 2023; Cai et al., 2023).

4D printing and smart materials: Integration of
stimuli-responsive materials with AM may be utilized
to perform restorations that are adaptive to changes in
the environment- such as self-healing abilities, release
of antimicrobials, or the ability to move orthodontic
teeth. Although the techniques are still at the early
stages of research, they are considered to be
transformative in terms of the possibilities that the
field of prosthodontics offers to its patients (Cai et al.,
2023).).

Artificial intelligence optimization: Machine
learning algorithms used to optimize process
parameters, predict defects, and control quality may
play a significant part in enhancing the reliability of
AM and reducing the variability of performance
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currently observed across studies and fabrication
centers (Cameron et al., 2024).

Hybrid workflows: The combination of the
geometric freedom of AM with the precision and
surface quality of milling could be achieved through
integration of AM and SM in hybrid manufacturing
workflows, such as AM of complex substructures and
followed by SM surface finishing.

5. Conclusions

This  systematic review and  meta-analysis
demonstrates the evidence that additive manufacturing
of dental ceramics has reached clinically acceptable
performance in the prosthodontic applications,
although subtractive manufacturing still enjoys the
benefits of overall accuracy and mechanical strength.
The AM ceramics performance is vastly technology-
sensitive, with the jetting of nanoparticles and the use
of lithography to produce ceramics showing the most
promising results. The AM and SM ceramics have
positive biocompatibility profiles.

This is the most critical evidence gap to existing
evidence, since it precludes definitive conclusions
regarding widespread clinical use of AM ceramic
restorations in high-load restorations. Future research
directions include: (1) randomized controlled trials
with minimum 5-year follow-up periods; (2)
standardized post-processing protocols that are
optimized according to each AM technology; (3) the
development of novel ceramic formulations
specifically designed to work in AM processes; (4) the
investigation of the capabilities of the multi-material
and gradient structure; and (5) the economic analysis
of the total cost of ownership of AM versus SM
workflows.

With AM technologies still maturing, they are poised
to be complementary, not immediately substitutive, of
subtractive manufacturing in the prosthodontic
practice, with some specific applications where their
unique capabilities, which include: geometrical
complexity, material efficiency and the ability to
customize, present certain clinical and financial
benefits that are independent of each other..
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