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ABSTRACT

Exploring the Ethical Dimensions of Artificial Intelligence and
Robotics in Dental Education

Galvin Sim Siang Lin', Jia Yee Foo?, Shu Meng Goh®, Mohammad Khursheed Alam*

Artificial intelligence (AI) and robotics have
revolutionized healthcare, particularly dentistry. Their
integration in dental education offers opportunities
to enhance learning, diagnostics, treatment planning,
and patient care. However, ethical implications
must be addressed to ensure responsible and ethical
integration of these technologies. This review explores
Al and robotics in dental education and highlights the
associated ethical considerations. These technologies
provideimprovedlearningexperiences and simulations.
Intelligent tutoring systems offer personalized
feedback, virtual reality simulations enable practice in
a safe environment, and Al algorithms aid in analysing
radiographic images. Despite their potential, ethical
challenges arise, including data privacy, autonomy,
equity, and professional integrity. Addressing these
challenges requires transparency, informed consent,
bias detection, and accountability. Dental curricula
should in-corporate ethics, fostering collaborations
between educators and Al/robotics  experts.
Professional development programs should prioritize
ethics training, considering emerging technologies
such as Al-powered learning and diagnostic
assistance. By embracing ethical considerations, Al
and robotics can be integrated in dental education
guided by transparency, accountability, privacy, and
patient-centric care. A comprehensive understanding
of the ethical dimensions is essential to harness the
transformative potential of AI and robotics while
upholding ethical standards in dental education.
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artificial intelligence; ethics; dental education;
dentistry;  health  profession; informatics;
learning; machine learning; patient care
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INTRODUCTION

The remarkable advancements in artificial
intelligence (Al) and robotics have propelled
healthcare into a new era of innovation, yielding
transformative outcomes across various sectors,
and dentistry is no exception '. Al-powered
diagnostic tools have demonstrated accuracy
rates exceeding human capabilities, and robotic
surgical systems have achieved unprecedented
levels of precision 3. For instance, a recent
study introduced a novel X-ray dental image
dataset with the aim of advancing the creation of
Al-driven automated systems for identifying and
categorizing abnormalities in dental panoramic
radiographs *. In another research, deep learning
was utilized to identify caries lesions of
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Figure 1. Graphical Abstract

varying radiographic sizes on bitewing X-rays °. The
study revealed that the deep neural network exhibited
considerably higher accuracy in detecting early-
stage caries lesions on bitewings compared to dental
professionals. As dental education strives to keep
pace with technological advancements, integrating Al
and robotics into teaching methodologies has become
increasingly prevalent. These cutting-edge technologies
not merely shaping the future of dental education; they
offer immense potential to enhance student learning,
diagnostics, treatment planning, and patient care in
dental education .

The significance of addressing their ethical implications
cannot be overstated as the capabilities they offer come
with a corresponding responsibility to ensure that their
implementation aligns with ethical standards. The field
of Al encompasses the development of algorithms and
systems that simulate human intelligence to perform
tasks, such as natural language processing, data analysis,
and decision-making. Robotics, on the other hand,
involves the design, development, and implementation
of mechanical devices capable of carrying out specific
tasks with precision and accuracy *’. Together, Al and
robotics can streamline dental education by enabling

personalized learning experiences, facilitating clinical
simulations, and enhancing diagnostic accuracy .

In dental education, Al and robotics have opened new
avenues for teaching and learning methodologies.
Intelligent tutoring systems can provide students with
personalized feedback and guidance, optimizing their
learning experiences and promoting self-directed
learning 8. Virtual reality simulations and haptic
technology allow dental students to practice complex
procedures in a safe and controlled environment,
improving their technical skills before performing them
on real patients °. Additionally, Al algorithms can aid
in the analysis of radiographic images, aiding in the
detection of pathologies and assisting in treatment
planning '°. While the integration of Al and robotics holds
significant promise for the future of dental education, it
is essential to acknowledge the ethical considerations
that arise from their adoption. As these technologies
become increasingly autonomous, questions arise
regarding the responsibility and accountability for their
actions. Issues related to patient privacy, data security,
algorithm bias, and the potential dehumanization of
healthcare delivery must be carefully examined and
addressed '
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Ethical implications also extend to the impact of Al and
robotics on the professional roles and responsibilities
of dental educators. The evolving landscape of dental
education demands a critical evaluation of the changing
roles of instructors, the potential displacement of certain
skills by technology, and the ethical considerations
of transferring decision-making tasks from human
practitioners to machines 2. In light of these
considerations, this narrative review aims to explore the
current landscape of Al and robotics in dental education
while shedding light on the ethical implications that
arise from their integration. By acknowledging and
embracing these ethical considerations, we can ensure
that the adoption of Al and robotics in dental education
is guided by principles of transparency, accountability,
privacy, and patient-centric care. It is through a
comprehensive understanding of the ethical dimensions
that we can navigate the transformative potential of Al
and robotics while upholding the highest standards of
ethical practice in dental education.

Advantages of ai and robotics in dental education
Enhanced Learning Opportunities and Simulation

Al and robotics present dental students with exceptional
learning opportunities and simulation experiences
that significantly enhance their education and skill
development. Virtual environments and simulators
powered by Al offer a realistic platform for dental
students to practice various procedures and techniques
without relying on live patients '3. These simulations
enable students to gain hands-on experience, develop
motor skills, and enhance their clinical decision-making
abilities within a safe and controlled environment ',
Additionally, Al algorithms can generate complex case
scenarios using real patient data, allowing students to
tackle challenging situations they may encounter in
their future dental practice. Such simulations promote
the development of problem-solving skills, critical
thinking, and clinical judgment °. Al-driven adaptive
learning platforms analyse individual students’
performance and customize educational content to
their specific needs. This personalized approach helps
students focus on areas requiring improvement, thereby
fostering efficient and targeted learning ',

Objective Assessment and Feedback

Al algorithms offer the advantage of objectively
assessing students’ performance in simulations and
practical exercises. By analysing factors such as

technique, accuracy, and efficiency, these systems
provide standardized and unbiased evaluations,
reducing the influence of subjective judgments.
Moreover, Al-powered tools can measure and quantify
various parameters, including force exertion, instrument
handling, and procedural accuracy '°. These metrics
provide precise feedback to students, highlighting
both their strengths and areas that need improvement.
Students can track their progress over time, encouraging
self-reflection and continuous skill enhancement.
Additionally, robotics-enabled systems can monitor
students’ actions during procedures, offering real-time
feedback and guidance. This continuous monitoring
aids students in refining their techniques, optimizing
workflow, and minimizing errors, ultimately leading to
improved clinical proficiency '* 7.

Improved Patient Safety and Outcomes

Al and robotics play a crucial role in enhancing
patient safety and improving clinical outcomes by
promoting evidence-based practice and reducing the
margin of error. Robotic-assisted systems enable dental
practitioners to perform precise and minimally invasive
procedures '*. The high precision and dexterity offered
by robotics contribute to better treatment outcomes,
reduced complications, and improved patient comfort '°.
Furthermore, Al algorithms can analyse large volumes
of patient data to assist in treatment planning and
predict potential outcomes. By considering factors such
as medical history, radiographic images, and genomic
information, Al supports dental professionals in making
informed decisions, optimizing treatment strategies, and
minimizing risks '+*. Al-powered imaging technologies
aid in the detection and diagnosis of dental conditions,
including the early identification of caries, periodontal
diseases, and oral cancers 2'. These systems analyse
images and provide accurate and timely assessments,
facilitating prompt intervention and improved patient
prognosis.

Ethical challenges in dental education
Data privacy and security

The integration of Al and robotics in dental education
heavily relies on the collection and analysis of data,
raising concerns regarding data privacy and security
2, There is a fear that patients’ sensitive information
could be compromised, leading to breaches of trust and
legal consequences ». To adhere to legal and ethical
standards, institutions must ensure the appropriate
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protection, storage, and sharing of student and patient
data. Robust measures should be in place to address
potential data breaches, and proper informed consent
processes should be followed to uphold confidentiality.
As Al algorithms require large datasets, steps must be
taken to de-identify or anonymize sensitive information
24 However, there is a risk of re-identification, where
supposedly anonymous data can be linked back to
individuals. Dental institutions should implement
stringent data de-identification techniques and strict
access controls to mitigate these risks.

Autonomy and responsibility

As Al and robotics become more integrated into
dental education, questions arise regarding the
balance between human decision-making and machine
recommendations. Preserving the autonomy of dental
educators and students is crucial, ensuring that they
retain the final say in treatment decisions. While Al can
providevaluableinsights and suggestions, itshould never
override the professional judgment and responsibility
of dental practitioners. Moreover, accountability and
responsibility associated with Al and robotics need to
be addressed. In cases of adverse outcomes or errors,
determining who bears the responsibility becomes
complex. Establishing clear guidelines and protocols
is essential to define the roles and responsibilities of
dental educators, students, and Al systems, promoting
transparency and accountability 2526,

Equity and access

The integration of Al and robotics in dental education
may inadvertently contribute to existing inequalities in
access to education and resources. Unequal access to
technology, such as advanced simulation systems or
Al-powered educational tools, can create disparities
in educational opportunities among dental students
7. Institutions must strive for equitable access to
Al and robotic resources, ensuring that all students,
regardless of their socioeconomic background, have
equal learning and skill development opportunities.
Furthermore, Al algorithms used in dental education
should be designed and trained on diverse datasets
representing various populations. Addressing potential
biases in the algorithms is crucial to avoid perpetuating
health disparities and discrimination. Regular audits
and evaluations of Al systems should be conducted to
identify and rectify any biases that may arise .

Professional integrity and human touch

While AT and robotics offer numerous benefits in dental
education, there is a concern that an overreliance on
technology may diminish the significance of human
interaction and the development of soft skills 2% %,
Dental education encompasses not only technical
proficiency but also communication, empathy, and
the ability to understand patients’ holistic needs. The
fear of dehumanization of healthcare delivery is a
valid concern, as the human touch and interpersonal
interactions are crucial aspects of healthcare that cannot
be fully replaced by technology *. Therefore, the
incorporation of Al and robotics into dental education
should prioritize preserving the essential human
touch. Institutions should emphasize the importance
of developing interpersonal skills alongside technical
competence. Dental educators must ensure that Al
and robotic technologies are utilized as supportive
tools rather than replacements for human interaction.
Overall, while there are undoubtedly numerous benefits
to integrating Al and robotics into dental education,
it is essential to acknowledge and address these valid
concerns and ethical considerations. Open dialogue,
ongoing education, and the development of ethical
guidelines and frameworks are crucial to ensure
responsible and ethical integration of these technologies
into dental education and practice.

Ethical frameworks and guidelines
Transparency and explainability

Transparency and explainability are essential ethical
considerations when integrating Al and robotics into
dental education. It is crucial to provide clear and
understandable explanations of the Al and robotic
systems used in educational settings. This includes
disclosing the algorithms, data sources, and decision-
making processes involved ?>3!. Transparent systems
allow educators and students to understand how Al
and robotics are being utilized, fostering trust, and
enabling critical evaluation of their ethical implications.
Additionally, transparency helps prevent the emergence
of opaque and unaccountable Al systems that could
compromise the integrity of dental education *.

Informed consent and patient rights

When incorporating Al and robotics in dental education,
obtaining informed consent from patients involved is
paramount. Patients have the right to be fully informed
about how their data will be used, the purpose of Al
and robotic technologies in their treatment, and any
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potential risks or limitations. Informed consent ensures
that patients understand and actively participate in the
educational process, and it respects their autonomy and
privacy. It is crucial to establish clear protocols and
guidelines for obtaining informed consent, considering
the unique challenges and complexities that arise when
Al and robotics are involved .

Bias detection and mitigation

Bias detection and mitigation are critical in the ethical
implementation of Al and robotics in dental education.
Algorithms used in Al systems can inadvertently
perpetuate biases present in the data they are trained
on ' It is important to regularly assess and monitor
Al systems to identify and address any biases that
may impact decision-making processes, treatment
recommendations, or educational content. There may
be concerns about biases in algorithms that could
lead to unequal treatment outcomes for different
patient populations **. Implementing bias detection
mechanisms, diverse data sets, and regular audits can
help mitigate and minimize biases in Al and robotic
applications *. Ethical guidelines should emphasize the
need to prioritize fairness, inclusivity, and equal access
to dental education, regardless of demographic factors.

Accountability and oversight

Accountability and oversight are fundamental for
ensuring the ethical use of Al and robotics in dental
education. The potential for errors and adverse
outcomes caused by Al and robotics systems
could also be a cause for concern, as there may be
questions about who is ultimately responsible when
something goes wrong *¢. There should be clear lines
of responsibility and accountability defined for the
development, implementation, and use of Al and
robotic technologies %. Educational institutions,
professional organizations, and regulatory bodies must
establish guidelines and frameworks that promote
ethical conduct, provide oversight, and hold individuals
and institutions accountable for their actions. Regular
audits, independent reviews, and ongoing evaluation
of Al systems can help ensure that they adhere to
ethical standards, promote patient safety, and align with
educational goals 2.

Addressing ethical implications in dental education
Incorporating ethics into dental curricula

To ensure that ethical considerations are given

due importance in dental education, it is crucial to
incorporate ethics into the dental curricula **. This
integration can occur at multiple levels. Dental curricula
should emphasize the fundamental ethical principles,
such as autonomy, beneficence, non-maleficence,
and justice. Students should be introduced to these
principles early on and guided in their application to Al
and robotics technologies. Moreover, dental students
should be educated on ethical frameworks and models to
facilitate critical thinking and ethical decision-making.
They should be encouraged to consider the potential
ethical implications of using Al and robotics in clinical
practice, research, and education. Incorporating case-
based learning scenarios specific to Al and robotics can
help students develop ethical reasoning skills 3’. These
cases should involve real-life situations where ethical
dilemmas related to privacy, informed consent, bias,
and accountability arise.

Collaboration between educators and Al/robotics
experts

Dental education programs should foster collaborations
with experts from Al, robotics, bioethics, and related
fields. This interdisciplinary approach can provide
valuable insights into the development, application, and
potential risks of Al and robotics technologies. Apart
from that, institutions should establish ethical review
boards or committees consisting of dental professionals,
ethicists, Al/robotics experts, and legal advisors. These
boards can assess the ethical implications of proposed
projects, research studies, or educational initiatives
involving Al and robotics, ensuring adherence to ethical
standards. Collaboration between educators and Al/
robotics experts can facilitate the development of ethical
guidelines and standards specific to dental education.
A good example of Al-related ethical guidelines are
the Principles for Algorithmic Transparency and
Accountability listed by the Association for Computing
Machinery US Public Policy Council (USACM), which
allow developers to mitigate potential negative effects
while attaining the advantages of algorithmic decision-
making *2. These guidelines can serve as a reference
for educators, researchers, and practitioners when
incorporating Al and robotics technologies into their
work 339,

Continuous professional development and training

To stay updated with the rapid advancements in Al and
robotics and effectively address the evolving ethical
challenges, dental professionals should prioritize
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continuous professional development and training .
Professional development programs should include
modules or courses focused on the ethical implications
of Al and robotics in dental practice and education.
These programs can enhance ethical competence
among dental professionals and educators, enabling
them to navigate complex ethical dilemmas effectively
4. Platforms for ethical reflection and discussion
should be established within dental institutions.
These platforms can encourage ongoing dialogue and
exchange of ideas regarding the ethical implications of
Al and robotics. Workshops, seminars, and conferences
can provide opportunities for professionals to engage in
interdisciplinary discussions on ethics and technology.
Besides, continuous  professional  development
programs should emphasize the importance of staying
updated with emerging ethical issues related to Al and
robotics. This includes understanding the implications
of Al algorithms, data privacy concerns, potential
biases, and the impact on patient-doctor relationships *°.

Future directions and considerations
Emerging technologies and their potential impact

Al has the potential to revolutionize dental education
by leveraging its capabilities in data analysis, pattern
recognition, and decision-making. One of the key areas
where Al can enhance educational outcomes is through
personalized learning experiences. Al algorithms can
analyse individual students’ learning styles, strengths,
and weaknesses to tailor educational materials and
learning paths to their specific needs. This personalized
approach can improve student engagement,
comprehension, and retention of dental knowledge
¥, Moreover, Al can be utilized as intelligent tutoring
systems to provide real-time feedback and guidance to
dental students *#>. These systems can analyse students’
performance during simulated or clinical procedures,
identify areas of improvement, and offer personalized
recommendations for skill development. By providing
immediate feedback, Al-powered tutoring systems can
accelerate the learning process and help students refine
their techniques and diagnostic skills *.

In the field of diagnostics, Al algorithms can analyse
dental images, such as X-rays and intraoral scans, to
assist in accurate and efficient diagnosis *. AT models
can be trained to recognize patterns and anomalies
associated with various dental conditions, helping dental
professionals in early detection and accurate diagnosis

43, This can lead to improved patient outcomes and more
efficient treatment planning processes *. Robotics in
dentistry, including robotic-assisted surgery and robotic
prosthetics, offer the potential to enhance precision and
efficiency in dental procedures. Robotic systems can
assist dental professionals by providing steadier hand
movements, improved access to hard-to-reach areas,
and enhanced surgical control . By integrating robotics
into dental education, students can gain hands-on
experience with these advanced technologies, preparing
them for future dental practices that may involve robotic
assistance. However, challenges such as the high cost
of robotic systems and the need for specialized training
must be considered when implementing robotics in
dental education.

Augmented Reality (AR) and Virtual Reality (VR)
technologies have gained traction in dental education
due to their ability to provide immersive learning
experiences. These technologies enable dental students
to practice procedures in realistic virtual environments,
simulating various clinical scenarios *. AR can overlay
digital information, such as annotations or 3D models,
onto the real-world dental environment, enhancing
visualization and aiding in treatment planning ¢. VR,
on the other hand, can create fully immersive virtual
environments where students can interact with virtual
patients, perform dental procedures, and develop
their skills in a risk-free setting. The potential of AR
and VR technologies in dental education is vast. They
can improve skill acquisition by allowing students to
repetitively practice procedures, develop hand-eye
coordination, and gain confidence before performing
them on real patients '. Additionally, these technologies
can provide collaborative learning experiences,
allowing students to interact with virtual instructors
or peers in simulated clinical settings “*. However,
considerations such as the cost of implementing AR/
VR systems, accessibility, and the need for specialized
equipment should be taken into account %,

Ethical implications of Al and robotics in clinical
practice

Al and robotics in dentistry involve the collection and
processing of patient data. It is essential to highlight the
ethical considerations related to data privacy, patient
consent, and secure data storage. Dental professionals
must prioritize maintaining patient confidentiality and
adhere to data protection regulations. They should
clearly communicate to patients how their data will
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be used, obtain informed consent, and employ robust
security measures to safeguard sensitive information *.
Al algorithms are only as unbiased as the data they are
trained on. Itis imperative to address the ethical concerns
surrounding algorithmic bias in dental applications.
Biases in data or algorithmic design can lead to unequal
treatment outcomes or perpetuate existing disparities in
oral healthcare *'. Dental professionals should actively
work towards ensuring fairness and inclusivity in Al-
driven dental systems. This involves regular monitoring
and auditing of algorithms, diversifying training
datasets, and implementing mechanisms to mitigate
bias ¥4,

The integration of Al and robotics in dental practice
raises important questions about the extent to which
dental professionals can rely on automated systems.
While these technologies can assist in decision-
making and treatment planning, it is crucial to explore
the ethical implications of maintaining professional
autonomy #. Dental professionals should critically
evaluate the outputs and recommendations provided
by Al systems, considering them as tools to enhance
their expertise rather than completely replacing human
judgment 2. Ethical frameworks and guidelines should
be developed to ensure responsible utilization of Al
and robotics without compromising the clinician’s
professional autonomy and accountability.

Ethical responsibility of dental professionals in an AI-
driven world

In an Al-driven world, dental professionals must
recognize the importance of ongoing education and
professional development to stay updated with the
evolving technologies and their ethical implications
33, Al and robotics are rapidly advancing fields, and
dental professionals need to acquire the knowledge
and skills necessary to understand and use these
technologies responsibly. Continual learning allows
dental professionals to keep up with the latest
advancements, ensuring they are equipped with the
necessary knowledge to integrate Al and robotics into
dental education and practice ¥’. It involves attending
workshops, conferences, and courses that focus on
the ethical considerations surrounding Al and robotics
in dentistry. By staying informed about the latest
developments and ethical issues, dental professionals
can make informed decisions and mitigate potential
risks associated with these technologies *°.

Transparency is crucial in the use of Al and robotics

in dental education and practice. Dental professionals
have an ethical responsibility to inform patients about
the technologies being utilized and their potential
implications*!. Patients should be made aware of the role
Al and robotics play in their treatment plans, including
the benefits, limitations, and potential risks associated
with these technologies ' *2. Open communication and
transparency build trust between patients and dental
professionals. Furthermore, establishing accountability
frameworks is essential to address any potential harm
or errors caused by Al or robotics systems. Dental
professionals should be accountable for the outcomes of
Al-driven procedures and should take responsibility for
any adverse effects 3*%°, This includes having protocols
in place to handle errors, addressing patient concerns,
and providing appropriate remedies if harm occurs due
to technological errors. By establishing accountability,
dental professionals can maintain patient safety and
trust in an Al-driven dental environment.

To ensure responsible and ethical use of Al and robotics
in dentistry, there is a need for the development of
ethical guidelines and regulatory frameworks specific
to these technologies. These guidelines should address
the unique ethical challenges that arise when Al and
robotics are integrated into dental education and practice
33, Ethical guidelines can provide dental professionals
with a framework to navigate complex ethical
considerations, such as privacy, consent, data security,
and algorithmic bias. They can serve as a reference point
for making ethical decisions and guide the development
and implementation of Al-driven systems in dentistry
32, Regulatory frameworks can complement these
guidelines by enforcing ethical standards and ensuring
compliance with legal and ethical requirements *.

CONCLUSION

The integration of Al and robotics in dental education
offers numerous advantages for learning, diagnostics,
and patient care. These technologies provide
personalized feedback, virtual reality simulations,
and Al algorithms for analysing radiographic images,
enhancing the learning experience. However, ethical
challenges such as data privacy, autonomy, equity, and
professional integrity must be addressed. Transparency,
informed consent, bias detection, and accountability are
crucial in navigating these challenges. Integrating ethics
into dental curricula and prioritizing ethics training in
professional development programs are vital strategies
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to equip dental professionals with the tools they need
to responsibly integrate these technologies into their
practices. The impact of Al and robotics in dental
education extends beyond the confines of the dental
institution. Broader societal implications encompass
issues such as equitable access to dental care, changes
in the healthcare workforce, and potential shifts in
healthcare policies. The responsibility to address these
implications rests not only on dental professionals
but also requires interdisciplinary collaboration.
The collaboration of dental educators with experts
in Al, robotics, bioethics, law, and other relevant
fields is essential for crafting comprehensive ethical
guidelines that account for the multifaceted challenges
posed by these technologies. Dental curricula should
incorporate ethics, collaborations with Al/robotics
experts should be fostered, and ethics training should
be prioritized in professional development programs.
An ethical framework for integration should emphasize
transparency, explainability, informed consent, bias
detection, mitigation, accountability, and oversight.
Embracing these considerations allows dental education
to harness the potential of Al and robotics while
upholding ethical standards and improving patient care.

Continued reflection and dialogue within the dental
community are essential for addressing emerging
ethical issues and ensuring ethical integrity in the field.
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