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Artificial intelligence (Al) is rapidly developed based on computer technology, which can
perform tasks that customarily require human intelligence by building intelligent software
or machines. As a subfield of Al, machine learning (ML) can learn from the intrinsic
statistical patterns and structures in data through algorithms to predict invisible data.
With the increasing interest in aesthetics in dentistry, zirconia has drawn lots of attention
due to its superior biocompatibility, aesthetically pleasing, high corrosion resistance, good
mechanical properties, and absence of reported allergic reactions. The evolution of Al and
ML led to the development of novel approaches for the biomedical applications of zirconia
in dental devices. Al techniques in zirconia-related research and clinical applications
have attracted much attention due to their ability to analyze data and reveal correlations
between complex phenomena. The Al applications in the field of zirconia science change
according to the application direction of zirconia. Therefore, in this article, we focused
on Al in biomedical applications of zirconia in dental devices and Al in zirconia-related
applications in dentistry.
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INTRODUCTION

Digital technology is widely applied in dentistry, and it plays an essential role in many aspects, such
as clinical treatment, laboratory procedures, student training, practice management, and dental
research (1). Take clinical treatment, for example; the role of digitization in treatment included
digital impressions, CAD/CAM, digital shade analysis, digital smile design, virtual articulators (2).
Artificial intelligence (AI) is a technology coined in the 1950’s, which is rapidly developed based on
computer technology (3). As a branch of computer science, Al can perform tasks that customarily
require human intelligence by building intelligent software or machines. With the development of
artificial intelligence, modern machines can learn from experience to adapt to new requirements
and perform tasks similar to humans (4).

Al technology has been used in many aspects of human society, including medicine, and it is
also being used more and more widely in dentistry (Figure 1). Zirconia is an advanced ceramic
material used in biomedical applications since the 1960’s (5). Zirconia has drawn lots of attention
in dentistry due to its excellent biocompatibility, aesthetically pleasing, high corrosion resistance,
good mechanical properties, and absence of reported allergic reactions. In recent decades, Al
techniques in zirconia-related research and clinical applications have attracted much attention due
to their ability to analyze data and reveal correlations between complex phenomena. Therefore,
dentists need to have a comprehensive understanding of artificial intelligence in the research of
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FIGURE 1 | The application prospects of artificial inteligence technology in dentistry.

zirconia-related fields in order to use and study zirconia. In
this paper, we summarize recent advances concerns about Al
techniques in zirconia-related applications in dentistry.

THE APPLICATION OF ARTIFICIAL
INTELLIGENCE IN DENTISTRY

Al application technology is improving dramatically in the dental
field with the emergence of data calculation and the accumulation
and analysis of many clinical patient data (4, 6). For instance,
Hung et al. systematically investigated the literature related to the
clinical application of AI in dentistry and maxillofacial radiology
(7). The researchers summarized the latest and comprehensive
information about the current diagnostic performance and
diagnostic imaging of AI dental and maxillofacial radiology.
Correspondingly, the rapid development and application of Al
in stomatology will guide the development direction of dentistry
to a certain extent. For dental professionals, it is essential to
understand, learn and master Al keep pace with the new era of
medicine, and apply it to clinical practice and scientific research.

As a subfield of Al, Machine learning (ML) can learn from
the intrinsic statistical patterns and structures in data through
algorithms to predict invisible data (8). ML can learn and self-
improve by using many data and then sum up experience and
methods (9). ML is currently one of the fastest-growing technical

fields. The development of AI and ML has also brought new
opportunities and challenges to medicine, including dentistry.
In many areas of dentistry, such as maxillofacial surgery,
orthodontics, and prosthodontics, correct diagnosis is the basis of
a proper treatment plan. The introduction of ML helps diagnose
and predict diseases and compare their performance because ML
can detect relationships between banking operation records and
patterns in big data (10-13). Kositbowornchai et al. developed
an artificial neural network for the diagnosis of vertical tooth
fracture (14). Jung et al. constructed neural network machine
learning models using a back-propagation algorithm to diagnose
extractions to help orthodontists determine the treatment plan
(15). There is no doubt that ML can assist the dentist and provide
much convenience. It cannot be assumed that ML is capable of
human-level performance. The development and application of
Al and ML in dentistry are generally not intended to replace
dentists but assist dentists in clinical diagnosis and treatment
based on mathematical decisions and predictions.

With the development of technology, a new era of
“artificial intelligence” is coming. The evolution of AI and
ML led to the development of novel approaches for the
biomedical applications of zirconia in dental devices. The
Al applications in the field of zirconia science change
according to the application direction of zirconia. This
article will focus on AI in biomedical applications of zirconia
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FIGURE 2 | Aaesthetic rehabilitation using zirconia.

in dental devices and AI in zirconia-related applications
in dentistry.

Al IN BIOMEDICAL APPLICATIONS OF
ZIRCONIA IN DENTAL DEVICES

The Application of Zirconia in Dentistry
Nowadays, with the increasing interest in aesthetics and attention
to the cytotoxicity and allergic reactions of certain metals,
researchers and dentists have been working to find a metal-free
aesthetic restorative material (Figure 2) (16, 17). Zirconia can
be utilized as the implant, abutment, post, core, crown (full and
partial), bridges, inlay and onlay, veneer in the field of restorative
dentistry (18-20). Previous clinical studies report that zirconia
has an abrasive effect on dentition and leads to excessive wear
of the tooth structure (21-23). Pjetursson et al. investigated the
survival rates and technical, biologic, and aesthetic complication
rates of implant—supported zirconia crowns and implant—
supported metal—ceramic crowns systemically in 2018 (24).
They reported that the 5-year sur-vival rate of zirconia-based
implant-supported single crowns was 97.6% (95% CI: 94.3-99.0),
and it showed a similar incidence of biological complications and
fewer aesthetic problems.

Further, Zhang et al. reviewed the development history
of current dental zirconia ceramics and try to improve
the translucency of zirconia materials without excessively
compromising their mechanical integrity (25). Besides, as a
non-metallic biomaterial, zirconia can be used as a substitute
for titanium implants, and its flexural strength and fracture
toughness are better than other ceramics (26, 27). Hashim et al.
reported that after 1 year of function, the survival rates of
one- and two-piece zirconia implants reached 92% (95% CI:
87-95) (28).

As reported, monolithic zirconia without veneer has better
fracture resistance than traditional zirconia and is expected to
reduce the incidence of porcelain fracture in the posterior tooth
area (29). Shen et al. performed a retrospective clinical study of
1-5 years which included 224 patients treated with 327 implants
and restored with metal-ceramic or monolithic zirconia single
crowns to evaluate the clinical properties of implant-supported
monolithic zirconia prostheses (30). They studied the marginal
bone level (MBL) by taking panoramic radiographs at different
stages during the treatment and follow-up visit. The results show
that the MBL changes for the monolithic zirconia group were
0.25mm during the healing period and 0.43mm during the
prosthetic loading period. There are no significant differences

(P > 0.5) compared to the metal-ceramic group, indicated that
monolithic zirconia has a similar peri-implant bone resorption
rate with metal-ceramic prostheses.

Al Used in Zirconia Crown

One recent retrospective study by Lerner et al. included
90 patients restored with 106 implant-supported monolithic
zirconia crowns (MZCs) placed in the posterior area (31).
They investigated the quality of interproximal contact points,
occlusal contacts, and chromatic integration and evaluated the
chromatic integration, survival, and success rates of MZCs. Their
study captured the first optical impression using the CS 3600®
intraoral scanner and modeled the individual zirconia abutment
in CAD software (Valletta®, Exocad, Darmstadt, Germany).
Noticeably, during the production of the zirconia crown, the
researchers utilized a fully digital protocol that employing Al to
automated margin line design and successfully fabricated MZCs
cemented on customized hybrid abutments. As reported, the 3-
year survival rate and success rate of the MZCs made via a
complete digital workflow were 99.0 and 91.3%, respectively.

Al Used to Predict the Longevity of

Zirconia Restorations

The lifespan of dental restorations is limited, and the longevity
of dental restorations is essentially affected by the material
used (31, 32). Zhang et al. lists the successive generations of
commercial dental zirconia and summarizes their composition
and mechanical properties (25). The first-generation 3Y-TZPs,
included Lava Frame (3M ESPE), KaVo Everest ZH (KaVo
Dental), Zenostar MO (Wieland Dental), contains 0.25 wt%
alumina (Al,O3) sintering aid, and its bending strength exceeds
1 GPa in flexure. The next stage is monolithic zirconia,
which was developed to comprehensively consider zirconias
mechanical property and aesthetics. This goal is achieved
to reduce opacity with a higher yttria content to construct
partially stabilized zirconias, 4Y- PSZ (4 mol%) or 5Y-PSZ
(5 mol%), an increased amount of non-birefringent c-phase.
The introduction of translucent zirconia brought advantages
such as good mechanical properties, high strength, less tooth
preparation, and minor antagonist wear (33). Therefore, many
different brands and different specifications of zirconia materials
are available for dentists and patients to choose from on the
market. However, patients’ treatments may vary according to the
property of restorative material. It is difficult for them to choose
the best and longest-lasting material.

Fortunately, AI plays a vital role in this situation. For
instance, Aliaga et al. collected data from the notes, graphs, and
radiographic information of restorative treatments performed by
Dr. Vera and utilized AI to analyze the collected information
to determine the most suitable material and then promote the
development of the dental restoration (32). Besides, Al also
could be used to predict the longevity of CAD/CAM crowns.
Aliaga et al. developed a case-based reasoning (CBR) system to
model and predict the longevity of tooth restorations. Another
study conducted by Yamaguchi et al. used a similar approach,
a convolution neural network (CNN) AI model, to predict
CAD/CAM crowns (34). The authors collected a total of 24
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cases (50% of the crowns had debonding problems) and 8,640
two-dimensional images of the virtual tooth-prepared three-
dimensional models. The results indicate that AI technology,
the CNN method, shows superior performance in predicting the
debonding possibility of CAD/CAM crowns.

Al Used in Color Matching of Zirconia

In addition to the longevity and functional recovery of zirconia
restorations, patients pay more attention to aesthetics when
making choices. In aesthetic dentistry, shade reproducing
and color matching play an essential role (35). Recently,
various zirconia ceramics with different optical properties are
commercially available. It is difficult for patients and dentists
to choose the exact shade, appropriate material, and suitable
configuration to make the restoration consistent with natural
tooth color. A backpropagation neural network (BPNN) has
already been utilized for computer color matching in the dental
clinic (36). However, BPNN has disadvantages like unstable and
low accuracy. Li et al. introduced a genetic algorithm (GA) to
optimize initial weight and thresholds in BPNN to enhance the
matching accuracy. The experiment results demonstrate that the
proposed method plays a positive role in improving the precision
and predictability of color matching in selecting restoration
materials. Also, Al was used to predict the color of the teeth after
the tooth bleaching procedure. Thanathornwong et al. developed
a clinical decision support system with a regression model as the
intelligent part. The results showed that this system could predict
the color change using colorimetric values effectively (37).

Al Used in Zirconia Abutment

In addition, zirconia abutments are recommended as an
alternative to alloy abutments, providing better aesthetic results.
A systematic review and meta-analysis studied by Vechiato-
Filho et al. showed the 5-year success rate of zirconia abutments
was 99.3% for fixed implant single crowns in posterior areas,
which was no statistical difference compared to 99.57% for
titanium abutments (P = 0.26) (38). Therefore, customized
abutment made of zirconia is a suitable option in an implant-
supported digital fixed prosthesis because it can obtain high
aesthetics, superior emergence profile, and high compatibility
with surrounded soft tissues. Generally, the custom abutment
is designed by computer-aided design (CAD) and then milled
and sintered with zirconia (39). However, there is tolerance
between zirconia abutment and boding base during the extraoral
cementation, which may cause cementing errors (40). These
errors, although very small, can cause positional problems
for monolithic zirconia when delivering custom abutment
and temporary restorations to patients (41). Fortunately, the
problems mentioned above can be overcome using Al, which
reduced errors the cost of prosthetic therapy (42, 43).

Al Used in Biomedical Applications of

Zirconia

In addition to AI application in clinical aspects, many studies
focused on applying Al in zirconia-related research (44).
Arif et al. used a statistical and artificial neural network
(ANN) approach to investigate the tribological performance of

aluminum hybrid composites reinforced with nano zirconia (0,
3, 6, and 9 wt%). Artificial intelligence was effectively applied to
study various control factors on hybrid composite wear behavior
(45). Artificial muscle plays a vital role in accelerating the
development of robotics, automation, and Al-embedded system.
Zirconia shape-memory ceramics can significantly enhance
shape-memory properties (8%) because of their sizeable free
surface area and fewer grain boundaries. Therefore, Du et al. used
Al to develop highly aligned shape-memory zirconia-based yarns
and springs, which could be used as artificial muscles at elevated
temperatures (46).

Furthermore, zirconia is a vital transition metal oxide and has
been extensively used to develop high-performance computing
devices. Wang et al. apply artificial intelligence to build a Behler—
Parrinello Neural Network (BPNN), which can calculate energies
and forces of zirconia bulk structures. The BPNN has similar
accuracy to density functional theory (DFT) calculations and can
be applied in the molecular dynamics simulation of the oxygen
vacancy diffusion (47).

Al APPLICATION IN DENTISTRY

At present, the application and research of AI in dentistry
mainly include the following aspects, AI appointments,
Al medical guidance, AI oral disease diagnosis, AI oral
monitoring. Studies investigated the application of Al in
digital dental radiography analysis, periodontitis, aesthetic
dentistry, orthodontics, oral surgery, or future oral healthcare
concepts in general (48). For instance, Li et al. applied Al
techniques to diagnose gum inflammation (49). In their study,
a deep neural network, Deeplabv3+ network with Xception
and MobileNetV2, was used to diagnose patients as healthy,
questionable healthy, questionable diseased, and diseased by
pixel semantic segmentation of patient images. The results
suggest that this system may be suitable for the self-examination
of teeth using mobile apps.

Also, Al and ML play a more critical role in teaching,
scientific research, oral health management, and oral disease
management. Concerning biomedical applications of zirconia in
dental devices, Al and ML have shown an irreplaceable role in
zirconia material selection, colorimetry, scheme design, guide
plate production, tooth preparation, customization of aesthetic
standards, teaching, and scientific research. At present, artificial
intelligence and machine learning technology have changed from
the fantasy of the past to today’s reality. Researchers in various
fields conducted in-depth discussions on its impact on society,
the economy, healthcare, and politics. The dental field is also one
of them. It is believed that artificial intelligence will significantly
promote dentistry’s progress and development in the future.

Al in Tooth Preparation

The production of zirconia restorations requires a series of steps.
Preparing a tooth for crowns and bridges is daily work for a
dentist. Even the dentist is experienced, it is still challenging
work (50). The main challenge is how to ensure that there is
enough space for the restoration with the least amount of tooth
preparation. The idea of using a robotic arm to assist dentists in
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preparing teeth is attractive and wise. The mechatronics system
that can assists dentists in tooth preparation has been tested in
vitro and has shown encouraging results.

Ortiz Simon et al. developed the first electromechanical
system to assist dentists in handling the dental drill (51). The
robotic arm can help the dentist operate the tool smoothly and
precisely during preparing teeth. The mechatronic system can
minimize handshakes caused by fatigue and reduces the risk
of iatrogenic dental injuries. Because the mechatronic system
can provide support and stability when handling dental drills,
the dentist’s position accuracy was improved by 53% using this
mechatronic system. Precision medicine is the consensus and
direction of the international medical community. Therefore, the
robot’s high precision, dexterity, and speed can finally overcome
the shortcomings of manual operation and improve the accuracy
and efficiency of clinical operation (52). In order to overcome the
limitations of traditional manual methods, Yuan et al. developed
a robotic oral tooth preparation system to improve its quality,
precision, and clinical efficacy (53).

Wang et al. introduce a micro-robotic device called LaserBot,
which can handle decayed teeth by manipulating femtosecond
laser beams to complete tooth preparation (54). Experiment
results show that the laser beam points movement range and
resolution can meet typical dental operations requirements.
Researchers performed ablation experiments on wax-resin
material and tooth to confirm femtosecond laser can be applied
for tooth preparation. The developed robotic device realizes
the precise 3D motion control of the laser focus and is small
enough to be applied in the oral cavity. Li et al. proposed
a novel robotic manipulator system specifically for dental
applications equipped with a tendon sheath transmission system.
The electric-motor actuators of this robot can be placed away
from the manipulator. The proposed dental robot system with
soft bracer has a compact size, excellent tool interchangeability,
and fully customized dental surgery specifications. Thus, it can
be applied in different fields, like caries removal and crown
treatment (55).

Moreover, other intelligent dental equipment for tooth
preparation has been tested for accuracy. For instance, a system
with a micro-robot that controls a picosecond laser has shown
good preparation accuracy to meet the clinical requirement (53).
Otani et al. evaluated the accuracy and precision of an automated
robotic tooth preparation system for porcelain laminate veneers
and took traditional freehand tooth preparation as a control
group (56). The results indicated that the automated robotic
group has better accuracy and precision at the finish line.
Besides, another tooth preparation system for veneers, a robotic
arm with a rotating diamond instrument, was developed and
compared to freehand tooth preparation. The results show that
the accuracy of this AI system is better than the dentist (57).
The average repeatability of this Al system is ~40 wm. However,
the tooth preparation robot has not been validated well in a
clinical setting. Furthermore, when talking about safety, the
current safety strategy of this robotic tooth preparation system
is not yet complete, and it is unable to achieve visualization and
intelligent control. Therefore, further research should be focused
on those limitations.

Al in Digital Impression

Artificial intelligence is mainly used in dental restorations to
obtain digital impressions of the patients teeth and soft and
hard tissues, obtain colorimetry similar to natural teeth, and
use artificial intelligence to design restorations to generate
readable and transmitted three-dimensional data (58). The dental
prostheses were obtained under computer-aided manufacturing.
At present, newer research uses tooth preparation robots with
reasonable intelligence and accuracy, which have become the
development direction of digital dental prostheses. CAD/CAM-
based systems are used in the dental field to make high-precision
restorations (Figure 3). In addition, Al-based systems are applied
to design and manufacture inlays, inlays, crowns, and bridges
(59). These systems replace the traditional method of making
restorations, which can shorten the production time and reduce
possible errors.

Currently, dentists have higher requirements for the
convenience of operation. The patients become more
demanding in terms of aesthetics and hope to shorten the
time for consultation in the dental clinic. In modern dentistry,
CAD/CAM technology has become an indispensable method
for manufacturing zirconia restorations, and digital intraoral
impressions technology is also considered an efficient impression
technique (60, 61). Gao et al. launched an in-vitro comparison
to evaluate the accuracy of digital scanning to prepare complete-
arch. According to their research work, the precision of
impression scanning is better than intraoral scanning and
cast scanning for a completely prepared arch (62). Besides,
Oh et al. evaluate the accuracy of three digitization methods,
direct scanning, cast scanning, and impression scanning, for
the maxillary dental arch (63). Their findings also indicate that
impression scanning is a better choice for constructing a virtual
dental model.

Al in Social Media

Digital information and communication technologies are
increasingly applied in the dental field (6, 59). The computer
is an effective means for interactive communication, which
plays a crucial role in the dental clinic and dental laboratories
(64, 65). Parmar et al. conducted a large-scale online survey
with 588 patients and 532 dentists to evaluate the attitude of
patients and dentists on social media usage (Facebook) and their
online behaviors in the current context (66). They studied the
potential challenges and opportunities for the dentist to adopt
social media practices. They evaluated the attitudes, thoughts,
and social media behaviors from the perspective of patients
and dentists. The results indicate that the more active dentist
on social media, the more interaction, and participation of
patients can be increased. That is, when patients have bad teeth
that need to be repaired or missing teeth need to be restored,
they can communicate more conveniently and effectively with
dentists through social media. Correspondingly, dentists can
also utilize social media to communicate with patients and use
CAD/CAM technology to make restorations (67), making the
dentist’s clinical work more convenient and efficient.

In the future, AI and ML will automate many steps during
the aesthetic treatment process, such as aesthetic evaluation,
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digital smile design, and treatment process. The development
and application of AI technology provide patients with patient-
centered, natural-looking, customized dental care services
consistent with patients’ own facial and other characteristics (68).

Al in Dental Laboratory

Dental laboratories also utilize AI technology, which can learn
from millions of cases to make better designs for prosthetics
in restoration design software (69). For instance, Al technology
can be given an image training data set, where one network
focuses on synthesizing a new image, while the other network
tries to distinguish which images are fake or real. This technology
can make restorations that are the same as the patient’s
natural anatomy. For older patients, library-based systems
tend to build more detailed anatomical structures similar to
surrounding dentitions that wear out during utilization. The
design generated by GAN software replicates the natural wear
patterns and appropriate levels of detail that present during the
use of dentures.

Al in Zirconia Related Research

Tsoi et al. adopt a new method that uses Al technology to directly
measure the initial bacterial adhesion on a scanning electron
microscope (SEM) image (70). In their work, Porphyromonas
gingivalis (P.g.) and Fusobacterium nucleatum (F.n.) were
cultured on the surface of zirconia specimens individually. Then
the initial bacterial attachment was studied at different time
points by taking three random areas of the SEM image of the

bacterial attachment surface on zirconia specimens. The research
results show that direct SEM image analysis using AI technology
can be used for morphological and quantitative analysis of initial
bacterial adhesion on the surface of zirconia.

As an essential ion-conducting material, yttria-stabilized
zirconia (YSZ) is widely applied in solid oxide fuel cells, oxygen
sensors, and solid oxide electrolysis cells. Guan et al. evaluated the
microstructure of YSZ under different Y concentrations through
utilizing the recently developed ML-based PES exploration
technique, namely stochastic surface walking global exploration
with global neural network potential (71). They create the first Y-
Zr-0 ternary global neural network (G-NN) potential, construct
the thermodynamic convex hull diagram for YSZ with different
Y concentrations, and determine the most stable phase atom at
each Y concentration, the so-called global minimum (GM). They
demonstrated that 8 YSZ is a cubic crystal phase YSZ with the
lowest Y concentrations, and O anion diffusion in YSZ is affected
by O vacancies and moves along the (100) direction. Their results
show that the G-NN has excellent potential in solving different
problems in materials science, especially for those who need an
in-depth understanding of complex PES. Besides, in the past 50
years, the temperature and composition dependence of YSZ ion
conductivity has been intensively studied. Guan et al. used their
recently developed Y-Zr-O G-NN potential. They performed a
series of long-term molecular dynamics simulations on YSZ with
different concentrations (6.7, 8, 10, and 14.3 mol%) in a specific
wide temperature range (800-2,000K) (72). Their work finally
solved the influence of temperature and composition on YSZ
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ion conductivity. Further, the results show that the application of
ML in G-NN potential can achieve the high precision and speed
requirements for material simulation.

However, the current research on AI and ML still has
many limitations, which affect their promotion and application
in dentistry (73). Schwendicke et al. established a consented
checKklist related to the planning, conducting, and reporting of AI
research to overcome those limitations and got support from 27
team members through the e-Delphi process (74). According to
their suggestion, this checklist can overcome those shortcomings,
an advance Al research, and promote the development of
standards in the dental field.

CONCLUSION

In summary, zirconia has drawn lots of attention in dentistry
due to its excellent biocompatibility, pleasing aesthetics, high
corrosion resistance, and the absence of allergic reactions.
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