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Abstract

Additive manufacturing (AM) technologies have transformed the way ceramic dental restorations are made, allow-
ing for more complex designs and reducing material waste compared to traditional methods. This comprehensive
review examines the current state of ceramic AM technologies in prosthodontic applications, focusing on three pri-
mary approaches: vat photopolymerization, direct inkjet printing, and 3D gel printing. Each technology presents
distinct advantages and challenges in producing high-quality dental restorations. Critical processing parameters, in-
cluding build orientation, layer thickness, and post-processing protocols, significantly influence the final properties
of printed restorations. While recent advances have demonstrated promising results in terms of mechanical proper-
ties and aesthetic outcomes, challenges remain in achieving optimal accuracy, density, and long-term stability. The
review analyzes material science considerations, particularly the formulation of ceramic suspensions and their impact
on printability and final properties. Current limitations in resolution, material loading, and processing consistency
are identified as key barriers to widespread clinical adoption. The potential for multi-material printing and function-
ally graded materials represents promising directions for future development, potentially enabling more biomimetic

restorations.
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I. Introduction

The field of prosthodontic rehabilitation has witnessed
significant evolution in ceramic manufacturing technolo-
gies over the past few decades. Dental ceramics have be-
come the material of choice for prosthodontic restora-
tions due to their outstanding aesthetics, mechanical prop-
erties, and biocompatibility 1,2. Traditional ceramic man-
ufacturing methods, particularly the lost-wax technique
and computer-aided design/computer-aided manufactur-
ing (CAD/CAM) subtractive methods, have long been the
gold standard in fabricating ceramic restorations 3. These
traditional methods have consistently delivered reliable
clinical results, backed by decades of research and appli-
cation 5. However, traditional manufacturing methods
present several inherent limitations that impact both the
production process and the final restoration quality ¢. The
lost-wax technique, while capable of producing highly
aesthetic restorations, is heavily dependent on the techni-
cian‘s skill and involves multiple labor-intensive steps that
increase the risk of human error. The technique also suffers
from material wastage and dimensional changes during
the casting process 7. Similarly, subtractive manufactur-
ing, despite its widespread adoption and digital workflow
integration, has significant drawbacks. The milling pro-
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cess generates substantial material waste, as up to 90 % of
the ceramic block may be discarded during fabrication $°.
Furthermore, the size and geometry of milling tools lim-
it the ability to reproduce fine details and internal geome-
tries, particularly in complex restoration designs 1°.

The emergence of additive manufacturing (AM) tech-
nologies, commonly known as 3D printing, represents a
paradigm shift in dental ceramic fabrication. This revolu-
tionary approach builds objects layer by layer from digital
designs, offering unprecedented freedom in geometry and
internal structure design 11,12, Unlike subtractive meth-
ods, AM can create complex shapes without the limita-
tions imposed by cutting tools, enabling the production of
restorations with intricate internal features and optimized
material distribution 13. The technology also promises sig-
nificant reduction in material waste, as only the neces-
sary amount of material is used in the building process.
In prosthodontic applications, ceramic AM technologies
have evolved from simple prototype production to the
fabrication of functional restorations 14 15, Current sys-
tems employ various approaches, including stereolithog-
raphy (SLA), digital light processing (DLP), and direct
inkjet printing (DIP). Each technology offers distinct ad-
vantages and faces unique challenges in producing den-
tal ceramics that meet the demanding requirements of oral
rehabilitation 16,17, The integration of these technologies
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with digital workflows has opened new possibilities for
customization and process optimization, potentially im-
proving both the efficiency of production and the qual-
ity of final restorations 18. Despite the promising poten-
tial, the adoption of ceramic AM in clinical prosthodon-
tics faces several critical challenges. The technology must
demonstrate comparable or superior outcomes to existing
methods in terms of accuracy, mechanical properties, and
long-term clinical performance 19. The complexity of ce-
ramic processing, particularly the need for post-process-
ing steps such as debinding and sintering, introduces ad-
ditional variables that can affect the final restoration qual-
ity 20. Furthermore, the relationship between processing
parameters and final properties must be thoroughly un-
derstood to ensure consistent and predictable results.

Recent technological advances have begun to address
these challenges, with new materials and processing strate-
gies emerging to improve the reliability and efficiency of
ceramic AM. The development of optimized ceramic sus-
pensions, innovative post-processing protocols, and en-
hanced printing technologies has led to significant im-
provements in the quality of printed restorations 21-23,
However, questions remain regarding the long-term per-
formance of these restorations in the oral environment and
their cost-effectiveness compared to traditional manufac-
turing methods. An exciting development in ceramic AM
is the potential for creating functionally graded materials
(FGMs) that better mimic the natural properties of dental
tissues 24. This approach allows for the controlled varia-
tion of composition and properties within a single restora-
tion, potentially improving both mechanical performance
and aesthetic outcomes 25. The ability to precisely con-
trol material distribution and properties at the microscale
represents a significant advantage over conventional man-
ufacturing methods and could lead to more biomimetic
restorations.

This comprehensive review aims to critically evaluate the
current status of ceramic AM technologies in prosthodon-
tic rehabilitation, with a particular focus on their clini-
cal applicability and limitations. We will examine the vari-
ous AM technologies available for ceramic processing, an-
alyzing their underlying principles and technical consid-
erations. The review will assess the material science as-
pects, including composition requirements and processing
parameters that influence the final restoration properties.
Special attention will be given to evaluating the clinical per-
formance of AM ceramic restorations, including accura-
cy, mechanical properties, and aesthetic outcomes. Final-
ly, we will explore future perspectives and research direc-
tions, identifying areas requiring further developmentand
validation.

II. Methods

To ensure a comprehensive and methodologically rigor-
ous review, an extensive literature search was conducted to
identify relevant studies focusing on the application of 3D
printing technologies in the fabrication of dental ceram-
ics for prosthodontic rehabilitation. The search strategy
involved accessing multiple academic databases, including
PubMed, Scopus, and Web of Science, to retrieve peer-re-
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viewed journal articles, conference proceedings, and sys-
tematic reviews. A combination of carefully selected key-
words and Boolean operators was utilized to optimize
the search process. The primary search terms included
“3D printing” or “additive manufacturing” in combina-
tion with terms such as “dental ceramics,” “prosthodon-
tic ceramics,” “zirconia,” and “lithium disilicate.” Addi-
tionally, to capture a broad range of relevant literature, the
search was extended to include specific additive manufac-
turing technologies, such as “stereolithography,” “digital
light processing,” and “direct inkjet printing,” alongside
terms such as “dental restorations” and “prosthodontics.”

The search was restricted to publications released be-
tween 2010 and 2024 to ensure that the review captured
the most recent advancements, clinical applications, and
technological developments in the field. Only studies pub-
lished in English were considered to maintain consisten-
cy and clarity in data interpretation. Following the initial
search, duplicate records were removed, and the remain-
ing articles underwent a two-stage screening process. The
first stage involved a review of the titles and abstracts to
assess their relevance to the research objectives. In the sec-
ond stage, the full texts of potentially relevant articles were
evaluated to determine their suitability for inclusion in the
review.

The inclusion criteria focused on studies that examined
the application of 3D printing technologies in the fabrica-
tion of ceramic dental restorations, with an emphasisonar-
ticles reporting mechanical properties, dimensional accu-
racy, aesthetic outcomes, and clinical performance. Stud-
ies highlighting advances in ceramic materials, post-pro-
cessing protocols, and multi-material approaches were al-
so prioritized. Conversely, articles that concentrated sole-
ly on polymer-based or metal-based additive manufactur-
ing technologies without direct relevance to ceramic ap-
plications were excluded. Non-peer-reviewed literature,
case reports, and opinion pieces were likewise excluded,
as they did not provide sufficient data for critical evalu-
ation. Furthermore, articles lacking detailed information
on processing parameters or final material properties were
excluded to maintain the scientific rigor of the review.

The selection of literature was guided by the objective
of identifying studies that evaluated the performance of
3D-printed dental ceramics under clinically relevant con-
ditions. Priority was given to investigations that explored
the relationship between processing parameters, material
formulations, and the resultant mechanical and aesthetic
properties of the printed restorations. Studies introducing
novel technologies, identifying critical limitations, or of-
fering insights into future research directions were also in-
cluded to ensure a balanced and comprehensive analysis.
By adhering to these criteria, the review aimed to provide
an in-depth evaluation of the current status of ceramic ad-
ditive manufacturing technologies and their clinical appli-
cability in prosthodontic rehabilitation.

III. Additive Manufacturing Technologies for Dental
Ceramics

The evolution of additive manufacturing in dental ceram-
ics has led to the development of several distinct technolo-
gies, each with unique capabilities and limitations. These
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technologies can be broadly classified into three main cat-
egories: vat photopolymerization, direct inkjet printing,
and 3D gel printing. Each approach offers specific advan-
tages for dental ceramic fabrication while presenting dis-
tinct challenges that influence their clinical applicability.

(1) Classification of ceramic AM technologies

Vat photopolymerization technologies, particularly
SLA and DLP, have emerged as cornerstone methods
in dental ceramic manufacturing due to their superior pre-
cision and versatility (Fig.1). These technologies work
by selectively curing ceramic-loaded resins using light.
The ceramic particles are evenly distributed in a pho-
tosensitive polymer. The process begins with a ceramic
suspension containing photoinitiators that trigger poly-
merization upon exposure to specific wavelengths of light.
In SLA systems, a precisely controlled laser beam, typical-
ly operating in the UV spectrum, traverses the surface of
the ceramic suspension according to predetermined path-
ways derived from the CAD model. The laser energy ini-
tiates localized polymerization, creating solid structures
while leaving surrounding areas uncured. This selective
curing mechanism allows for the fabrication of intricate
dental components with feature sizes down to 50 microm-
eters 26,27, The build platform adjusts vertically after each
layer‘s completion, allowing fresh ceramic suspension to
flow over the previously cured layer. This process con-
tinues iteratively until the entire structure is complete.
Critical parameters affecting print quality include laser
power, scanning speed, and layer thickness, which must
be optimized based on the ceramic suspension‘s proper-
ties 28,29, DLP technology, while sharing the same funda-
mental photopolymerization principle, employs a funda-
mentally different approach to light delivery. Instead of a
scanning laser, DLP systems utilize a digital micromirror
device (DMD) that pro]ects entire layer patterns simulta-
neously onto the ceramic suspension. Each micromirror
in the DMD array can be individually controlled, creating
a dynamic mask that determines which areas of the sus-
pension receive light exposure. This parallel processing
approach typically results in faster build times compared
to the sequential scanning method of SLA 30,31, However,
the resolution in DLP systems is inherently limited by the
pixel size of the projected image, which is determined by
the DMD specifications and the projection optics. Both
technologies require careful formulation of the ceramic
suspension to achieve optimal results. Key considerations
include the solid loading content, which affects the final
density and shrinkage of the printed parts, and the rheo-
logical properties, which influence the recoating process
and layer uniformity 3233, Typical ceramic suspensions
contain 40-60vol% ceramic powder, with particle sizes
carefully selected to achieve high packing density while
maintaining suitable viscosity for processing. The choice
of photoinitiators and dispersants also plays a crucial role
in ensuring uniform particle distribution and appropriate
curing characteristics 34 35,

Direct inkjet printing represents a fundamentally dif-
ferent approach to ceramic AM, utilizing the precise de-
position of ceramic-loaded droplets through specialized
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piezoelectric printheads, such as the Dimatix DMP-2850,
which operates with nozzle diameters of 10-30 um. The
optimal viscosity range for printable suspensions is typi-
cally between 10—40 mPa-s, with particle sizes maintained
below 1 um to prevent nozzle clogging. Recent advances
in nanoparticle jetting technology have enabled improved
control over droplet placement, allowing for higher res-
olution and better consistency in multi-material printing.
The technology operates by selectively depositing micro-
scopic droplets of ceramic suspension through special-
ized printheads. This process can be implemented through
either continuous jetting or drop-on-demand approach-
es, with the latter offering superior control over material
placement. Asdemonstrated by Ebertetal. 37, when print-
ing zirconia dental prostheses, drop-on-demand systems
achieved better dimensional accuracy and surface quality
compared to continuous jetting methods. The key advan-
tage of this technology lies in its versatility for multi-ma-
terial printing and the ability to create functionally grad-
ed structures. For instance, researchers have successfully
fabricated dental restorations combining different ceram-
ic materials with varying mechanical and aesthetic proper-
ties in a single printing process. The technology has shown
particular promise in creating dental crowns and bridges
with naturalistic color gradients and mechanical property
variations that mirror natural tooth structure.

— Stereolithography (SLA)

Digital Light Processing
(DLP)

Continuous Direct Light
Processing (CDLP)

Vat Photopolymerization

— Direct UV Printing (DUP)

Fig. 1: Overview of vat photopolymerization technologies accord-
ing to ISO 17296 -2 36-,

Recent developments in nanoparticle jetting have 31gn1f—
1cantly expanded the capabilities of inkjet-based ceramic
printing. These advanced systems can achieve higher reso-
lution and better control over material properties, though
they typically require more specialized material formula-
tions. As shown in Fig. 2, which illustrates a sintered zir-
conium oxide fiber squeezed out through a 76-um sap-
phire nozzle, the technology can achieve remarkable pre-
cision in material deposition 38. However, the success of
the printing process heavily depends on precise control
over suspension rheology and particle size distribution.
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Fig. 2: Sintered zirconium oxide fiber of 65 um in diameter squeezed
out through a 76-pum nozzle diameter 38.

This is particularly critical in preventing nozzle clogging
and ensuring consistent droplet formation. According to
Grida and Evans’ research 38, the optimal particle size for
stable jetting should be at least an order of magnitude
smaller than the nozzle diameter, typically requiring ce-
ramic particles in the sub-micron range. The rheologi-
cal properties of the ceramic suspension must be careful-
ly balanced — the viscosity needs to be low enough to al-
low droplet formation (typically between 1-40 mPa:s)
but high enough to prevent satellite droplet formation and
ensure proper spreading behavior upon impact. Research
has shown that adding specific dispersants and controlling
solid loading (typically between 20-40vol%) can help
achieve these properties. The surface tension of the ink al-
so plays a crucial role, as it affects droplet formation and
spreading behavior. Studies have demonstrated that sur-
face tension modifiers can be used to optimize printing
performance, with optimal values typically ranging be-
tween 20—40 mN/m. Temperature control during print-
ing is another critical factor, as it affects both viscosity
and surface tension. Many systems now incorporate heat-
ed printheads and substrate platforms to maintain optimal

ZrO , particles

Premuxed solution Zr0 , slurry
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printing conditions. Recent advances in printhead tech-
nology have also led to better control over droplet size
and placement accuracy. Multi-nozzle printheads with in-
dependent control over each nozzle have made it possible
to achieve higher throughput while maintaining precision.
This has been particularly beneficial in dental applications,
where both speed and accuracy are essential.

3D gel printing represents a significant advancement
in dental ceramic fabrication, particularly for producing
complex prosthodontic components. The printing pro-
cess utilizes extrusion-based systems, such as RegenHu
3DDiscovery, with a nozzle diameter of 76 pm and con-
trolled extrusion speeds of 5—20 mm/s. The ceramic sus-
pension is typically formulated with 50— 55 vol% ceramic
particles, stabilized using dispersants such as polyacrylic
acid and photoinitiators like 2-hydroxyethyl methacrylate
(HEMA) to enable rapid gelation during extrusion. This
technology is based on the controlled deposition of highly
loaded ceramic suspensions that undergo rapid gelation
upon extrusion, providing immediate structural stability
to the printed components 39. The fundamental princi-
ple relies on a water-based gelation system incorporat-
ing specific monomers like 2-hydroxyethyl methacrylate
(HEMA) or acrylamide, which facilitate the transforma-
tion from a flowable suspension to a rigid gel structure.
This mechanism allows for the achievement of high sol-
id loadings — typically up to 50vol% for zirconia-based
systems — which is substantially higher than conventional
ceramic printing methods that often struggle to exceed
40vol% 49,41, The higher solid loading is particularly ad-
vantageous for dental applications as it contributes to re-
duced shrinkage during sintering and enhanced mechan-
ical properties of the final restoration. As demonstrated
in Fig.3 of the reference paper, the 3D gel printing pro-
cess employs a systematic approach incorporating slurry
preparation, precise computer-controlled deposition, and
post-processing steps, enabling the production of dental
components with consistent quality and reproducibili-
ty 3.

[
= Screw extruder

E—

Catalyst and Initiatior

e —
—

Computer control system

Fig. 3: Schematic diagram of the 3DGP process for printing zirconia parts 39.
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The practical implementation of 3D gel printing in den-
tal ceramics has shown promising results, particularly in
terms of achieving the mechanical and aesthetic require-
ments for dental restorations. Studies have demonstrated
that 3D gel printing-fabricated zirconia components can
achieve relative densities of up to 97.6 % after sintering,
with impressive mechanical properties including Vick-
ers hardness values of 14.4 GPa and transverse rupture
strength reaching 450 MPa 42, 43, These values are compa-
rable to, and in some cases superior to, traditional manu-
facturing methods. The surface quality of 3D gel printing-
produced components is particularly noteworthy, with
achieved surface roughness values (Ra) of approximately
8.25 um after sintering, which is significantly better than
other additive manufacturing techniques such as syringe
extrusion methods that typically show roughness values
around 68 um #4. This superior surface finish is crucial for
dental applications, as it directly impacts both the aesthet-
ic outcome and the biological response of surrounding
tissues. Additionally, the technology has demonstrat-
ed excellent capability in producing complex dental ge-
ometries, including crowns, bridges, and custom implant
components, with high dimensional accuracy 45 46, The
process allows for fine control over the internal architec-
ture of dental restorations, which is particularly impor-
tant for achieving optimal fit and function. Recent studies
have also shown that the mechanical properties of 3D-
gel-printing-produced dental ceramics remain stable un-
der physiological conditions, making them suitable for
long-term clinical applications 4/ -4%. However, ongoing
research continues to focus on optimizing the rheologi-
cal properties of ceramic suspensions and improving the
printing parameters to enhance the overall quality and
reliability of the printed dental restorations.

(2) Critical comparison of manufacturing principles

The fundamental differences between additive manu-
facturing technologies have significant implications for
their application in dental ceramics, particularly regarding
resolution, material properties, and processing require-
ments. Vat photopolymerization technologies, especially
SLA, demonstrate superior capabilities in producing in-
tricate dental restorations due to their high resolution and
excellent surface finish characteristics. However, these
technologies face a critical challenge in achieving high
ceramic loading in the initial suspensions. Dehurtevent
et al. 30 found that the viscosity of ceramic suspensions
must be carefully controlled within a narrow window
(137.7 £12.68 mPa's to 218.9 + 12.78 mPa-s) to achieve
successful printing while maintaining adequate particle
loading (Fig.4). This balance is crucial as higher ceramic
content is desirable for improved final properties but can
compromise printability. The technology has demon-
strated success in producing dental implants with high
dimensional accuracy and mechanical properties com-
parable to conventionally manufactured ceramics, with
flexural strengths reaching up to 943 MPa for zirconia
components 1.

Direct inkjet printing technologies offer unique advan-
tages in terms of material composition control and resolu-
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tion capabilities. This approach, as demonstrated by Ebert
etal. 37, canachieve relative densities of up t0 96.9 % in zir-
coniacomponents with mechanical properties comparable
to conventionally produced materials. The technology*s
ability to precisely control droplet placement makes it
particularly suitable for creating functionally graded den-
tal restorations, where properties can be tailored across
the component. However, the process demands extremely
precise control over multiple parameters. The successful
formation of uniform droplets requires careful optimiza-
tion of suspension properties, including particle size dis-
tribution and rheological behavior. Scheithauer et al. 52
introduced the concept of a droplet fusion factor (dff)
to quantify the necessary conditions for successful print-
ing, finding that a dff of 44 % or higher is required for
producing homogeneous structures. This level of control,
while enabling high precision, canresultin slower process-
ing speeds and increased system complexity compared to
other AM technologies. The technology has shown par-
ticular promise in producing dental crowns with complex
occlusal surface topography 3.
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Fig. 4: Weibull plot comparing the strength distribution of alumina
ceramics manufactured by the stereolithographic process 3.

3D gel printing represents an emerging approach that of-
fers distinct advantages in material efficiency and process-
ing simplicity. This technology, as investigated by Shao
et al. 53, can achieve higher density and improved sur-
face finishing compared to traditional extrusion meth-
ods. The ability to handle highly loaded ceramic suspen-
sions (>50vo0l%) is particularly advantageous for achiev-
ing superior mechanical properties in the final compo-
nents. The process demonstrated the capability to pro-
duce zirconia components with no visible defects or de-
formation after sintering, achieving relative densities of
97.6 % and significant improvements in surface quality
compared to conventional extrusion methods. Howev-
er, the technology requires careful control of rheological
properties, particularly in terms of the gel point of dif-
ferent formulations. Fahimipour ez al. >4 highlighted this
challenge in their work with TCP/alginate/gelatin scaf-
folds, where needle blocking during extrusion became
problematic if the gel point was above room tempera-
ture. Despite these challenges, the technology has shown
promising results in producing complex dental structures
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with porosity levels of 73.42 £ 8.4 % and Young‘s modulus
values of 98.31£10.21 MPa, making it particularly suit-
able for applications requiring controlled porosity such as
tissue engineering scaffolds.

(3) Process chain analysis and workflow considerations

The implementation of ceramic AM technologies in den-
tal applications requires comprehensive workflow inte-
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gration, beginning with accurate digital data acquisition.
The primary methods include direct intraoral scanning
or digitization of conventional impressions, which must
capture sub-millimeter anatomical details with high pre-
cision 5% %6, As shown in Fig.5, the workflow typically in-
volves multiple stages frominitial scanning through design
verification and final manufacturing. The digital acquisi-
tion process must account for various clinical scenarios,

Fig. 5: Description of the procedure for the production of dental bridges using the technology of selective laser sintering (SLS) from metal
powders; a detailed description of the meaning of (a-h) images in the text. (a) preparing teeth for treatment; (b) virtual tooth model together
with post models; (c) considering pillars; (d) prosthetic reconstruction project; (e) finished model; (f) designed supports; (g) tooth forming; (h)
final result 6.
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from single-unit restorations to full-arch rehabilita-
tions 57> 58. Modern intraoral scanners can achieve accura-
cy levels between 50—70 um, which approaches the max-
imum precision capabilities of CNC milling systems 59.
The captured data undergoes extensive processing us-
ing specialized dental CAD software that must consider
not only the geometric requirements but also material-
specific constraints and the particular limitations of the
chosen AM technology ¢% 61, This includes factors such
as minimum feature size, support structure requirements,
and build orientation optimization to minimize post-pro-
cessing needs while maintaining critical functional sur-
faces 62,63,

The printing process itself represents a critical but inter-
mediate step in a complex manufacturing chain that de-
mands careful orchestration of multiple parameters and
environmental conditions. Each ceramic AM technology
presents unique processing challenges — vat photopoly-
merization systems require precise control of exposure pa-
rameters, layer thickness, and resin viscosity 65 66, while
powder-based systems must maintain consistent powder
spreading and local sintering conditions ¢7> 68, The post-
processing phase is particularly crucial for ceramic mate-
rials, with debinding and sintering steps largely determin-
ing final part properties 6% 70. Debinding protocols must
be optimized to remove organic components without in-
troducing defects or dimensional distortion, typically re-
quiring carefully controlled heating rates and atmospheric
conditions 37> 71. The subsequent sintering process, which
can involve temperatures exceeding 1500 °C for dental
ceramics, must be precisely controlled to achieve desired
density while managing shrinkage and maintaining geo-
metric accuracy /2. These high-temperature processes can
introduce residual stresses and potential distortions that
must be anticipated during the design phase 73.

Quality control considerations permeate the entire man-
ufacturing chain and vary significantly between AM tech-
nologies and material systems. For vat photopolymeriza-
tion, critical parameters include not only exposure con-
trol but also resin homogeneity, temperature stability, and
post-curing protocols 74 75, Powder-based systems re-
quire careful attention to particle size distribution, pow-
der flowability, and layer uniformity 76:77. The integra-
tion of in-process monitoring and feedback control sys-
tems becomes increasingly important for ensuring consis-
tent part quality, particularly for high-value dental appli-
cations where failure rates must be minimized 78; 7%. Final
quality assessment must consider multiple factors includ-
ing dimensional accuracy, surface quality, density, and
mechanical properties, often requiring specialized mea-
surement techniques and acceptance criteria specific to
dental applications 80. Regular calibration and validation
of both the AM system and post-processing equipment
are essential to maintain process stability and repeatabili-
ty 81. The entire workflow must be validated according to
relevant dental standards and regulations, with appropri-
ate documentation and traceability systems in place 82.
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IV. Material Science and Technical Considerations

(1) Ceramic materials and compositions

The selection of ceramic materials for additive manufac-
turing in prosthodontics primarily centers on three main
categories: yttria-partially stabilized zirconia (Y-TZP),
alumina, and lithium disilicate glass ceramics. Each ma-
terial presents distinct characteristics that influence their
processability and final properties, which, in turn, affect
the clinical performance of the printed restorations. For
instance, Y-TZP demonstrates transformation toughen-
ing, which enhances fracture resistance by delaying crack
propagation, contributing to the superior long-term clin-
ical performance of zirconia-based restorations. Similar-
ly, the optimal particle size distribution in ceramic slurries
not only improves suspension stability but also minimizes
porosity and shrinkage, ensuring precise marginal fit and
reduced risk of microleakage, which is critical for clinical
longevity. Moreover, the choice of sintering parameters
directly influences the densification and grain growth
of the printed ceramics, affecting mechanical properties
such as flexural strength and hardness, which are essential
for withstanding occlusal forces in the oral environment.
Y-TZP remains the predominant choice for dental appli-
cations due to its exceptional combination of mechanical
strength, biocompatibility, and aesthetic potential. The
material‘s transformation toughening mechanism pro-
vides superior fracture resistance compared to other den-
tal ceramics. The process of 3D printing in medical appli-
cations, including dental ceramics, follows a systematic
workflow from imaging to final production, which is cru-
cial for achieving precise results with these materials. The
selection of appropriate ceramic materials must consider
various factors including the specific printing technology
being employed, the required mechanical properties, and
the aesthetic demands of the final restoration. For instance,
Y-TZP processed by means of SLS has demonstrated su-
perior mechanical properties with flexural strength values
exceeding 900 MPa, making it particularly suitable for
high-stress bearing applications such as posterior bridges
and implant abutments 8384, Recent advancements in
Y-TZP formulations have focused on optimizing parti-
cle size distribution and sintering behavior to enhance
printability while maintaining the material‘s inherent me-
chanical advantages. Studies have shown that controlling
the particle size between 20-50 um and implementing
appropriate thermal post-processing protocols can signif-
icantly improve the density and mechanical properties of
the printed structures 8 86,

Alumina-based ceramics and lithium disilicate materi-
als represent alternative options, each with distinct advan-
tages and limitations in the context of additive manufactur-
ing. Alumina ceramics, while offering excellent biocom-
patibility and wear resistance, require specific processing
considerations to achieve optimal results in AM systems.
Wu er al. 83 demonstrated that the particle size and de-
binding process significantly influence the final density
and mechanical properties of 3D-printed alumina struc-
tures. Their research showed that optimizing these param-
eters could achieve relative densities exceeding 98 % and
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improve the mechanical properties of the printed compo-
nents. The integration of vacuum infiltration techniques
has further enhanced the capabilities of alumina-based
systems, addressing some of the traditional limitations as-
sociated with porosity and mechanical strength 86. Lithi-
um disilicate materials, though less commonly employed
in AM processes, have gained attention due to their supe-
rior aesthetic properties and adequate mechanical strength
for various dental applications. The processing of these
materials with AM systems presents unique challenges,
particularly in controlling crystallization during the ther-
mal treatment stages. Recent developments have focused
on developmg specialized slurry formulations and post-
processmg protocols to overcome these limitations 84, 86,
The incorporation of specific additives and careful con-
trol of the printing parameters has shown promising re-
sults in achieving the desired microstructure and mechan-
ical properties. Additionally, hybrid approaches combin-
ing different ceramic materials or incorporating reinforc-
ing phases have emerged as potential solutions to optimize
both mechanical and aesthetic properties. These develop-
ments have opened new possibilities for creating gradi-
entstructures that better mimic the natural tooth structure
while maintaining the required mechanical integrity.

The formulation of ceramic suspensions for additive
manufacturing in dental applications requires precise con-
trol over multiple parameters to achieve optimal process-
ing and final properties. The ceramic loading level repre-
sents one of the most critical factors, as it directly influ-
ences both the printability and the final mechanical prop-
erties of the prosthetic restoration. The ceramic slurry
must maintain consistent rheological properties through-
out the layer-by-layer fabrication process. Studies have
demonstrated that for dental applications, particularly
in the fabrication of all-ceramic crowns, the optimal ce-
ramic content typically ranges between 50—80 volume
percent. For instance, Dehurtevent et al. >0 demonstrated
that alumina slurries with 70—80 % dry matter content
yielded the most favorable results for stereolithography-
based manufacturing of dental prosthetics. The higher
ceramic loading contributes to reduced shrinkage during
sintering and enhanced mechanical properties in the final
restoration, which is crucial for withstanding intraoral
masticatory forces.

The stability of ceramic suspensions represents anoth-
er fundamental requirement that significantly impacts the
success of the additive manufacturing process. This aspect
becomes particularly critical in dental applications where
high precision and consistency are essential for achiev-
ing accurate marginal fits and optimal mechanical prop-
erties. The incorporation of dispersants plays a vital role
in maintaining uniform particle distribution and prevent-
ing agglomeration throughout the printing process. For
example, studies have shown that the addition of appro-
priate dispersants to zirconia-based suspensions can help
achieve zeta potential values that promote stable suspen-
sions, typically maintaining absolute values greater than
30 mV 87. The rheological behavior of these suspensions
must be carefully controlled to ensure proper flow during
processing while maintaining shape fidelity after deposi-
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tion. This is particularly evident in direct ink writing pro-
cesses, where Wang et al. demonstrated that dental porce-
lain slurries prepared within a pH range of 7.0 - 7.5 exhib-
ited optimal pseudoplastic behavior necessary for success-
ful extrusion and shape retention 8. For photopolymer-
ization-based systems, such as stereolithography, the for-
mulation becomes even more complex due to the need to
balance the ceramic content with photocurable resin com-
ponents. The addition of photoinitiators must be carefully
optimized to achieve appropriate cure depth while main-
taining dimensional accuracy. Studies have shown that the
cure depth is inversely proportional to the ceramic load-
ing, requiring careful optimization of photoinitiator con-
centration and exposure parameters to achieve success-
ful layer-by-layer fabrication 8% 90. This balance becomes
particularly critical in the fabrication of dental prostheses,
where both dimensional accuracy and mechanical proper-
ties must meet stringent clinical requirements.

(2) Critical processing parameters

Build orientation plays a crucial role in determining the
strength, accuracy, and surface quality of printed den-
tal restorations. It affects how well the layers bond, the
need for support structures, and the overall efficiency of
the printing process. As demonstrated by Dehurtevent et
al. 39, parts built with their major axis perpendicular to the
build direction (ZY orientation) exhibited superior flex-
ural strength (409.7 + 29.6 MPa) compared to other ori-
entations (ZX: 313.8 £ 27.9 MPa; XY: 334.3 + 62.1 MPa).
This variation in mechanical properties stems from the
anisotropic nature of the layer-by-layer manufacturing
process, where the bonding between successive layers
creates inherent directional dependencies. As shown in
Fig. 6, scanning electron microscopy revealed that the
major axis of alumina grains runs parallel to the layer ori-
entation, directly impacting the mechanical behavior. This
microstructural alignment resulted in more transgranu-
lar failures in ZY-oriented specimens compared to pre-
dominantly intergranular failures in ZX-oriented spec-
imens, explaining the superior mechanical performance
of ZY-oriented parts when tested perpendicular to the
layer direction. The selection of optimal build orientation
must therefore carefully balance mechanical requirements
against practical manufacturing considerations.

The implications of build orientation extend beyond
just mechanical properties to impact several other criti-
cal aspects of the manufacturing process. Processing time
and efficiency are significantly affected by orientation
choice — while ZX-oriented specimens showed favorable
minimum slurry resting periods (7 seconds between lay-
ers), they required substantially more layers (480 layers,
186 minutes total manufacturing time) compared to ZY
orientation (86 layers, 47 minutes) and XY orientation (34
layers, 35 minutes) 0. Surface quality and the requirement
for support structures also vary with orientation. Parts
oriented parallel to the build platform (XY) typically ex-
hibit better surface finish on upward-facing surfaces but
may require more extensive support structures, increasing
post-processing requirements 9293, Additionally, build
orientation influences the structural reliability of the final
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Fig. 6: Micrographs of 3 faces of ZX-, ZY-, and XY-oriented SLA alumina specimens (original magnification x2000) 1.

restoration — Weibull analysis revealed higher moduli for
ZX (13.7) and ZY (16.1) orientations compared to XY
(6.2), indicating more consistent and predictable mechani-
cal performance. For dental applications where consistent
performance and reliability are paramount, these orien-
tation-dependent variations must be carefully considered
during the manufacturing process planning stage. Recent
studies have also highlighted how build orientation can af-
fectdimensional accuracy and internal fit of dental restora-
tions, with different orientations showing varying degrees
of geometric deviation from the designed specifications 93.

Layer thickness represents a critical parameter that di-
rectly impacts both the quality of printed parts and the
efficiency of the manufacturing process. Thinner layers
generally produce better surface quality and more accu-
rate reproductions of fine features, but at the cost of in-
creased building time and potentially higher risk of pro-
cess failures. The optimal layer thickness depends on mul-
tiple factors 1nclud1ng the specific AM technology, ma-
terial properties, and apphcanon requirements. In stere-
olithography-based ceramic manufacturing (LCM), stud-
ies have shown significant differences in mechanical prop-
erties between different layer thicknesses. For instance,
Baumgartner et al. 94 demonstrated that lithium disili-
cate specimens printed with 25-um layers exhibited supe-
rior mechanical properties compared to those printed with
50-um layers, achieving an outstanding average bending
strength of 430 MPa for polished samples. This enhance-
ment in mechanical properties can be attributed to better
interlayer bondingand reduced potential for defect forma-
tion between layers. As shown in Fig. 7, the fracture sur-

face analysis of specimens printed with 25-um layers re-
vealed no visible layer interfaces or significant pores, indi-
cating excellent integration between successive layers.
For dental applications, layer thicknesses typically range
from 25 to 100 micrometers, with the selection based on
a compromise between accuracy requirements and pro-
cessing efficiency. The relationship between layer thick-
ness and curing parameters becomes particularly crucial
in photopolymerization-based systems, where overcur-
ing can lead to dimensional inaccuracies while undercur-
ing may result in insufficient layer bonding. The inter-
play between layer thickness and process parameters sig-
nificantly affects the final properties of printed restora-
tions. For example, when working with lithium disili-
cate, researchers have found that specimens printed with
25-um layers demonstrated higher Weibull modulus val-
ues (11.5) compared to those printed with larger layer
thicknesses, indicating better reliability and consistency
in mechanical properties 3% 95, This improvement in reli-
ablhty is particularly crucial for dental apphcatlons where
consistent performance is essential. However, it is im-
portant to note that reducing layer thickness comes with
practical considerations. Studies have shown that printing
time can increase substantially — for instance, Baumgart-
ner et al. 94 reported that reducing layer thickness from
50 um to 25 um nearly doubled the printing time from
2.3 hours to 4.2 hours for similarly sized specimens. Ad-
ditionally, the optimization of exposure parameters be-
comes more critical with thinner layers, as both under-
and over-exposure can lead to defects that compromise
the structural integrity of the final restoration. Recent



60 Journal of Ceramic Science and Technology — L. Yao

Vol. 16, No. 2

Fig.7: Analyzation of the microstructure and translucency of sintered lithium disilicate parts. (a) the fracture surface of a polished biaxial
bending strength test platelet. After etching for 20 s with 40 % HF vapor (b), the lithia crystals of around 500 nm are clearly visible (c). To
demonstrate the high translucency of the printed dental restorations, an LCM-produced anterior crown placed on a plaster model can be seen

in (d) %4,

investigations have also highlighted the importance of
controlling the rheological properties of ceramic slurries
when working with different layer thicknesses, as viscosi-
ty and shear behavior can significantly impact the quality
of layer deposition and subsequent curing %.
Post-processing steps, particularly debinding and sin-
tering, play a crucial role in determining the final prop-
erties of AM ceramic restorations. The debinding pro-
cess must effectively remove organic components while
preventing defect formation. This requires careful control
of heating rates and environmental conditions to prevent
cracking and warping. For ink/slurry-based AM tech-
nologies like VP and MJ, the green bodies contain sig-
nificant amounts of organic materials (40—60vol%) that
must be carefully removed %798, Han et al. 97 demonstrat-
ed that using reliable plasticizers like polyethylene glycol
200 during the debinding process of DLP-printed ZrO,
crowns effectively suppressed defect formation, resulting
in a substantial increase in flexural strength from 302 MPa
to 1210 MPa. The optimization of debinding protocols
depends heavily on the specific material composition and
part geometry. For example, Zhang et al. 98 investigated
the stability and rheological behaviors of 3Y-ZrO; ceram-
ic suspensions in stereolithography and found that higher
solid content (>50vol%) resulted in less organic content
requiring removal during debinding, leading to reduced

shrinkage and improved dimensional accuracy. However,
they also noted that excessively high solid contentadverse-
ly affected the viscosity and printability of the ceramic sus-
pensions, necessitating careful balance in formulation.
Sintering conditions significantly influence the final den-
sity, grain size, and mechanical properties of ceramic
restorations. Temperature profiles, holding times, and
atmospheric conditions must be carefully controlled to
achieve optimal results. Different AM technologies re-
quire specific post-processing approaches — VP (SL and
DLP) processes typically involve support removal, clean-
ing, debinding and sintering steps, while PBF may require
different thermal treatments depending on whether it is
SLS or SLM. Chen et al. 99 prepared ZrO, crowns us-
ing DLP technology and achieved mechanical properties
comparable to traditionally manufactured restorations
with optimized sintering protocols. The development
of specialized sintering protocols for AM ceramics of-
ten differs from traditional ceramics due to differences
in green body characteristics and organic content. For
instance, Yang et al. 100 optimized laser parameters and
sintering processes for dental fluorapatite glass-ceramics
produced via SL printing, achieving strength, hardness
and elastic modulus values that surpassed those of tradi-
tional dry-pressing samples. The sintering behavior is also
influenced by the AM process used — Branco ez al. 101,102
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found that robocasting samples were slightly less dense
and more porous than conventional subtractive-manufac-
tured samples, requiring modified sintering protocols to
achieve optimal properties. Proper control of sintering pa-
rameters is especially critical for complex geometries like
dental implants and bridges, where maintaining dimen-
sional accuracy while achieving full densification presents
significant challenges 103,104,

V. Clinical Performance Assessment

(1) Accuracy and precision analysis

The success and durability of ceramic restorations de-
pend on how accurately they fit, especially around the
margins and internal areas. Recent studies evaluating SLA
additively manufactured zirconia restorations have shown
varying degrees of accuracy. For instance, Revilla-Ledn et
al. 105 compared the marginal and internal discrepancies of
milled and SLA additively manufactured zirconia crowns
using the silicone replica technique. Their findings re-
vealed significantly lower marginal and internal discrep-
ancies in the milled method compared to AM groups.
Importantly, while both milled and splinted AM groups
demonstrated clinically acceptable marginal and internal
discrepancies, the anatomic-contour AM zirconia crowns
exhibited clinically inappropriate adaptations. Similar-
ly, Li et al. 95 assessed the internal and marginal adapta-
tion of SLA-manufactured zirconia crowns and found
that despite achieving adequate mechanical strength, the
restorations showed suboptimal clinical adaptation. The
cement space measurements revealed variations across
different regions: 63.40 + 6.54 pum in the occlusal area,
135.08 £10.55 um in the axial area, and 169.58 £ 18.13 um
in the marginal area, which exceeded clinically acceptable
thresholds.

The layer-wise construction process inherent to addi-
tive manufacturing creates unique challenges for surface
quality and dimensional accuracy. The SLA apparatus‘s
building process significantly influences the final prod-
ucts characteristics. The curing depth serves as a cru-
cial parameter determining both formability and accuracy.
Various manufacturing factors, including light scattering
caused by ceramic particles, can impact dimensional accu-
racy even when the particles themselves are transparent to
irradiation. These effects can deteriorate light penetration
into the suspension and consequently affect dimensional
precision 196, Multiple studies have highlighted how ce-
ramic particle size, volume percentage, materials’ refrac-
tive index, and light exposure energy can influence curing
depth and thus layer thickness 0. The significant differ-
ence in refractive index between the photopolymerizable
liquid and zirconia particles poses particular challenges,
as higher refractive index particles may absorb more UV
radiation, resulting in shorter curing depths and reduced
photopolymerization reactions 197.

Surface finishrepresentsacritical aspect requiring careful
consideration. As illustrated in Fig. 8, various dental pros-
theses manufactured with AM techniques demonstrate
different surface characteristics depending on their specif-
ic application and manufacturing parameters. The surface
quality is largely determined by the AM technology em-
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ployed, processing conditions, and raw material proper-
ties, which collectively impact the thickness of each print-
ed layer 198, Wang et al. 109 conducted a comprehensive
assessment of dimensional accuracy and clinical adapta-
tion of AM-stereolithography-fabricated ceramic crowns.
Their study demonstrated dimensional accuracy values of
65+ 6 umforzirconiacrowns (CL) comparedto41£11 um
for alumina crowns (CF), with differences attributed to
variations in ceramic slurries, light sources, and polymer-
ization techniques between systems. Notably, while no
significant differences were found between AM zirconia
crowns and milled versions, distinct adaptation patterns
emerged across different restoration regions.

Fig.8: 3D-printed dental medical devices made on a CeraFab
System S65 Medical: Dental implants (left top), zirconia bridge
(3Y-TZP, right top), molar crown precolored (center), molar crown
uncolored (right bottom), zirconia implant and abutment (center
bottom) 111,

The precision of AM ceramic restorations varies signifi-
cantly based on geometric complexity and specific man-
ufacturing parameters. Li et al. 110 evaluated the effec-
tiveness of SLA-manufactured zirconia crowns with dif-
ferent finishing line designs, including chamfer, rounded
shoulder, and knife-edge configurations. Their findings
indicated that while AM crowns showed comparable ac-
curacy to milled restorations, both manufacturing meth-
ods demonstrated susceptibility to marginal chipping in
knife-edged designs. The AM process notably produced
crowns with rounded line angle margins free of minor de-
fects, whereas milled crowns exhibited sharp line angle
margins with discrete chipping patterns. These variations
highlight the importance of considering design parame-
ters in conjunction with manufacturing methods to op-
timize clinical outcomes. The manufacturing accuracy in
the Z-direction typically presents greater challenges com-
pared to X- and Y-directions, affected by various process
parameters including powder spreading — compaction/
densification, material evaporation, and shrinkage dur-
ing solidification 108. These factors necessitate careful con-
sideration of build orientation and support structures to
achieve optimal results for complex dental geometries.
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(2) Evaluation of the mechanical properties

The mechanical performance of 3D-printed ceramic
restorations exhibits complex characteristics that differ
significantly from conventionally manufactured ceram-
ics. Recent studies have demonstrated that the flexural
strength of additively manufactured zirconia typically
ranges from 320 -943 MPa, which is generally lower than
milled zirconia (> 1 000 MPa). For instance, Revilla-Leén
et al. 112 reported that stereolithography (SLA) additively
manufactured specimens showed a mean flexural strength
of 320.32 £40.55 MPa, significantly lower than milled zir-
conia. This reduction in strength can be attributed to the
layer-by-layer construction process, which introduces
potential weak points at layer interfaces. The manufac-
turing parameters, particularly layer thickness and curing
conditions, play crucial roles in determining the final me-
chanical properties. Nakai et al. 113 demonstrated that
different commercial AM systems produce varying me-
chanical properties — ATZ (alumina-toughened zirconia)
showed the highest flexural strength, while DLP-print-
ed zirconia with 90-degree printing orientation exhibited
lower values. The printing orientation significantly affects
the mechanical properties, with 0-degree vertical printing
typically showing superior strength compared to other
orientations.

The long-term stability of printed ceramic restorations
under physiological conditions remains a critical consid-
eration for clinical applications. Studies have shown that
aging processes can significantly impact the mechanical
integrity of AM zirconia. For example, Revilla-Le6n et
al. 112 investigated the effect of aging simulation on the
flexural strength of SLA additively manufactured bar-
shaped zirconia applications. Their results indicated that
mastication-simulating aging caused a significant decrease
inboth AM and milled groups in terms of flexural strength
and fracture resistance. The presence of residual porosity,
which is often higher in AM ceramics compared to milled
ones, can accelerate aging processes. This is particularly
evident in cases where the solid loading of the ceramic sus-
pension is below optimal levels (<40 % by volume), lead-
ing to increased porosity and potentially compromised
long-term performance 83, 90, 114, 115,

The mechanical properties of AM zirconia are highly de-
pendent on the manufacturing parameters and resulting
microstructure. Recent studies have focused on optimiz-
ing these parameters to enhance mechanical performance.
For instance, Zhang et al. 116 developed a high-loading
(55 vol%) photosensitive ZrO, suspension, which pro-
vided new possibilities for fabricating high-performance
ZrO, objects by means of SLA. The solid loading percent-
age significantly influences the final density and mechan-
ical properties — higher solid loading generally results in
better mechanical properties but must be balanced against
processability constraints. The sintering process also plays
a crucial role, with parameters such as temperature and
gradient affecting the final densification and strength 117.
Studies have shown that the relative density of well-pro-
cessed AM zirconia can reach 98.58 %, with Vickers hard-
ness values of approximately 1398 HV 114, However, in-
ternal defects detected by SEM analysis remain a common
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challenge, necessitating careful control of processing pa-
rameters. The correlation between processing conditions
and mechanical properties is particularly evident in the
thermal processing stages, where factors such as debind-
ing rate and sintering schedule can significantly impact the
final mechanical performance.

(3) Optical properties and aesthetics

The aesthetic outcomes of printed ceramic restorations
are fundamentally influenced by both intrinsic material
properties and manufacturing parameters that affect light
interaction. Similar to conventional zirconia ceramics, the
optical behavior of printed ceramics is governed by several
key factors including chemical composition, microstruc-
tural features, and processing conditions. As highlighted
by Shahmiri et al. 118, the translucency and opacity of ce-
ramic materials depend critically on how incident light is
reflected, scattered, refracted, transmitted, and absorbed
through the material structure. In printed ceramics, these
optical interactions are particularly complex due to the
layer-wise construction process. The interfaces between
printed layers can create additional opportunities for light
scattering, potentially affecting the overall translucency
of the restoration. This is analogous to how grain bound-
aries and pores influence light transmission in convention-
al ceramics, where features of size similar to visible light
wavelengths (400—700 nm) can significantly impact op-
tical properties through scattering effects. As shown in
Fig.9, the scattering coefficient of zirconia varies signifi-
cantly across the visible spectrum, with minimal scatter-
ing occurring around 520 nm wavelength 119. This wave-
length-dependent behavior must be carefully considered
when formulating printable ceramic materials to achieve
natural-looking restorations.
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Fig. 9: Spectral values for scattering coefficient of zirconia (450 to
650 nm) 119,

The incorporation of processing additives necessary for
3D printing, such as binders and dispersants, introduces
additional complexity to the optical properties of print-
ed ceramics. These additives, while essential for achiev-
ing proper printing rheology and green body strength,
can leave residual effects on the final optical characteris-
tics even after thermal processing. This is particularly cru-
cial for achieving proper shade matching and color stabil-
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ity in the final restoration. Similar to how conventional
zirconia materials utilize dopants to modify optical prop-
erties, as discussed by Zhang et al. 120, printed ceramics
may require specific additives or dopants to achieve de-
sired aesthetic outcomes while maintaining printability.
The processing parameters during both printing and sub-
sequent sintering also play a critical role. Temperature gra-
dients and atmospheric conditions during sintering can af-
fect grain growth and pore elimination, which in turn in-
fluence light transmission characteristics. This is reminis-
cent of how conventional processing techniques impact
optical properties through microstructural development,
as demonstrated in studies of hot isostatic pressing and
other densification methods 121, 122, Furthermore, the lay-
er-wise construction inherent to 3D printing can poten-
tially create anisotropic optical properties, where translu-
cency and color appearance vary depending on viewing
angle or light source direction. This presents unique chal-
lenges compared to traditionally manufactured ceramics,
requiring careful optimization of both material composi-
tion and processing parameters to achieve consistent opti-
cal properties throughout the printed structure.

VI. Future Perspectives and Research Directions

The advancement of ceramic additive manufacturing in
prosthodontics continues to face several significant tech-
nological barriers that require innovative solutions. Res-
olution limitations in current printing technologies affect
the ability to reproduce fine anatomical details and achieve
optimal marginal fit. The layer-wise construction pro-
cess inherently creates surface irregularities that necessi-
tate extensive post-processing, increasing production time
and potentially compromising dimensional accuracy. Fur-
thermore, the challenge of maintaining consistent mate-
rial properties throughout the printing process remains a
significant concern, particularly in terms of achieving uni-
form density and preventing the formation of critical de-
fects. The currentlimitations in achievable ceramicloading
during printing restrict the final mechanical properties of
printed restorations. This constraint, combined with chal-
lenges in controlling the microstructure during sintering,
often results in mechanical properties that fall short of tra-
ditionally manufactured ceramics. Additionally, the com-
plexity of post-processing steps, particularly in terms of
debinding and sintering protocols, introduces variability
that can affect the reproducibility of final properties.

The development of new ceramic materials specifically
designed for additive manufacturing represents a promis-
ing avenue for advancement. Future materials research
should focus on optimizing particle size distributions and
surface modifications to enable higher ceramic loading
while maintaining printability. The incorporation of nov-
el additives that can enhance both processing characteris-
tics and final properties offers significant potential for im-
provement. These might include new dispersants that en-
able better particle distribution, alternative photoinitiator
systems for improved cure depth control, or innovative
binder systems that facilitate cleaner burnout during post-
processing. Opportunities also exist in developing hybrid
materials that combine the advantages of different ceram-

A Critical Review on 3D-Printed Dental Ceramics in Prosthodontic Rehabilitation 63

ic systems. The exploration of new ceramic compositions
that offer improved sinterability while maintaining me-
chanical and aesthetic properties could lead to simplified
post-processing requirements. Additionally, the develop-
ment of materials with enhanced aging resistance and re-
duced sensitivity to processing variations could improve
the reliability of printed restorations.

The potential for multi-material printing represents one
of the most exciting developments in ceramic additive
manufacturing. This approach could enable the fabrica-
tion of restorations with spatially varied properties, bet-
ter mimicking the structure of natural teeth. Recent ad-
vancements in multi-material additive manufacturing have
demonstrated the feasibility of creating functionally grad-
ed materials (FGMs) that offer a gradual transition in me-
chanical, optical, and biological properties across different
regions of a restoration. FGMs can enhance the durabili-
ty of restorations by distributing stress more effectively,
reducing the likelihood of fracture. Moreover, multi-ma-
terial printing allows the combination of materials with
complementary properties, such as high-strength zirco-
nia for core support and highly translucent lithium disili-
cate for the outer layer, resulting in restorations with su-
perior mechanical performance and aesthetic outcomes.
Advanced printing systems capable of precisely deposit-
ing different ceramic compositions could create restora-
tions with optimized mechanical and aesthetic properties
in different regions. The development of compatible ma-
terial systems and precise interface control between dif-
ferent materials remains crucial for realizing this poten-
tial. The concept of functionally graded materials (FGMs)
in dental ceramics offers unprecedented opportunities for
biomimetic restorations. By gradually varying material
composition and properties throughout the restoration,
FGMs could better replicate the natural transition be-
tween enamel and dentin. This approach could potentially
reduce stress concentrations at material interfaces and im-
prove overall restoration performance. The implementa-
tion of FGM concepts requires advanced control over ma-
terial deposition and property development during pro-
cessing.

The translation of ceramic additive manufacturing tech-
nologies into widespread clinical practice requires com-
prehensive validation studies. Long-term clinical trials
comparing printed restorations with traditional manu-
facturing methods are essential for establishing clinical
efficacy. These studies should evaluate not only survival
rates but also parameters such as wear resistance, color
stability, and biological response. Standardized testing
protocols specifically designed for additively manufac-
tured ceramics need development to ensure consistent
quality assessment. The establishment of clear process-
ing-structure-property relationships through systematic
studies would enable better prediction of clinical perfor-
mance. This understanding becomes particularly impor-
tant as new materials and manufacturing approaches are
developed. Additionally, validation of digital workflows
integrating ceramic printing technologies with existing
clinical procedures requires attention to ensure practical
implementation.
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