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Digital technologies, such as artificial intelligence (Al), virtual reality (VR), and haptic
simulation, are rapidly reshaping oral health education. Traditional phantom head and
clinicbased teaching remain essential but no longer suffice alone for digital-native
learners or for requlators who increasingly view digital competence as mandatory. Post-
COVID evidence suggests immersive and hybrid approaches can enhance motivation,
deepen learning, support well-being, and strengthen clinical competence when
thoughtfully embedded into curricula. Done well, this integration can foster safer,
patient-centered digital care.

Sustainability concerns around traditional, resource-intensive methods are also grow-
ing; digital tools can reduce material waste and resource use, aligning dental education
with the United Nations 2030 Agenda for Sustainable Development. However, access
to these innovations is uneven, raising concerns about a digital divide in graduate
readiness and patient care. Networks such as the American Dental Education Associa-
tion (ADEA), the Association for Dental Education in Europe (ADEE), and the Haptic and
Al Digital Education Network for Excellence and Research (HAIDENERS) show how
collaboration and benchmarking can democratize advanced simulation. Together with
active communication involving global research bodies and industry, these develop-
ments enable a hybrid, evidence-informed, and equitable training ecosystem whose
ultimate goal is improved, safer, and more predictable oral health care worldwide.

European Journal of Dentistry © 2026. The Author(s).



Digital Revolution in Dental Education: Al, VR, and Haptics for Global Learners

A Pivotal Moment for Dental Education

Due to the rapid progression of digital technology, dentist-
ry requires ambitious thinking and global action. As in
other health professions, the integration of artificial intel-
ligence (Al), virtual reality (VR), and haptic technologies
has moved beyond experimentation.> These technologies
are beginning to reshape the preparation of future oral
health professionals for safe, precise, collaborative, and
patient-centered care worldwide> Dental education
stands at a pivotal crossroads where trusted traditional
methods meet an expanding digital frontier. In navigating
this transformation, careful consideration must be given to
developing a sustainable technology implementation plan,
one that anticipates rapid technological obsolescence and
ensures long-term adaptability, fiscal responsibility, and
curricular resilience. The decisions made in the coming
years will shape the profession’s curricula and hopefully
bring about equity, sustainability, and continued societal
relevance. A recent study underscored changes in educa-
tional practice to better align with the evolving expect-
ations and learning habits of contemporary students.? The
study found that all cohorts preferred virtual, interactive,
case-based tutorials, perceiving them as somewhat more
effective for learning than traditional in-person sessions,
challenging the long-held assumption that learning must
take place face-to-face. While preference does not equate
to objective outcomes, it can indirectly boost effectiveness
by enhancing motivation and self-directed learning.® Meta-
analyses also show that blended approaches often outper-
form purely in-person or asynchronous formats,”-® suggest-
ing that balancing structure with flexibility optimizes both
engagement and performance. Fundamentally, cognitive
psychology and active learning research indicate that effec-
tiveness depends less on the medium and more on align-
ment with core learning principles—such as active
engagement, timely feedback, and cognitive load manage-
ment.’>~"" This invites further research into developing
optimized, blended, and digitally enhanced educational
models that preserve human connection while advancing
accessibility and innovation, grounded firmly in estab-
lished pedagogical theory to increase effectiveness without
diminishing relational depth.

The integration of mixed-reality (MR) haptic-based dental
simulators into preclinical education is a pedagogical neces-
sity rather than just a technological enhancement.'?'3 Con-
temporary dentistry requires high levels of psychomotor
precision, spatial awareness, and tactile discrimination—
competencies that cannot be sufficiently developed through
theoretical instruction alone."®'> MR haptic-based dental
simulators provide calibrated force feedback, real-time per-
formance metrics, and repeatable scenarios.'®'” They estab-
lish a structured bridge between cognitive understanding
and clinical execution, reducing variability and risk during
early clinical training.n'n'18 Furthermore, Al-driven tools,
such as automated image analysis in orthopantomography,
are emerging to advance diagnostic training, enabling stu-
dents to interpret complex radiographs with greater accura-
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cy and efficiency.'®?? The integration of Al into electronic
health record progress notes suggests that, with continued
use, Al-assisted documentation may enhance perceived
workflow efficiency and enable students and faculty to
devote more focused, meaningful time to patient
engagement.’!

From Traditional Training to Immersive
Ecosystems

For decades, phantom heads, benchtop exercises, and men-
tor-led clinical teaching have reliably nurtured dental stu-
dents’ psychomotor skills and professional identity.?'~23
According to contemporary pedagogical theories, learning
materials should be accessible and adaptable to meet the
needs of diverse students.? Learner-centered methods are
also often required. Immersive technologies, such as haptic
VR (HVR), augmented reality (AR), MR, Al-enhanced simula-
tion, and virtual standardized patients (VSPs), are particu-
larly suitable for this approach.?” Integrating Al into these
ecosystems, for instance, through generative models that
evaluate student responses in licensing examinations, can
further personalize learning and assessment, ensuring that
educational tools evolve with technological advance-
ments.?%?7 These technologies are already steadily redefin-
ing what preclinical and clinical training can achieve. A
recent international survey confirms that classical methods
still dominate—accounting for roughly four-fifths of clinical
training time—while immersive modalities represent only a
small fraction of activity.?®

Crucially, the dental profession is no longer debating
whether immersive simulation belongs in curricula. The
discussion has moved on to how to implement it sustainably,
fairly, and at scale across vastly different economic and
cultural contexts.?%-3% External constraints—such as funding,
space, time, and structured faculty training—now overshad-
ow internal resistance, signaling that the biggest obstacles
are structural and political, not conceptual.

Hybrid Simulation as the Emerging Gold
Standard

While digital technologies may eventually support a large
portion of dental students’ hand-skill training, the hybrid
educational model currently seems to be the most promising
path.3"3? Qualitative findings indicate that combining phan-
tom heads, benchtop exercises, real-life materials, role play,
HVR environments, and VSPs into deliberately designed
hybrid models can preserve the strengths of traditional
training while unlocking the full potential of immersive
tools (~Fig. 1).>>3* Hybrid simulation should be understood
not as a temporary compromise, but as a framework for
competency-based progression.28 It enhances not only psy-
chomotor skills but also spatial anatomical understanding
and virtual interprofessional collaboration.

The digital transformation of dental education must be-
come more than a technological upgrade; it should catalyze
reimagining the very foundations of learning.3® Everything

European Journal of Dentistry © 2026. The Author(s).
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that underpins dental learners’ professional identity should
be covered, including histology and anatomy, as well as
biomedical and behavioral sciences.® Pre- and post-COVID
studies on gamification in clinical reasoning and gamified
virtual microscopy have shown that well-designed digital
methodologies can do more than transfer lectures to a
screen.>’ They can ignite curiosity, personalize learning,
and cultivate deeper cognitive engagement. When technol-
ogy is purposefully integrated, it can transform passive
absorption into active exploration.® This helps students
not just to memorize information but also discover under-
standing—the essence of education itself. Moreover, the
increasing use of Al applications in dentistry, such as chat-
bots for question evaluation, can supplement hybrid models
by providing instant feedback and reinforcing knowledge
retention.?®?” Importantly, digital transformation should
also embed adaptive learning analytics that monitor student
performance in real-time, enabling data-informed curricular
refinement and early academic support to strengthen com-
petency-based progression.

Furthermore, the cognitive and behavioral profiles exhib-
ited by students during simulation-based training under-
score its intrinsic pedagogical value.3*4? Students working
with haptic simulators exhibit heightened concentration,
sustained attention, and deliberate practice behaviors that
are often more constrained in live clinical settings. Immedi-
ate multimodal feedback and the absence of patient-related
time pressures promote deep focus, procedural memory
formation, and error recognition.*’*> These are all founda-
tional elements of safe and efficient clinical performance.
Importantly, such focused practice cultivates professional
confidence grounded in competence rather than trial and
error. Ethical considerations in deploying Al for remote oral
health monitoring further emphasize the need for student
training on equitable integration, particularly among vulner-
able populations, to avoid exacerbating disparities in access
to education and care.*>4

Mesoscopic Anatomy and Multimodal
Innovation

Traditionally, microanatomy (histology) and macroanatomy
(gross structures) are addressed separately. Mesoscopic
anatomy lies between these arenas, providing an intermedi-
ate level that can enhance understanding of health and
disease.****® Emerging simulator technologies—AR/VR/MR
platforms, Sectra, VHDissector, and handheld wireless ultra-
sound probes, such as Vscan Air—offer detailed, accurate
anatomy for improved learning that can better translate into
safer clinical skills.*7:48

When simulations are embedded in problem-based and
case-based learning, they evolve from peripheral add-ons
into the backbone of longitudinal competence develop-
ment.*>>% However, any incorporation of new modalities
should align with competency frameworks and be integrated
with robust assessment systems. In such properly con-
structed ecosystems, Al-driven feedback may offer each
learner a highly skilled “digital mentor,” supporting repeti-

European Journal of Dentistry © 2026. The Author(s).
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tion, reflection, and individualized progression while up-
holding academic integrity.>>? For example, combining
simulated underserved patients within communities with
Al-powered mobile health (mHealth) tools for gingivitis
detection and self-monitoring can extend this mentorship
beyond the classroom, fostering preventive dentistry skills in
real-world settings.’>®

Equity, Sustainability, and Global Networks

To address global challenges also means confronting inequi-
ty. Wealthier countries and higher-ranked institutions can
integrate immersive tools earlier and more extensively.>’->8
This has raised concerns that digital transformation could
widen gaps in graduate readiness and access to oral health
care within and between regions.sg‘61 Cross-institutional
collaboration, shared infrastructure, pooled procurement,
and global benchmarking can help democratize access to
advanced simulation and align standards.®>=> The role of
non-governmental organizations (NGOs) in oral health pro-
motion highlights how collaborative networks can leverage
digital tools to address these inequities, particularly in
underserved areas.®®’ For example, systematic reviews of
mHealth interventions to improve patients’ oral health
knowledge and behaviors demonstrate that these technolo-
gies, when properly applied, can enhance lifelong learning
and preventive care.%%%° Establishing open-access digital
repositories, shared virtual simulation hubs, and transna-
tional faculty development initiatives can further mitigate
disparities by reducing duplication of costs and fostering
collective capacity-building across institutions.

Networks such as the American Dental Education Associa-
tion (ADEA),”° the Association for Dental Education in Europe
(ADEE),”" and the Haptic and Al in Dental Education Network
(Haptic and Al Digital Education Network for Excellence and
ReSearch [HAIDENERS])’? are examples of what this type of
global mindset can achieve. Efforts to foster distributed
“niches” of innovation are collectively reshaping dental edu-
cation culture while promoting equitable outcomes despite
unequal resources. Active, multilevel communication with
global associations such as the International Association for
Dental, Oral, and Craniofacial Research (IADR) and dental
equipment and tool manufacturers is essential.”3’

Sustainability adds another compelling dimension
(=Fig. 2). Traditional preclinical training often generates
substantial material waste.”>’® Conversely, VR-haptic sim-
ulators enable repeated practice without depleting physical
resources. This shift could reduce both costs and environ-
mental footprint while expanding access.>®"”7 This aligns
with the UN 2030 Agenda Sustainable Development Goals
(SDGs) on responsible consumption and production, which
focus on reducing waste generation through prevention,
reduction, recycling, and reuse.’8 Additionally, Al in tooth
reconstruction and edentulism rehabilitation can optimize
resource use by enabling precise, customized educational
simulations that minimize trial and error in training
and support efficient rehabilitation treatment within
communities.”?82
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Regulation, Validation, and the Next
Generation of Educators

Regulatory frameworks are beginning to acknowledge this
shift. In several regions, knowledge of digital dentistry and
its safe application is now an explicitly required element of
basic dental training.83-34 At the same time, rapid technolog-
ical change and the risk of data drift—namely, changes in data
inputs, meaning, or outcomes over time—make ongoing
validation essential.®>%¢ This underscores the need for a
neutral global body to mediate between schools and industry
and credential emerging technologies.

Perhaps most inspiring is the emergence of digitally
native educators who are fluent in interactive platforms,
immersive environments, and data-driven feedback. By
mentoring colleagues, leading pilot projects, and contribut-
ing to multicenter research, they can transform local enthu-
siasm into collective evidence and policy change, ensuring
innovation remains inclusive and educationally sound. Meta-
research on instruments assessing oral health-related quali-
ty of life in older adults can guide these educators in
incorporating Al to evaluate holistic outcomes in curricula.®’”

Ethical Issues in Preclinical Dental
Simulation

From an ethical and deontological standpoint, it is increas-
ingly difficult to justify exposing patients to procedures
performed by novices who have not first demonstrated
competence in simulated environments.'%#8-°0 The princi-
ple of non-maleficence—the obligation to avoid causing
harm—demands that dental education prioritize patient
safety alongside student learning. Allowing students to
initiate operative procedures directly on patients without
extensive preclinical validation conflicts with this obligation,
as it knowingly introduces preventable risk.®"-? Simulation-
based mastery learning reframes competence as a prerequi-
site rather than a byproduct of clinical exposure.93'94 This
ensures that first encounters with patients occur only after
students have achieved objectively measured proficiency. In
this sense, preclinical dental simulation becomes a moral
imperative.

Barriers and Challenges in Digital
Transformation of Dental Education

While the integration of digital technologies such as Al, VR,
and haptic simulation offers transformative potential for
dental education, several limitations and challenges must
be acknowledged to ensure balanced implementation. First,
the high initial costs associated with acquiring and main-
taining advanced simulators, including hardware, software
licenses, and faculty training, pose significant barriers,
particularly for institutions in low- and middle-income
countries (LMICs).289>% These financial constraints can
exacerbate existing inequities, creating a digital divide in
which only well-resourced programs can fully adopt hybrid
models, potentially widening gaps in graduate competencies
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and global oral health outcomes.®”°® The implementation of
technology in dental schools requires not only substantial
capital investment but also structured faculty calibration,
technical support, and phased curricular integration to
ensure meaningful educational return on investment rather
than superficial technological adoption.”®

Second, evidence on the long-term efficacy of these
technologies remains limited.>° Although short-term studies
demonstrate improvements in psychomotor skills and stu-
dent motivation, there is a paucity of longitudinal research
evaluating how simulation-based training translates to sus-
tained clinical performance, reduced error rates in practice,
or improved patient outcomes over time. For instance, while
HVR shows promise in preclinical settings, randomized
controlled trials comparing hybrid approaches to traditional
methods may not report equal results. Additionally, Al-
driven tools, such as automated diagnostic aids, are suscep-
tible to data drift—where model accuracy degrades due to
evolving data inputs or demographic shifts—necessitating
continuous validation that many educational institutions
lack the expertise or resources to perform.®>

Third, faculty resistance and the need for upskilling
represent human-centered challenges.28 Many educators,
trained in traditional paradigms, may lack familiarity with
digital tools, leading to inconsistent integration and subop-
timal use in curricula. This is compounded by ethical con-
cerns, including data privacy in Al applications and the risk of
overreliance on simulations, which could diminish real-
world tactile sensitivity or interpersonal skills if not bal-
anced with clinical exposure.*>?° Cultural and contextual
factors also play a role: For example, in diverse global
settings, technologies may not account for variations in
oral health needs or learning styles, potentially alienating
non-digital-native learners.3%1%0

Finally, sustainability extends beyond material waste
reduction; the environmental impact of digital infrastruc-
ture, such as energy consumption from data centers support-
ing Al and VR, must be considered alongside benefits like
reduced plastic use in phantom heads. Addressing these
challenges requires rigorous, multicenter research to build
a stronger evidence base, targeted funding for equitable
access, and collaborative frameworks to mitigate biases
and ensure inclusive adoption.

Reimagining Dental Education for Better
Patient Care

Over the past decade, generational shifts in digital fluency
have increased student enthusiasm for VR and simulation,
even as both older and newer cohorts agree that virtual tools
should supplement rather than replace traditional meth-
ods.>* Global dentistry now has an opportunity to lead not
only in clinical science but in educational vision (~Fig. 1).
The combined adoption of MR haptic-based simulators is
driven by the overarching goal of measurably improving
clinical practice.'®’19% These educational modalities are
primarily means through which higher standards of care
can be systematically achieved. By enabling students to

European Journal of Dentistry © 2026. The Author(s).
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internalize precise motor skills, refine clinical judgment,
and develop error awareness before treating patients, sim-
ulation-based training contributes to more predictable,
efficient, and biologically respectful procedures. As gradu-
ates enter clinical practice with a deeper reservoir of
validated competencies, the cumulative effect is reflected
in the quality of their work: Fewer iatrogenic complications,
more durable restorations, and more consistent treatment
outcomes. In this context, the ultimate measure of success
in dental education—and in dentistry as a profession—
lies in its capacity to enhance patients’ quality of life
(~Fig. 2).8°

Call to Action: Building a Collaborative
Future for Dental Education

The time for incremental change has passed; dental educa-
tion must embrace a bold, collective vision to harness digital

European Journal of Dentistry © 2026. The Author(s).

technologies for equitable, sustainable, and patient-centered
outcomes. Educators, regulators, professional associations
(e.g., ADEA, ADEE, IADR, HAIDENERS), and industry partners
are called upon to prioritize the following actions (=Fig. 3):

1. Foster global collaborations: Establish international
consortia for shared resource procurement, benchmark-
ing standards, and knowledge exchange to democratize
access to HVR, Al, and hybrid simulation tools, particularly
in underserved regions. This includes funding open-
source platforms and pilot programs in LMICs to bridge
the digital divide.

2. Invest in evidence-informed research: Launch multi-
center, longitudinal studies to evaluate the real-world
impact of digital integrations on clinical competence,
patient safety, and educational equity. Regulators should
mandate ongoing validation of Al tools to address data
drift and biases, ensuring ethical deployment.
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Fig. 3 Multilevel collaboration among dental schools, associations, NGOs, requlators, and industry to support equitable, validated digital
transformation. ADEA, American Dental Education Association; IADR, International Association for Dental, Oral, and Craniofacial Research; NGO,

non-governmental organization.

3. Enhance faculty development: Develop comprehensive
training programs for digitally native educators to mentor
peers, integrating competencies in VR/AR and Al into
accreditation standards. This will cultivate a cadre of
innovators capable of reimagining curricula while pre-
serving core humanistic elements.

4. Align with sustainability goals: Commit to eco-friendly
practices by prioritizing low-waste digital simulations
and advocating for policies that support UN SDGs, includ-
ing lifecycle assessments of educational technologies.

By acting decisively, dental education can be transformed
into a resilient, inclusive ecosystem that prepares graduates
for a digital future and advances global oral health equity. Let
us seize this pivotal moment to lead, innovate, and collabo-
rate—for the benefit of learners, professionals, and patients
worldwide.

This communiqué was co-created by the undersigned
authors, who contributed as speakers and participants dur-
ing the HAIDENers Hybrid Summit 2026, held in Febru-
ary 2026 at Planmeca Headquarters in Helsinki, either on-
site or online. The meeting showcased the evolution of digital
dental education driven by academic collaboration and
technological innovation (=Fig. 3), building on more than
five decades of Planmeca’s partnership with universities and
clinicians in developing and validating advanced simulation
and imaging solutions. Scientific sessions led by Professors
Sompop Bencharit (UNC, NC, United States), ADEA President
and CEO Dr. Karen P. West, Hiroe Ohyama (Harvard), Andreea
Didilescu (Bucharest, Romania), Damiano Pasqualini (Turin,
Italy), and other international experts highlighted the im-

portance of interdisciplinary cooperation in preparing fu-
ture-ready oral health professionals.
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