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Abstract

Zirconia was established as one of the chief vital ceramic materials for its 
superior mechanical permanency and biocompatibility, which make it a popular 
material for dental and orthopedic applications. This has inspired biomedical 
engineers to exploit zirconia-based bioceramics for dental restorations and repair 
of load-bearing bone defects caused by cancer, arthritis, and trauma. Additive 
manufacturing (AM) is being promoted as a possible technique for mimicking 
the complex architecture of human tissues, and advancements reported in the 
recent past make it a suitable choice for clinical applications. AM is a bottom-up 
approach that can offer a high resolution to 3D printed zirconia-based bioceramics 
for implants, prostheses, and scaffold manufacturing. Substantial research has 
been initiated worldwide on a large scale for reformatting and optimizing zirconia 
bioceramics for biomedical applications to maximize the clinical potential of AM. 
This book chapter provides a comprehensive summary of zirconia-based bioceram-
ics using AM techniques for biomedical applications and highlights the challenges 
related to AM of zirconia.

Keywords: additive manufacturing (AM), zirconia, dental restorations, scaffolds, 
implants, challenges

1. Introduction

The use of biomaterials in the reconstruction of injured body parts and skeletal 
healing is unavoidable. Diverse biomaterials including ceramics, metals, polymers, 
hydrogels, and composites are explored and have achieved clinical success as well 
[1–3]. For bone restoration applications ceramic biomaterials are well recognized 
by biomaterial engineers and medical experts due to their biocompatibility and 
osteoconductivity. Each bioceramic has its unique properties, and they can be 
divided into three categories based on the properties: [1] bioactive ceramics: capable 
of establishing chemical interaction with the cell surface, [2] bio-inert ceramics: 
fully unreactive to the living ecosystem, [3] resorbable bioceramics: undergoes in 
vivo deficiency for phagocytosis or dissolution of the biomaterials in human body 
fluids [4]. The standard bioactive ceramics used for bone-regeneration applications 
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are bio-glasses and calcium phosphate-based resources, such as beta-tricalcium 
phosphate, hydroxyapatite, and biphasic calcium phosphate (mixture of beta-tri-
calcium phosphate and hydroxyapatite). However, alumina and zirconia oxide are 
the well-established bio-inert ceramics used in classic bone-regeneration applica-
tions [5]. Each bioceramics are widely used in the various human parts restoration 
applications based on the needs and capabilities. Excellent mechanical stability and 
biocompatibility brand zirconia as a potential dental restoration and bone scaffold 
material for load-bearing applications [6]. Hence, rigorous efforts were concen-
trated on zirconia-based ceramics in recent times by medical and research experts 
for dental and biomedical applications.

1.1 Overview of zirconia

Zirconia is a polycrystalline dioxide ceramic of the transition metal zirconium 
[3, 7]. It was originally documented in 1789 by Martin Heinrich Klaproth, a German 
chemist [8]. Zirconia exists in three distinct crystal structures depending on the 
pressure and temperature: monoclinic, tetragonal, and cubic structures [9]. The 
monoclinic crystal structure is more constant from room temperature to 1170°C, 
but it has inferior mechanical properties compared to the other two structures 
[10]. It is commonly accepted that the monoclinic structure will transform into a 
tetragonal structure during thermal treatment between 1170°C and 2370°C. This 
change in crystal structure is accompanied by measurable volume reductions 
(4–5%) during the cooling period [8]. If the temperature is increased further, the 
tetragonal structure shrinks to form a cubic structure (between 2370°C and 2680°C, 
the melting point). During cooling, a noticeable volume expansion of 3–4% was 
observed, which is attributable to the reversible transformation into the monoclinic 
crystal structure [9]. During phase transformation, internal stress is induced in the 
zirconia lattice, which results in crack propagation. To suppress the aforementioned 
behavior, several metallic oxides or dopants (stabilizing agents such as Y2O3, MgO, 
CaO, and CeO) are added to stabilize the zirconia structure, and the resultant type 
of zirconia is known as partially stabilized zirconia (PSZ) [11].

The key features of PSZ are their ability to enhance the transformation tough-
ening mechanism, which inhibits/shields the further propagation of cracks. 
Therefore, PSZ is considered suitable for biomedical applications in orthopedics 
and dentistry due to its unique toughening behavior. In the late 1970s, zirconia was 
widely used as an effective substitute material for metals and alumina in biomedi-
cal and dental applications. This was due to its long-lasting mechanical behaviors, 
such as good flexural strength and fracture resistance, admirable biocompatibility, 
chemical permanency, corrosion resistance, and esthetics [12, 13]. Nevertheless, the 
aging process of zirconia ceramic is stimulated by low-temperature degradation, 
which has unfavorable impacts on the mechanical strength of prostheses and 
subsequent growth of external flaws. The presence of microcracks may compromise 
the performance in the long term in biological fluids [14].

To date, zirconia-based materials have been used in numerous areas in the 
engineering (energy and aerospace), medicine (orthopedics), and dental (crowns 
and implants) fields [15]. Common categories of zirconia-based materials existing 
on the market for biomedical applications are yttrium tetragonal zirconia polycrystal 
(Y-TZP), glass-infiltrated zirconia-toughened alumina (ZTA), and magnesia 
partially stabilized zirconia (Mg-PSZ). The properties of these zirconia-based 
bioceramics are listed in Table 1.

In general, zirconia-based ceramics are manufactured using conventional 
fabrication techniques, such as injection molding [17], hot and cold isostatic press-
ing, and slip casting [18]. Digital techniques such as computer-aided design (CAD) 
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and computer-aided manufacturing (CAM) are extensively used to fabricate dental 
restorations [7, 19], as well as in subtractive manufacturing techniques, such as 
machining and milling. However, these techniques have limitations such as material 
wastage, difficulties in producing complex structures, being time consuming, and 
wearing of milling and cutting tools. Recently, additive manufacturing (AM) tech-
niques have been increasingly used for the fabrication of high-potential complex 
ceramic parts with high precision and at reduced cost [20, 21]. Developments in AM 
technology for the fabrication of zirconia-based ceramic parts and their applica-
tions are discussed in the following section.

1.2 Additive manufacturing techniques

AM is one of the most widely used techniques in recent times, and it is capable 
of building three-dimensional (3D) complex geometric structures with high 
dimensional precision and within a short manufacturing time. 3D objects with high 
levels of complexity and structural architectures are fabricated by stacking up the 
materials layerwise using simulated design files [22, 23]. AM is also known as 3D 
printing, solid free-form fabrication, and rapid prototyping. The materials used for 
AM processes are in the form of powders, liquids, or solids. According to the ISO/
ASTM 17296 standard, AM technology is mainly characterized into two types based 
on the degree of consolidation [24].

1.2.1 Single-step process or direct process

As the name suggests, the combined bulk product is manufactured with a basic/
specified geometric shape in a single operation by melting and solidification or 
multi-pass welding (such as powder bed fusion, selective laser melting (SLM), or 
directed energy deposition), which is mostly used in metal AM.

1.2.2 Multistep or indirect process

It produces the products in multiple steps. First, the green body parts are con-
structed with the basic geometric shape by binding the powder particles with help 
of a polymer or binder. Subsequent steps include shape modification/densification, 
consolidation of the material, or modification of the material properties (such as 
binder jetting (BJ) and material extrusion). AM ceramics parts are typically formed 
using multistep progression [25].

For biomedical and dental applications, the 3D printing process principally 
comprises the following steps (precisely for clinical applications): 1. procurement 
of 3D models, 2. designing (CAD), 3. slicing, 4. 3D printing, and 5. postprocessing. 

Properties Y-TZP ZTA Mg-PSZ

Chemical constituents Y2O3, ZrO2 Al2O3, ZrO2 MgO, ZrO2

Crystallinity Monophasic Biphasic Biphasic

Density (g/cm3) 6.05 5 5

Flexural strength (MPa) 800–1300 750–850 700–800

Hardness (GPa) 10–12 12–15 5–6

Fracture toughness (MPa m1/2) 5–10 6–12 8–15

Table 1. 
Properties of zirconia-based ceramics [16].
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Figure 2. 
The schematic illustration of different types of AM technologies used for the fabrication of 3D zirconia-based 
ceramics.

Briefly, the AM process starts with the sorting of precise medical records (images) 
of the patients, which are obtained using computed tomography or magnetic 
resonance imaging. The procured data conforming to digital imaging and commu-
nications in medicine standards are transformed into digital models using materi-
alise interactive medical image control system (MIMICS) or 3D DOCTOR software 
and formed into design files using 3D CAD software. The CAD file is converted 
to a standard tessellation language (.STL) file, and it is practically sliced to print 
patterns as per the specific needs of the implant. To acquire the desired print pattern 
of the products, numerous processing constraints such as printing speed, align-
ment, printing temperature, layer height, infill, laser condition, and environmental 
aspects are verified, based on experience or a literature review. The sliced file can 
be imported into the AM machine for printing/stacking the material in a layer, 
forming the 3D implant. Finally, the printed parts are exposed to washing, removal 
of sacrificial layer/support, and heat treatment [25, 26]. The detailed scheme of 
additive manufacturing process is displayed in Figure 1.

The most common AM technologies for the construction of high-strength 
ceramics are selective laser sintering/melting (SLS/SLM), stereolithography (SLA), 
digital light processing (DLP), binder jetting (BJ), fused deposition modeling 
(FDM), and direct ink writing (DIW) [27, 28]. Each AM technology has great 
commercial potential as well as limitations [29]. Likewise, additively manufactured 

Figure 1. 
Illustration of additive manufacturing process.
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zirconia-based ceramics have inferior mechanical properties due to the persistent 
porosity and flaw-sensitive properties of zirconia ceramics. Thus, acquiring 
mechanical properties equivalent to those of ceramics fabricated with more conven-
tional approaches is a big challenge for ceramic AM [30]. However, the technology 
is still at an early stage, compared with conventional ceramic processing techniques 
[29]. It is widely recognized that ceramic materials possess a high melting point, 
high sinterability, and high vulnerability to thermal shock. Therefore, it is chal-
lenging to achieve fully consolidated parts, without shortcomings, using AM-based 
techniques that directly produce sintered objects [25]. To overcome these shortcom-
ings, each AM technology adapts scientific strategies to construct zirconia-based 
ceramics with high accuracy and quality. In the following section, the formulation 
strategies of each AM technology are discussed. Figure 2, demonstrate the AM 
technologies used for the fabrication of zirconia parts.

2.  Formulation and general properties of zirconia directed to biomedical 
applications

2.1 Powder bed method

2.1.1 Selective laser sintering/melting (SLS/SLM)

SLS technology uses a high-powered laser beam to sinter/fire the ceramics 
at an elevated temperature. The laser is aimed at specific areas of the aggregate 
powdered particles using the distribution to create solid objects [31–33]. The SLM 
is principally similar to SLS; however, SLM completely melts and fuses the powder 
particles using a high-powered laser beam to form a solid object [34, 35]. SLS/SLM 
is an AM technique that uses a laser and is based on the powder bed method that 
produces 3D solid structures either by sintering or melting the powder materials 
layerwise following an architecture based on CAD data. (Obtaining high-strength 
and high-density parts with a laser without debinding/sintering processes can 
facilitate effective and rapid fabrication, enabling the mass production of ceramic 
parts (direct AM process) [36, 37].

However, zirconia ceramic is difficult to handle with SLS/SLM, as it has a higher 
melting point than other bioceramics. In addition, reaching full densification and 
realizing crack-free final products made of ceramics-based materials using this 
process are still challenging. Therefore, several studies are investigating the effect of 
powder properties and processing parameters [21, 35, 38]. Researchers describe the 
effectiveness of pre-heating the powdered bed, which could improve the mechanical 
properties of the final ceramic object by reducing the thermal stress, which alleviates 
crack formation during printing [39, 40]. Most of the zirconia particles use 3–8 mol% 
yttria-stabilized zirconia (YSZ) to preserve the desired mechanical properties of a 
tetragonal phase at room temperature. Alternative approaches were also found to be 
effective in improving the mechanical properties of the zirconia. For example, com-
posites comprising zirconia and alumina are also found to retain the tetragonal phase 
[40–42]. To improve the mechanical properties of the final zirconia part and prevent 
cracking, an indirect method in SLS/SLM has been developed and documented 
[42–44]. Specifically, ceramic powder particles are mixed/coated with a sacrificial 
polymer binder (which has a lower melting point than the ceramic) and the laser is 
targeted towards the powder, which melts and fuses the ceramic particles. The fused 
ceramic particles are then subjected to postprocessing (debinding and sintering) 
to attain the dense zirconia ceramic scaffolds [42]. The summary of zirconia-based 
ceramics printing configurations used in SLS/SLM methods is presented in Table 2.
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2.1.2 Binder jetting (BJ)

BJ is also based on the powder bed fusion technique, where a binder (binding 
agent) is selectively deposited to link powder materials. In this technique, a thin 
layer of ceramic material in powder form is evenly spread over the building plat-
form with the help of a roller [48]. A binding ink is then sprayed onto the ceramic 
powder particles using the jetting head. The result is the ceramic powders and 
binders adhering together to form a solid structure. This is repeated multiple times 
and the layers are printed on top of each other to form the preferred 3D scaffolds. 
During printing, green ceramic parts are reinforced by boundless powder particles 
[24]. The BJ process can eliminate the internal residual stresses that evolve during 
building [1]. Moreover, the postprocessing steps such as the removal of unbound 
powders and sintering are conducted to consolidate the dense ceramic parts. The 
effective production of numerous ceramics such as hydroxyapatite, tricalcium 
phosphate, ZTA, and Al2O3 structures with the required porosity using the BJ 
process have been reported in the literature for biomedical applications [49, 50]. 
However, obtaining the necessary shrinkage and density in the final product after 
sintering is still critical. Therefore, many researchers sought to address these issues 

Particle size (μm) Powder composition Laser & power Post-processing Ref.

1–4 Zircar ZYP-30 (10 wt%) Phenix Systems PM100 
(50 W)
V = 1250–2000 mm/s

— [35]

20–70 Alumina toughened 
zirconia (ATZ) (41.5, 80, 
94) wt% ZrO2, (58.5, 20, 6) 
wt% Al2O3

Nd: YAG laser (150 W) 
for processing CO2 laser 
(1000 W) for pre-heating

— [45]

22.5–45 7Y-TZP (20–80 wt%) MCP Realizer SLM 250, 
Germany

— [40]

3–50 8Y-TZP + < 2 wt% graphite 
powder

Phenix ProX 200 Nd:YAG
Laser power (W): 78–87

— [46]

1–5 ATZ of Y-TZP (80 wt%) CW 200 W Nd-YAG laser 
(redPOWER, SPI Lasers 
Ltd., UK)
Laser power (W): 34

Post-thermal 
treatment at 
1300°C for 2–10 h

[41]

— ATZ of Y-TZP (80 wt%) Realizer SLM 125 equipped 
with Nd:YAG laser
Laser power (W): 90

— [47]

— 3Y-TZP + 0.5 wt% MgO 
(magnesium oxide) 
powder +6.0 wt% epoxy 
resin

CO2 laser (λ: 10.6 μm) with 
power of 100 W
Laser power (W): 7

Cold isostatic 
pressing at 
280 MPa

[44]

— ZrO2 + nylon 12 Energy density:
0.415 J/mm2

Laser power: 6.6 W

Cold isostatic 
pressing at 200 
MPa

[43]

— 3Y-TZP + isotactic 
polypropylene (PP)

CO2 laser (λ: 10.6 μm) with 
power of 100 W

Warm isostatic 
pressing at 
64 MPa
Sintering in air at 
1450°C for 2 h

[42]

Table 2. 
Summary of zirconia-based configurations used in SLS/SLM methods [34].
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by integrating nanoparticles into the liquid binder. Recently Huang et al. [32] 
studied the use of an inorganic colloidal binder (decomposable binder) as a binding 
agent for the construction of 3Y-ZrO2 ceramic structures using BJ technology. They 
selected zirconium basic carbonate as a precursor, and it was dispersed in the col-
loidal solvent to produce decomposable inorganic colloidal binder because it can be 
easily decomposed upon sintering and can form zirconia 3D parts with no residue 
[48]. It was established that the inorganic colloidal binder-based zirconia scaf-
folds exhibited superior surface quality and density compared to the conventional 
polymer binder. Conversely, Zhao et al. [32] ***attempted to print zirconia samples 
using a liquid binder containing zirconia nanoparticles (10 wt%). The density was 
increased by approximately 86.8%, whereas shrinkage was reduced by approxi-
mately 10.6% after sintering the printed parts [51].

2.2 Stereolithography

Among the AM technologies using zirconia, SLA technology is the most well-
known and popular method. A photocurable resin comprising photopolymerizable 
monomers, a photoinitiator, and ceramic particles is molded into a slurry and 
selectively cured by ultraviolet (UV) radiation in sequential layers to build the 3D 
object with the desired shape [52]. The geometrical accuracy of the manufactured 
parts produced using SLA technology is dependent on the laser power, layer thick-
ness, cure depth, and energy dose. The key steps in fabricating ceramic parts with 
complex geometries and high resolution using SLA are preparing a suitable photo-
curable ceramic suspension, building the ceramic part, and debinding and sinter-
ing [53]. One of the most important factors in this process is the properties of the 
ceramic suspension. Homogeneous dispersion of zirconia ceramic materials with 
raw resin is essential for establishing photocurable ceramic resins. The introduction 
of ceramic materials negatively impacts the properties of raw resin by increasing 
the viscosity and immobilizing the ceramic/resin suspension. To initiate a matrix 
around the ceramic materials during photopolymerization, a combination of 
monomers and oligomers is blended with the ceramic suspension as a binder [54]. 
It is essential to include a dispersant to prevent agglomerations and retain the resin 
stability. The dense ceramic parts fabrication is primarily dictated by the volume 
fraction of the ceramics. Increases in volume fraction improve the final properties 
of the product (porosity reduction, shrinkage reduction, strength improvement, 
crack/deformation suppression) [28]. Due to this unique characteristic, SLA-based 
printers are commercially available in different forms. Hence, design and materials 
engineers recommend altering the design and printing parameters to the finest 
quality using state-of-the-art techniques and materials. Many studies have been 
focused on advancing a suitable photocurable ceramic suspension for the fabrica-
tion of zirconia-based ceramic parts (Table 3).

2.2.1 Oligomers and monomers

The oligomer (prepolymer) applied to the zirconia in AM methods has a chain 
structure comprising a medium molecular weight monomer. The oligomer regulates 
the physical properties of the resin. The reactivity between the monomer and the 
polymer with a low molecular weight number influences the properties of the cured 
film through molecular bonding triggered by polymerization. The classification is 
based on the molecular structure and includes polyester, epoxy, urethane, poly-
ether, and polyacrylic. In general, it is difficult to use the oligomers directly for AM 
due to their high viscosity [60, 61].
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A monomer is a reactive diluent added to reduce the viscosity of an oligomer. 
The polymerization can be categorized into two types, namely, a free radical reac-
tion or a cationic reaction [60, 62]. Acrylates and methacrylate are the most used 
monomers from free radical reactions [62]. Photopolymerization can be stimulated 
through a free radical initiator, and when the monomer receives a free radical from 
the initiator, it transfers the free radical to another monomer to form a polymer. The 
cationic reactive monomers can induce photopolymerization via cationic initiators. 
Monomers, such as epoxides, vinyl ethers, propenyl ethers, siloxanes, cyclic acetals, 
and furfurals, are capable of polymerization under a cationic mechanism. Epoxide is 
the preferred monomer from the cationic reaction groups [63].

2.2.2 Photoinitiator

Monomers and oligomers cannot independently initiate photopolymerization. 
Therefore, photoinitiators are added to generate reactive species that can trigger the 
monomers and oligomers. When polymerization is initiated, the reaction proceeds 
through a chain reaction of double bonds and forms a three-dimensional cross-
linked bond together with reactive monomers and oligomers [64, 65]. Free radical 
photoinitiators added to certain monomers, such as acrylates and methacrylates, 
absorb UV light to generate free radicals and incite a double bond reaction of the 
monomers [66]. Cationic initiators can readily react with the binding of certain 
monomers, such as vinyl ethers and epoxides, because the absorbed UV light 
produces acids to induce polymerization of the monomers [63].

2.2.3 Dispersant

Dispersants are copolymers with soluble polymer chains and “fixing groups” 
that impart affinity to the surface of inorganic pigments such as zirconia [53]. The 
main mechanism in nonaqueous systems with low polarity is steric stabilization. 
Polymer chains are attached to the pigment surface by adsorption and form a brush-
like layer that prevents re-agglomeration due to osmotic and entropy effects. The 
polymer chains of the dispersant are adsorbed onto the pigment surface to form a 
layer that prevents re-agglomeration. An effective layer typically ranges from 5 nm 
to 20 nm, with a particle diameter in the range of 0.05–1 μm. Because the dispersant 
effects vary with the monomer and oligomer composition, as well as the properties 

Particle size 

(μm)

Resin configuration Solid loading 

(vol%)

Viscosity 

(Pa s)

Laser wavelength 

(nm)

Ref.

0.2 HDDAa + TMPTAa 55 1.65 at 
200 s−1

— [55]

— HDDA + IBAa + PNPGDAa 58 9.02 at 5 s−1 375–425 [56]

0.2 AMb + MBAMb + Glycerol + 
Water

40 0.127 — [57]

0.2 HDDA + 
PPTTAa + PEGc + U600a

60 (wt%) — — [58]

0.2 HDDA + PEGDA 83 (wt%) 1.23 at 
100 s−1

405 [59]

aAcrylate-based monomer.
bAcrylamide-based monomer.
cPolyethylene glycol.

Table 3. 
Different formulations and viscosity characteristics for preparation of zirconia suspensions [53].
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of the ceramic powder, care must be taken regarding the type and content of the 
dispersant.

2.3 Material extrusion

The compact ceramic raw material supplied to the extruder is difficult to use as 
an AM material because it has a high tendency of particle aggregation and, thus, 
increased resistance to flow [67]. Compatible ceramic powder and additives can 
guarantee permanency for storage and molding through homogeneous particle 
dispersion after mixing and, thus, facilitate the minimum pressure and viscosity for 
flow through the printing nozzle [68, 69].

Additionally, there is a need for good bonding and inhibition of separation 
between the deposited layers during printing [70, 71]. In addition, the included addi-
tives must be removed without defects during the post-treatment process [72, 73].

2.3.1 Wax/thermoplastic base

A study on the composition of multicomponent additives for a wax/thermoplas-
tic base is suggested in Table 4. In addition to the main additives (such as polyethyl-
ene), other components such as wax dispersants and plasticizers are also included to 
provide strength, elasticity, flexibility, plasticity, and lower viscosity [20].

2.3.2 Water base

In the case of a feedstock in which a large amount of polymer is used as a disper-
sion medium, defects may occur during debinding after manufacturing. To solve 
this problem, an aqueous ceramic raw material is used. This water-based ceramic 
raw material enables the accumulation of zirconia powder with high content and 
decreases defects during degreasing due to the low content of organic matter.

Processes Powder State Additive materials Ref.

Wax & 
thermoplastic 
base

3 mol% YSZ 
300 nm 
(40 vol%)

Feedstock Low-density polyethene, paraffin wax, 
stearic acid

[74]

3 mol% 
YSZ 90 nm 
(47 vol%)

Feedstock High-density polyethylene, stearic acid, 
amorphous polyolefin, styrene-ethylene-
butylene-styrene copolymer, paraffin 
wax, extender oil

[75]

3 mol% 
YSZ 500 nm 
(85 wt%)

Feedstock Ethylene-vinyl acetate copolymer, 
polyethylene, paraffin wax and stearic 
acid

[20]

Water base 3 mol% YSZ 
(45–50 vol%)

Paste Anionic polyelectrolyte dispersant, 
hydroxypropyl methylcellulose, 
polyethyleneimine

[76]

3 mol% 
YSZ 500 nm 
(50 vol%)

Paste Water, acrylamide, N,N′-
methylenebisacrylamide, ammonium 
citrate

[77]

3 mol% 
YSZ 40 nm 
(60 vol%)

Paste Ammonium polymethacrylate, 
methylcellulose, deionized water

[78]

Table 4. 
Overview of extrusion processes for zirconia ceramics.
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3. Biomedical application of AM zirconia

3.1 Dental applications

The use of zirconia ceramic as a restorative material in the form of dental proth-
eses started in the early 1980s and gained considerable attention in the dental com-
munity, thereafter due to its unique properties (such as excellent esthetics including 
tooth-like color, high fracture toughness, flexural strength, corrosion resistance, 
and biocompatibility) [8]. Hence, it has become the best alternative for metal-based 
dental restorations. Zirconia ceramics have been used in dental applications in the 
form of dental crowns, dental implants, and fixed partial dentures since 1998 [19]. 
In general, zirconia restorations are fabricated using digital techniques, including 
subtractive manufacturing techniques such as CAD/CAM, which is the established 
method for producing fixed prosthetic restorations [79], where the milling machine 
is controlled by a computer numeric controlled system. The power-driven milling 
tools were used to mill/remove the material from a block (presintered or fully sin-
tered ceramic block) to achieve the desired prosthesis background [80]. However, 
it has certain disadvantages during manufacturing, such as material wastage and 
wear of milling tools. In addition, its precision is limited, limiting object complex-
ity, tooling equipment dimensions, material properties, among other problems 
[81]. AM incorporates recent advanced and evolving techniques in digital dentistry, 
which construct the three-dimensional component by layering the material. It 
is capable of making cost-effective customized dental prostheses with minimal 
material consumption and high precision [82]. However, research studies on the 
3D printing of zirconia crowns and bridges for dental applications are limited. In 
addition, various issues such as poor geometrical accuracy, high porosity, and poor 
margins are unresolved. Recently, several research studies on 3D printing of zirco-
nia ceramics using photopolymerization-based printing (SLA-based technologies) 
improved the effectiveness and accuracy, making the technique favorable.

3.1.1 Restorative applications

The goal of the dentist is to restore the lost tooth as naturally as possible. The 
most common material types used in the restorative field are metals and ceramics. 
However, ceramics possess significant advantages over metal/metal ceramics due to 
their natural appearance (tooth-like color), which satisfies the esthetic demands, 
making ceramics the material of choice [83, 84].

YSZ is the most widely used all-ceramic material in dental restorations due to 
its outstanding material properties [85]. It is used for load-bearing applications, 
such as dental crowns, bridges, veneers, and implant abutments. YSZ restorations 
have been used in clinical practice over the past two decades. It is used primarily as 
a core material for the fabrication of dental prosthesis frameworks. The chipping 
of ceramic veneers and fracture of the framework, when exposed to continuous 
masticatory load is often reported [86, 87]. For example, the thermal coefficients of 
the core material and outer veneer cap (porcelain/lithium disilicate) are different 
and subjected to different heat treatment temperatures that lead to catastrophic 
failure. Further, several other factors including surface treatment (airborne-particle 
abrasion/etching) of the framework and bond strength between the ceramics 
veneer and zirconia frameworks are consequential [9, 88].

The advancement in zirconia with full-contour monolithic zirconia restora-
tions gained attention to address the aforementioned problems. The fabrication of 
crowns and bridges using monolithic zirconia is faster and cheaper compared to a 
manually constructed veneered prosthesis. In recent years, CAD/CAM technology 
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(subtractive) has been used for the fabrication of all-ceramic prostheses and abut-
ments. The very attractive flexural strength and toughness of 3 mol% YSZ make it 
a classic and suitable material for dental use. Despite the promising properties of 
zirconia, the optical properties (translucency) are poor, i.e., it is opaque. Therefore, 
the larger esthetic-related issues initiated the demands for monolithic restorations. 
Dental material researchers and manufacturers have found several ways to increase 
translucency characteristics. The light transmission can be improved by either 
reducing the concentration of aluminum oxide or increasing the concentration of 
yttrium oxide [15]. For instance, the molar concentration of the yttria is varied 
(3–5%) to improve the translucency of zirconia with optimal mechanical proper-
ties. However, when the concentration of yttria is increased, the material exhibits 
higher translucency (more esthetics) but also exhibits a reduction in mechanical 
properties because the structural change into cubic phase becomes dominant. 
Evidently, the cubic phase does not allow transformation in crystal structure and 
this leads to a reduction in crack resistance. The “gradient technology” has become 
the modern advancement in the area of translucent zirconium oxide. A material-
specific gradient is introduced into the milling block along with the color gradient 
(highly chromatic at the cervical region and less chromatic at the incisal region). 
In particular, the high-strength raw material 3Y-TZP is combined with the highly 
translucent raw material 5Y-TZP to create a continuous, layer-free color and translu-
cent gradient [89]. The development of AM technology has attracted much atten-
tion to the fabrication of zirconia-based restoration with a high potential of making 
customized dental prothesis with minimal waste (Figure 3).

In 2009, Ebert et al. [90] built a zirconia dental crown using the direct inkjet 
printing method. The printing ceramic suspension was loaded with 27 vol% of 
zirconia ceramics, with a relative density of 96.9%, flexural strength of 763 MPa, and 
a fracture toughness of 6.7 MPa m1/2. The printed and fired samples showed process-
related defects, which were attributed to the clogging of the nozzles during printing 
that directly affected the mechanical properties. However, the authors demonstrated 
the potential to print 3D crowns using this technology. Likewise, Özkol et al. [91] 

Figure 3. 
AM zirconia crowns via DLP technology [56].
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Applications Materials and 

ceramic content

Fabrication techniques Density (%) and shrinkage 

(vol %)

Mechanical properties Others Ref.

Dental crown 
(2009)

YSZ 27 vol% DIP (from Hewlett Packard) Density 96.9% and Shrinkage 
20%

Flexural strength 763 MPa; 
Weibull modulus 3.5; Fracture 
toughness 6.7 MPa m1/2

— [90]

Dental crown 
(2011)

YSZ 47 vol% Robo-casting Shrinkage 30% — — [92]

Dental bridge 
framework 
(2012)

YSZ (3Y-TZP) 
40 vol%

DIP (from HP deskjet) Density > 96% Flexural strength ̴ 843 MPa; 
Weibull modulus 3.6; tensile 
strength ̴ 340 MPa

— [91]

Dental bridges 
framework 
(2013)

ZTA (ZrO2−80% 
and Al2O3–20%)

SLM Density ̴ 100% Flexural strength 538 MPa — [45]

Dental bridges 
(2018)

YSZ 40 vol% SLA (from Shaanxi 
Hengtong Intelligent 
Machine Co., Ltd.)

Density 98.58% and shrinkage 
20–30%

Flexural strength 200.14 MPa; 
Vickers hardness 1398 HV

— [57]

Dental crown 
(2018)

YSZ 37 vol% SLA (polymer mold) and gel 
casting

Density 98.6% and Shrinkage 
20.1%

Flexural strength 1170 MPa; 
Vickers hardness 1383 HV

— [93]

Dental crown 
(2019)

YSZ SLA (from 3DCeram) — — Surface trueness of the 3D 
printed crown meets the 
requirement

[94]

Dental crown 
(2019)

YSZ 45 vol% SLA (from Porimy 3D 
Printing Technology Co., 
Ltd.)

Density-5.83 g/cm3 and 
Shrinkage 18.1% in length, 20% 
in width, and 24.3% in height.

Flexural strength 812 MPa; 
Weibull strength 866.7 MPa; 
Weibull modulus 7.44

Cement space 63.40 μm 
(occlusal area); 135.08 μm 
(axial area) and 169 μm 
(marginal area)

[95]

Implant-
supported AM 
crown (2019)

Commercial slurry 
(3DMixZrO2)

SLA (from 3DCeram) — Fracture resistance 1243 N — [96]

Dental crown 
(2019)

YSZ (3Y-TZP) 
48–58 vol%

DLP (from Octave Light R1) Density 92.79% and 
Shrinkage—23.81%

Flexural strength 674.74 MPa Geometrical overgrowth 
36.94%

[56]
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Applications Materials and 

ceramic content

Fabrication techniques Density (%) and shrinkage 

(vol %)

Mechanical properties Others Ref.

Dental crown 
(2020)

Commercial slurry 
(3DMixZrO2)

SLA (from 3DCeram) — — Marginal and internal 
discrepancies

[97]

Occlusal veneers 
(2020)

YSZ 40–60 vol% Litho-graphy-based 
ceramics manufacturing 
process (like DLP) (From 
Lithoz GmbH)

— — Load bearing capacity- 
Median Fmax values 2026 N

[98]

Dental crown 
(2020)

YSZ 50–55 vol% Inkjet Density 98.5% Hardness 14.4 GPa; transverse 
rupture strength 520 MPa

— [99]

Dental crown 
(2021)

Commercial slurry 
SL150

SLA (from Porimy 3D 
Printing Technology Co., 
Ltd.)

— — Dimensional accuracy 
65 μm and marginal 
adaptation

[100]

Dental crown 
(2021)

Commercial slurry 
CSL150 (YSZ) 
47 vol%

SLA (from Porimy 3D 
Printing Technology Co., 
Ltd.)

— — — [101]

Dental prothesis 
(bar shaped) 
(2021)

Commercial slurry 
(3DMixZrO2)

SLA (from 3DCeram) — Flexural strength 320.32 MPa 
and 281.12 MPa after aging; 
fracture resistance 640.64 N 
and 562.25 after aging

— [102]

Dental prothesis 
(bar shaped) 
(2021)

Commercial slurry 
(3DMixZrO2)

SLA (from 3DCeram) Shrinkage—16.32% in length, 
14.25% in width, and 20.33% 
in height.

— — [103]

Table 5. 
AM zirconia for dental applications.
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attempted to print the zirconia bridge framework using a direct ink printing (DIP) 
method. The ceramic aqueous ink was prepared with 40 vol% solid content of 3Y-TZP. 
The printed components were dried and sintered at 1450°C. The relative density of the 
final product was >96%. Furthermore, finite element analysis was used to determine 
the stress distribution and the maximum tensile stress of the framework structure. The 
results of all different loading cases show hot spots on the bottom marginal area of the 
interdental connectors. The estimated maximum tensile stress values ranged between 
250 and 350 MPa. The flexural strength was approximately 843 MPa (Table 5).

Lian et al. [57] reported that complex zirconia bridges were produced using 
the SLA technique with a high shape precision. They prepared a 40 vol% zirconia 
suspension and the laser scanning speed of 1200 mm/s was optimized for printing. 
The density and Vickers hardness of the sintered bridges was 98.58% and 1398 HV, 
respectively. Nevertheless, the flexural strength (200.14) was very low, and it was not 
good enough for actual dental applications, because of the internal defects formed 
during the printing process. The authors, therefore, suggested a study of the further 
optimization of the parameters of the SLA and sintering process. Additionally, in 
2019 Wang et al. [94] conducted an in vitro experiment to investigate the surface 
trueness at different locations (external, intaglio, marginal, and occlusal) of 3D 
printed zirconia crowns constructed using SLA 3D printing technology.

The point-to-point difference between the scan data (3D printing) and correspond-
ing CAD model data determines the trueness of the fabricated crown. The comparative 
color maps could demonstrate the accuracy and inaccuracy between the 3D printing 
and milling techniques. Meanwhile, Li et al. [95] examined the internal and marginal 
adaptation of 3D printed zirconia crowns and studied the physical and mechanical 
properties. The authors achieved a consistent flexural strength of 812 MPa and Weibull 
modulus of 7.44 by using 45 vol% zirconia suspensions. The mechanical strength is 
sufficient for dental crowns fabrication. While the cement spaces in occlusal (63.4), 
axial (134.08), and marginal (169.65) areas were not ideal for clinical applications, this 
can be attributed to light scattering and anisotropic sintering shrinkage.

However, in 2019 Jang et al. [56] investigated the microstructure and physi-
cal properties of zirconia products fabricated via DLP technology. The zirconia 
suspension was prepared using different volume fractions of the ceramic content 
from 48 vol% to 58 vol%. Cracks were observed on the zirconia specimens, and 
these cracks increased in number as the zirconia volume fraction decreased. The 
3-point bending strength, relative density, and shrinkage of the printed samples 
were 674.74 MPa, 83.02%, and 23.81%, respectively. The maximum volume fraction 
possible for 3D printing was 58 vol%.

More recently in 2021, Zandinejad et al. [96] investigated the fracture resistance 
of AM zirconia crowns cemented to an implant-supported zirconia abutment. They 
also compared the AM zirconia crowns with milled zirconia, as well as lithium disili-
cate crowns. A universal testing machine at a crosshead speed of 2 mm/min was used 
to determine the fracture resistance, and it was verified that the fracture resistance 
of AM zirconia is equivalent to milled crowns. Nevertheless, intra-oral simulation 
research on the AM ceramic crowns should be conducted to authorize AM as a real-
world technology for the construction of ceramic restorations in clinical dentistry.

3.1.2 Implant application

The popularity of zirconia-based implants is growing enormously as an alterna-
tive to alumina and metal-based endosseous implants [104]. Since the late 1980s, 
zirconia has been used to build surgical implants for the replacement of total hip 
prostheses in orthopedic surgery [105]. Zirconia-based ceramics have superior 
mechanical properties and corrosion resistance [106]. Besides, in vitro and in vivo, 
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clinical studies of zirconia implants revealed excellent biocompatibility, osseointe-
gration and a low affinity for bacterial plaque compared to standard metal implants 
(titanium implants) [107–109]. The utilization of AM technology is beneficial 
for the fabrication of zirconia-based ceramic dental implants as they can produce 
customized geometrics and complex structures. The technology can also improve 
bioactivity without any surface alterations, such as sandblasting, etching or coating 
[104]. Nevertheless, it is essential that the functional surface quality of zirconia-
based implants fabricated from conventional techniques be enhanced to improve 
mechanical functions such as wear resistance and fatigue. Moreover, the surface 
treatments can improve bioactive functions, such as cell proliferation, adhesion, 
bonding strength, and bacterial decolonization [110].

For example, Osman et al. [111] fabricated 3D printed zirconia implants using 
DLP technology and evaluated the dimensional accuracy, surface topography, 
and flexural strength (Table 6). They showed that custom-designed 3D printed 
implants revealed satisfactory dimensional precision (root mean square error of 
0.1 mm), and the flexural strength (943.2 MPa) is equivalent to that of conserva-
tive milled zirconia (800–1000 MPa). The roughness of the surface was found 
to be 1.59 μm and from the SEM analysis, it was observed that the presence of 

Applications Materials Fabrication 

techniques

Mechanical 

properties

Others Ref.

Dental 
implants 
(2017)

YSZ DLP (from Delta 
Co.)

Flexural strength 
632.1 MPa; Vickers 
hardness 14.72 GPa

— [112]

Root analogue 
implants (RAI) 
(2017)

YSZ 27 vol% DLP (from 
Admatec)

Weibull modulus 
3.5; Fracture 
toughness 6.7 MPa.
m1/2

Density 96.9%; 
Shrinkage 20 
vol %

[113]

Dental 
implants 
(2017)

YSZ DLP (from 
Admatec)

Flexural strength 
943 MPa

Dimensional 
accuracy 
0.089 mm 
and SURFACE 
roughness 
1.59 μm

[111]

Medical 
implants 
(cube, 
cuboidal, and 
bar shaped) 
(2019)

ATZ 70 wt% LCM Flexural strength 
430 MPa

Density 5.45 g/
cm3; accuracy 
70–88%

[114]

Hip implant 
(2019)

YSZ-ZnO 
(coating)

FDM and gel 
casting

— MC3T3-E1 cells; 
S. aureus; E. coli 
and Rabbit hip 
joint (4 weeks)

[115]

Dental 
implants 
(square 
shaped) (2021)

Commercial 
slurry (LithaCon 
3Y 230; 3DMix 
ZrO2; 3D Mix 
ATZ)

SLA (from 
3DCeram and 
Lithoz GmbH)

Flexural strength 
1108.8 MPa (3D 
Mix ATZ); Weibull 
modulus 11.1

— [82]

Dental 
implants 
(2021)

ATZ 36–38 vol% DLP (from 
Robotfactory)

— Density 96.8% [116]

Table 6. 
AM zirconia for implant applications.
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microporosities with interconnected pores (196 nm to 3.3 μm) and cracks were 
visible. These flaws were generated during the sintering process or improper disper-
sion of ceramic particles into the slurry. To enhance the potential microstructure 
quality of the printed implants, 3D printing parameters need to be optimized.

However, Nakai et al. [82] inspected the microstructure and flexural strength of 
zirconia-based ceramics formed using SLA (AM technology) and related to CAD/CAM 
technology (subtractive technology). In their study, the authors compared the commer-
cially available zirconia-based ceramics products. They were two AM 3Y-TZP (LithaCon 
3Y 230 and 3D Mix zirconia) products, and one AM ATZ (3DMix ATZ) product, with 
conventionally fabricated 3Y-TZP (LAVA plus). The experimental outcomes confirmed 
that the flexural strength and microstructure of AM zirconia are sufficient and close 
to that of conventionally (subtractive) manufactured zirconia. AM ATZ exhibited 
higher flexural strength (1108.8 MPa) than 3Y-TZP. Both 3Y-TZP and ATZ are suitable 
for dental implants. Moreover, variation in the AM process and the impact of building 
alignment can alter the mechanical properties of AM zirconia. To promote the practical 
reliability of AM zirconia implants, the relationship between the surface morphology 
and bioactivity of zirconia needs to be evaluated in a future study. Recently, Magnani et 
al. [116] presented the potential capability of DLP printing technology to fabricate the 
dental implants with a new high-performance ATZ composite material (Figure 4).

3.2 Bone-regeneration applications

The clinical success of zirconia bioceramics in the human environment in the 
form of dental posts, teeth, and crowns in the dentistry field encouraged biomedical 
researchers to exploit the biological and mechanical properties of zirconia bioceramics 
for bone-regeneration applications. Accordingly, developing zirconia-based scaffolds 
with high precision and dimensional stability is vital to satisfy increasingly challenging 
requirements for bone-regeneration requests. At present, there is a lack of a simple com-
mercial approach to construct 3D zirconia structures, however, the proposal of AM in 
3D zirconia scaffold construction shows great potential. Biomedical engineers targeted 
AM-based technologies for the zirconia scaffold preparations (Table 7). Unlike conven-
tional bioceramics, initial attempts to fabricate zirconia bioceramics were mainly con-
centrated on multi-pass extrusion techniques [44]. The multi-pass extrusion technique 
is a simple AM technique in which the ethylene-vinyl acetate polymers were blended 
with zirconia powders to execute extrusion (the extrusion is repeated to construct the 
scaffold with constant porous core structure). The extrusion proportion, pore-gradient 

Figure 4. 
Dental implant fabricated using DLP-based additive manufacturing technology. (a) ATZ dental implant-
green body, (b) micrograph of the lattice structure [116].



17 A
d

d
itive M

an
u

fa
ctu

red
 Z

ircon
ia

-B
a

sed
 B

io-C
eram

ics for B
iom

ed
ica

l A
p

p
lica

tion
s

D
O

I: h
ttp

://d
x.d

oi.org/10.5772/in
tech

op
en

.101979

Materials Fabrication techniques Composite/coating materials 

and infiltration/intermediate 

layer

Porosity and 

pore size

Mechanical properties Biological 

properties (in vitro 

and in vivo)

Ref.

YSZ 48–43 vol% 
(2011)

Multipass extrusion Intermediate layer HA (α–TCP) 
–YSZ; coating: HA

77% and 86 μm Compression strength: 53 MPa MG-63 cells [117]

YSZ (2011) 3D Rapid Prototyper (ABS 
template) followed by slurry 
impergation

Coating: mesoporous bioglass 63–68% and 
500–800 μm

Compression strength: 
44.35–123.32 MPa

SBF and BMSC cells [118]

YSZ 10 vol% (2011) Sponge replica and 
electrospinning

Intermediate layer YSZ-BCP; 
coating; BCP

67.68–69.65% Compression strength: 
4.83–4.97 MPa

MG-63 cells [119]

ZrO2 50 vol.% 
(2012)

Free-form — 40% and 
350 μm

— Case study (maxilla) [120]

YSZ 45–40 vol% 
(2012)

Multipass extrusion Intermediate layer: HA-YSZ; 
coating: HA

— Compression strength: 7–20 MPa MG-63 cells [121]

YSZ 46–41 vol% 
(2012)

Multipass extrusion Intermediate layer: YSZ-BCP: 
coating: PCL/BCP

92–78% Compression strength: 8.27–12.7 
MPa

MG-63 cells [122]

YSZ 70 wt% (2014) Direct ink writing (DIW) — 55 and 63% Compression strength: 8 and 
10 MPa

HCT116 cells [123]

ZrO2-CaSiO3 (2014) SLS Composite: ZrO2 (10–40 wt%) 70% and 
1600 μm

Compression strength: 
17.9–44.1 MPa; fracture toughness 
1.14–1.66 MPa.m1/2

SBF and MG-63 cells [124]

YSZ-PVP (2016) Electrospinning — — Modulus 1.11 MPa HMSC cells [125]

ZrO2-β-TCP (2016) 3D Rapid Prototyper (ABS 
template) followed by 
impergation

Composite: ZrO2 (10–50 wt%) 68.5–82.5% Compression strength: 3–15 MPa; 
Modulus 184–396 MPa

PBS and MG-63 cells [126]

ZrO2-β-TCP (2017) 3D Bioplotter Composite: ZrO2 (30 wt%) 60–76.46% and 
160–226 μm

Compression strength: 
7–12.025 MPa

MG-63 cells [117]

ZrO2-PCL 
6–30 wt.% (2017)

Electrospinning — — — 3T3 cells [127]
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Materials Fabrication techniques Composite/coating materials 

and infiltration/intermediate 

layer

Porosity and 

pore size

Mechanical properties Biological 

properties (in vitro 

and in vivo)

Ref.

YSZ-Al2O3 (ZTA) 
70 wt% (35.5 vol%) 
(2018)

Robocasting Composite: ZTA (YSZ-16 wt.%) 50% and 
245 μm

— HOB cells [128]

ZrO2–BCP (2018) FDM Composite: ZrO2 (10 wt%) 350 μm Compression strength: 0.5 MPa MG-63 and hMSCs 
cells

[129]

YSZ 48 vol% (2019) Robocasting — 200–500 μm — — [130]

ZrO2-β- Ca2SiO4 
(2019)

3D Bioplotter Composite: ZrO2 (5, 10, 15 wt%)  ̴67% Compression strength: 3.9–6.1 MPa SBF and BMSC cells; 
RAT calvarial defect 
(8 weeks)

[131]

ZrO2-HA 60 wt% 
(2019)

DLP Composite: ZrO2 (1, 3, 6 wt%) — Tensile strength (29.4%); bending 
strength (23.9%)

BMSC cells [132]

ZrO2–PCL (2020) FDM Composite: ZrO2 (5, 10, 20 wt%) 46.2–47% and 
459.2–462.7 μm

Compression strength: 5.5–7.9 MPa; 
Modulus 43–67 MPa

MC3T3-E1 cells [133]

YSZ (2020) DLP Composite: HA (10, 20, 30 wt%) 54.6% Compression strength: 52.25 MPa; 
compression strength: after soaking 
in SBF (25 MPa)

SBF and MC3T3-E1 
cells

[134]

YSZ 40 vol% (2020) FDM and Freeze drying Intermediate layer: Glass 
(Infiltration); coating: glass/
Zn-HA (̴ 1 μm) and gelatin/
alginate

40% and 
300–450 μm

Compression strength: 68.2–
89.8 MPa; Modulus 1.7–2.6 GPa; 
Strain energy density 1.8–4.2 MJ/m3

DPCs cells [74]

YSZ 39.5 vol% 
(2021)

Direct ink writing (DIW) Intermediate layer: FA; coating: 
HA ( ̴ 20 μm)

61.1–75.3% Compression strength: 
20.8–62.9 MPa

SBF [135]

Table 7. 
AM zirconia for bone tissue regeneration applications.
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rate, and microstructure are the critical parameters in controlling the final output of the 
zirconia scaffolds. More importantly, to increase the biocompatibility of zirconia binary 
mixtures (ZrO2/Al2O3), fabrication of binary scaffolds with alternating ZrO2 and Al2O3 
layers with 3D-interconnected micropores are also demonstrated [136]. However, the 
multi-pass extrusion designs were not controlled using modern numerical methods. 
In subsequent years, computerized extrusion-based techniques like 3D Bioplotter and 
FDM were introduced to precisely design the 3D zirconia scaffolds. Zirconia-based 
scaffolds (β-Ca2SiO4/zirconia scaffolds) fabricated using the 3D-Bioplotter technique 
were verified to induce bone-regeneration properties in an actual biological atmo-
sphere using a rat model [131]. In FDM, zirconia ceramics are generally blended with 
polymers such as polycaprolactone to execute a computerized melt mixing process, 
which can construct a regular grid scaffold [133]. More importantly, biopolymers 
embedded in zirconia-based scaffolds fabricated using FDM were found to provide 
additional mechanical support, as well as bioactivity for the zirconia ceramics (Figure 
5). Compared to the pristine zirconia-based scaffolds (alginate/gelatine), biopolymer 
embedded zirconia ceramics were found to exhibit the extracellular matrix (ECM) 
of the bone tissue, which is essential to imitate the biological environment [74]. 
Subsequently, considerable research efforts were dedicated to formulating zirconia-
based scaffolds using the direct ink writing (DIW) or robocasting method (extrusion-
based AM-based technique). 3D zirconia scaffolds fabricated with controlled pore 
openings and thread dimensions using the DIW method were found to possess high 
porosity (61% and 75%). More importantly, hydroxyapatite/fluorapatite-based coatings 
on the DIW derived zirconia-based scaffolds were needed to enhance its bioactivity 
[135]. Photopolymerization-based AM techniques including DLP and SLS were also 
studied for the fabrication of zirconia-based scaffolds. Specifically, DLP technology 
was found to have high accuracy and faster processing ability than other AM-based 
techniques. The ultraviolet light is irradiated on the zirconia suspensions (prepared by 
optimizing the solid loading of the zirconia powders, organic monomer, potentiators, 
and dispersant) to articulate the final design. It is important to perform heat treatment 
in a high-temperature vacuum furnace to avoid internal cracks and imperfections in 
the heat-treated zirconia scaffolds [132]. Although SLS-based techniques were widely 
studied for calcium-based bioceramics, the use of SLS techniques to construct zirconia 
has been limited due to low zirconia concentration. Mostly, zirconia is blended in mini-
mum volume fraction with other bioactive materials like calcium silicates to avoid the 

Figure 5. 
(a) Scaffold printing using FDM, (b) digital photograph of the printed zirconia scaffold, (d) microscopic 
images of zirconia scaffold, and (e) polymer embedded zirconia scaffold [74].
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unwanted agglomeration-induced material degradation [124]. In addition, to replicate 
the nano-to-microscale configuration of the ECM of bone tissue, electrospinning of the 
zirconia-based scaffolds was experimented with. It is believed that the zirconia scaffolds 
subjected to electrospinning exhibited high endurance to the inbound load from the 
bone tissue when compared to conventional more fragile scaffolds [125].

4. Outlook and prospective

Zirconia is a classic bioceramic, and its use in the dental and biomedical fields is 
inevitable. Hence, extensive research efforts have been dedicated to maximizing the 
potential of AM technologies to formulate the zirconia ceramics into a precise bone 
or tooth replacement, scaffolds, implants, and crowns. Though, zirconia scaffolds 
are directly involved in the human environment (in both dental and biomedical 
fields), the requirements of each field are evidently different. For instance, the 
zirconia scaffolds should have adequate porosity for bone-regeneration applications 
and patient-specific design, whereas, zirconia scaffolds for dental restoration and 
implants need not have a porous structure; instead, they should retain complex 
shapes with solid/hollow structures. Hence, the scaffold processing via AM also needs 
to be precise for each application. AM or 3D printing has revolutionized the designing 
of complex human hard tissues with an excellent surface finish, minimum material 
wastage, and high fabrication speed compared to conventional techniques. However, 
AM also suffers from some inherent limitations and challenges. The primary chal-
lenges include difficulties in raw material preparation, process control, and immature 
designs (Figure 6). Research advancements achieved by the metal and polymers-
based scaffolds via AM-based techniques both in the laboratory and at clinical levels 
are far ahead when compared to the practically challenging zirconia-based ceramics 
due to their inherent challenging properties (brittleness, high melting point, and 
high density). Hence, it is essential to pinpoint the existing challenges in the research 
investments and activities that restrict the feasibility of AM-based technologies in 
fabricating zirconia-based ceramics at the laboratory, clinical, and industrial levels.

4.1 Laboratory challenges

Although different types of AM technologies are available for formulating 
bioceramics, only a few techniques are effective in the fabrication of zirconia parts 
with minimal imperfections. Despite the large number of AM technologies suitable 
for processing ceramics, each technique has its individual advantages and limita-
tions. The primary issue for printing starts from the raw material (feedstock/slurry) 
preparation itself. For example, in extrusion-based techniques, temperature, 
pressure, nozzle size, and computer-generated design files (scaffold models) can 
be fed easily to the computer to accomplish the anticipated requirements. However, 
poor printability, nozzle blockage, and poor flowability of the feedstock have been 
major bottlenecks (due to the high density and hardness of zirconia) in designing 
zirconia-based scaffolds for bone-regeneration applications.

Compared to FDM-based techniques, SLA-based techniques have been exten-
sively explored for the fabrication of zirconia-based ceramics due to the excellent 
surface finish and precision produced by the technology. Commercial SLA printers 
are now available for zirconia-based ceramics. However, the uneven distribution 
and particle aggregation of zirconia particles in the slurry suspension upsetting the 
light scattering properties (cure depth, curing time, and the energy of the UV light 
source) is a challenging issue. As a result, geometrical overgrowth is unavoidable 
due to the high refractive index of the zirconia. (SLA-based techniques are mainly 
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controlled by the light source, refractive index, volume fraction, and particle size.) 
The most common problem associated with SLA-based techniques for zirconia-
based ceramics is the delamination among the layers, which invariably disturbs the 
physical and mechanical properties of the sintered zirconia parts.

SLS-based techniques, however, can produce scaffolds with high precision, 
but they are rarely explored for zirconia-based ceramics due to the expensive and 
complicated control parameters. In particular, the high melting point of zirconia 
requires pre-heating of the powder bed (>1000°C) to avoid cracks caused by the 
thermal stress induced by the high-power laser source. Nevertheless, SLS-based 
techniques have represented a single-step scaffolding process for formulating 
zirconia scaffolds with full density. The requirement and urgency of developing this 
technique further for zirconia-based scaffolds are debatable.

For all the above, the major disadvantages of AM-based techniques except direct 
SLS-based techniques are the low-volume fraction of the zirconia in the feedstock 
(<60%, in which the polymer occupies the remaining portion). After debinding of 
polymers, the printed scaffolds can retain only half of the parent zirconia proper-
ties, which invariably affects the expected properties of the final sintered zirconia-
based scaffolds.

In general, the strength and life of ceramic materials are directly associated with the 
type and level of residual stress that developed during the AM process. The major issue 
of any 3D printing system for the fabrication of zirconia parts is the internal (residual) 
stress, which is formed either during the printing process or during the post-process. 
The residual stress generated during the post-process includes high-temperature 
thermal treatment (sintering process) upon cooling or due to the difference in the 
thermal expansion coefficient (CTE) between the composite material of zirconia/
bilayer material [137]. In other words, the mismatch of the CTE of two different mate-
rials can induce residual stress (tensile). Correspondingly, it was demonstrated that 
the selection of slow cooling and firing program of ceramic can potentially reduce the 
stress, which will also decrease the risk of chipping of porcelain layer in zirconia dental 
restoration [138]. Moreover, residual stress has a direct effect on the aging process. 
For instance, the tensile stresses of the zirconia composite can accelerate the aging 

Figure 6. 
Major challenges of AM zirconia-based ceramics.
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process of the zirconia parts in body fluids [137]. It can be regulated by the stabilizer 
material nature and content of the zirconia phase in the composite. The most common 
diagnostic techniques employed for the residual stress measurements include X-ray 
diffraction, nanoindentation, Raman spectroscopic analysis, thermal tempering using 
a two-dimensional (2D) analytical model, and three-dimensional (3D) finite element 
simulation. However, the magnitude of the residual stress of zirconia parts varies from 
location to location of geometry. Also, the residual stress distribution is affected by 
the thickness and geometry of the zirconia parts [139]. Upcoming research should be 
focused on the residual stress of the AM zirconia parts are need to consider.

4.2 Clinical challenges

Although diverse AM-based research studies claim that zirconia-based scaffolds 
are practicable, true accomplishments are only determined based on the result of 
the clinical studies. In this regard, there are many unaddressed areas of applications 
when applying AM-based zirconia to real-world dental and bone restoration that are 
unresolved. For example, there are internal defects (cracks, porosity) that are formed 
during layering/printing or postprinting of the designed zirconia prostheses using 
AM-based techniques. They could affect the mechanical strength of AM zirconia 
crowns, bridges, implants, and scaffolds and result in a failure to satisfy the dental 
and biomedical requirements [57]. Nevertheless, optimum porosity is essential to 
guide cell adhesion or osteointegration. Hence, the stability among the material prop-
erties and biological requests need to be established by optimizing the slurry formula-
tion/feedstock and sintering procedures on whatever AM-based techniques are used. 
The major challenges of 3D printed dental prostheses for real clinical applications are 
surface finishing/topography, staircase effects, geometrical overgrowth, and mechan-
ical properties. Specifically, the marginal tolerance requirement (< 0.1 mm) for dental 
prosthetic applications via AM-based techniques is hard to realize, particularly when 
material strength and density are also mandatory [54, 140].

Uneven shrinkage is caused by the inbound technical shortage of AM-based 
techniques. Unresolved accuracy in the z-direction compared to the x and y-direc-
tions induces densification of ceramic powders within the layer and related issues 
(degree of polymerization and layer thickness). Overall, the printing parameters 
along the z-direction are yet to be optimized in such a way that the dimensional 
accuracy of the zirconia parts is achieved using AM-based techniques capable of 
addressing the patient-specific requirements. The technical imperfections in design 
may lead to plaque accumulation, risk of microleakage, and local inflammation 
[141, 142]. Thus, the relationship between dimensional precision and clinical adop-
tion is critical to the adoption of any AM-based techniques.

Because the scaffolds need to be in direct contact with biological fluids, parts 
sterilization is important. Hence, biomedical engineers should be aware of the 
sterilization requirements while designing zirconia-based parts using AM-based 
techniques. The scaffolds should not lose their characteristic properties even after 
sterilization. Limited in vivo studies have been devoted to determining the after-
effects of zirconia-based scaffolds on the biological environment. These confirm 
that the AM-based techniques for zirconia-based ceramics are still in infancy. 
Hence, biomedical engineers should be conscious of the importance of in vivo stud-
ies to realizing the practical applications of zirconia-based scaffolds.

4.3 Industrial (cost and resource) challenges

Leading biomedical implant manufacturing companies including Stryker Corp, 
ZERAMEX, Straumann ceramic, Nobel Biocare, Zimmer Biomet, Wright Medical, 
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Globus Medical, and Integra Lifesciences focused on developing, manufacturing, and 
promoting zirconia-based biomedical implants as a material of choice via additive 
manufacturing technology. Design flexibility, material productivity, and low-volume 
production feasibility are the prime factors behind the interest in additive manufactur-
ing technology among the leading companies. However, AM-based technologies facing 
undeniable difficult challenges to fabricate zirconia-based scaffolds. Though adopting 
AM-based technologies for zirconia implants needs time and determination, the most 
important challenge lies in the substantial investment on the principal investment 
cost for the production floor [143]. Investment in the fabrication of zirconia-based 
biomedical implants from AM-based technologies is not only about equipment cost. 
It includes the investments in the AM ecosystem as well, which involves material, 
software, manpower coaching, postprocessing apparatus, documentation, and merg-
ing all facilities capable of mass production. More importantly, capital investment and 
material resources will be added to the above-stated challenges, which is large enough 
for a corporation to invest in AM as an aggregate. Hence, long-term cost assessment 
challenges were ahead for any biomedical implant company to unlock the AM-based 
technology to process zirconia-based scaffolds for wider marketplaces [143].

5. Conclusions

New technologies often mean new construction techniques and material and 
resource applications. AM has become a potentially vital technology in fabricating 
zirconia-based materials for various critical-sized applications, including bone 
scaffolds and dental crowns, bridges, and implants. As both AM-based technol-
ogy and zirconia-based materials are in their infancy for scaffold application, it is 
essential to create awareness and sensitization among researchers. For example, 
among the AM-based technology, very few 3D printing systems (SLA, SLS, and 
DLP) are successful in manufacturing zirconia-based ceramics as scaffolds in the 
lab scale itself. This is inadequate when compared to well-established 3D printing 
systems for the use of metal and polymer materials, hence there is a prolonged 
difficulty in the clinical accomplishment of zirconia-based scaffolds. Though the 
mechanical properties of the zirconia parts achieved via 3D printing are comparable 
to the conventional zirconia parts, still some inbound issues such as internal defects 
(crack and porosities) and dimensional accuracies need to be enhanced. Moreover, 
for the enhanced bioactivity of zirconia parts, precise selection of the bioactive 
material and surface treatment strategies (coating/composite) are still under search. 
It has to be declared here that the essential printing parameters, materials prepara-
tion, and the development of the printer capability are progressively taken care of 
by the biomedical experts in the recent reports. Hence, collective efforts need to 
be dedicated in collaboration with academia, AM-machine developers, and clinical 
end-users to share their materials and design requirements to achieve the expected 
goals. The collective scientific outcomes, together with materials engineering and 
manufacturing technology, are extremely important in actualizing any emerging 
technology. AM-based technology could be utilized for manufacturing zirconia-
based ceramics, which would be a milestone for society if all its current limitations 
can be systematically and creatively addressed.
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Y-TZP (or) YSZ   yttrium tetragonal zirconia polycrystal (or) yttria stabi-
lised zirconia

ZTA   zirconia toughened alumina
Mg-PSZ (or) MgSZ  magnesia partially stabilized zirconia (or) magnesium 

stabilized zirconia
Y2O3   yttrium oxide
ZrO2   zirconium dioxide/zirconia
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DIW   direct ink writing
BJ   binder jetting
FDM   fused deposition modelling
DLP   digital light processing
CAD/CAM  computer aided design/computer aided milling
SLS   selective laser sintering
SLM   selective laser melting
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