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Abstract

INTRODUCTION. Modern dental education is facing the need for transformation in the context of a shortage
of clinical bases, ethical constraints and growing demands on the quality of graduate training. Simulation
technologies are considered as a key tool for solving these problems.

AIM. The purpose of this PICO study was to answer the following question: «Can simulation training be
considered as an alternative to the traditional practical training of dental students? »

MATERIALS AND METHODS. A systematic review was conducted in accordance with the principles of PRISMA
2020. Publications for 2015-2025 were searched in 8 electronic databases (PubMed, Cochrane, Ebsco,
Embase, Web of Science, ScienceDirect, SCiELO and eLibrary). After eliminating duplicates and applying
selection criteria, the review included 25 relevant publications.

RESULTS. Simulation technologies demonstrate significant potential in improving manual skills. The key
advantages are the endless repeatability of procedures, instant feedback and objective evaluation. However,
serious limitations have been identified: unrealistic tactile feedback, functional narrowness (64% of solutions
focus only on dissection), high cost of equipment ($100,000+), resistance from teachers, and methodological
heterogeneity of research. An important risk is the formation of «hyper-confidence» among students and
a lack of clinical thinking due to the absence of the human factor in the simulations.

CONCLUSIONS. Despite impressive results in standardized procedures, simulation technologies cannot
completely replace traditional learning. Their successful integration requires overcoming economic,
methodological and pedagogical barriers. The future is seen in creating hybrid educational ecosystems,
where technological precision is complemented by the development of empathy and clinical thinking, and
open standards and international cooperation help overcome barriers.
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Pesiome

BBEAEHME. CoBpemeHHOe cTOMaTonornyeckoe obpasoBaHne CTaskmBaeTcss ¢ HEOOXOOMMOCTbIO TPaHC-
dopmaumm B yCroBusix geduumTta KIMHNYecknx 6a3, 3TMHecKnx orpaHnyeHmnii n pactyLmx TpeboBaHuii K ka-
4eCTBY NOArOTOBKW BbIMYCKHUKOB. CUMYNSILLMOHHBIE TEXHOOMMN PACCMaTPUBAIOTCH Kak KJIlOYEBOW NHCTPY-
MEHT AJ14 peLleHna 3TuxX 3aaad.

LLENb. Llenbto paHHoro nccneposaHus (no PICO) 6bio OTBETUTL Ha cneaylowmini BOnpoc: «MoxHo nu pac-
cMaTpuBaTb CUMMYASILMOHHOE 0By4YeHre Kak afbTepHaTuUBY TPAAULMOHHOM NPakTUYecKom NoaroToBKe CTy-
OEHTOB-CTOMATO/I0r0B?».

MATEPUAJbI U METObI. MNpoeeaeH cuctematnyecknin 063op B COOTBETCTBUM C NpuHumnammn PRISMA
2020. Nowuck nybnukaumin 3a 2015-2025 rr. ocywecTBneH B 8 anekTpoHHbIX 6a3ax (PubMed, Cochrane,
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Ebsco, Embase, Web of Science, ScienceDirect, SCiELO u eLibrary). Mocne nckniovyeHma oyéamkaTos v npum-
MeHeHUsi KpuTepmreB Bbibopa B 0630p BOLLIM 25 penieBaHTHbLIX Ny6nankaumi.

PE3YJIbTATbI. CuMynauMOHHbIE TEXHONOMMN OEMOHCTPUPYIOT 3HAYNTESbHBIA MOTEHLMAN B YNyYLLIEHUN Ma-
HyaslbHbIX HaBbIKOB. KnioyeBbiMU NpenmMyLiecTBaMmn SBASIIOTCA GeCKoHeYyHas MOoBTOPSeMOCTb npoueayp,
MrHOBEeHHasi o6paTHas CBA3b U 06beKTUBHAA oueHka. OaHaKO BbiiBNIEHbl CEPbE3HbIE OrPaHNYEeHNS: Hepea-
NNCTUYHAA TakTUIbHaA obpaTHasa cBA3b, GYHKLMOHANbHANA Y30CTb (64% pelueHnin chpoKyCUpOoBaHbl TONBKO
Ha npenapupoBaHunm), BLICOKas CTOMMOCTbL o6opynosaHua ($100,000+), conpoTueneHne npenoaasarteneii
N METOA00rM4yeckas HEOgHOPOOHOCTb nccnenoBaHnii. BaxHbiM pyckom aBnsieTcs GOpMUpoBaHME «rmne-
PYBEPEHHOCTW» Y CTYOEHTOB 1 AeDULNT KIIMHUYECKOrO MbILNEHNS N3-3a OTCYTCTBUSA B CUMYNALMSX YEno-
Bevyeckoro ¢akrtopa.

BbIBOJbl. HecmoTps Ha BneyaTnsiowme pe3ynsraTbl B CTAaHAAPTM3UPOBAHHbBIX Npoueaypax, CUMYNSLMOH-
Hble TEXHOJIOMMN HE MOTYT MOJIHOCTbIO 3aMEHUTb TPaAULMOHHOEe 0bydeHune. VX ycrnelwHas nHterpauvs Tpe-
OyeT NpeoaosieHns SKOHOMMYECKNX, METOA0N0MMYECKNX 1N negaroruyeckmnx 6apoepos. byayuiee suantca
B cO34aHun rmbpuaHbix 06pa3oBaTesibHbIX 3KOCUCTEM, e TeXHOorMyeckas TOYHOCTb AOMOJIHAeTCs pas-
BUTMEM 3MNATUM U KIIMHNYECKOIrO MbILLNEHWS, a OTKPbITbIE CTaHAAPTbl U MeXAyHapoaHOe COTPYAHNYECTBO
NMomMoratoT NpeoaoneTb 6apbepsbl.

KnioueBble cnoBa: 00y4yeHMe, CUMYALMNOHHbIE TEXHONOrUK, CTOMaToNorusa, o6pasoBaHme, TPeHaxepsl,
¢daHTOMbI, BUpTyabHasa peanbHOCTb

UHdopmauuna o ctatbe: noctynuna — 14.09.2025; ucnpasnerHa — 17.11.2025; npunara — 24.11.2025
KoH®AUKT nHTepecos: aBTOPbI COOOLLAIOT 06 OTCYTCTBUN KOHPANKTA UHTEPECOB.
BnaropgapHocTu: GrHaHCUPOBAHME U NHANBMOYaNbHbIE 611arofapHOCTY AN OEKNAPUPOBAHNSA OTCYTCTBYIOT.

Ana uutuposaHua: Moucees [.A., Tpery6os C.A., lWWaTainno AK., Tfeauk ®.B., Ctacesuu B.[., LLleBene-
Ba B.M., MapyLikoB A.N. CUMYNSILMOHHbBIE TEXHONIOIMN B CTOMATOIOrM4YeCKOM 006pa30oBaHNN: AOCTUXEHUS,
OrpaHu4eHusa 1 nepcnekTuBbl. SHAoA0HTUS Today. 2025;23(4):662-671. https://doi.org/10.36377/ET-0145

INTRODUCTION

Modern dental education is undergoing an active
transformation driven by the rapid development of digi-
tal technologies and the shift in the paradigm of clinical
training. Traditional educational approaches, based on
work with phantom models and direct participation in
patient care, are gradually being supplemented by in-
novative simulation technologies such as virtual reality
(VR), augmented reality (AR), haptic simulators with tac-
tile feedback, and artificial intelligence (Al) for clinical
decision analysis [1-3]. These tools enable modeling
of a wide range of clinical scenarios, ensuring safety,
standardization, and high training efficiency.

In the context of a global shortage of clinical trai-
ning facilities and ethical restrictions associated with
practicing on real patients, simulation technologies
are becoming an indispensable component of prepa-
ring future dentists. The COVID-19 pandemic demon-
strated the necessity of remote and hybrid learning
formats, where VR/AR simulators and online simulation
platforms played a critical role in maintaining conti-
nuity of the educational process. Increasing demands
for the quality of healthcare require graduates to pos-
sess not only theoretical knowledge but also well-
developed practical skills, which cannot be achieved
without repeated performance of procedures in a con-
trolled environment [3-5].

However, the implementation of simulation tech-
nologies faces several challenges. These include high
equipment costs, the need to adapt educational curri-
cula, an insufficient evidence bases on long-term effec-
tiveness, and resistance from instructors accustomed
to traditional teaching approaches. There is also a risk
of excessive virtualization of education, which may lead
to alack of real clinical experience for students. Itis cru-

cial to focus on maintaining a balance between techno-
logical innovations and fundamental principles of clini-
cal training, as well as to assess the impact of simula-
tors on the level of professional competence among
graduates [3; 6-8].

In this systematic review, we conducted a critical
analysis and synthesis of current data on the role of
simulation technologies in dental education, highligh-
ting key achievements, methodological limitations, and
future perspectives for integration of these technolo-
gies into the educational process.

MATERIALS AND METHODS

The methodology of this study complies with the re-
quirements for systematic reviews and meta-analyses
as outlined in the Preferred Reporting Items for Syste-
matic Reviews and Meta-Analyses (PRISMA) 2020
(PRISMA-P) guidelines.

The objective of this study (according to the PICO
framework) was to address the following question: “Can
simulation-based training be considered an alternative
to traditional practical education for dental students?”
The elements of the review related to the population (P),
intervention (l), comparison (C), and outcome (O) are
presented in Table 1.

Table 1. Eligibility criteria (PICO)
Ta6nuua 1. Kputepun otb6opa (PICO)

Criteria Elements

Population (P) Dental students

Intervention (I) Simulation-based training

Comparison (C)
Outcome (O)

Training without simulation

Acquisition of practical skills within the
educational curriculum
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Information sources. The search for publications
was conducted across eight electronic databases: Pub-
Med, Cochrane, EBSCO, Embase, Web of Science, Sci-
enceDirect, SciELO, and eLibrary, covering the period
from 2015 to 2025.

Electronic search strategy. The following key-
words and Boolean operators (in both Russian and
English) were used with MeSH terminology: “(dental
education [MeSH] OR dental students) AND (simula-
tion training [MeSH])”. Identification and screening of
sources were performed by six researchers (S.A., A.K,,
V.D., V.M., A.l,, FV.) with support from a seventh re-
viewer (D.A.) to resolve unclear and conflicting results.
Additionally, the reference lists of identified papers were
reviewed and relevant studies were selected manually.

Data collection process. The search was per-
formed by six researchers (S.A., A.K., V.D., V.M., A.l,
F.V.) with the support of a seventh author (D.A.), and the
latest update was conducted on July 30, 2025. No lan-
guage restrictions were applied. After removing dupli-
cates and automatically marked irrelevant records, arti-
cles were screened by title and abstract in accordance
with the inclusion criteria described below.

Inclusion criteria. The review included peer-re-
viewed articles evaluating the training of healthcare
professionals using simulation technologies, including
such fields of dentistry as prosthodontics, oral surgery,
maxillofacial surgery, restorative dentistry, and pedi-
atric dentistry. Studies involving the use of simulation
technologies in dental anesthesia and emergency den-
tal care were also included. After data extraction, all se-
lected studies were analyzed, systematized, and sum-
marized without differentiating between study designs
included in this systematic review.

Exclusion criteria. Publications were excluded if
they were descriptive papers lacking structured results
and conclusions; studies with insufficient data for ex-
traction; studies not involving dental students; studies
without assessment of student learning outcomes; let-
ters to the editor; commentaries; and unpublished work.

Quality assessment. All articles selected for inclu-
sion in this systematic review were assessed for me-
thodological quality, reporting standards, and com-
pliance with the STROBE statement.

Risk of bias. Controversial decisions regarding in-
clusion or exclusion of studies were resolved through
discussion. Disagreements led to a joint re-assessment
until consensus was reached. The decisive vote was
held by D.A.

Initially, publications were screened by date, title, and
abstract (1,875 publications). Duplicates were removed
to ensure all remaining publications were represented
once. Subsequently, papers were selected based on ti-
tle, abstract, and conclusions. A total of 589 publications
were excluded due to lack of relevance. The selection and
analysis process are presented as a flow diagram (Fig. 1).

According to the eligibility criteria, 25 publications
were finally included in the systematic review.

RESULTS

Technological advancements and limitations
Simulation technologies integrated into dental educa-
tion represent a dual phenomenon: on the one hand, they
introduce a new era of unprecedented precision and ac-
cessibility in training, while on the other hand, they expose
systemic contradictions inherent to technological pro-
gress itself. Modern VR-simulators such as the Simodont
dental trainer (MOOG, Netherlands) and DentSim (Ima-
ge Navigation, USA) demonstrate strong performance
in developing manual skills compared to conventional
preclinical methods [9], enabling students to achieve
an overall occlusal convergence angle of 12.46° versus
15.22° among those trained traditionally — a statistically
significant difference even for experienced clinicians. One
of the distinctive features of Simodont is the inclusion of
a radiographic image for each case, allowing students to
diagnose and plan treatment relying both on the virtual
anatomy and radiographic data, thereby closely replica-
ting clinical environments [9; 10]. Acomparison of selected
virtual and conventional simulators is provided in Table 2.

Fig. 1. Criteria for the selection of publications
Puc. 1. Kputepuu otbopa nybnukauni

dHdodoHmus
————TLT

( Identification of studies via databases and registers )
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.g Records removed before screening:
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This progress is driven by the unique combination of
infinite procedure repetition and instant feedback con-
verting every mistake into a learning opportunity and
every movement into a refined algorithm. Devices like
Mirrosistant (Xuanyu, China), integrating a physical mir-
ror with virtual exercises, redefine instrument-handling
skills: a 26% reduction in procedural time and a 15%
improvement in performance accuracy [11] indicate not
only effectiveness but the emergence of a new educa-
tional paradigm where digital metrics replace subjective
instructor assessments.

However, behind this seemingly flawless technologi-
cal image lies a complex network of constraints. Haptic
feedback intended to imitate tissue resistance remains
unrealistic: 79% of Simodont users report a “plastic-
like” dentin texture [12], while 50% of students using
HVRS (Haptic Virtual Reality Simulator, SensAble Inc.)
describe the sensation as “cutting through butter” [13].
These descriptions are not merely complaints but in-
dicators of a fundamental issue: algorithms simulating
mechanical tissue properties overlook their biological
variability. Differences in density between healthy and
carious dentin, or in the elasticity of enamel in young
versus elderly patients, remain outside current digital
modelling, contributing to a potentially risky gap be-
tween virtual training and real clinical practice.

Technological limitations are also reflected in func-
tional narrowness: while 64% of commercial solutions
are focused on tooth preparation [14], critical aspects
such as soft-tissue interaction (tongue, lips) and saliva
control remain largely unexplored terrain for develop-
ers. Attempts to integrate simulators into surgical disci-
plines resemble navigating a minefield: in orthognathic
surgery, where precision is measured in fractions of
a millimeter, even advanced systems such as Neuro-
Touch (CAE Healthcare, Canada) show inaccuracies
that are unacceptable in real-world practice [15].

Technical inconsistencies aggravate these challen-
ges: 3D-glasses required in Simodont prevent the use
of magnification systems — essential tools in contem-
porary dentistry [12]. This reflects a mismatch between
engineering ideals and clinical reality: students who
spend years perfecting techniques on virtual trainers
may struggle when encountering real patients with ana-
tomical variations and human factors that disrupt stand-
ardized algorithms [16]. As highlighted by Bakr et al.,
despite rapid development of VR in dental education,
current simulators cannot fully replace supervised
mentorship because they lack the element of real ver-

Table 2. Comparison of virtual and traditional simulators
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bal communication and psychological variability of pa-
tients [17].

The emergence of open-source platforms such as
OpenSimulator (opensimulator.org) challenges com-
mercial dominance, enabling institutions to tailor mo-
dules to specific clinical objectives [14]. Artificial intel-
ligence (Al), capable of analyzing more than 120 pa-
rameters of student movements [7; 18], transforms
simulators from passive trainers into active “digital
mentors” predicting up to 78% of clinical errors before
they occur [15].

Nevertheless, these technological breakthroughs
require deeper conceptual reflection. When algorithms
begin to dictate what constitutes “ideal preparation”,
thereis arisk of losing clinical reasoning — the very crea-
tive component distinguishing a clinician from a techni-
cian. Achieving a balance between digital precision and
medical intuition becomes a key challenge for educa-
tional systems striving to train thoughtful clinicians ca-
pable of adapting to the unpredictability of real practice.

In this context, simulation technologies should not
be viewed as a panacea but as a powerful catalyst of
transformation, whose full potential will be realized
only through their thoughtful integration into the wider
ecosystem of healthcare education — where digital ac-
curacy complements, but does not replace, human ex-
pertise.

Methodological heterogeneity and validation

Simulation technologies positioned as a new stan-
dard in dental education remain embedded in a sys-
tem where fragmented research protocols and the
absence of unified validation criteria create an illu-
sion of progress that conceals a substantial evidence
gap. Analysis of the methodological landscape re-
veals an alarming trend: the vast majority of studies on
VR-based training and haptic simulators operate in
parallel domains, as if examining different phenomena
altogether. In maxillofacial surgery, for example, only
10 out of 35 studies meet rigorous randomized con-
trolled trial criteria, while the rest fluctuate between
descriptive reports and observational accounts where
control groups are replaced with subjective instructor
impressions. This asymmetry leads to contradictory
conclusions: while some authors celebrate a 25% im-
provement in osteotomy accuracy achieved through
simulation training, others report statistically insignifi-
cant differences, leaving the question of real techno-
logy effectiveness unresolved [2].

Tabnunua 2. CpaBHeHMe BUPTYaNbHbIX U TPAOULMOHHBIX CUMYJIITOPOB

Simodont

FENEET (MOOG, Netherlands)

(VirTeaSy Dental, France)

Kavo
(KaVo Dental GmbH, Germany)

Virteasy

Model personalization Yes [1]

No [10] No

Objective assessment 120+ parameters [1; 12]

20 parameters [10] instructor’s subjective assessment

Cost per hour of use 158 [1;12]

10$ [10] 45%

Haptic feedback 6.7/10[1; 12]

5.2/10[10] 9.2/10
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In dentistry, the situation is further complicated
by fragmented approaches to validation, where am-
bitious claims about an educational “revolution” are
supported by superficial assessments. Validation in
dental education is defined as a process of gathering
evidence to substantiate the interpretation and use of
performance outcomes. It is considered a hypothesis
to be empirically verified by prioritizing and testing key
assumptions. Messick’s model structures the evidence
across content, process, internal structure, relation-
ships, and consequences of learning. The eight-step
approach includes defining the construct, identifying
decision points, selecting instruments, data acquisition
and analysis, and evaluating the applicability of results.
Such a systematic framework strengthens training qual-
ity and links skill assessment to real clinical outcomes.
More rigorous justification and proof of assessment sig-
nificance are required to ensure educational impact [8].

A representative example is the Simodont platform:
despite its ability to differentiate novice from advanced
learners using more than 120 performance metrics, it
remains blind to the essential question — how well do
these metrics translate into the ability to avoid iatrogen-
ic perforation or select the most appropriate anesthesia
technique for an anxious patient? [7].

The lack of long-term investigations further restricts
the validity of conclusions regarding simulation tech-
nologies: 89% of studies on haptic training devices are
limited to three-month follow-up periods, producing
a perception of success that dissolves when transitio-
ning to real-world clinical settings. Local initiatives, such
as Japanese emergency care programs focusing on
simulation of hypertensive crises during dental proce-
dures, remain linguistically isolated: only 12% of Asian
studies are accessible in English, limiting the availability
of valuable data to the global community [19]. This frag-
mentation not only slows scientific progress but also re-
inforces an academic hierarchy where “Western” tech-
nologies dominate and regional developments remain
marginalized.

Methodological gaps manifest in clinical practice
with concerning clarity. Conflicting recommendations —
where some studies advocate VR-training as a break-
through in pediatric dentistry while others document
a lack of measurable benefit — place faculty in a diffi-
cult position [10; 13]. Simulators validated exclusively
on junior learners fail to support advanced training, as
demonstrated in neurosurgical education, where 78%
of systems were never evaluated with experienced sur-
geons [15]. Even more concerning, institutions heavily
investing in virtual tools risk producing a generation of
“digital-dependent” clinicians unable to manage unpre-
dictable real-patient scenarios [16].

Examples of methodological insufficiency serve
as strong cautionary notes. The studies by Zafar et al.,
in which 89.9% of students expressed enthusiasm for
VR-based anesthesia training but none passed objective
clinical competence testing, reveal the gap between sub-
jective satisfaction and real proficiency [13; 20]. Adoption
of Messick-based validation, mandatory control group
inclusion, and development of international research

dHdodoHmus
————TLT

registries similar to CONSORT are not bureaucratic exer-
cises but essential safeguards for evidence-based edu-
cation [2; 14]. Focusing on translational outcomes — such
as those measurable by the McGagh scale - shifts atten-
tion from “attractive metrics” to the true ability of simula-
tors to support real clinical success [14].

However, these measures alone cannot resolve
inherent systemic contradictions. High-fidelity simu-
lators like NeuroTouch, exceeding $300,000 in cost,
remain inaccessible for 80% of institutions, rende-
ring evidence-based technology a privilege rather
than a standard [15]. Moreover, a dramatic increase in
publication volume (from 10 to more than 200 papers
over a decade) has not been accompanied by growth
in methodological quality: only 15% of studies meet
Level 1A evidence, while the remainder demonstrate
a high risk of systematic bias [16].

This disconnects — between quantity and quality, in-
novation and accessibility — questions the feasibility of
developing universal standards in a world where tech-
nological inequality becomes a new form of educational
segregation. The solution lies not in mechanical stan-
dardization but in a conceptual shift: simulation techno-
logies should be evaluated as components of a compre-
hensive educational ecosystem, where digital precision
is complemented by clinical judgment and artificial intel-
ligence serves to enhance — not replace — human exper-
tise. Only through such systemic realignment can me-
thodological chaos give way to a coherent framework in
which each study becomes a foundation stone for future
progress — ensuring that technology remains in service
of the clinician and the patient, not the reverse.

Economic and organizational barriers

Simulation technologies, often promoted as a vehi-
cle for democratizing dental education, reveal a critical
paradox in practice: instead of reducing disparities be-
tween educational systems, their implementation am-
plifies the divide between digitally empowered learners
and those with limited technological access. Economic
realities expose a structural imbalance in which equip-
ment costs function as a social filter, excluding entire
regions from innovation. Premium simulators such as
Simodont - priced at more than $100,000 - have be-
come symbols of a new educational divide: while 80%
of institutions in the United States and European Union
integrate VR-based training into the curriculum, the
adoption rate in African and South American countries
barely reaches 9%, forcing students to rely on outdated
phantom models from the 1980s [19; 21]. Even Japan,
recognized for its advanced health education ecosys-
tem, reports that 60% of programs still rely on early-
2000s simulators with limited functionality and no vali-
dated performance metrics [19].

The true cost of these technologies, however, lies in
the hidden financial commitments that destabilize in-
stitutional budgets post-implementation. Annual main-
tenance for Simodont amounts to 15-20% of the pur-
chase price, supplemented by recurring expenses such
as software upgrades costing approximately $10,000,
faculty training exceeding $5,000 per instructor, and

Volume 23, no. 4/ 2025



continuous IT infrastructure modernization. These cu-
mulative outlays transform simulators from strategic
investments into high-risk budgetary liabilities [3; 12].
Institutions adopting systems such as Mirrosistant re-
port reallocating up to 25% of their operating budget
to digital infrastructure at the expense of clinical place-
ments [11]. Promises of long-term cost reductions —
such as a projected 30% savings in materials — fail to
materialize when amortization timelines overtake the
functional lifespan of the equipment, leaving universi-
ties with obsolete systems and unrecouped invest-
ments [12].

Organizational constraints further exacerbate
economic variance. The transition to simulation-cen-
tered education demands radical curricular redesign,
a change met with resistance from 34% of faculty who
perceive technological platforms as threats to traditional
expertise and pedagogical authority [10]. A generational
divide becomes operational: instructors with decades of
experience using phantom-based training often decline
to invest 40-60 hours required to master VR interfaces,
while administrations are reluctant to finance faculty re-
training at $2,000-$5,000 per individual [4]. At the infra-
structural level, 55% of institutions are unable to meet
baseline performance requirements for simulation soft-
ware, resulting in degraded system operation characte-
rized by lag and rendering failures [11; 21].

User experience reflects this systemic tension. Al-
though 89.9% of students report high satisfaction with
VR-training in anesthesia, 56.4% reject the notion that
it can replace real procedures, citing a lack of emotion-
al and procedural stressors inherent to direct patient
care [15]. Global adoption also introduces anthropo-
metric bias: systems designed for standard European
craniofacial features inadequately represent anatomi-
cal characteristics typical of Asian populations — such
as narrower root canal morphology and enamel mine-
ralization patterns — undermining training relevance in
regional clinical contexts [12; 19; 21].

These constraints feed a cycle that limits innovation.
Restricted funding reduces development of learning
modules for high-complexity specialties such as en-
dodontics and periodontology, diminishing the interest
of industry partners who tend to support more com-
mercially visible domains [14]. Nevertheless, several
emerging models challenge traditional cost barriers.
Public-private partnerships (e.g., Bandiaky et al.), in
which pharmaceutical companies offset up to 50% of
simulator acquisition costs in exchange for anonymized
training data, represent a hybrid solution bridging com-
mercial and educational priorities [14]. Open-source
simulation platforms — reducing total cost of ownership
by approximately 40% through collaborative develop-
ment and modular expansion — provide an accessible
alternative to proprietary monopolies [4]. International
standardization such as ISO 23907:2025, focused on
interoperability and validation requirements, may ad-
ditionally decrease integration costs, though only if im-
plemented without suppressing regionally developed
innovations previously sidelined by restrictive patent
ecosystems [12; 19].
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Paradoxes, however, persist. Institutions adopting
VR systems report enrollment increases up to 25%, yet
remain at constant risk of technological obsolescence
as each software update demands renewed capital in-
vestment [4]. “Path dependency” perpetuates outdated
practices: 62% of universities continue to rely on low-
cost phantoms not due to superior outcomes but due
to institutional inertia prioritizing entrenched workflows
over pedagogical advancement [16].

Within this environment, simulation technologies
function not merely as instructional tools but as diag-
nostic instruments revealing structural contradictions
in contemporary health education — torn between in-
novation and feasibility, digital progress and equitable
access. Resolving these contradictions requires a pa-
radigm shift from technology-centric modernization to
a values-driven framework in which simulation serves
as a means to achieve educational justice, ensuring that
digital transformation enhances, rather than restricts,
clinical training opportunities worldwide.

Psychological and pedagogical aspects

Simulation-based technologies, positioned as a uni-
versal driver for enhancing dental education, exert an
ambivalent influence on learner psychology and tea-
ching strategy, generating a complex mix of aspiration
and dissatisfaction. On one hand, they provide a sense
of safety, enabling students to make errors without risk
to patients. While the reduction in anxiety during initial
clinical procedures is well documented [15; 20], a sub-
stantial proportion of learners struggle to adapt to real-
life variability due to the limited diversity of simulated
scenarios [16]. On the other hand, the technologies
themselves generate new stressors: 50% of Simodont
users report frustration caused by delayed haptic feed-
back, and 32% of novices abandon VR training after
the first sessions, describing the experience as “digital
disorientation”, where physical perception fails to align
with the virtual environment [13; 18]. This contradic-
tion — reduced fear of real procedures accompanied by
the emergence of technology-specific anxiety — reflects
the broader psychological challenges of the digital era,
in which promised comfort often comes with unpredic-
table cognitive burdens.

Confidence built through simulation also demon-
strates a dual nature. Students practicing cavity prep-
aration with Mirrosistant show a 25% increase in self-
efficacy, improved precision of manual movements,
and enhanced spatial perception, as if digital perfor-
mance metrics reveal otherwise invisible nuances [11].
However, such confidence may be unstable: 22% of
high-performing Simodont graduates make clinical
errors driven by overconfidence in skills acquired ex-
clusively in virtual environments [16]. Gamification
increases learning motivation by up to 40% through
badges and ranking systems, transforming practice
into a competitive quest. At the same time, external re-
wards risk overshadowing intrinsic professional com-
mitment, shifting focus toward performance metrics
rather than understanding the true clinical rationale
behind procedures [1; 22].
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A central challenge lies in the development of clini-
cal reasoning — the core competency that differenti-
ates a doctor from a technical operator. Many systems
prioritize mechanical skill execution (90% of maxillofa-
cial surgery simulators overlook differential diagnostic
decision-making), thus shaping “digital craftsmen” who
perform flawless preparations in sterile virtual condi-
tions but show uncertainty in managing patients with
comorbidities such as diabetes or cardiovascular dis-
ease [1; 2]. The absence of a “human factor” — a child
resisting treatment, an anxious patient trembling in the
chair, or cognitive limitations in elderly individuals - re-
sults in a concerning gap: 67% of educators report that
VR-trained graduates demonstrate weaker empathy
and less nuanced patient communication, resembling
interactions with automated assistants — technically
correct, yet emotionally constrained [4].

Automated feedback creates another dilemma. De-
tailed performance reports — up to 45 objective param-
eters in Simodont - accelerate skill acquisition by 35%
[10]. However, such “digital hyper-supervision” can
suppress reflective thinking: learners rely on algorith-
mic evaluation and lose the habit of critical self-assess-
ment. DentSim-based research shows a paradoxical
trend: students who independently reflected for at least
15 minutes after a session achieved 20% superior re-
sults, yet only 12% demonstrated this behavior without
system prompting, as though internal judgement had
been replaced by automated analytics [22].

The impact of technology may escalate into distor-
tion of clinical professionalism. In Japanese programs,
where 45% of students trained primarily on simulators
exhibited “robotized” behavior, local anesthesia be-
came a purely technical execution lacking patient inter-
action or explanation [19]. Overconfidence developed
in virtual environments led to clinical errors in 22% of
graduates - as if the digital avatar obscured the fact
that a real patient’s pain cannot be reduced to binary
input [16].

Mitigating these risks requires balanced instruc-
tional design rather than withdrawal from innovation.
Hybrid learning models that align VR simulation with
role-playing sessions — featuring standardized patients
portraying anxiety or behavioral challenges — help align
digital accuracy with human empathy [4; 19]. Incorpo-
rating scenario-based decision modules where treat-
ment planning depends on patient history, not just drill
angulation, shifts educational emphasis toward diag-
nostic judgement and holistic reasoning [2; 14]. Trai-

ning faculty to interpret simulator-generated data — not
as surveillance, but as a tool for structured, individu-
alized skill development — transforms simulation from
a controlling mechanism into an enabler of educational
personalization [4; 22].

Application of simulation technologies across
dental disciplines: comparative analysis

Simulation technologies implemented in dental edu-
cation exhibit significant variability in performance, re-
flecting the intrinsic link between the technological ma-
turity of digital tools and the clinical complexity of each
discipline (Table 3).

In restorative dentistry — where procedural stan-
dardization is high — platforms such as Simodont Dental
Trainer and Virteasy (VirTeaSy Dental, France) demon-
strate consistently strong outcomes [10; 23]. Their ef-
fectiveness is driven by advanced analytic modules that
assess up to 120 performance parameters, including
applied force and handpiece trajectory, transforming
each motion into an objective digital metric subject to
ongoing optimization [12].

In prosthodontics — a field highly dependent on
anatomical personalization - technology confronts
a distinct human-machine interaction barrier. The in-
tegration of patient-specific 3D scans into Simodont
supports clinically relevant preparation training and
reduces errors during crown and post-and-core proce-
dures [1]. However, editing STL files remains labor-in-
tensive, requiring up to two hours per case and shifting
focus toward engineering workflows rather than clinical
decision-making [1].

Maxillofacial surgery, with its demand for sub-millim-
eter precision, serves as a stress test for current simu-
lation capabilities. The persistent discrepancy between
virtual excellence and operative performance highlights
technological limitations in replicating real-tissue bio-
mechanics — elasticity, vascular response, and dynamic
changes during surgical manipulation. Even anatomi-
cally accurate 3D-printed phantoms remain static con-
structs within a highly dynamic surgical reality [2].

Pediatric dentistry — where success depends equal-
ly on technical proficiency and behavioral manage-
ment — exposes yet another technological gap. VR sys-
tems such as SIMtoCARE Dente (Simtronics, Germany),
which enable pulpotomy access training on primary
teeth, improve students’ anatomical understanding but
overlook the primary determinant of clinical success:
interaction with a child patient [24].

Table 3. Comparison of simulation technologies in different dental disciplines

Taﬁnuu,a 3. CpaBHeHme CUMYNAUNOHHBIX TEXHONOINM B Pa3HbIX CTOMATOJIOrM4EeCKNX gncumnjyinHax

Discipline Skill Improvement

Main Barrier Promising Technology

Therapeutic Dentistry +

Lack of realistic haptic feedback | Al-adaptive simulators [18]

Prosthetic Dentistry +[1]

Labor-intensive personalization

Cloud-based clinical case libraries [1]

Oral and Maxillofacial Surgery (OMFS) +25% [2]

Absence of skill transfer

3D-printed biomimetic phantoms [15]

Pediatric Dentistry +30% [9; 24]

Limited gamification

Interactive Al-driven avatars [9; 24]

Periodontology +20% [14]

Shortage of specialized solutions | AR with biological feedback [14]
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Attempts to fill this gap using interactive avatars still
fall short. Current behavioral algorithms remain simplis-
tic and cannot reproduce the emotional complexity of
pediatric communication. Interestingly, although users
praise VR-based anesthesia for its precision, 50% criti-
cize the systems as “over-idealized”, noting that virtual
pediatric patients are “too perfect to be real” [13]. Aug-
mented reality overlays — for example, mapping inflam-
matory zones on gingival models — remain limited by an
inability to simulate bleeding dynamics or biomaterial
consistency changes seen in periodontal disease.

A key conclusion from this comparative analysis is
that technological maturity is inversely proportional to
clinical complexity. Where training focuses predomi-
nantly on mechanical skills (tooth preparation, mode-
ling), progress is tangible. Where competence depends
on simultaneous integration of motor execution, diag-
nostic reasoning, and patient interaction (oral surgery,
maxillofacial surgery, pediatric dentistry), simulation
technology currently lags behind, reinforcing existing
educational imbalances.

Market forces amplify this discrepancy: approxi-
mately 75% of commercially available simulators target
highly automatable tasks, while comprehensive, cogni-
tively demanding scenarios remain underrepresented
due to development complexity [2; 4].

Future progress will require convergence across
technology domains. Al-driven analytics capable of as-
sessing not only motor performance but also patterns
of clinical decision-making could elevate simulation sys-
tems into platforms supporting true diagnostic compe-
tence. Development of biomimetic materials with variable
elasticity, capable of replicating transitions from healthy
to inflamed gingival tissues, may narrow the gap between
simulated training and real periodontal interventions [6].

Ultimately, achieving breakthrough effectiveness
necessitates a paradigm shift — from a predominantly
technical training orientation toward a holistic educa-
tional model, where each simulation module contributes
to adeeper understanding of the multifactorial nature of
dental practice.

CONCLUSION

The integration of simulation technologies into den-
tal education has evolved beyond a mere skills-training
tool, becoming a catalyst for systemic transformation in
professional preparation. Their capability to reproduce
clinical scenarios with high fidelity establishes a foun-
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