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ABSTRACT 

Ceramics are high performing materials and are used in additive manufacturing (AM) in dental applications 

because the ceramic nanomaterial can withstand high temperatures. The advancements in ceramic additive manufacturing 

technology have significantly improved the manufacturing process.  Additive manufacturing is still under development. The 

ultrasonic technique is used to detect defects in dental models produced by a 3D printing machine. Ceramic materials are 

widely used these days because they have promising thermal, mechanical, and electrical properties. While these processes 

are currently in development, significant improvements are still needed in areas such as testing methods, raw material quality, 

cost efficiency, and material handling. Additionally, every stage involved in AM of dental prosthetics requires further 

refinement to ensure consistent and reliable resultss.  

Keywords: Additive manufacturing; Nano ceramic powders; Dental application; Mechanical properties; Layer by layer 

operation.

1. INTRODUCTION

Ceramic nanoparticles are special nonmetal 

materials that have great qualities because of their 

chemical makeup and flexible crystal structures, which 

can be changed by adding other elements, using different 

processing methods, and choosing specific ingredients 

(Wang et al. 2023). Ceramic materials are inorganic and 

non-metallic that are usually composed of silicates, clay 

minerals, and other naturally occurring raw elements. 

ceramics. Strong ionic and covalent connections between 

the component elements give ceramics their crystalline 

or partly crystalline structure. An additive manufacturing 

technique that uses high temperatures to increase the 

hardness, stability, and strength of materials is 

stereolithography (SL), which is also called vat 

photopolymerization. Piezoelectric, structural, bio-

optical, and polymer-based ceramics are among its 

potential applications. Ceramics have excellent 

biocompatibility and chemical inertness, making them 

suitable for dental and medical applications (Brennan et 

al. 2020). However, their brittle nature and susceptibility 

to fracture are important considerations when using them 

in the oral cavity or as biomaterials. (Warreth and 

Elkareimi, 2020) have stated that ceramics and bio-

glasses are promising biomaterials for bone replacement 

applications due to their biocompatibility, 

osteoconductivity and ability to promote bone 

regeneration. One of the current areas of biomaterials 

research is the fabrication of sophisticated ceramic and 

bioglass materials with specific characteristics. The 

process of additive manufacturing (AM), often known as 

3D printing, has opened up new possibilities for the 

fabrication of micro/nanoscale mechanical metamaterials 

with complex structures (Punj et al. 2021). Man-made 

metamaterials possess unique properties not found in 

naturally occurring materials. The structures and 

geometries of these materials at the micro- and nano-

scales may influence their properties to a large extent. (Su 

et al. 2023; Srivastava et al. 2022) have shown that 

additive printing can print complicated geometries. Since 

AM builds components layer by layer, it can create 

almost any complicated internal structure or shape, 

Moreover, AM significantly reduces process time by 

merging many production processes into one additive 

route. Accelerating product development timescales, AM 

enables faster design iterations and prototyping. 

Compared to subtractive manufacturing techniques, 

which remove material from a larger stock, design 

modifications may be swiftly applied without requiring 

considerable retooling, which also results in much less 

material waste. Among the most cutting-edge methods of 

3D printing, direct additive manufacturing builds 

physical items from digital models by layering metal 

powders and then melting them using intense laser or 

electron beams (Xu, 2022; Allen et al. 2020). Electron 

beam melting, laser metal powder deposition, and 

selective laser melting are terms that describe the same 
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procedure. The operations rely on certain feedstock 

powder properties. Defects, residual stresses, and unique 

microstructures can result from these additive processes 

compared to traditional manufacturing. (Zhou et al. 

2023) reported that additive manufacturing techniques 

are being explored for the development of bio-ceramic 

implants to support bone healing and regeneration. 

Owing to their biocompatibility, durability, and non-toxic 

nature, these AM-produced implants play a essential role 

in promoting bone repair and integration with 

surrounding tissues. The precision offered by AM 

enables the fabrication of complex and precise shapes of 

implants, internal pores, and interconnected networks 

that enhance biological performance. (Blakey-Milner et 

al. 2021) discussed how AM eliminates the need to 

connect parts and improves performance by merging 

multiple components into one. These advantages are 

achieved through smart design features like internal 

cooling channels, which not only improve functionality 

but also enable the production of lighter components. 

This results in significant savings in time and cost, while 

also allowing for innovative designs and the use of novel 

materials that are unattainable with traditional 

manufacturing methods. 

(Javaid and Haleem, 2019) Additive 

manufacturing, also known as 3D printing, has unique 

properties that make it useful in many different sectors. 

Because AM enables the direct conversion of 3D CAD 

data into tangible items, it enables quick prototyping and 

production without tooling, making it suitable for one-of-

a-kind products like medical implants and aircraft 

components. Additionally, AM allows for the creation of 

unique designs at any time. This technology helps 

manufacture components from a wide range of materials, 

including metals, polymers, ceramics, and composites, 

allowing for complex geometries, interior features, and 

assembly consolidation. 

(Chen et al. 2019) Recent developments in 

ceramic 3D printing have opened up a world of new 

possibilities, including powder bed fusion (PBF), 

material extrusion, vat photopolymerization, material 

jetting, and binder jetting, among other innovative 

processes. The use of 3D printing to create ceramics is a 

natural progression from earlier methods, such as 

injection molding and slip casting.  

(Olhero et al. 2022) Additive manufacturing 

techniques for producing dense, functional ceramic 

components continue to advance. AM or 3D printing 

technologies have been making significant inroads into 

the dental field in recent years, and there is a lot of 

enthusiasm and optimism around the potential benefits 

they can provide then AM allows for the production of 

highly customized dental devices and appliances tailored 

to each patient's unique oral anatomy, enabling better fit 

and comfort and integration of intraoral scanning, 

CAD/CAM, and AM creates a streamlined digital 

workflow for efficient dental device production and AM 

is utilized in the production of various dental restorations, 

including crowns, bridges, implants, aligners, surgical 

guides, dentures, and temporary restorations using 

various materials like ceramics, metals, and polymers. 

(Lakhdar et al. 2021) additive manufacturing (AM) is 

revolutionizing the ceramics industry by directly 

producing components from 3D digital data, eliminating 

the need for costly tooling like molds and dies. This can 

significantly reduce production costs, and the digital 

nature of AM enables rapid iteration and production of 

ceramic parts on-demand, compressing lead times 

compared to conventional manufacturing cycles. While 

lagging behind polymers and metals initially, there is 

now concerted research into developing AM processes 

capable of producing fully dense, defect-free advanced 

ceramic components.  (Clemens et al. 2023) since 

ceramics are a broad class of materials with different 

compositions, characteristics, and processing demands, it 

is essential to match the appropriate AM method to the 

needs of the particular ceramic material and application. 

Several AM processes have produced varying outcomes 

when used with ceramics, due to the diversity of ceramic 

materials and their unique processing requirements. The 

nature of a given ceramic material, including its 

composition, particle size distribution, and sintering 

behavior, largely determines its compatibility with 

various AM methods. Certain AM methods could work 

better with some ceramics than others. (Singh et al. 2022) 

the development of novel microstructures for burnt 

ceramic material is the main goal of the use of additive 

manufacturing (AM) in dental applications. This has 

significant implications for improving clinical workflows 

and processes for dental professionals and AM allows for 

the fabrication of intricate and complex geometries that 

would be challenging or impossible to achieve with 

traditional subtractive manufacturing methods, enabling 

the creation of customized dental restorations and 

prostheses and it enables the production of patient-

specific dental applications, such as crowns, bridges, and 

implants, by utilizing digital data from intraoral scans or 

CT scans, leading to improved fit and comfort so, the AM 

facilitates the rapid fabrication of physical models, 

prototypes, or even final dental restorations, streamlining 

the design and development process. (Branco et al. 2023) 

state that the additive manufacturing (AM) techniques for 

zirconia-based materials specifically for dental 

applications. Zirconia is a widely used ceramic material 

in dentistry due to its excellent mechanical properties, 

biocompatibility, and aesthetic qualities 

and zirconia which make it suitable for dental 

applications and material waste and improved resource 

efficiency than the potential for mass customization and 

digital dentistry workflows also the rapid prototyping 

and iterative design capabilities as well 

the zirconia helped to develop the medical field, 

especially in the dental area. (Punia et al. 2022) rapid 

prototyping techniques have revolutionized the creation 

of dental components and frameworks. These methods 
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improve accuracy and speed up production. Just to 

review, SL, digital light processing (DLP), fused 

deposition modeling, and selective laser sintering are the 

four most popular 3D printing methods. Standardly, 

resin-based materials are used in both SLA and DLP 

printing. Among them are photopolymer resins, which 

include acrylates and methacrylates. Dental models, 

crowns, bridges, and surgical guides may all benefit from 

these resins' ability to imitate the characteristics of 

natural tooth tissues like dentin and enamel. (Schwarzer 

et al. 2019) also, the AM processes are indeed gaining 

importance across various industries, including medical 

implant applications. The remarkable mechanical 

qualities and biological compatibility of ceramics make 

their use in medical implants particularly notable. 

Additive printing lets you fine-tune the porosity of 

medical implants, especially ceramic ones. This helps 

osseointegration, the process by which bone tissue joins 

with implant surfaces, and cell growth speeds 

up.  (Marsico et al. 2022) lithium disilicate ceramics have 

long been used for dental restorations such as bridges, 

veneers, and crowns because of their exceptional 

properties. Lithium disilicate ceramics are resistant to 

chipping and breaking while biting or chewing due to 

their exceptional strength and fracture toughness. There 

is less chance of side effects in the mouth setting due to 

the fact that lithium disilicate is a very biocompatible 

material. (Wang et al. 2023) digital light processing 

(DLP) 3D printing technology has been successfully 

applied to manufacture thin dental porcelain veneers 

made of lithium disilicate glass ceramics and DLP can 

print objects with very high precision and resolution, 

allowing for the creation of thin veneers with accurate fit 

and marginal integrity as well the lithium disilicate 

materials used in DLP 3D printing can achieve 

excellent translucency, mimicking the appearance of 

natural tooth enamel even DLP 3D printing, the prepared 

thin lithium disilicate veneers can exhibit superior 

esthetics, with their translucent appearance blending 

seamlessly with the remaining natural tooth structure. 

This technology has streamlined the fabrication process 

while maintaining the high quality and lifelike 

appearance desired for dental restorations. (Schönherr et 

al. 2020) dentists can use glass ceramics and additive 

manufacturing based on lithography to make dental 

restorations, such as crowns. One of the most popular and 

extensively used 3D printing processes is lithography-

based additive manufacturing (AM), which is sometimes 

called digital light processing (DLP), stereolithography, 

or just lithography. Glass ceramics processed using 

lithographic AM technology are the main subject of this 

study. The remarkable mechanical endurance, excellent 

precision, and outstanding optical properties 

(translucency) of glass ceramics make them ideal for use 

in dental applications. (Baumgartner et al. 2020) additive 

manufacturing (AM) based on lithography has the 

potential to surpass more traditional production methods 

like milling or casting when it comes to complex ceramic 

materials like dental glass ceramics. Ideal for dental 

restorations that need to precisely match each patient's 

unique anatomy, AM's layer-by-layer technique allows 

the simultaneous fabrication of numerous tailored 

components with difficult geometries. This advantage is 

made possible by parallelization and customization. 

Consequently, it is common practice to require the 

bespoke production of individual units or small numbers 

for many complex ceramics, particularly dental glass 

ceramics. (Zou et al. 2023) dental implants made of 

ceramic materials, such as silicon nitride, may lessen the 

risk of complications such as metal ion loosening and 

allergic reactions. Ceramic implants may also facilitate 

improved osseointegration, or bone integration, due to 

their greater biocompatibility compared to metallic 

implants. The capacity to 3D prints dental implants made 

of silicon nitride using DLP technology is a huge step 

forward; the capability will enable more customized 

implant designs that suit each patient's jaw better and 

may even improve the implant's ability to fuse with the 

jawbone. (Zhang et al. 2022) Furthermore, compared to 

the more traditional methods of casting or milling, 

additive manufacturing (AM) based on lithography may 

be more suited for sophisticated ceramic materials such 

as dental glass ceramics. Multiple distinct components 

with complicated geometries may be mass-produced at 

once using AM's layer-by-layer technique. Additionally, 

zirconia's superior mechanical and aesthetic qualities, 

combined with the benefits of additive manufacturing 

processes like vat photopolymerization and 3D printing, 

may make it possible to produce high-performance, 

bespoke dental implants made entirely of ceramic.  (L. 

Zhang et al. 2024) the accuracy of multi-rooted root 

analog implants (RAIs) made from titanium and zirconia, 

manufactured using two different fabrication methods 

milling and 3D printing root analog implants (RAIs) are 

dental implant models designed to mimic the root portion 

of natural teeth, particularly for multi-rooted teeth like 

molars or premolars than the assess the influence of the 

material (titanium vs. zirconia) on the accuracy 

achievable with each manufacturing process the 

determination of which combination of material and 

fabrication method yields the highest accuracy for these 

complex dental implant models.  (Zhao et al. 2021) using 

DLP 3D-printed zirconia (ZrO₂) ceramic components for 

dental implant applications are tested for quality using 

different heat treatment settings. The abutments that link 

dental implants to restorations or crowns are made of 

zirconia (ZrO₂) ceramic. Using DLP 3D printing 

technology, zirconia ceramic dental components may be 

customized to each patient's exact specifications, 

resulting in intricate designs and geometries. Compared 

to more conventional processes like milling or casting, 

producing these parts may be quicker and cheaper. (Lian 

et al. 2019) zirconia ceramic is a widely used material for 

dental restorations like crowns, bridges, and implant 

components due to its excellent properties stabilized 

zirconia ceramics, which typically contain yttria (Y2O3) 

or other stabilizing oxides, are commonly used for all-

ceramic (metal-free) Zirconia all-ceramic dental 
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prostheses are primarily manufactured using computer-

aided design and CAD/CAM techniques, which involve 

milling or subtractive machining of pre-sintered zirconia 

blocks. (Chaiamornsup et al. 2022) The potential 

advantages of using AM techniques like vat 

photopolymerization for fabricating casting patterns 

include the ability to create complex geometries, 

customization for patient-specific designs, and 

potentially improved efficiency compared to manual wax 

pattern creation and the technique is a common 

manufacturing method for partial fixed dental prostheses, 

such as bridges or crowns and the traditional lost-wax 

process, a wax pattern is first created to replicate the 

desired shape of the dental prosthesis. This wax pattern 

is then invested (encased) in a refractory material and 

heated, allowing the wax to burn out, leaving a mold 

cavity. (Sun et al. 2022) the discovering if various heat 

treatment settings impact the end quality of dental 

implant pieces made of DLP-printed zirconia (ZrO₂) is 

the primary objective of this study. Zirconia (ZrO₂) 

ceramic dental implant components are manufactured in 

this work using three-dimensional printing and Digital 

Light Processing (DLP). The effect of varying heat 

treatment parameters on the end quality of 3D-printed 

zirconia objects is also investigated in this study. These 

are the methods they use. The zirconia (ZrO2) ceramic 

abutment connects the implant fixture to the prosthetic 

crown or restoration. It plays an essential role in dental 

implant procedures. Dental components made of zirconia 

ceramic may take on complex geometries and forms 

thanks to direct light printing (3D printing). Compared to 

more traditional processes like milling or casting, making 

these parts could be faster and cheaper. (Ioannidis et al. 

2020) research into the load-bearing capacities of 

different methods for fabricating ultrathin occlusal 

veneers is both necessary and intriguing since it might 

provide light on the longevity and possible uses of 

zirconia in dental restorations and 3D printing. The 

ability to generate and shape 3D-printed zirconia is 

impacted by material composition, post-processing 

processes, and printing circumstances, which are 

discussed in depth in the paper. (Ioannidis et al. 2022) the 

Vat Photopolymerization (VP) printing technique creates 

zirconia occlusal veneers. VP printing enables the 

creation of intricate features and complex geometries that 

are difficult or impossible to achieve with subtractive 

manufacturing methods like milling. This can use this 

design freedom to incorporate reinforcing features or 

optimized shapes, aiming to enhance the mechanical 

performance and load-bearing capacity of ultrathin 

veneers. Another significant advantage of this additive 

manufacturing technique is the ability to achieve a much 

tighter fit at the sharp incisal edge compared to milled 

veneers. (Rues et al. 2023) vat photopolymerization (VP) 

3D printing of zirconia veneers allows for greater design 

freedom and shaping capabilities compared to milling. 

Specifically, you're highlighting that the fit at the sharp 

incisal edges is significantly tighter or more accurate with 

VP-printed veneers than with milled veneers and that VP 

printing can potentially achieve a superior marginal fit, 

particularly at challenging areas like sharp incisal edges, 

which are crucial for aesthetic and functional outcomes 

in veneer restorations. (Borlaf et al. 2019) mechanically 

robust ceramics have been developed because of recent 

advancements and increasing interest in photosensitive 

slurries for DLP printing. The use of digital light 

projectors and layer-by-layer photopolymerization in 

DLP enables the fabrication of ceramic parts with 

intricate details and high dimensional accuracy, making 

it appropriate for complex shapes and geometries. 

Additionally, additive manufacturing (AM) is a 

significant area of research and focus in the ceramics 

industry. (Chen et al. 2020) customized ZrO₂ all-ceramic 

teeth were created using photosensitive resin and DLP 

technology, a type of 3D printing. The thick ZrO₂ 

ceramics were produced by sintering the material for 

three hours at 1500°C. In terms of quality, ZrO₂ ceramics 

produced by DLP were on par with those made by 

conventional dry pressing methods. This study indicates 

that DLP and other additive manufacturing processes 

may make individualized ZrO₂ all-ceramic teeth that can 

be used for dental restorations. (Han et al. 2023) the 

debinding process involves removing the binder material 

(typically a polymer) from the green body (the as-printed 

part) before sintering. This step is crucial because any 

defects or flaws introduced during debonding can be 

carried over and amplified during the subsequent high-

temperature sintering process, leading to defects in the 

final ceramic part as well Plasticizers are often used in 

ceramic processing to improve the flexibility and 

workability of the green body, making it less prone to 

cracking or defect formation during the debinding step 

when the binder is removed. By incorporating an 

appropriate plasticizer, you aim to produce defect-free 

green bodies, which can then be sintered into high-

quality, dense ceramic parts without significant flaws or 

defects. (Li et al. 2018) traditional subtractive methods, 

which involve milling or machining a dental prosthesis 

from a solid block of ceramic material, remove a large 

amount of the ceramic block as waste during the 

machining process. This results in an inefficient use of 

materials, and the machining process frequently calls for 

a great deal of manual intervention, which can introduce 

variability and uncertainty in the final product's quality. 

(Zhu et al. 2023) also, the dental treatments using 

zirconia-toughened alumina (ZTA) ceramics are not 

without risk of stress-induced fractures and material 

degradation. The usual way of treating ZTA ceramics in 

clinics, using CAD/CAM processes, can create material 

waste, which could harm the economy and the 

environment. (Zhang et al. 2021) yttria-stabilized 

zirconia is a type of zirconia ceramic that has been 

stabilized in its tetragonal phase by the addition of yttria 

(Y2O3) and it is a biocompatible and mechanically 

strong material, making it suitable for dental implant 

applications. SLA is a 3D printing technology that 

involves selectively curing a photosensitive resin layer 

by layer using a laser or other light source it allows for 
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the fabrication of complex, customized shapes, and 

geometries, which is advantageous for dental implants 

that need to match the patient's specific anatomy. (Yang 

et al. 2021) despite its promise as a means for producing 

finely carved dental prostheses like dentures, 

stereolithography 3D printing of ceramics presents two 

significant obstacles in the dental field. SL-printed 

ceramic items often have worse mechanical qualities than 

those made using conventional farming techniques. The 

lengthy debinding procedure, which involves removing 

binders or chemicals used in the printing process, limits 

the clinical applicability of this technique. The study you 

cited focuses on using SL 3D printing to fabricate 

fluorapatite (FAP) glass-ceramic samples to overcome 

these difficulties. (Xiang et al. 2021) the study 

investigated zirconia samples fabricated via SLA in two 

different orientations: horizontal (H) and upright (U). A 

key finding was that the AM zirconia samples fabricated 

in the horizontal (H) orientation showed excellent 

dimensional accuracy. Evaluating these different 

orientations and properties is important for assessing the 

suitability of AM zirconia for potential clinical 

applications, where dimensional accuracy, mechanical 

strength, and other factors are critical. (You et al. 2021) 

on curved or sloped surfaces, the layer-by-layer nature of 

AM methods such as stereolithography may produce a 

"stair-step" impression, particularly at higher layer 

thicknesses. This stair-stepping may compromise the 

precision and surface smoothness of the finished 

prosthesis, which is why most AM systems offer layer 

thickness parameter modification. The acceptable degree 

of inaccuracy or surface roughness may vary depending 

on the particular kind of prosthesis and its clinical 

criteria. Using a thinner layer thickness might enhance 

surface quality and accuracy and lessen the stair-stepping 

effect, but it also comes at the expense of longer build 

periods.  (Liu et al. 2018) demonstrated a reliable method 

for producing zirconia-based all-ceramic teeth was 

demonstrated using stereolithography and gel casting. 

The effects of zirconia particle size on stability, 

rheological properties, and sintering conditions were 

studied.  (Wang et al. 2019) The in vitro study, conducted 

in a controlled laboratory environment, aimed to assess 

the "3D trueness" without clinical application or 

dimensional accuracy of the 3D printed zirconia crowns 

and the motivation was to investigate the potential 

application of 3D printing technology for fabricating 

dental ceramic restorations like crowns. (Wang and Sun, 

2021) Such stereolithography is indeed a promising 

additive manufacturing technique for fabricating ceramic 

dental restorations with enhanced fracture resistance SLA 

involves selectively curing a liquid photopolymer resin 

layer-by-layer using a laser or other light source, building 

up the desired 3D structure. For ceramics, a ceramic-

loaded resin is used, which is then subjected to a 

debinding and sintering process to remove the polymer 

and densify the ceramic component. (Wang et al. 2023) 

to make high-density and strong parts, and to see if 

stereolithography-based additive manufacturing could be 

used to make doped zirconia ceramics with specific color 

and strength properties for dental use, the study looked at 

making zirconia ceramic pastes with 3 mol% yttria-

stabilized tetragonal zirconia polycrystal (3Y-TZP) as the 

base material and different amounts of iron (III) oxide 

(Fe2O3) ranging from 0 to 0.14 weight percent. This can 

prepare the ceramic pastes with a high solid loading of 58 

vol%. (Shi and Wang, 2020) described the 3D printing of 

zirconia ceramic teeth using an inkjet printing method. 

It's an interesting application of additive manufacturing 

technology, and 3D printing in the dental field holds 

significant potential for creating personalised dental 

restorations and appliances. The ability to directly print 

high-strength zirconia ceramic could allow for the 

fabrication of precise dental components like crowns, 

bridges, implants, etc. (Arnesano et al. 2020) also, the 3D 

printing of glass-infiltrated alumina ceramics using a 

fused deposition modeling (FDM) process, rather than 

the inkjet printing of zirconia mentioned initially and 

extruding thermoplastic filaments loaded with different 

amounts of alumina powder. using these alumina-loaded 

filaments as feedstock for FDM 3D printing to produce 

"green" (unsintered) alumina parts. (Branco et al. 2020) 

also, an intriguing and pertinent research topic is 

assessing the appropriateness of nanostructured zirconia 

pieces produced using robotic additive manufacturing for 

dental applications. Robocasting and other additive 

manufacturing processes can produce intricate structures 

and geometries with specialized qualities, which makes 

them attractive for use in dentistry. For dental 

restorations and implants to survive the intense 

masticatory pressures and abrasive environment of the 

oral cavity, they must have sufficient mechanical 

strength, fracture toughness, and wear resistance. It 

would be essential to assess the nanostructured zirconia 

pieces' flexural strength, hardness, and fracture 

toughness. (Rodrigues et al. 2020) now developed 

zirconia pastes with high solid content for robocasting 

dental structures, without using organic binder additives 

and creating high solid load zirconia pastes for dental 

robocasting also maximizing zirconia content while 

maintaining proper rheological properties for 

robocasting, likely to achieve better final properties in the 

printed structures. (Kriegseis et al. 2022) the growing 

trends in dental implant technology and personalized care 

and dental implants are becoming more popular as well 

as the growing desire for patient-specific, esthetic 

implant-supported reconstructions also, direct Inkjet 

Printing, an additive manufacturing process, can produce 

accurate and individualized abutments. This method 

involves layer-by-layer printing of ceramic suspensions 

and the use of Direct Inkjet Printing for creating implant 

abutments is particularly interesting as it allows for 

precise, patient-specific designs. (Zhang et al. 2022) a 

significant shift in dental implant manufacturing, moving 

from traditional subtractive methods to more advanced 

additive techniques. The use of nano-particle ink-jetting 

to create zirconia implants with integrated lamellar 

surface topography is particularly noteworthy, as it 
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combines material choice (zirconia) with a specific 

surface structure designed to promote osseointegration. 

(Lüchtenborg et al. 2022) In the field of dental 

prosthetics, compare traditional subtractive methods with 

newer additive manufacturing technologies and it 

provides valuable insights into the viability of additive 

manufacturing for complex dental prostheses like four-

unit FDPs. It may help inform dental professionals about 

the best manufacturing methods for achieving high 

accuracy in these restorations. (Chen et al. 2018) the use 

of 3Y-TZP (3 mol% Yttria-stabilized Tetragonal Zirconia 

Polycrystal) ceramics and digital dentistry is becoming 

more popular. AM is showing a lot of promise for dental 

restorations. Dental restorations frequently utilize this 

material due to its exceptional mechanical qualities and 

biocompatibility. The AM method blends cold isostatic 

pressing (CIP) and laser sintering of powdered material. 

This technique aims to increase the density and 

consistency of the green body. Combining AM 

technology (SLS) with the conventional ceramic 

processing technique (CIP) may enhance 3Y-TZP's 

qualities for use in dental applications. (Camargo et al. 

2021) then the vat photopolymerization for ceramic parts. 

This is indeed a critical area in advanced ceramic 

manufacturing and This is an additive manufacturing 

process capable of producing high-performance ceramic 

parts it's known for its ability to generate intricate, high-

resolution geometries by employing bimodal or 

multimodal particle size distributions to enhance packing 

density while maintaining flowability and exploring 

different dispersant and binder combinations to optimize 

rheology at high loadings than investigating the use of 

shear-thinning additives to aid recoating while 

maintaining suspension stability. (Wu et al. 2023) 

ceramic vat photopolymerization has the potential to 

transform the manufacturing of complex and functional 

ceramic parts and the technology allows for the creation 

of intricate geometries that are difficult or impossible to 

achieve with traditional ceramic manufacturing methods. 

This inherent aspect of the process can lead to anisotropic 

properties and visible layer lines. (Li et al. 2022) also, the 

development of advanced turbine blades with complex 

internal structures is crucial for modern high-

performance aircraft engines, especially for fifth-

generation and beyond fighter jets advanced engines 

operate at extremely high temperatures to maximize 

efficiency and thrust. This requires sophisticated cooling 

systems within the blades. Also, the double-walled and 

multi-layer designs allow for more effective distribution 

of cooling air throughout the blade then the hollow cavity 

structures helping minimize blade weight while 

maintaining strength. Complex internal geometries help 

manage heat distribution and thermal stresses. (Zhang et 

al. 2020) the fabrication of 3Y-TZP strengthened ZrO2 

ceramics using digital light processing (DLP) additive 

manufacturing. This is an interesting application of 

advanced manufacturing techniques to produce high-

performance ceramic materials. This study is important 

because it investigates the connection between the 

composition more especially, the amount of 3Y-TZP, and 

the properties that are produced when the ceramic is 

made using DLP. Making ceramics with DLP is a 

relatively new technique. It allows for the creation of 

complex geometries that might be difficult to achieve 

with traditional ceramic processing methods and the 

focus on density, shrinkage, microstructure, and 

mechanical properties provides a comprehensive view of 

how 3Y-TZP concentration affects the final product. 

(Westbeek et al. 2020) vat photopolymerization (VP), 

particularly focusing on particle-filled resins. This is 

indeed an important area of study in advanced 

manufacturing and most VP research has been empirical, 

focusing on experimental investigations also, these 

studies mainly look at the influence of process and 

material parameters. It moves beyond empirical 

observations to develop a more fundamental 

understanding of the VP process for particle-filled resins 

and a successful simulation model could allow for better 

prediction of final material properties based on input 

parameters also, with a detailed model, it becomes 

possible to optimize process parameters more efficiently 

than through trial-and-error experimentation. (Li et al. 

2019) thus the interlayer bonding strength in ceramic 

parts manufactured by stereolithography also, Weak 

bonding strength between interlayers in 

stereolithography-manufactured ceramic parts and the 

weakness can seriously affect the overall quality of the 

parts. Interlayer bonding is often a limiting factor in the 

mechanical properties of additively manufactured parts, 

especially in ceramics, and the chemical bonds to 

strengthen interlayer adhesion could potentially lead to 

significant improvements in part quality and 

performance. The multi-exposure model provides a way 

to quantify the degree of chemical bonding, which is 

crucial for optimizing the process. (Westbeek et al. 2019) 

additive manufacturing of ceramics using vat 

photopolymerization and VP offers significant 

advantages for ceramic manufacturing, particularly in 

terms of resolution and reduced internal stresses. This 

could lead to the production of ceramic parts with 

complex geometries and improved mechanical 

properties. The addition of ceramic particles to the 

photopolymer resin introduces new variables and 

interactions that need to be understood and controlled. 

(Qian et al. 2021) provide deeper insights into the 

complex light-material interactions during ceramic 

stereolithography, which is crucial for process 

optimization and combining theoretical modeling, 

simulation, and experimental validation, the study offers 

a comprehensive view of the light scattering phenomena 

also, the research highlights key factors (particle 

distribution, input energy, refractive index) that affect 

light scattering, which can guide future process 

improvements.   (Cai et al. 2022) the novel method for 

preparing silica glass using pressure-less spark plasma 

sintering (PL-SPS) in combination with 

stereolithography 3D printing and combining PL-SPS 

with stereolithography offers a new way to produce glass 
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parts, potentially opening up new design possibilities as 

well as the ability to rapidly manufacture glass parts 

could lead to significant time and cost savings in 

production. The capability to create complex structures 

expands the potential applications for glass components 

in various industries and the sintering temperature and 

dwelling time are the main factors affecting the process 

and are crucial for controlling and optimizing the 

manufacturing process. (Hossain and Lu, 2023) an 

alumina (Al2O3) ceramic and the growing importance of 

3D printing technologies, particularly direct ink writing 

(DIW), in their fabrication and a clear need for advanced 

manufacturing techniques that can produce alumina 

ceramics with complex geometries and high precision. 

This demand is likely driven by the evolving 

requirements of industries such as electronics, aerospace, 

and medical devices and traditional ceramic forming 

techniques (like slip casting, tape casting, or pressing) are 

struggling to keep up with the increasing complexity of 

part designs. This limitation is pushing the industry 

towards more flexible manufacturing methods. (Duarte 

and Phark, 2024) the modern fixed restorative dentistry 

makes use of a diverse array of restorations, each with its 

grade, thanks to developments in digital technology and 

materials. In this work, four distinct ceramic materials to 

microhardness and surface roughness testing after three 

separate manufacturing procedures. Depending on the 

materials and manufacturing processes used, the surface 

qualities of restorations might vary. Therefore, while 

deciding on a restoration type as a therapeutic 

intervention, it is important to take these distinctions into 

account. (Duarte and Phark, 2025) the mechanical 

strength and wear rates of 3D-printed CRCs are lower 

than those of CAD-CAM CRCs and conventional 

ceramics, but these materials provide more customization 

options. Also, it's hard to determine when to use these 

materials in clinical settings because the guidelines for 

colorectal cancer (CRC) are unclear, and the ADA 

categories do not separate CRCs from ceramics. (Fouad 

et al. 2024) this method of investigates the impact of 

reinforcing heat-cured acrylic resin dentures with nano-

ceramic aluminum oxide (Al₂O₃). A weight percentage of 

1, 3, 5, and 10 of Al₂O₃ was added to the PMMA in order 

to enhance it. Just to give you an idea, PMMA may also 

be made without adding any ceramic. By observing 

changes in color, density, hardness, and strength under 

compression, the researchers were able to determine how 

the addition of Al₂O₃ nanoceramic affected the 

mechanical and physical characteristics of the PMMA 

resin and its composites. (Alghauli and Alqutaibi, 2024) 

this method achieves a very thin coating, about 0.1 to 0.2 

mm thick. Additionally, this method effectively stops 

caries from developing because of the accuracy it 

provides, which enables exceptional adaptation and 

adherence. (Spina and Morfini, 2024) a growing number 

of people are turning to additive manufacturing to create 

products and parts from high-performance materials. The 

filament-based 3D printing of ceramics has gained a lot 

of interest due to the recent advances in ceramic material 

extrusion technology. (Campos et al. 2025) also, the 

composites of alumina-toughened zirconia (ATZ) with 

10% Al₂O₃ whiskers were made and studied using glass 

infiltration. The XRD patterns of the control group only 

showed peaks for tetragonal zirconia and α-alumina, but 

the glass-infiltrated groups did not show any peaks for 

solid materials. Compared to regular ATZ, ATZ 

containing alumina whiskers showed significantly higher 

fracture toughness and characteristic strength. 

(Sivaraman and Bharathiraja, 2025) the 3D printing using 

aluminum ceramic nanoparticles is a viable option for 

many biomedical device designs, including blades, 

sutures, dental equipment, and more. Ceramics and other 

nonmetal materials serve as heat sources in cutting tools, 

medicines, biotechnology, and abrasive applications. A 

considerable paradigm shift has occurred due to the 

principal uses of ceramic powder, which are most 

prominent in the dental, skeletal, and biological domains. 

(Panyasuksri et al. 2025) more people are opting for 

resin-bonded fixed dental prostheses (RBFDPs), which 

are less intrusive, to replace lost front teeth. Finding out 

the different bridge designs influenced success rates and 

failure risks of anterior ceramic RBFDPs was the goal of 

the systematic review and meta-analysis. (Bertoni et al. 

2024) a high-performance ceramic material that can only 

be made via computer-aided manufacturing (CAM) 

techniques, zirconia has skyrocketed in popularity 

because of its mechanical strength, biocompatibility, 

aesthetics, and flexibility. After getting the tooth ready 

with the right glue, the enamel was smoothed with 40-

micron aluminum oxide, the tooth was treated with 37% 

orthophosphoric acid, and the zirconia veneers were 

attached using a rubber dam. (Saini et al. 2024) the dental 

cosmetic crowns made of alumina and yttrium-stabilized 

zirconia (YSZ) are the most popular. This study 

thoroughly examined the optical and dynamic stability, 

band structures, refractive indices, and mechanical 

characteristics of alumina and YSZ. 

Fig. 1:  Ceramic teeth 
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2. CERAMIC MATERIAL FOR THE AM PROCESS

The literature on AM ceramic dental 

restorations uses five of the seven classifications 

described by ISO 17296e2, although the inconsistent and 

non-standardised nomenclature sometimes requires 

explanation. The biocompatibility, attractive aesthetics, 

and exceptional mechanical strength of ceramics 

contribute to their increasing use in dentistry. One of the 

applications of AM technology in dentistry is the 

fabrication of ceramic dental restorations.  

Ceramic materials like zirconia and lithium 

disilicate often form dental crowns and veneers. In 

addition to looking and feeling much like real teeth, these 

restorations are very resistant to wear and discolouration 

and have a good compressive strength. Zirconia or 

alumina ceramic implants are used as an alternative to 

titanium implants. Ceramic teeth (Fig. 1) are 

biocompatible and offer excellent esthetic results, 

particularly in cases where the implant is visible in the 

smile zone. However, they are more brittle than metal 

alloys and may require special handling and bonding 

techniques, and the development in ceramic materials 

and manufacturing techniques has led to improved 

strength, esthetics, and bonding capabilities of ceramic 

dental restorations. In this process, the material jetting is 

one of the best processes to make the teeth in AM 

technology because the process is simple that requires 

only aluminium oxide powder. 

2.1 Vat Polymerisation (VP)

Vat polymerisation is a type of three-

dimensional AM that makes use of a liquid-based 

photopolymerization process. This process requires a 

construction platform and a controlled light source to 

cure liquid photopolymer resin in layers. A controlled 

light source, such as a laser exposes and cures the resin 

in a pattern that fits the cross-section of desired 3D item. 

Ceramics used in dentistry make use of the technologies 

detailed .Ceramic VP involves combining ceramic 

powders with liquid photopolymers to form a suspension. 

Digital light processing is more efficient than SL. 

Common materials used in dental additive manufacturing 

include zirconium oxide, aluminium oxide, glass-

ceramics, and silicon nitride. Fig. 2 shows the vat 

polymerization method to obtain the product using laser 

process.  These materials are often utilized in dental 

implants and restorations because of their high strength, 

fracture toughness, and biocompatibility. Nano alumina, 

which mixes glass and ceramics, is a material that has 

both functional and ornamental applications.  

The additive manufacturing procedures, like 

stereolithography and selective laser sintering, enhance 

precision while decreasing waste. The AM method and 

post-processing steps used could alter the unique 

properties and functionalities of material. The size of the 

laser spot, the thickness of the layers, and the positioning 

accuracy of the AM machine are all factors that might 

affect how well the printed object matches the digital 

model. Stereolithography and other photopolymer-based 

AM processes may have their cured geometry produced 

to varying degrees according the extent of exposure to the 

light source as well as its wavelength and  intensity. Light 

scattering within the resin or powder composition can 

cause over- or under-curing, thereby affecting the 

dimensional accuracy of the printed part. Precision refers 

to the consistency and repeatability of measurements or 

prints within a given set. Environmental variables, such 

as temperature and humidity, may also impact the 

reliability of the printing process, resulting in differences 

in accuracy. The accuracy of the printed components is 

also susceptible to process variables, including laser 

power, scan speed and layer thickness. The raw materials 

(such as powder or resin) composition or distribution 

might also alter as a consequence of these modifications. 

The constant and correct production of dental 

restorations, implants, and other medical equipment 

using AM technologies relies on very precise and 

accurate processes. Manufacturers often conduct 

extensive testing and calibration to optimise these 

parameters and ensure the desired level of accuracy and 

precision in their AM processes.  

Digital Light Processing additive 

manufacturing produces ZrO2 crowns with Vickers 

hardness and fracture toughness comparable to those 

made by traditional dry pressing. This finding is 

significant, as it confirms that DLP-printed dental 

restorations can match the strength and durability of 

conventionally manufactured ceramics, potentially 

enabling more precise and efficient production without 

compromising mechanical performance. 

Fig. 2: Vat polymerisation

2.2 Material Extrusion (ME) 

Ceramics, being biocompatible and 

extremely strong, find application in dental restorations 
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and implants due to their resistance to fractures. Alumina 

nano powder combines the aesthetic and technical 

qualities of ceramics and glass. Fig. 3 shows the process 

of material extrusion in which a wire material is melted, 

filled in the mould and shaped. 

Ceramic, PLA, ABS, and PETG are common 

thermoplastic filaments used in ME, along with high-

performance polymers like PEEK. The filament is melted 

and placed on a construction platform along a preset 

route after being fed into the extruder from a spool. The 

platform travels vertically while the nozzle builds the 

item layer by layer in an exact horizontal pattern. 

Because of its adaptability, cheap equipment cost, and 

user-friendliness, material extrusion has gained immense 

popularity. Prototyping, low-volume manufacturing, 

teaching, and the creation of bespoke components are 

common uses for it. Sintering and debinding are two 

examples of the complicated post-processing operations 

that have recently made use of metal and ceramic 

filaments. Paper speed, layer height, and nozzle diameter 

are just a few of the several variables that impact ME's 

surface polish and resolution. Anisotropic mechanical 

properties and visible layer lines are rare side effects of 

ME, even though it can provide very precise dimensions. 

After printing, it is common to need to remove the 

support structures for pieces that hang over. 

2.3 Material Jetting (MJ) 

Material jetting (MJ) is an alternative method of 

additive manufacturing that deposits the built material 

like material extrusion; however, it uses a different 

approach. The method applies the construction material 

layer by layer, using tiny droplets instead of a continuous 

thread. The droplets are typically dispensed from print 

heads with multiple nozzles or via printheads that can 

eject droplets on demand. Also, the build materials used 

in MJ are typically photocurable resins or waxes that can 

be melted and deposited as droplets. Unlike ME, where 

the feedstock requires specific viscoelastic properties for 

extrusion, MJ feedstocks must have suitable jetting 

properties, such as appropriate viscosity and surface 

tension to form stable droplets. In MJ, each layer is 

formed by depositing droplets of the building material in 

the desired pattern. The droplets then coalesce and 

solidify (either through UV curing or cooling, depending 

on the material) to form the solid layer.  Both ME and MJ 

require support structures for overhanging geometries or 

internal cavities. These supports are typically printed 

using the same or a different sacrificial material. 

Material extrusion uses a nozzle-extrusion 
method for viscoelastic feedstock, while MJ employs a 
droplet-based method for building material, offering 
higher resolution, material choice, and complex 
geometries. Both methods are additive manufacturing 
technologies, differing in material deposition 
mechanism, feedstock requirements, and processing 

range. Build platforms are heated or UV-treated 
immediately after droplet deposit.  

Fig. 3: Material extrusion 

Fig. 4: Material jetting 

Additional post-processing steps, such as 

sintering or debinding, may be required to remove the 

wax binder or liquid carrier after the jetted ink has cured 

or solidified. The MJ has the potential to provide 

outstanding resolution by creating picoliter-sized 

droplets. The solvent-based MJ inks allow for the 

production of green components with little organic 

matter. The nozzle diameters range from 10 to 60 µm. 

This improves sintering and reduces shrinkage when 

subjected to heat or densification. Fig. 4 shows the 

material jetting process, in which the liquid material is 

deposited, cured using a light source and solidified into 

the desired shape. The curing occurs from above, while 

support material is applied at the base to prevent sticking 

and ensure easy separation from the build platform. 

Material jetting is an effective AM technology 

and direct inkjet printing is a key component of MJ. This 

method achieves printing by simultaneously depositing 

droplets of several materials. A feature of MJ is the ability 

to  control the deposition of different materials,  resulting 

in the formation of functionally graded materials (FGMs) 

These FGMs can be used for specific applications by 

displaying gradients in functional properties, such as 
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mechanical, thermal or electrical properties. Voxel-wise 

microstructure manipulation enables localized material 

distributions, enhancing properties like strength, 

hardness, and thermal conductivity.  

It is possible to exert fine-grained control over 

the microstructure and material composition of 

individual voxels in MJ because deposition happens at 

the voxel level, which is like a 3D pixel. This is the main 

differentiating factor between MJ and other AM 

techniques that deposit components sequentially. 

Changing the microstructure and composition at the 

voxel level and concurrently depositing several materials 

opens up new opportunities for sophisticated 

manufacturing. Insufficient heating of the build platform 

or printed layers would prevent the hardening of the 

ceramic particles and the evaporation of the liquid carrier. 

For the construction of dental bridges, the MJ system 

deposits ceramic ink droplets selectively according to the 

design. The continued printing is achieved by covering 

the areas with carbon black support material. For 

instance, additional post-processing steps, such as using 

heat or chemicals, may be necessary to remove the 

carbon black support material. A debinding method is 

used to eliminate any remaining organic components or 

binders from the ceramic ink. By putting the 3Y-TZP 

ceramic material through high-temperature sintering, 

which makes it denser and stronger, MJ technology can 

fabricate intricate dental restorations out of ceramic ink. 

Using an aqueous-based ink makes the process eco-

friendly since it is free from organic solvents. 

2.4 Binder Jetting (BJ) 

A thin layer of powder material is spread across 

the build platform, and a liquid bonding agent (binder) is 

selectively deposited onto the powder layer according to 

the cross-sectional data of the part being built. Also, the 

binder joins the powder particles together where it was 

deposited. The build platform is lowered, a new layer of 

powder is spread on top, and these steps are repeated until 

the entire object is built. After printing, the object is 

typically cured to strengthen the bonds and remove 

excess powder. A binder can jettison a variety of 

materials, including polymers, metals, and ceramics. It is 

recognized for its relatively quick turnaround time and its 

ability to produce full-color objects using colored 

binding inks. Spraying the binder over each layer of 

powder starts the drying portion of the printing process. 

The curing stage strengthens the bond between the binder 

and the ceramic particles, increases cross-linking, and 

enhances the green strength of the printed components 

before they go through further processing steps like 

sintering and debinding. The parameters affect the 

product quality, dimensional accuracy, and surface 

polish, while the interaction between the binder droplets 

and ceramic powder determines its resolution and detail. 

Binder jetting can handle nearly any powdered material. 

Due to its customizable binder and post-processing 

techniques, binder jetting is a versatile material treatment 

technology that finds significant usage in a range of 

industries, including consumer items, automotive, 

aerospace, and medical. 

In binder jetting, inconsistent material 

distribution and weak bonding between particles can lead 

to reduced green strength, resulting in varied mechanical 

properties across the printed part and defects that 

compromise the structural integrity and performance of 

ceramic components. The inkjet head design is also 

improved, which can lead to more precise deposition of 

the binder, potentially improving density and uniformity, 

and the sintering can help reduce porosity and increase 

density. Even higher-quality powders can improve the 

overall printing process and final product characteristics. 

This technology for ceramics is still in its early stages. 

The challenges mentioned are significant hurdles that 

researchers are actively working to overcome. Fig. 6 

shows the components of binder jetting equipment.   

Fig. 5: Binder jetting 

The potential of binder jetting (BJ) for ceramics, 

including its ability to create complex geometries and 

support mass customization, makes it a promising focus 

for ongoing research. Advancements are needed in 

refining printing parameters, improving post-processing 

techniques, and developing reliable methods for real-

time quality assessment and control during the printing 

process.  

2.5 Powder Bed Fusion 

Laser melting and sintering are the two most 

often used laser-based PBF techniques.  Powder bed 

fusion uses thermal energy from lasers or electron beams. 

Selective Laser Melting (SLM) is a preferred option for 

metal and ceramic materials because it produces denser 

parts with better mechanical properties than Selective 

Laser Sintering (SLS). Fig. 6 illustrates the PBF process 

to fill the bed layer by layer. In this process, the roller 
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spreads the material during each layer formation as the 

build bed moves downward after each printed layer. 

Additionally, the machining and subsequent 

manufacturing of ceramic teeth involve various methods 

and ceramic materials. 

Fig. 6: Powder bed fusion 

2.5.1 Selective Laser Melting  

Selective Laser Melting produces denser objects 

with superior mechanical properties due to complete 

melting of powder particles.  A model is first created in 

CAD before being sent to the SLM machine. The 3D 

model is then sliced into 2D layers, which are transmitted 

to the SLM system. Each 2D slice is treated as a cross-

section of the component, and powder is selectively 

melted by the laser based on each slice. Metals 

commonly used include stainless steel and superalloys 

based on nickel, titanium, and aluminium nanopowders. 

By using high-energy laser beams, SLM eliminates the 

need for bonding chemicals and complex components are 

directly formed within the powder bed. Time and energy 

are saved during solidification, which is especially 

advantageous for ceramic materials as it removes the 

need for densification treatment. 

This technology offers significant advantages in 

the production of intricate parts, particularly those 

involving complex metal components. This is due to its 

exceptional accuracy and ability to rapidly produce 

components with near-net shapes. Although it is 

challenging to produce high-performance ceramics like 

ZrO2 and Al2O3 directly from metal powder without 

expensive moulds and little post-processing, this method 

offers fast turnaround times for small batches. The use of 

SLM allows production of interior structures that would 

not have been possible with traditional methods while 

also reducing material waste. Ceramics are known for 

their excellent resistance to high temperatures but are 

generally more susceptible to thermal shock compared to 

metals. This is due to their low thermal conductivity and 

brittleness, which make them less able to absorb and 

dissipate sudden thermal stresses. Unlike metals, which 

can deform plastically, or polymers, which may have 

higher thermal shock resistance at low temperatures, 

ceramics tend to fracture when subjected to rapid 

temperature variations. 

Yttria-stabilised ZrO2 made using 

stereolithography has a density of 56%, but is not viable 

for utilisation due to its poor mechanical and density 

properties. Many oxide ceramics have poor sintering 

capabilities because they absorb very little laser light, 

making the transfer of energy to ceramic powders 

difficult. The use of TiC as an absorbance enhancer has 

significantly enhanced the properties of 8YSZ, and 

notable advancements have been made in ceramic SLM 

to support this development. This technology has 

successfully produced 8YSZ components with a relative 

density of 97%, even in the absence of post-treatment. 

This makes them just as robust as traditional 8YSZ. 

Adding TiC to the powder mix likely increases the total 

energy absorption, as zirconia alone has low absorption 

efficiency at the wavelengths used by most SLM systems. 

When absorption improves, processing at lower laser 

power reduces thermal strains and leads to more uniform 

heating of the powder bed. This shows that it is possible 

to make high-quality ceramic parts directly, and it makes 

complex 8YSZ parts useful situations, like solid oxide 

fuel cells and thermal barrier coatings. It also provides a 

blueprint that other ceramic materials may use to improve 

their SLM processes. Selective laser melting has run into 

problems in dental ceramic applications because of a 

dimensional issue. Printing dental restorations using 

SLM puts the printed structural integrity of ceramics at 

risk because of its inability to produce precise and 

complicated shapes and thus, not meeting the strength 

requirements needed for dental applications. 

2.5.2 Selective Laser Sintering  

Selective Laser Sintering (SLS) is a 3D printing 

process that uses high-powered lasers to sinter or bind the 

powdered material together into a solid structure. The 

ceramic powders are mixed with binders or additives, and 

the laser melts the binder, which then acts to sinter the 

ceramic particles. It generally operates at lower 

temperatures due to the low melting point of the binder. 

The ceramic powder is evenly spread in each layer. A 

high-power laser like, the CO2 laser and materials like 

plastic, metal, ceramics, and glass are used in the SLS 

process.  

Post-processing procedures, including the 

application of a hot binder to eliminate fragments, are 

necessary for ceramic components created with SLS. 

Careful monitoring is required to prevent warping or 

breakage during the removal of unfused particles from 

both the surface and internal cavities. To achieve this, 

methods like chemical treatments, ultrasonic cleaning, 

brushing, and compressed air are used. 
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Selective laser sintering can work with various 

ceramic powders, including alumina, zirconia, silicon 

nitride, and hydroxyapatite (for biomedical applications). 

Also, this process produces minimal wastage where 

complex moulds or tooling are avoided.  

In this process, a combination of a polymer 

binder and ceramic powder (Al2O3 in this case) is used, 

where polymer acts as a temporary binder to hold the 

ceramic particles together. Also, SLS produces green 

bodies with randomly distributed pore structures, which 

are beneficial for applications requiring controlled 

porosity.  

The SLS parameters can affect the final 

structure and allow for tuning of properties like porosity, 

density, and strength. This technology has been widely 

investigated for complex ceramic structures. SiC has low 

thermal expansion and strong thermal conductivity, ZrO2 

has high strength and toughness, SiO2 is frequently used 

in high-temperature applications, and Al2O3 has excellent 

hardness, wear resistance, and thermal stability. These 

developments demonstrate the adaptability of SLS for 

ceramic processing and make it possible to create 

complicated forms that are difficult to achieve using 

traditional methods.  

Fig. 7 shows the tooth implant (a), tooth crown 

(b) and teeth bridge (c). Implant looks like natural tooth 

and the bridge helps to assemble an even and good look 

for the teeth line. Good powder flow ensures consistent 

packing density throughout the part, allowing the fine 

powders to  fill small gaps and achieve intricate and finer 

details. This minimises the risk of voids or 

inconsistencies in the final component. The formation of 

green bodies at lower temperatures improves component 

integrity during the build process and can enhance both 

resolution and surface finish. The laser selectively melts 

the binder, which then flows between the ceramic 

particles to hold them together.  

Fig. 7: (a) Implant, (b) Tooth crown, and (c) Teeth bridge 

The SLM and SLS processes worked with 3Y 

and 3YTZP (3 mol% Yttria-stabilised Tetragonal 

Zirconia Polycrystal) materials to make the dental 

restoration. Because of this, the process of fabricating 

dental restorations may advance. When compared to 

SLM, SLS offers more accuracy and better surface 

quality. A modern alternative to traditional dental fillings, 

alumina ceramic teeth are both strong and aesthetically 

pleasing. These ceramics, which are composed of very 

pure aluminum oxide, are safe to use for long periods of 
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time within the human body since they are 

biocompatible. Alumina ceramic dental work involves 

various techniques and components, as seen in the figure. 

Fig. 7a depicts a dental implant, which consists 

of a metal post embedded in the gum and a ceramic crown 

that is fastened to it. This setup replaces both the visible 

portion of a tooth and its root. Both the top and bottom 

views of the ceramic crown are shown in Fig. 7b. These 

crowns are made with excellent attention to detail so that 

they fit and seem completely natural. Their translucence 

and lifelike look mimic those of real teeth. The 

arrangement of ceramic teeth in a dental model is shown 

in Fig. 7c. Due to their strength, durability, and resistance 

to oral conditions, alumina ceramics are widely 

preferred. 

These materials, combined with the SLS 

method yield promising results for dental applications. 

The SLS process improved the material’s mechanical 

properties and density compared to the SLM method. 

3. CERAMIC MATERIAL FOR DENTAL
APPLICATIONS 

The usage of bioceramics is on the rise in 

bioengineering, especially in the fields of dentistry and 

orthopaedics, due to their biocompatibility and 

outstanding mechanical properties. Scientists are looking 

at the possibility of making ceramic parts for use in dental 

restorations. Commonly used ceramics include 

nanomaterials like ZrO2 and Al2O3, as well as  glass 

ceramics and ceramic composites. Table 2 shows the 

mechanical properties of ceramic materials used in dental 

applications. 

3.1 ZrO2 

ZrO2 (zirconium dioxide, or zirconia), a 

biomedical-grade oxide bioceramic has exceptional 

mechanical properties such as high fracture toughness, 

flexural strength, and compressive strength, making it a 

popular ‘ceramic steel.’ ZrO2 indeed has important 

industrial applications, but its polymorphism poses 

challenges. ZrO2 has three main crystalline phases that 

are all monoclinic (room temperature to ~1170℃), 

tetragonal (~1170℃ to ~2370℃), and cubic (above 

~2370℃ to melting point). The transitions between these 

phases involve volume changes, which can cause stress 

and cracking in the material. These potential failures in 

high-stress or high-temperature applications restrict the 

use of pure ZrO2 in applications requiring high-

temperature stability or mechanical strength. Doping 

with stabilising agents (e.g., yttria, magnesia, or ceria) to 

maintain the cubic or tetragonal phase at room 

temperature created a new composite material with 

controlled grain sizes and the microstructure. The 

mechanical strength of ZrO2 nanomaterial is enhanced by 

its ability to undergo a phase transformation from 

tetragonal to monoclinic crystal structure under stress, 

thereby improving fracture toughness. 

Phase transitions in ZrO2 behaviour are crucial 

for applications, as they can cause stress and failure. Pure 

zirconia is stabilised or alloyed for high-temperature 

applications to maintain a single phase. The reversible 

phase transitions in ZrO2, especially between the 

monoclinic and tetragonal phases, cause significant 

volume changes that can lead to structural failure. This is 

a crucial limitation for many applications. Common 

dopants include Y2O3 (yttria), CaO, MgO, and CeO2. 

These create oxygen vacancies in the crystal structure, 

stabilising the tetragonal or cubic phase at room 

temperature. Also, the nanostructured ZrO2 can exhibit 

phase stability due to surface energy effects, and the 

critical grain sizes can be maintained to preserve the 

tetragonal phase. Zirconia-toughened alumina finds 

widespread usage in biomedical applications due to its 

ability to form composites with better properties when 

combined with other materials. Applying pressure could 

stabilise the tetragonal phase in some instances. More 

applications are possible as a result of the enhanced 

mechanical characteristics, chemical inertness, and 

biocompatibility of pure nano ZrO2. 

3Y-TZP (3 mol% yttria-stabilized tetragonal 

zirconia polycrystal) is indeed the most common 

formulation for biomedical applications, and 

other concentrations like 5Y-TZP or 8Y-TZP exist 

for different applications as well as the mixture of 

polymorphs. The presence of multiple phases contributes 

to the material’s unique properties. The metastable 

tetragonal phase, with its high fracture toughness, 

flexural strength, and mechanical performance, plays a 

crucial role in transformation toughening processes. For 

long-term stability and resistance to corrosion and wear, 

the biocompatibility of the metastable tetragonal phase is 

essential for its utilisation in the human body. 

Zirconium dioxide nanopowder is utilised in 

advanced dental restorations, producing dental 

prosthetics such as crowns, bridges, veneers, implants, 

and abutments. These restorations offer comparable 

mechanical properties to traditional ones and meet 

clinical dimensional accuracy requirements, making 

them a viable and potentially superior alternative. The 

nano of ZrO2 is mostly used in dental applications but the 

zirconia is expensive material compared to alumina and 

glass ceramics. 

3.2 Al2O3 

Al2O3, a popular ingredient in ceramics, is a 

distinctive solid aluminium oxide. It has exceptional 

chemical, mechanical, thermal, and electrical properties, 

as well as hardness, high melting point, and is 

inexpensive. Addition of zirconium oxide, chromium 

oxide, or magnesium oxide to Al2O3  increases the tensile 
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and fracture strength of the material. The porosity, grain 

size, and sintering process of Al2O3 can be regulated to 

suit the need by adding additives. 

3.3 Glass-ceramic

Glass-ceramics, with their crystalline 

reinforcement and optical translucency, are ideal for 

stylishly replacing unsightly dentures. By altering the 

type and composition of the crystal, its properties 

including translucency and strength, can be utilised for 

specific dental applications. Glass ceramics offer 

numerous varieties with varying reinforcement types and 

crystal content rates (17-70 vol%), allowing for 

customization of properties for various dental 

applications, where different restorations require 

different strengths, aesthetics, and other properties.  

Glass-ceramic materials, including leucite, 

lithium disilicate, and fluorapatite, are commonly utilised 

in clinical practice, especially in dentistry. Fluorapatite 

glass ceramic has a bending strength of 70-120 MPa, 

demonstrating its unique mechanical property suitable 

for various dental applications.  

Researchers are investigating dental glass-

ceramic AM, which uses VP techniques, for dental 

restorations such as crowns and veneers. Glass-ceramic 

materials can improve accuracy and material qualities 

compared to traditional procedures. They help to build 

the product with more shine and a glassy finish. Glass 

ceramics can withstand high temperatures and exhibit 

controlled surface roughness. They have revolutionized 

dental materials through their exceptional combination of 

strength, biocompatibility, and aesthetics. With ongoing 

advancements in digital manufacturing and material 

science, their role in restorative dentistry continues to 

grow significantly. 

Ceramics have an important role in both 

restorative and prosthodontic dentistry. Majority of its 

applications use CAD/CAM software for dental 

restorations, like crowns and bridges.  

4. DENTAL RESTORATION by CERAMIC
ADDITIVE MANUFACTURING 

Dental restoration involves replacing damaged 

or missing teeth using removable and fixed prosthetics. 

Ceramic materials, known for their versatility and 

biocompatibility, are commonly used in restorations such 

as crowns and onlays.  

4.1 Crown and Bridge 

Dental crowns are custom-made restorations 

that safeguard damaged teeth, bolster weak ones, and 

rehabilitate their shape, size, function, and appearance. 

They are crucial in restorative dentistry, offering 

functional and aesthetic benefits. The precision of their 

manufacture ensures they blend seamlessly with the 

patient's other teeth. 

Table 2. Mechanical performance of ceramic materials in dental restoration 

Dental bridges are dental restorations that 
replace missing teeth in restorative dentistry. They are 
fixed, comfortable, and blend naturally with existing 
teeth, allowing for normal eating and speaking. They 
consist of artificial teeth anchored to natural teeth or 
dental implants, promoting oral health. The bi-layered 
design    structure    uses    high-strength    ceramics  like 

 zirconium dioxide or aluminium oxide for restorations, 

while a glass-ceramic veneering layer mimics natural 

teeth. This approach ensures strong, structural integrity, 

load-bearing capacity, and aesthetic appeal, allowing 

dentists to create restorations that meet both functional 

and aesthetic demands. 

Mechanical properties of the primary ceramic materials 

ZrO2 

Mechanical Performance Main applications Mechanical Performance Main applications 

Modulus of elasticity: 
210GPa 

Crowns, 

Bridges, 

Veneers, 

Implants, 

abutments 

ZrO2 

Modulus of elasticity: 
220GPa 

Crowns, 

Bridges, 

Veneers, 

Implants, 

abutments 

Flexural strength: 300e1200 
MPa 

Flexural strength: 
900e1200 MPa 

Fracture toughness: 5e20 
MPa m1/2 

Fracture toughness: 5e20 
MPa m1/2 

Hardness: 5e15 GPa Hardness: 5e15 GPa 

Al2O3 

Modulus of elasticity: 
340GPa Crowns, 

Bridges, 

Implants, 

abutments 

Al2O3 

Modulus of elasticity: 
380GPa Crowns, 

Bridges, 

Implants, 

abutments 

Flexural strength: 300e600 

MPa 

Flexural strength: 400e600 

MPa 

Fracture toughness: 3.5e20 
MPa m1/2 

Fracture toughness: 3.5e20 
MPa m1/2 
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4.2 Inlay and Outlay 

Dental glass-ceramic AM is studying crowns 

and veneers made of glass ceramics based on fluorapatite 

and lithium disilicate. These materials may have 

improved material properties and precision when treated 

using vat photopolymerization procedures. Improved 

materials and techniques make them suitable alternatives. 

Getting an inlay or outlay typically involves multiple 

dental visits. During the first visit, dentist prepares the 

tooth, takes an impression, and places a temporary 

restoration. The inlay or outlay is then custom-made in a 

dental lab and bonded to the tooth during subsequent 

visit. Fig. 8 a shows that the ceramic inlay and outlay help 

to protect the inner and outer layer of teeth and 4(B) 

shows the natural teeth and ceramic teeth arranged in the 

human mouth to complete the teeth line and it shows the 

fine design helped to cover the complete teeth set by the 

teeth bridge.   

Inlays and outlays are two types of dental 

restorations that repair decaying or fractured teeth using 

glass ceramics and resin. The use of additive 

manufacturing technology to create wax patterns for 

pressed inlays and outlays, 3D printing and mould 

creation offers advantages over traditional fabrication 

processes in terms of precision, personalisation, and 

speed. 

Fig. 8: (a) Inlay and outlay and (b) Normal teeth with 
ceramic teeth 

4.3 Implant 

Dental implants have been a reliable method for 

replacing missing teeth for over five decades. They are 

surgically placed into the jawbone, providing a secure 

foundation for prosthetic teeth, bridges, or dentures. An 

abutment, a connector piece, serves as a bridge between 

the implant and the artificial tooth or dental restoration. 

The implant fixture connects to the artificial tooth, 

bridge, or denture, enabling natural chewing function. 

The abutment is attached after healing and integrates with 

the jawbone. Dental implants are designed to withstand 

biting forces and fluids, and materials like titanium are 

biocompatible, preventing adverse reactions. 

Additive manufacturing technology simplifies 

zirconia implant fabrication, making them a more cost-

effective and biocompatible alternative to titanium. With 

ongoing research and clinical evidence, zirconia implants 

could become a popular choice for patients with metal 

allergies or aesthetic concerns. Dental implants, like 

crowns, bridges, and veneers, are surgically placed 

within the jawbone, requiring specific properties for 

successful tooth replacement. Osseointegration is crucial 

for implant stability and to withstand chewing forces, 

preventing failure. 

5. FUTURE SCOPE

5.1 Forming Quality 

Higher print efficiency in AM technologies 

often comes with reduced accuracy, resolution, quality, 

and mechanical properties. Striking the right balance 

between print quality and efficiency is essential for 

manufacturers and users, allowing them to optimize 

performance according to specific application needs 

 For example, using smaller nozzles can 

increase accuracy but also lead to longer print times and 

reduced energy consumption. Increased ceramic particle 

content in slurry increases solid loading, requiring 

consistent flow characteristics and careful adjustment of 

dispersants or additives. This leads to less shrinkage 

during sintering and increased solid loading. 

The development of sintering involves 

managing heating and cooling rates, using stress relief 

heat treatments, gradient sintering approaches, 

controlling particle size distribution and packing. This 

process starts with CAD design, an accurate shrinkage 

model-based, and iterative design processes that refine 

dimensions based on actual sintering results. 

5.2 Mechanical Performance 

Ink/slurry-based AM techniques for ceramic 

parts involve dispersing particles, adding binders, 

printing, thermal processes, and high-temperature 
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treatment to strengthen and densify the part. The ceramic 

AM process optimises particle sizes for high-packing 

density, flowability, and strength, with uniform 

distribution reducing porosity. High-performance 

powder material with uniform distribution ensures good 

mechanical properties. Particle size distribution, dopant 

addition, particle rearrangement, and hot isostatic 

pressing during sintering can enhance packing density, 

flowability, and mechanical properties of viscous liquids. 

5.3 Artistic Distinctive 

Further research is needed to enhance the visual 

appeal of dental restorations using advanced 

micromanufacturing processes. Zirconium dioxide and 

glass ceramic are popular materials due to their strength, 

durability, and ability to match natural teeth. The AM 

techniques replicate the optical properties of natural 

teeth, including colour gradients, translucency, and 

surface texture. 

ZrO2 has three crystalline phases: monoclinic, 

tetragonal, and cubic. Its optical properties, including 

transparency, are closely linked to these structures. 

Manufacturers can influence the final optical properties 

of AM-formed restorations by choosing powders with 

specific crystalline phases. Research into AM processes 

and treatments like heat cycling or controlled cooling 

rates can refine the crystalline structure and optical 

properties. 

Glass ceramics, formed from glasses and 

partially crystallised through heat treatments, offer 

unique properties like optical transparency and 

translucency. They mimic translucency and opalescence 

of natural teeth, making them ideal for dental 

restorations. However, their mechanical properties are 

often inferior to high-strength ceramics like zirconia, 

limiting their use in high-stress areas. 

5.4 Cost and Time

Ceramic advanced manufacturing processes 

rely on slurry, which can be improved through debinding 

and sintering. Machine learning and AI can optimise 

process parameters and predict optimal conditions. 

Hybrid manufacturing, combining AM with subtractive 

methods, and batch processing can reduce post-

processing. A multidisciplinary approach combining 

material science, process engineering, and automation is 

crucial for making AM economically viable on an 

industrial scale. The expansion of AM in ceramic dental 

restorations is mainly attributable to the improvement of 

debinding and sintering equipment. These innovations 

may improve restoration quality, decrease handling and 

transfer times, and simplify the process. Because of this, 

AM would have a better chance of competing with more 

traditional methods, which may lead to its increased use 

in the dental industry. 

6. CONCLUSION

The article delves into techniques including 
stereolithography, digital light processing, and selective 
laser sintering that are part of the additive manufacturing 
technology used to make dental restorations. The article 
discusses the properties, uses, and processing capabilities 
of several materials, including glass ceramics, zirconia 
nanopowders, alumina nanopowders, and hybrids. 
Additionally, it discusses about dental items such as 
crowns, bridges, veneers, and implant components. New 
ceramic advanced materials can transform the restorative 
industry and dental practice, according to the research. 
Vat Photopolymerization and Material Jetting 
technologies are producing ceramic dental restorations 
that meet clinical standards in accuracy, mechanical 
performance, and biocompatibility. However, the high 
costs and time required for printing, post-processing, and 
finishing may hinder widespread adoption. Innovations 
could bridge this gap, potentially leading to a significant 
shift in dental manufacturing practices. The methods of 
ME, MJ, BJ, and PBF in dentistry offer inherent 
advantages such as high resolution, smooth surface 
finish, and compatibility with biocompatible resins. 
These cyclic process technologies can work with a wider 
range of materials, potentially enabling new composite 
structures or multi-material dental restorations.  

Dental restorations increasingly utilise zirconia 

and other ceramics due to their biocompatibility, beauty, 

and durability.  The AM treatments make use of 

aluminium nanopowder to produce highly adaptive 

restorations that are comparable to those using 

conventional techniques. Dental research should aim to 

develop restorations that closely mimic the appearance 

and function of natural teeth, that are durable, patient-

friendly, and effective. Materials must replicate natural 

color shades, offer translucency, resist staining, and 

provide flexibility without stressing adjacent teeth. 

CONFLICTS OF INTEREST 

The authors declare that there is no conflict of 

interest regarding the publication of this paper. 

FUNDING 

This research received no specific grant from 

any funding agency in the public, commercial, or not-for-

profit sectors. 

COPYRIGHT 

This article is an open-access article distributed 

under the terms and conditions of the Creative Commons 

Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

http://creativecommons.org/licenses/by/4.0/


M. Sivaraman et al. / J. Environ. Nanotechnol., Vol. 14(2), 274-293 (2025) 

290 

REFERENCE  

Alghauli, M. A. and Alqutaibi, A. Y., 3D-printed 

intracoronal restorations, occlusal and laminate 

veneers: Clinical relevance, properties, and behavior 

compared to milled restorations; a systematic review 

and meta-analysis, J. Esthet. Restor. Dent., 36(8), 

1153–1170(2024).                                     

https://doi.org/10.1111/jerd.13228 

Allen, A. J., Levin, I. and Witt, S. E., Materials research 

&amp; measurement needs for ceramics additive 

manufacturing, J. Am. Ceram. Soc., 103(11), 6055–

6069(2020).                

https://doi.org/10.1111/jace.17369 

Arnesano, A., Kunjalukkal, P. S., Notarangelo, A., 

Montagna, F. and Licciulli, A., Fused deposition 

modeling shaping of glass infiltrated alumina for 

dental restoration, Ceram. Int., 46(2), 2206–

2212(2020).  

https://doi.org/10.1016/j.ceramint.2019.09.205 

Baumgartner, S., Gmeiner, R., Schönherr, J. A. and 

Stampfl, J., Stereolithography-based additive 

manufacturing of lithium disilicate glass ceramic for 

dental applications, Mater. Sci. Eng. C., 116, 

111180(2020). 

https://doi.org/10.1016/j.msec.2020.111180 

Bertoni, S., Carossa, M., Favero, R., Carboncini, F. and 

D. L. F., Minimally Invasive Resin-Bonded Zirconia 

Veneers for the Treatment of Discolored Teeth: A 

Multidisciplinary Case Report by the First Committee 

of Junior Members of the Italian Dental Prosthesis 

and Oral Rehabilitation Society (SIPRO), Prosthes., 

7(1), 1(2024). 

https://doi.org/10.3390/prosthesis7010001 

Blakey-Milner, B., Gradl, P., Snedden, G., Brooks, M., 

Pitot, J., Lopez, E., Leary, M., Berto, F. and du, A., 

Metal additive manufacturing in aerospace: A review, 

Mater. Des., 209, 110008(2021).                  

https://doi.org/10.1016/j.matdes.2021.110008 

Borlaf, M., Serra-Capdevila, A., Colominas, C. and 

Graule, T., Development of UV-curable ZrO2 slurries 

for additive manufacturing (LCM-DLP) technology., 

J. Eur. Ceram. Soc., 39(13), 3797–3803(2019).  

https://doi.org/10.1016/j.jeurceramsoc.2019.05.023 

Branco, A. C., Colaço, R., Figueiredo-Pina, C. G. and 

Serro, A. P., Recent Advances on 3D-Printed 

Zirconia-Based Dental Materials: A Review, Mater., 

16(5), 1860(2023).   

https://doi.org/10.3390/ma16051860 

Branco, A. C., Silva, R., Santos, T., Jorge, H., Rodrigues, 

A. R., Fernandes, R., Bandarra, S., Barahona, I., 

Matos, A. P. A., Lorenz, K., Polido, M., Colaço, R., 

Serro, A. P. and Figueiredo-Pina, C. G., Suitability of 

3D printed pieces of nanocrystalline zirconia for 

dental applications, Dent. Mater., 36(3), 442–

455(2020).  

https://doi.org/10.1016/j.dental.2020.01.006 

 

Brennan, M., Keist, J. S. and Palmer, T. A., Defects in 

Metal Additive Manufacturing Processes. In Additive 

Manufacturing Processes, ASM. Int., (2020). 

https://doi.org/10.31399/asm.hb.v24.a0006557 

Cai, P., Guo, L., Liu, L., Zhang, Q., Li, J. and Lue, Q., 

Rapid manufacturing of silica glass parts with 

complex structures through stereolithography and 

pressureless spark plasma sintering, Ceram. Int., 

48(1), 55–63(2022).  

https://doi.org/10.1016/j.ceramint.2021.08.345 

Camargo, I. L. de, Morais, M. M., Fortulan, C. A. and 

Branciforti, M. C., A review on the rheological 

behavior and formulations of ceramic suspensions for 

vat photopolymerization, Ceram. Int., 47(9), 11906–

11921(2021).  

https://doi.org/10.1016/j.ceramint.2021.01.031 
Campos, T. M. B., da, S. A. C., Spirandeli, B. R., 

Bergamo, E. T. P., Alves, L. M. M., Jalkh, E. B. B., 
Thim, G. P., Santos, C., Coelho, P. G. and Bonfante, 
E. A., Glass infiltration in an experimental ATZ 
ceramic composite reinforced with Al2O3 whiskers, 
J. Mech. Behav. Biomed. Mater., 164, 106892(2025). 
https://doi.org/10.1016/j.jmbbm.2025.106892 

Chaiamornsup, P., Iwasaki, N., Tsuchida, Y. and 

Takahashi, H., Effects of build orientation on 

adaptation of casting patterns for three-unit partial 

fixed dental prostheses fabricated by using digital 

light projection, J. Prosthet. Dent., 128(5), 1047–

1054(2022).  

https://doi.org/10.1016/j.prosdent.2021.01.006 
Chen, F., Wu, J. M., Wu, H. Q., Chen, Y., Li, C. H. and 

Shi, Y. S., Microstructure and mechanical properties 
of 3Y-TZP dental ceramics fabricated by selective 
laser sintering combined with cold isostatic pressing, 
Int. J. Lightweight. Mater. Manuf., 1(4), 239–
245(2018).              
https://doi.org/10.1016/j.ijlmm.2018.09.002 

Chen, F., Zhu, H., Wu, J. M., Chen, S., Cheng, L. J., Shi, 

Y. S., Mo, Y. C., Li, C. H. and Xiao, J., Preparation 

and biological evaluation of ZrO2 all-ceramic teeth 

by DLP technology, Ceram. Int., 46(8), 11268–

11274(2020).  

https://doi.org/10.1016/j.ceramint.2020.01.152 

Chen, Z., Li, Z., Li, J., Liu, C., Lao, C., Fu, Y., Liu, C., 

Li, Y., Wang, P. and He, Y., 3D printing of ceramics: 

A review, J. Eur. Ceram. Soc., 39(4), 661–687(2019). 

https://doi.org/10.1016/j.jeurceramsoc.2018.11.013 
Clemens, F., Sarraf, F., Borzì, A., Neels, A. and Hadian, 

A., Material extrusion additive manufacturing of 
advanced ceramics: Towards the production of large 
components, J. Eur. Ceram. Soc., 43(7), 2752–
2760(2023).  
https://doi.org/10.1016/j.jeurceramsoc.2022.10.019 

Duarte, S. and Phark, J. H., Advances in Dental 

Restorations: A Comprehensive Review of 

Machinable and 3D-Printed Ceramic-Reinforced 

Composites, J. Esthet. Restor. Dent., 37(1), 257–

276(2025).                   

https://doi.org/10.1111/jerd.13371 

 



M. Sivaraman et al. / J. Environ. Nanotechnol., Vol. 14(2), 274-293 (2025) 

291 

Duarte, S. and Phark, J., Advances in Dental 

Restorations: A Comprehensive Review of 

Machinable and 3D-Printed Ceramic‐Reinforced 

Composites, J. Esthet. Restor. Dent., 37(1), 257–

276(2024).                                

https://doi.org/10.1111/jerd.13371 

Fouad, R. A., Ibrahim, A. A. A., El-Sayed Seleman, M. 

M., Ataya, S. and Habba, M. I. A. A.,  Mechanical 

properties and wear performance of denture base 

polymethyl methacrylate reinforced with nano 

Al2O3, J. Therm. Compos. Mater., 37(12), 3834–

3859(2024). 

https://doi.org/10.1177/08927057241241500 

Han, Z., Liu, S., Qiu, K., Liu, J., Zou, R., Wang, Y., Zhao, 

J., Liu, F., Wang, Y. and Li, L., The enhanced ZrO2 

produced by DLP via a reliable plasticizer and its 

dental application, J. Mech. Behav. Biomed. Mater., 

141, 105751(2023). 

https://doi.org/10.1016/j.jmbbm.2023.105751 

Hossain, S. S. and Lu, K., Recent progress of alumina 

ceramics by direct ink writing: Ink design, printing 

and post-processing. Ceramics International, 49(7), 

10199–10212(2023). 

https://doi.org/10.1016/j.ceramint.2023.01.143 

Ioannidis, A., Bomze, D., Hämmerle, C. H. F., Hüsler, J., 

Birrer, O. and Mühlemann, S., Load-bearing capacity 

of CAD/CAM 3D-printed zirconia, CAD/CAM 

milled zirconia, and heat-pressed lithium disilicate 

ultra-thin occlusal veneers on molars, Dent. Mater., 

36(4), 109–116(2020).  

https://doi.org/10.1016/j.dental.2020.01.016 

Ioannidis, A., Park, J. M., Hüsler, J., Bomze, D., 

Mühlemann, S. and Özcan, M., An in vitro 

comparison of the marginal and internal adaptation of 

ultrathin occlusal veneers made of 3D-printed 

zirconia, milled zirconia, and heat-pressed lithium 

disilicate, J. Prosthet. Dent., 128(4), 709–715(2022).  

https://doi.org/10.1016/j.prosdent.2020.09.053 

Javaid, M. and Haleem, A., Current status and 

applications of additive manufacturing in dentistry: A 

literature-based review, J. Oral. Biol. Craniofacial. 

Res., 9(3), 179–185(2019).  

https://doi.org/10.1016/j.jobcr.2019.04.004 

Kriegseis, S., Aretz, L., Jennes, M. E., Schmidt, F., 

Tonnesen, T. and Schickle, K., 3D printing of 

complex ceramic dental implant abutments by using 

Direct Inkjet Printing, Mater. Lett., 313, 

131789(2022).  

https://doi.org/10.1016/j.matlet.2022.131789 

Lakhdar, Y., Tuck, C., Binner, J., Terry, A. and 

Goodridge, R., Additive manufacturing of advanced 

ceramic materials, Prog. Mater. Sci., 116, 

100736(2021). 

https://doi.org/10.1016/j.pmatsci.2020.100736 

Li, H., Song, L., Sun, J., Ma, J. and Shen, Z., Dental 

ceramic prostheses by stereolithography-based 

additive manufacturing: potentials and challenges, 

Adv. Appl. Ceram., 118(1–2), 30–36(2018).  

https://doi.org/10.1080/17436753.2018.1447834 

Li, J., An, X., Liang, J., Zhou, Y. and Sun, X., Recent 

advances in the stereolithographic three-dimensional 

printing of ceramic cores: Challenges and prospects, 

J. Mater. Sci. Technol., 117, 79–98(2022). 

https://doi.org/10.1016/j.jmst.2021.10.041 

Li, X., Hu, K. and Lu, Z., Effect of light attenuation on 

polymerization of ceramic suspensions for 

stereolithography, J. Eur. Ceram. Soc., 39(7), 2503–

2509(2019).  

https://doi.org/10.1016/j.jeurceramsoc.2019.01.002 

Lian, Q., Wu, X., Li, D., He, X., Meng, J., Liu, X. and 

Jin, Z., Accurate printing of a zirconia molar crown 

bridge using three-part auxiliary supports and 

ceramic mask projection stereolithography, Ceram. 

Int., 45(15), 18814–18822(2019). 

https://doi.org/10.1016/j.ceramint.2019.06.111 

Liu, K., Zhang, K., Bourell, D. L., Chen, F., Sun, H., Shi, 

Y., Wang, J., He, M. and Chen, J., Gelcasting of 

zirconia-based all-ceramic teeth combined with 

stereolithography, Ceram. Int., 44(17), 21556–

21563(2018).  

https://doi.org/10.1016/j.ceramint.2018.08.219 
Lüchtenborg, J., Willems, E., Zhang, F., Wesemann, C., 

Weiss, F., Nold, J., Sun, J., Sandra, F., Bai, J., 
Reveron, H., Chevalier, J. and Spies, B. C., Accuracy 
of additively manufactured zirconia four-unit fixed 
dental prostheses fabricated by stereolithography, 
digital light processing and material jetting compared 
with subtractive manufacturing, Dent. Mater., 38(9), 
1459–1469(2022).  
https://doi.org/10.1016/j.dental.2022.06.026 

Marsico, C., Carpenter, I., Kutsch, J., Fehrenbacher, L. 
and Arola, D., Additive manufacturing of lithium 
disilicate glass-ceramic by vat polymerization for 
dental appliances, Dent. Mater., 38(12), 2030–
2040(2022).  
https://doi.org/10.1016/j.dental.2022.11.005 

Olhero, S. M., Torres, P. M. C., Mesquita-Guimarães, J., 

Baltazar, J., Pinho-da-Cruz, J. and Gouveia, S., 

Conventional versus additive manufacturing in the 

structural performance of dense alumina-zirconia 

ceramics: 20 years of research, challenges and future 

perspectives, J. Manuf. Proc., 77, 838–879(2022).  

https://doi.org/10.1016/j.jmapro.2022.02.041 

Panyasuksri, N., Angkasith, P., Yavirach, A., 

Chaijareenont, P., Saokaew, S. and Kanchanasurakit, 

S., Clinical Efficacy of Anterior Ceramic Materials in 

Resin-Bonded Fixed Dental Prostheses with Different 

Bridge Designs—A Systematic Review and Meta-

Analysis, Prosthes., 7(2), 41(2025). 

https://doi.org/10.3390/prosthesis7020041 

Punia, U., Kaushik, A., Garg, R. K., Chhabra, D. and 

Sharma, A., 3D printable biomaterials for dental 

restoration: A systematic review, Mater. Today. Proc., 

63, 566–572(2022).  

https://doi.org/10.1016/j.matpr.2022.04.018 

Punj, S., Singh, J. and Singh, K., Ceramic biomaterials: 

Properties, state of the art and future prospectives, 

Ceram. Int., 47(20), 28059–28074(2021).  

https://doi.org/10.1016/j.ceramint.2021.06.238 



M. Sivaraman et al. / J. Environ. Nanotechnol., Vol. 14(2), 274-293 (2025) 

292 

Qian, C., Hu, K., Li, J., Li, P. and Lu, Z., The effect of 

light scattering in stereolithography ceramic 

manufacturing, J. Eur. Ceram. Soc., 41(14), 7141–

7154(2021).  

https://doi.org/10.1016/j.jeurceramsoc.2021.07.017 

Rodrigues, I., Guedes, M., Olhero, S., Chefdor, A., 

Branco, A. C., Leite, M., Serro, A. P. and Figueiredo-

Pina, C. G., Development of free binder zirconia-

based pastes for the production of dental pieces by 

robocasting, J. Manuf. Proc., 57, 1–9(2020). 

https://doi.org/10.1016/j.jmapro.2020.06.015 

Rues, S., Zehender, N., Zenthöfer, A., Bömicke, W., 

Herpel, C., Ilani, A., Erber, R., Roser, C., Lux, C. J., 

Rammelsberg, P. and Schwindling, F. S., Fit of 

anterior restorations made of 3D-printed and milled 

zirconia: An in-vitro study, J. Dent., 130, 

104415(2023).  

https://doi.org/10.1016/j.jdent.2023.104415 

Saini, R. S., Alshadidi, A. A. F., Gurumurthy, V., Okshah, 

A., Vaddamanu, S. K., Binduhayyim, R. I. H., 

Chaturvedi, S., Bavabeedu, S. S. and Heboyan, A., 

Quantum mechanical analysis of yttrium-stabilized 

zirconia and alumina: implications for mechanical 

performance of esthetic crowns, Eur. J. Med. Res., 

29(1), 254(2024).                                         

https://doi.org/10.1186/s40001-024-01851-2 

Schönherr, J. A., Baumgartner, S., Hartmann, M. and 

Stampfl, J., Stereolithographic Additive 

Manufacturing of High Precision Glass Ceramic 

Parts, Mater., 13(7), 1492(2020).  

https://doi.org/10.3390/ma13071492 

Schwarzer, E., Holtzhausen, S., Scheithauer, U., 

Ortmann, C., Oberbach, T., Moritz, T. and Michaelis, 

A.,  Process development for additive manufacturing 

of functionally graded alumina toughened zirconia 

components intended for medical implant 

application, J. Eur. Ceram. Soc., 39(2–3), 522–

530(2019). 

https://doi.org/10.1016/j.jeurceramsoc.2018.09.003 

Shi, Y. and Wang, W., 3D inkjet printing of the zirconia 

ceramic implanted teeth, Mater. Lett., 261, 

12713(2020). 

https://doi.org/10.1016/j.matlet.2019.127131 

Singh, R., Saxena, K. K. and Singhal, P., Role of additive 

manufacturing in dental applications using ceramics: 

A review, Mater. Today. Proc., 56, 2359–2364(2022).  

https://doi.org/10.1016/j.matpr.2021.12.157 

Sivaraman, M. and Bharathiraja, G., Rheological and 

Mechanical Properties of Aluminum-ceramic Inks 

with Nanomaterials Using the Taguchi Method, J. 

Environ. Nanotechnol., 14(1), 124–136(2025). 

https://doi.org/10.13074/jent.2025.03.2511220 

Spina, R. and Morfini, L., Material extrusion additive 

manufacturing of ceramics: A review on filament-

based process, Mater., 17(11), 2779(2024). 

https://doi.org/10.3390/ma17112779 

 

Srivastava, M., Rathee, S., Patel, V., Kumar, A. and 

Koppad, P. G., A review of various materials for 

additive manufacturing: Recent trends and processing 

issues, J. Mater. Res. Technol., 21, 2612–2641(2022).  

https://doi.org/10.1016/j.jmrt.2022.10.015 

Su, R., Chen, J., Zhang, X., Wang, W., Li, Y., He, R. and 

Fang, D., 3D‐Printed Micro/Nano‐Scaled Mechanical 

Metamaterials: Fundamentals, Technologies, 

Progress, Applications, and Challenges, Small., 

19(29) 2206391(2023).                         

https://doi.org/10.1002/smll.202206391 

Sun, J., Yu, S., Wade-Zhu, J., Wang, Y., Qu, H., Zhao, S., 

Zhang, R., Yang, J., Binner, J. and Bai, J., 3D printing 

of ceramic composite with biomimetic toughening 

design, Addit. Manuf., 58, 103027(2022). 

https://doi.org/10.1016/j.addma.2022.103027 

Wang, G., Wang, S., Dong, X., Zhang, Y. and Shen, W., 

Recent progress in additive manufacturing of ceramic 

dental restorations, J. Mater. Res. Technol., 26, 1028–

1049(2023).  

https://doi.org/10.1016/j.jmrt.2023.07.257 

Wang, L., Yao, L., Tang, W. and Dou, R., Effect of Fe2O3 

doping on color and mechanical properties of dental 

3Y-TZP ceramics fabricated by stereolithography-

based additive manufacturing, Ceram. Int., 49(8), 

12105–12115(2023).  

https://doi.org/10.1016/j.ceramint.2022.12.062 

Wang, S., Peng, L., Song, C. and Wang, C., Digital light 

processing additive manufacturing of thin dental 

porcelain veneers, J. Eur. Ceram. Soc.., 43(3), 1161–

1167(2023). 

https://doi.org/10.1016/j.jeurceramsoc.2022.10.080 

Wang, W. and Sun, J., Dimensional accuracy and clinical 

adaptation of ceramic crowns fabricated with the 

stereolithography technique, J. Prosthet. Dent., 

125(4), 657–663(2021). 

https://doi.org/10.1016/j.prosdent.2020.02.032 

Wang, W., Yu, H., Liu, Y., Jiang, X. and Gao, B., Trueness 

analysis of zirconia crowns fabricated with 3-

dimensional printing, J. Prosthet. Dent., 121(2), 285–

291(2019). 

https://doi.org/10.1016/j.prosdent.2018.04.012 

Warreth, A. and Elkareimi, Y., All-ceramic restorations: 

A review of the literature, Saudi. Dent. J., 32(8), 365–

372(2020). 

https://doi.org/10.1016/j.sdentj.2020.05.004 

Westbeek, S., Remmers, J. J. C., van, D. J. A. W. and 

Geers, M. G. D., Multi-scale process simulation for 

additive manufacturing through particle filled vat 

photopolymerization, Comput. Mater. Sci., 180, 

109647(2020).  

https://doi.org/10.1016/j.commatsci.2020.109647 

Westbeek, S., van Dommelen, J. A. W., Remmers, J. J. C. 

and Geers, M. G. D., Influence of particle shape in the 

additive manufacturing process for ceramics, 

Comput. Math. Appl., 78(7), 2360–2376(2019).  

https://doi.org/10.1016/j.camwa.2018.08.033 

 



M. Sivaraman et al. / J. Environ. Nanotechnol., Vol. 14(2), 274-293 (2025) 

293 

Wu, X., Teng, J., Ji, X., Xu, C., Ma, D., Sui, S. and Zhang, 

Z., Research progress of the defects and innovations 

of ceramic vat photopolymerization, Addit. Manuf., 

65, 103441(2023).. 

https://doi.org/10.1016/j.addma.2023.103441 

Xiang, D., Xu, Y., Bai, W. and Lin, H., Dental zirconia 

fabricated by stereolithography: Accuracy, 

translucency and mechanical properties in different 

build orientations, Ceram. Int., 47(20), 28837–

28847(2021). 

https://doi.org/10.1016/j.ceramint.2021.07.044 

Xu, W., Direct Additive Manufacturing Techniques for 

Metal Parts: SLM, EBM, Laser Metal Deposition. In 

Encyclopedia of Materials: Metals and Alloys,  

Elsevier., 3, 290–318(2022).  

https://doi.org/10.1016/b978-0-12-819726-4.00095-

8 

Yang, B., Wang, S., Wang, G. and Yang, X.,  Mechanical 

properties and wear behaviors analysis of fluorapatite 

glass-ceramics based on stereolithography 3D 

printing, J. Mech. Behav. Biomed. Mater., 124, 

104859(2021).  

https://doi.org/10.1016/j.jmbbm.2021.104859 

You, S. M., You, S. G., Kang, S. Y., Bae, S. Y. and Kim, 

J. H., Evaluation of the accuracy (trueness and 

precision) of a maxillary trial denture according to the 

layer thickness: An in vitro study, J. Prosthet. Dent., 

125(1), 139–145(2021).  

https://doi.org/10.1016/j.prosdent.2019.12.014 

Zhang, C., Jiang, Z., Zhao, L., Guo, W. and Gao, X., 

Stability, rheological behaviors, and curing properties 

of 3Y–ZrO2 and 3Y–ZrO2/GO ceramic suspensions 

in stereolithography applied for dental implants, 

Ceram. Int., 47(10), 13344–13350(2021).  

https://doi.org/10.1016/j.ceramint.2021.01.191 

Zhang, F., Spies, B. C., Willems, E., Inokoshi, M., 

Wesemann, C., Cokic, S. M., Hache, B., Kohal, R. J., 

Altmann, B., Vleugels, J., Van Meerbeek, B. and 

Rabel, K., 3D printed zirconia dental implants with 

integrated directional surface pores combine 

mechanical strength with favorable osteoblast 

response, Acta. Biomater, 150, 427–441(2022). 

https://doi.org/10.1016/j.actbio.2022.07.030 

Zhang, K., He, R., Ding, G., Feng, C., Song, W. and Fang, 

D., Digital light processing of 3Y-TZP strengthened 

ZrO2 ceramics, Mater. Sci. Eng. A., 774, 

138768(2020).  

https://doi.org/10.1016/j.msea.2019.138768 

Zhang, L., Liu, H., Yao, H., Zeng, Y. and Chen, J., 

Preparation, Microstructure, and Properties of 

ZrO2(3Y)/Al2O3 Bioceramics for 3D Printing of All-

ceramic Dental Implants by Vat Photopolymerization, 

Chin. J. Mech. Eng. Addit. Manuf. Front., 1(2), 

100023(2022). 

https://doi.org/10.1016/j.cjmeam.2022.100023 

Zhang, L., Zeng, Y., Yao, H., Shi, Z. and Chen, J., 

Fabrication and characterization of ZrO2(3Y)/Al2O3 

micro-ceramic gears with high performance by vat 

photopolymerization 3D printing, Ceram. Int., 50(3), 

5187–5197(2024).  

https://doi.org/10.1016/j.ceramint.2023.11.264 

Zhao, Y., Li, P., Dong, P., Zeng, Y. and Chen, J., 

Investigation on 3D printing ZrO2 implant abutment 

and its fatigue performance simulation, Ceram. Int., 

47(1), 1053–1062(2021). 

https://doi.org/10.1016/j.ceramint.2020.08.221 

Zhou, Q., Su, X., Wu, J., Zhang, X., Su, R., Ma, L., Sun, 

Q. and He, R., Additive Manufacturing of Bioceramic 

Implants for Restoration Bone Engineering: 

Technologies, Advances, and Future Perspectives, 

ACS. Biomater. Sci. Eng., 9(3), 1164–1189(2023). 

https://doi.org/10.1021/acsbiomaterials.2c01164 

Zhu, L., Xu, Y., Liu, S., Chen, H., Tao, J., Tong, X., Li, 

Y., Huang, S., Lin, J., Wen, C. and Ma, J., 

Microstructure, mechanical properties, friction and 

wear performance, and cytotoxicity of additively 

manufactured zirconia-toughened alumina for dental 

applications, Compos. Eng., 250, 110459(2023). 

https://doi.org/10.1016/j.compositesb.2022.110459 

Zou, R., Bi, L., Huang, Y., Wang, Y., Wang, Y., Li, L., 

Liu, J., Feng, L., Jiang, X. and Deng, B., A 

biocompatible silicon nitride dental implant material 

prepared by digital light processing technology, J. 

Mech. Behav. Biomed. Mater., 141, 105756(2023).  

https://doi.org/10.1016/j.jmbbm.2023.105756 

 


