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1. Abstract

The integration of robotics and artificial intelligence (Al) into dentistry marks a paradigm shift from traditional mechanical
procedures toward precision, automation, and data-driven decision-making. This article explores the current landscape, clinical
applications, benefits, and challenges of Al and robotic systems in oral healthcare. From diagnostic imaging analysis and treatment
planning to robotic-assisted implant surgery and orthodontic wire bending, these technologies are enhancing accuracy, reducing
human error, and improving patient outcomes. The paper also examines Al’s role in caries detection, periodontal assessment, and
predictive analytics, alongside robotics in endodontics and prosthodontics. Ethical considerations, cost barriers, and the need for
specialized training are discussed as ongoing challenges. Finally, future directions such as nanorobotics in dentistry and Al-driven
personalized care are outlined, concluding that while human expertise remains irreplaceable, the synergistic combination of dentists
with intelligent machines will define the future of oral medicine.

2. Keywords: Artificial Intelligence, Robotics, Digital perception,  speech recognition, and decision-making.
Dentistry, Implant Surgery, Diagnostic Imaging, Machine Robc_)tlcs m\{olves programmablg machines that can execute
Learning,  Computer-Aided  Design/Computer-Aided precise physical actions, often guided by Al algorithms.

Manufacturing (CAD/CAM).
In dentistry, these technologies address long-standing

3. Introduction challenges:  subjective interpretation of radiographs,
variability in surgical precision, time-consuming laboratory
procedures, and limitations in treatment predictability. This
article provides a comprehensive overview of how Al and
robotics are reshaping every subspecialty of dentistry, from
diagnosis to prosthetic fabrication, and discusses the
implications for clinicians and patients alike [1-31].

Dentistry has historically relied on the manual dexterity,
visual acuity, and clinical judgment of practitioners.
However, the last decade has witnessed an unprecedented
digital transformation. Two key technologies artificial
intelligence and robotics are at the forefront of this change.
Al refers to computer systems capable of performing tasks
that normally require human intelligence, such as visual
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4. Artificial Intelligence in Dental Diagnostics
One of the most mature applications of Al in dentistry is
medical imaging analysis. Deep learning, particularly
convolutional neural networks (CNNs), has been trained to
detect abnormalities on periapical, panoramic, and cone-
beam computed tomography (CBCT) images with accuracy
rivaling or exceeding that of experienced dentists [32-43].

4.1. Caries detection

Traditional visual-tactile and radiographic caries detection
suffers from low sensitivity, especially for proximal and early
enamel lesions. Al models, trained on thousands of annotated
bitewing radiographs, can identify initial carious lesions,
classify their depth (enamel, dentin, or pulp involvement),
and even suggest risk levels. Studies report sensitivity rates
above 90% for proximal caries, significantly reducing missed
diagnoses [44-59].

4.2. Periodontal bone loss assessment

Periodontal disease diagnosis requires measuring bone loss
on panoramic radiographs a tedious, subjective process. Al
automates this by segmenting alveolar bone, detecting
cementoenamel junctions, and calculating bone loss
percentages per tooth. Such systems enable early intervention
and standardized reporting [60-76].

4.3. Periapical pathology and cyst detection

Al algorithms are now capable of identifying periapical
radiolucencies (indicating infection or granulomas) and
odontogenic cysts on CBCT scans. By flagging subtle
radiological signs invisible to the naked eye, Al assists
general practitioners in referring complex cases to
endodontists or oral surgeons [77-84].

4.4. Predictive analytics and risk assessment

Beyond image analysis, Al integrates electronic health
records (EHRSs), genetic data, lifestyle factors (smoking,
diet), and salivary biomarkers to predict individual patient
risk for caries, periodontitis, and oral cancer. Machine
learning models such as random forests and support vector
machines generate personalized prevention plans for
instance, recommending specific recall intervals or fluoride
regimens [85-95].

5. Al in Treatment Planning and Clinical

Decision Support
Diagnosis is only the first step; Al is increasingly involved in
planning therapy.

5.1. Orthodontic treatment planning

Al-powered software analyzes lateral cephalograms and 3D
facial scans to automatically identify anatomical landmarks
(e.g., nasion, sella, point A and B). This forms the basis for
orthodontic diagnosis (Angle classification) and simulation of
tooth movements. Companies like Diagnocat™ and
3Shape™ offer Al-assisted cephalometric tracing that
reduces planning time from 20 minutes to under one minute.

5.2. Implant placement simulation

Before placing a dental implant, clinicians must determine
optimal size, position, and angulation relative to adjacent
roots, nerves (inferior alveolar canal), and sinus cavities. Al
algorithms on CBCT data can propose implant positions that
maximize prosthetic outcomes while minimizing surgical
risks. These plans are exportable for surgical guide
fabrication via 3D printing [97-105].
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5.3. Endodontic working length determination
Determining the correct working length for root canal
treatment is critical for cleaning and obturation. Al models
analyzing pre-operative periapical radiographs can predict
apical constriction positions, aiding in the selection of file
lengths and reducing the need for multiple exposure
radiographs [106-120].

6. Robotics in Dentistry: From Assistance to

Autonomy

While Al handles data and decisions, robotics executes
physical tasks. Dental robotics ranges from image-guided
systems to autonomous milling and emerging surgical robots.

6.1. Robotic-assisted implant surgery

The most commercially successful dental robot is Yomi™
(Neocis Inc., USA), the first FDA-cleared robotic system for
implant surgery. Yomi provides haptic (tactile feedback)
guidance the robot physically restricts the dentist’s hand from
deviating from the planned implant trajectory. Compared to
freehand surgery, robotic assistance improves angular
accuracy to within 1-2 degrees and positional accuracy to less
than 0.5 mm. This is particularly valuable in esthetic zones
(anterior maxilla) or when bone volume is limited [121-139].

6.2. Robotic endodontic microsurgery

Endodontic microsurgery (apicoectomy) requires high
precision to resect the root tip and place a retrograde filling
without damaging adjacent structures. Robotic systems
integrated with optical navigation use real-time CBCT
feedback to guide ultrasonic tips. Preclinical studies show
reduced operative time and fewer perforations compared to
freehand microsurgery [140-157].

6.3. Orthodontic archwire bending

Creating custom archwires for orthodontic patients is labor-
intensive. Robotic wire-bending systems (e.g., Sure Smile)
bend nickel-titanium or stainless-steel wires with sub-
millimeter precision according to a digital prescription.
Robots produce complex bends for segmental mechanics or
torque expression that are difficult to achieve manually,
reducing treatment time and number of archwire changes
[158-168].

6.4. Prosthodontic milling and 3D printing

While not always considered “robots”, computer numerical
control (CNC) milling machines and 3D printers are robotic
fabrication devices. Guided by CAD/CAM software, they
produce crowns, bridges, denture bases, and surgical guides
from materials like zirconia, lithium disilicate, or resin.
Chairside systems (e.g., CEREC) allow same-day
restorations,  eliminating  temporaries and  second
appointments [169-174].

6.5. Emerging: Autonomous tooth preparation

Research is underway on miniature robotic arms capable of
preparing a tooth cavity for a crown or filling without human
guidance. Using real-time optical coherence tomography
(OCT) to map tooth structure, these robots could theoretically
differentiate healthy dentin from caries and remove only
infected tissue. However, safety and regulatory approval
remain distant [175-189].

7. Synergy: Al-Driven Robotic Systems
The true power lies in integration an Al “brain” telling a
robotic “hand” what to do.
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7.1. Closed-loop systems

Ideal future systems will be closed-loop: intraoral scanners or
CBCT capture anatomy, Al plans the intervention, and a
robot executes, with sensors providing real-time feedback to
adjust for patient movement or unexpected tissue variations.
Early examples include robotic placement of orthodontic
mini-implants (temporary anchorage devices), where Al
calculates the optimal insertion torque and angle while the
robot drills and inserts.

7.2. Tele dentistry and remote robotics

Combined with 5G networks, Al-guided robotics enables
remote dental procedures. A specialist could operate a robotic
arm from another city, with Al providing force-limiting and
collision avoidance. This has profound implications for rural
or underserved areas lacking on-site experts.

8. Clinical Benefits and Evidence

A systematic review of studies from 2015-2025 highlights
several quantifiable benefits:

e Domain Conventional Approach Al/Robotic Approach
Improvement

Caries detection sensitivity 60-75% 90-95% +30%
Implant angular deviation 4-6° 1-2° -60%

Orthodontic landmark labeling time 20 min <1 min -95%
Crown fabrication time 2 weeks (lab) 90 min (chairside)
-97%

e Root canal perforation rate 5-10% <1% -90%

Patient-reported outcomes include less postoperative pain
(due to minimally invasive preparation) and higher
acceptance rates when Al is explained as enhancing safety
[190-203].

9. Challenges and Limitations
Despite promise, widespread adoption faces substantial
hurdles.

9.1. Cost and accessibility

A robotic implant system costs $200,000-$500,000 plus
annual licensing fees. Al software subscriptions range from
$3,000-$15,000 per year per clinic. For solo practitioners or
clinics in low-resource settings, this is prohibitive.
Reimbursement by insurance or public health systems
remains rare, limiting technology diffusion [204-211].

9.2. Training and learning curve

Dentists graduating before 2015 rarely received formal
training in digital workflows or Al interpretation. Integrating
these tools requires continuing education and a shift in
clinical habits. Furthermore, over-reliance on Al may erode
basic diagnostic skills a phenomenon known as “automation
bias”.

9.3. Data privacy and cybersecurity

Al systems require large datasets of radiographs, patient
records, and treatment outcomes. Anonymization is not
always perfect, risking HIPAA (USA) or GDPR (Europe)
violations. Cloud-based Al services also present potential
targets for ransomware attacks that could lock a clinic out of
its diagnostic tools [212-223].

9.4. Regulatory and liability issues
Who is responsible when an Al misdiagnoses a lesion or a
robot causes iatrogenic damage? Current medical-legal
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frameworks assume human provider responsibility. However,
as systems become more autonomous, clear liability
standards and FDA/MDR approval pathways for adaptive Al
(which changes over time) are urgently needed.

9.5. Algorithmic bias and generalizability

Most Al models are trained on datasets from specific
populations (e.g., Korean, European American). Performance
drops when applied to different ethnic groups, age ranges, or
disease prevalences. A caries detector trained on high-
prevalence populations may have excessive false positives in
low-prevalence settings.

10. Ethical Considerations

Beyond technical challenges, ethical questions arise:

e Informed consent: Should patients be explicitly told
when Al is used in their diagnosis or treatment? Most
consent forms currently do not mention Al.

e Transparency: “Black box” deep learning models
cannot explain why they made a particular diagnosis.
This conflicts with the ethical principle of explicability
the right to know how decisions affecting you are made.

e Job displacement: Will Al and robotics reduce the need
for dental laboratory technicians, radiograph interpreters,
or even certain types of dentists? Historically,
technology has augmented rather than replaced, but task
shifts are inevitable.

e Dehumanization: Dentistry involves patient trust and
empathy. An overemphasis on technology might detract
from the human interaction that reduces dental anxiety.

Professional  organizations (e.g., American Dental
Association, FDI World Dental Federation) are beginning to
publish ethical guidelines for Al in dentistry, emphasizing
that Al remains a tool under dentist supervision.

11. Future Directions

11.1. Nanorobotics in dentistry

Theoretical nanorobots (microscopic machines) could patrol
the oral cavity, disrupting biofilm formation on teeth,
repairing early enamel lesions at the molecular level, or
delivering anesthetic directly to the pulp via dentinal tubules.
While still in early research, nanorobots hold potential for
truly non-invasive caries management.

11.2. Al-Driven personalized orthodontics

Generative Al models will design entirely patient-specific
orthodontic appliances (aligners or brackets) that account for
root morphology, bone density, and predicted biological
response to forces moving away from one-size-fits-all
prescriptions.

11.3. Real-time intraoperative Al

Future surgical microscopes and endoscopes will embed Al
that highlights critical anatomy (e.g., nerve bundles, blood
vessels) in color overlay during live surgery, reducing
iatrogenic injury.

11.4. Dental education simulation

Al-powered virtual patients with realistic responses to
simulated treatments will allow dental students to practice
rare complications (e.g., anaphylaxis, hemorrhage) safely.
Haptic robotic mannequins can measure and correct hand
movements.
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12. Conclusion

The world of robotics and artificial intelligence in dentistry is
no longer a futuristic concept but a present reality, with
proven applications in diagnostics, planning, and surgical
guidance. Al has demonstrated superior accuracy in detecting
caries, periodontitis, and periapical lesions, while robotic
systems enhance precision in implant placement, endodontic
microsurgery, and prosthetic fabrication. The synergy
between these technologies promises personalized, efficient,
and less invasive oral healthcare.

However, significant barriers cost, training, regulation, and
ethics must be overcome before universal adoption. The
dentist’s role will evolve from a purely manual operator to a
manager of intelligent  systems, interpreting Al
recommendations, supervising robotic actions, and, most
importantly, maintaining the compassionate patient
relationship that no machine can replicate.

The future will likely see an integrated digital workflow:
patient scans — Al diagnosis and risk assessment — Al
treatment simulation — robotic-assisted or robotic-performed
intervention — Al outcome monitoring. Nanorobotics and
generative Al will push boundaries further. For now, the
message is clear: embracing these technologies thoughtfully
and critically will define the next generation of dental
excellence.
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