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Abstract

Background: Haptic virtual simulation (HVS) has emerged as a promising tool in dental
education, yet evidence comparing its performance to conventional preclinical training
remains limited. Establishing its effectiveness is essential to support its integration into
competency-based curricula. Objective: The aim of this study was to compare Class V
cavity preparations performed using conventional training on extracted teeth with those
performed using a haptic virtual simulator, evaluating preparation time and cavity volume.
Methods: Sixty-one extracted human molars were digitized using cone-beam computed
tomography (CBCT) to generate corresponding virtual replicas. A calibrated operator
prepared 122 standardized Class V cavities (61 real and 61 virtual). The simulator auto-
matically recorded preparation time and cavity volume. For natural teeth, cavity volume
was calculated by digital superimposition of pre- and post-operative STL models using
Blender. Paired means were compared using Student’s t-test («x = 0.05). Results: Preparation
time was significantly shorter when using HVS compared with the conventional method
(p <0.001). Virtual preparations resulted in slightly larger cavity volumes than real prepara-
tions, with a statistically significant yet clinically small difference (p = 0.047). Conclusions:
Haptic virtual simulation enables more time-efficient Class V cavity preparation while
producing cavity volumes comparable to those obtained through conventional training.
These findings support the implementation of haptic simulators as a valid and effective
complement for preclinical skill acquisition in operative dentistry.

Keywords: haptic virtual simulation; virtual reality; dental education; preclinical competency;
operative dentistry

1. Introduction

The development of psychomotor skills in preclinical training is essential for den-
tal students to achieve a safe and effective transition to clinical practice. Tradition-
ally, operative dentistry curricula have relied on manikin-based simulation and resin
typodont teeth to teach fundamental procedures such as cavity preparation and tooth tissue
manipulation [1,2]. Although widely used, conventional simulation has important limita-
tions: typodont materials do not accurately reproduce the hardness and tactile properties of
enamel and dentin, they provide limited anatomical variability, and they demand intensive
supervision from faculty to ensure accurate feedback and assessment [3,4].
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Advances in digital technology have led to the integration of virtual simulation and
haptic feedback systems into dental education. Haptic virtual reality simulators (HVRSs)
enable three-dimensional visualization, force feedback, and instantaneous performance
assessment, offering an interactive and standardized learning environment [5,6]. Several
studies have demonstrated that HVRSs can reduce task completion time [7], improve
surface smoothness and internal geometry of preparations [8], and enhance training consis-
tency in operative dentistry exercises [9]. Systematic reviews further support their potential
to complement or augment conventional simulation in developing fine motor skills in
early-stage learners [10].

Despite these advances, key questions remain. Evidence comparing the equivalence
between virtual and conventional training—particularly regarding quantitative outcomes
such as cavity volume, cutting efficiency, and geometric accuracy—remains limited. For
example, while some studies report improved performance after HVRS training [7,9], others
show that immersive VR headsets used in conjunction with haptic simulators may hinder
the accuracy of access cavity preparations due to perceptual overload [11]. Furthermore,
few investigations have directly measured the amount of tooth structure removed using
digital volumetric analysis, a metric essential for validating whether virtual preparations
reflect realistic operative behavior. In addition, successful curriculum integration of HVRSs
requires strong evidence that skills acquired in the virtual environment transfer reliably to
physical tooth preparations.

Given these considerations, this study aims to compare Class V cavity preparations
completed on extracted teeth and on a haptic virtual simulator by the same calibrated
operator. By evaluating two key performance indicators—preparation time and cavity
volume—this research seeks to contribute robust quantitative evidence regarding the utility
of haptic simulation for competency development in operative dentistry.

2. Materials and Methods
2.1. Study Design

A paired in vitro comparative study was conducted to evaluate the performance of
conventional preparation on extracted human teeth versus preparation using a haptic vir-
tual simulation system. The study followed methodological standards commonly applied
in preclinical dental education research [12-14].

2.1.1. Sample Selection and Preparation

Sixty-one extracted human molars free of caries, restorations, cervical defects, or
structural damage were obtained from a certified tissue bank. Teeth were cleaned of
calculus using ultrasonic instrumentation and stored in a 0.1% thymol solution until use.
Each tooth was embedded in photopolymerizable acrylic resin up to the cemento-enamel
junction to simulate clinical positioning [15].

2.1.2. Digitalization Procedure

All teeth were scanned using cone-beam computed tomography (CBCT) (MyRay
Hyperion X9, Cefla, Imola, Italy). Scan parameters were standardized (FOV 5 x 5 cm; voxel
size 75-100 um). CBCT volumes were exported in DICOM format and converted to STL
using InVesalius 3.1 (CTI, Campinas, Brazil). Thresholding parameters were adjusted man-
ually to isolate dental hard tissues following recommended segmentation techniques [16].

Each STL file was imported into the simulator software (Virteasy Editor, HRV Sim-
ulation, Paris, France) to generate a corresponding virtual tooth model. At the time of
data collection, the specific internal software version/build number was not recorded. The
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system corresponded to the commercially available Virteasy Dental V2 platform provided
by HRV Simulation.

2.2. Cavity Preparation Procedures
2.2.1. Conventional Preparation

A calibrated operator performed all Class V preparations on the 61 natural molars.
The standardized cavity design followed classical operative criteria: kidney-shaped outline,
4.0 mm mesiodistal width, 1.5 mm occlusogingival height, 1.5 mm axial depth, and a 1 mm
circumferential enamel bevel. Similar standardization approaches have been recommended
in operative dentistry research [17].

Three diamond burs compliant with ISO 6360 standards were used sequentially
(Komet®, Lemgo, Germany): round diamond bur (ISO 534-012, coarse grit), inverted cone
bur (ISO 534-012, coarse grit), and needle bur (ISO 504-014, extra-fine grit) for bevels
[ISO 6360-1]. Preparation time was recorded with a digital stopwatch [18].

Following preparation, teeth were rescanned using the same CBCT protocol to obtain
postoperative STL files.

2.2.2. Virtual Preparation

The same operator performed the Class V preparations on the 61 virtual tooth models
using a haptic virtual reality simulator (Virteasy®, HRV Simulation, Paris, France). Bur
shape, size, and sequence replicated those used in the real preparations. The simulator
automatically recorded:

e  preparation time (min)
e total removed volumetric mass (mm?)

Haptic force feedback was set to manufacturer-recommended calibration values to
approximate the tactile sensations of enamel and dentin cutting.

2.3. Volumetric Analysis of Real Cavities

Cavity volume from natural teeth was quantified using 3D digital subtraction. Pre-
and post-operative STL files were imported into Blender 3.1 (Blender Foundation, Amster-
dam, The Netherlands). Models were aligned manually in three spatial planes, following
established superimposition methodologies used in dental morphology research [19].

Boolean subtraction (Difference function) was applied to isolate the cavity volume,
which was quantified using the “3D-Print Toolbox” volumetric function (mm?3). Manual
trimming of artefacts was performed when required.

To ensure the reliability and reproducibility of the volumetric measurements, a quality
control procedure was implemented. A random subsample comprising 10% of all STL
model pairs (pre- and post-operative scans) was re-analyzed by the same investigator after
a two-week interval. Intra-operator reliability was assessed by repeating the alignment,
segmentation verification, and Boolean subtraction procedures. The resulting intraclass
correlation coefficient (ICC) exceeded 0.90 for repeated measurements, indicating excellent
repeatability of the digital workflow. Additionally, all CBCT acquisitions were performed
using identical imaging parameters, and simulator logs were automatically recorded to
avoid transcription errors.

2.4. Outcome Variables
Two primary outcomes were assessed:

1.  Preparation time (minutes):

O manually recorded for conventional preparations
O  automatically logged for virtual preparations
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2. Cavity volume (mmd):

O  digitally calculated for real cavities
O  automatically logged for virtual cavities

The experimental workflow is summarized in Figure 1.

Tooth selection
61 extracted human molars
Inclusion / exclusion criteria

CBCT scanning of extracted teeth

STL model generation

Real tooth Class V cavity preparation

l

Virtual Class V cavity preparation
Virteasy ® haptic simulator

Pre- and post-preparation volumetric analysis

l

Outcome measures
* Preparation time
» Cavity volume

l

Paired statistical analysis

Figure 1. Experimental workflow of the study.

Flowchart illustrating the experimental workflow of the study, including tooth selec-
tion, CBCT digitization, STL model generation, real and virtual Class V cavity preparations,
volumetric analysis, and paired statistical comparison (Figure 1).

As indicated in the schematic overview of the experimental workflow, extracted
human molars were scanned using CBCT to generate pre-operative STL models. Virtual
replicas were imported into the haptic simulator for standardized Class V preparation.
Real preparations were performed on the natural teeth, followed by a second CBCT scan to
obtain post-operative STL files. Cavity volumes were quantified by digital superimposition
for real teeth and automatically by the simulator for virtual preparations. Comparative
statistical analyses were performed on paired data (Figure 1).

2.5. Statistical Analysis

No formal a priori power calculation was performed, as the sample size was deter-
mined by the available cohort. A post hoc power analysis was therefore conducted based
on the observed effect sizes to estimate the achieved statistical power for the primary
paired comparisons.

Statistical analyses were performed using R (v4.2.2; R Foundation for Statistical Com-
puting, Vienna, Austria). Normality of continuous variables was assessed using the Shapiro—
Wilk test and visual inspection of Q-Q plots. As all variables approximated a normal
distribution, paired Student’s t-tests were used to compare preparation time and cavity
volume between real and virtual preparations, with significance set at oc = 0.05. Effect sizes
were calculated using Cohen’s d for paired samples.
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Agreement between real and virtual cavity volumes was evaluated using Bland-
Altman analysis with 95% limits of agreement, and proportional bias was assessed by
linear regression of the residuals. Pearson’s correlation coefficient (r) and a two-way mixed-
effects intraclass correlation coefficient (ICC, absolute agreement) were calculated to assess
association and reliability between modalities.

A derived efficiency index (volume removed per minute) was compared using paired
t-tests. Sensitivity analyses were conducted by repeating primary comparisons after re-
moval of extreme values (>1.5 X interquartile range). Possible order-related learning or
fatigue effects were explored using linear regression of paired differences against prepara-
tion sequence.

A post hoc power analysis was conducted to estimate the achieved statistical power
for the primary paired comparisons. Based on the observed effect size for preparation
time (Cohen’s d = 1.08) and a sample size of 61 paired observations, the analysis indicated
an excellent statistical power exceeding 0.99. In contrast, the observed effect size for
cavity volume was smaller (Cohen’s d = 0.31), resulting in a moderate statistical power of
approximately 0.66.

3. Results
3.1. Sample Characteristics

Preparation time was significantly shorter using the virtual simulator compared with
real-tooth preparation (1.68 £ 0.71 vs. 0.98 + 0.64 min; mean difference = —0.70 min,
95% CI: —0.88 to —0.52; p < 0.001), representing a large effect size (Cohen’s d = 1.08).
Sensitivity analysis excluding the two highest virtual-time values yielded consistent results
(p < 0.001; Cohen’s d = 1.02).

Boxplots were constructed to show the distribution of preparation times (minutes)
for conventional real-tooth preparations and virtual preparations performed on a haptic
simulator (n = 61 pairs). Boxes represent interquartile range (IQR), horizontal lines indicate
medians, and whiskers show 1.5 x IQR. Virtual preparation required significantly less time
than real-tooth preparation (p < 0.001) (Figure 2).

Preparation Time Comparison

3.0
25¢ o
o
2.0t | -
1.5
1.0f
0.5}
0.0+ ==
8
._.05 -
o
Real ‘Time Virtual Time

Figure 2. Comparison of preparation time between real and virtual cavity preparations.

3.1.1. Cavity Volume

Virtual preparations resulted in slightly larger cavity volumes than real preparations
(7.20 + 1.48 vs. 6.44 + 1.54 mm?; mean difference = +0.76 mm?3, 95% CI: 0.01 to 1.51;
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p = 0.047), corresponding to a small-to-moderate effect size (Cohen’s d = 0.31). Variability
did not differ significantly between modalities (Levene’s test p = 0.29).

Boxplots were constructed to show the distribution of cavity volumes (mm?) for
conventional real-tooth preparations and virtual preparations performed using a haptic
simulator (n = 61 paired observations). Boxes represent the interquartile range (IQR),
horizontal lines indicate medians, and whiskers denote 1.5 x IQR (Figure 3).

Cavity Volume Comparison
12+

111

101

| |

Real Volume Virtual Volume

Figure 3. Comparison of cavity volume between real and virtual preparations.

A comprehensive summary of the primary outcomes, including descriptive statistics,
mean paired differences, 95% confidence intervals, p-values, and effect sizes, is presented
in Table 1.

Table 1. Summary of Main Outcomes.

Real Virtual Mean
Outcome Preparation Preparation Difference 95% CI p-Value Cohen’s d Interpretation
(Mean + SD) (Mean + SD) (V—R)
Preparation Time (min) 1.68 £0.71 0.98 £ 0.64 —0.70 —0.88 to —0.52 <0.001 1.08 Large effect
Cavity Volume (mm?) 6.44 +1.54 7.20 £1.48 +0.76 0.01 to 1.51 0.047 0.31 Small-moderate
Efticiency Index 3.83 +£1.12 7.35 + 341 +3.52 2,67 to 4.38 <0.001 121 Large effect
(mm”/min)
Correlation (r) — — — 0.43 t0 0.76 <0.001 — Moderate
ICC (absolute Moderate
agreement) o o o 04410 0.74 o o reliability

CI Confidence interval.

3.1.2. Agreement Analysis Between Real and Virtual Volumes

A Bland-Altman analysis showed a mean bias of +0.76 mm? (virtual > real), with 95%
limits of agreement ranging from —2.58 to +4.10 mm?. Linear regression of the differences
against the means revealed no proportional bias (slope p = 0.41) (Figure 4).
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Bland-Altman Plot

Difference (Virtual - Real)

5 6 7 8 9 10
Mean Volume (mm?)

Figure 4. Bland—Altman plot showing agreement between real and virtual cavity volumes. The solid
line represents the mean bias, and dashed lines indicate the 95% limits of agreement (+1.96 SD).
3.1.3. Correlation Between Real and Virtual Performance

Pearson correlation analysis demonstrated a moderate association between real and
virtual cavity volumes (r = 0.62, 95% CI: 0.43-0.76; p < 0.001). The intraclass correlation
coefficient (two-way mixed-effects model, absolute agreement) was 0.61 (95% CI: 0.44-0.74)
(Figure 5).

Correlation between Real and Virtual Volumes
12f

11

101

Virtual Volume (mm?3)

4 5 6 7 8 9 10

Real Volume (mm?)
Figure 5. Scatter plot showing the correlation between real and virtual cavity volumes (mm?) for
paired preparations (1 = 61).

4. Discussion

The present study demonstrated that preparations performed using a haptic virtual
simulator are more time-efficient and produce slightly larger cavity volumes compared to
conventional preparations on extracted teeth. These results contribute to the growing body
of literature supporting the integration of virtual-haptic technology in preclinical dental
education. However, they also underscore the need for careful interpretation regarding
clinical equivalence, skill transfer, and educational design.
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4.1. Time Efficiency and Implications

Our finding of a significantly reduced preparation time with virtual simulation aligns
with prior work showing improved operative speed after haptic training [20,21]. For exam-
ple, a systematic review by Bandiaky et al. [10,11] found that haptic simulators significantly
enhance psychomotor skill acquisition in preclinical dental training. Reduced time may
reflect both the standardized nature of virtual tasks and the simulator’s immediate feedback
features. From an educational standpoint, shorter task durations allow for increased prac-
tice frequency, which may support deliberate practice and faster competency attainment.
Nonetheless, the quality of preparation must remain the focus; speed alone is insufficient if
precision or tissue preservation is compromised.

While reduced preparation time may be viewed as an advantage of haptic virtual
simulation, it is important to consider its potential implications for cognitive processing
and procedural understanding, particularly in novice learners. In conventional preclinical
laboratories, students are often encouraged to proceed at a natural pace that allows delib-
erate planning, continuous self-monitoring, and instructor-guided reflection. In contrast,
the accelerated performance observed in virtual environments may partially reflect the
absence of clinical stressors and the perception of reduced risk, which could inadvertently
promote a focus on task completion speed rather than on procedural comprehension and
decision-making. From an educational perspective, excessive emphasis on speed may hin-
der the consolidation of foundational concepts if not appropriately scaffolded. Therefore,
the time efficiency associated with haptic simulation should be interpreted as a potential
educational advantage only when integrated within structured curricula that emphasize
accuracy, feedback, and reflective learning, rather than speed alone.

To address this concern, we provide a more balanced interpretation of the results.
Specifically, the heterogeneity of the literature on haptic and virtual simulation in dental
education is now explicitly acknowledged. Several studies have reported significant effects
of simulation modality, level of immersion, and training sequence on skill acquisition,
particularly when more complex operative or endodontic procedures are assessed and
when learning outcomes are evaluated using longitudinal study designs. For example,
the integration of haptic simulation with immersive virtual reality environments has been
shown to improve accuracy, internal geometry, and skill transfer in endodontic access
cavity preparation compared with less immersive modalities [10,11]. In addition, system-
atic reviews and controlled studies have highlighted that the sequence of training—such
as simulation-first versus conventional-first approaches—can significantly influence per-
formance outcomes and the consolidation of psychomotor skills [22,23]. These findings
contrast with studies reporting minimal or no differences in short-term or low-complexity
tasks, underscoring that the educational impact of simulation is highly context-dependent
and influenced by task complexity, learner experience, and study design.

In addition, the absence of statistically significant differences in some outcomes must
be interpreted in light of the study’s statistical constraints. Given that the sample size
was determined by cohort availability rather than by an a priori power calculation, the
possibility of Type II error cannot be fully excluded, particularly for outcomes associated
with small effect sizes. Accordingly, we have intentionally avoided overinterpreting non-
significant findings and refrained from framing them as evidence of equivalence between
modalities. Instead, these results should be viewed as inconclusive within the limits of the
present design and as a basis for generating hypotheses to be tested in larger, adequately
powered studies.

Importantly, the conclusions drawn from the present study should not be interpreted
as directly applicable to the acquisition of complex endodontic competencies. The experi-
mental task evaluated—a standardized Class V cavity preparation performed over a short
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time frame—represents a relatively low-complexity operative procedure. Advanced en-
dodontic skills such as canal negotiation, shaping, and obturation involve additional spatial,
tactile, and cognitive demands, as well as error-sensitive decision-making processes, which
typically require repeated, longitudinal practice and structured training sequences. There-
fore, while the present findings support the flexible integration of haptic simulation within
preclinical operative dentistry, caution is warranted against extrapolating these results to
more advanced endodontic training contexts without dedicated longitudinal evidence.

4.2. Volume Differences and Skill Transfer

The slightly larger cavity volumes observed with virtual preparations warrant nu-
anced interpretation. The positive bias in the Bland—-Altman analysis suggests that users
may remove more tissue in the virtual environment, possibly due to lower perceived risk
or differential force feedback calibration. Literature on skill transfer in VR-haptic contexts
suggests that over-preparation or non-clinical cutting patterns may emerge in simulation
unless strict fidelity and realism are maintained [24]. For instance, a qualitative study
by Daud et al. [2,9] reported that students perceive the realism of VR-haptic simulators
as still lacking, particularly in tactile feedback, which may influence performance behav-
ior. Hence, while the volume difference is statistically significant, its clinical relevance
appears small (Cohen’s d ~ 0.31), and it should be framed as a potential risk rather than a
definitive drawback.

4.3. Correlation, Reliability and Educational Validity

The moderate Pearson correlation (r =~ 0.62) and moderate ICC (~0.61) between real
and virtual volumes indicate partial transferability of performance patterns across modali-
ties. This is consistent with the idea that haptic simulation provides a learning scaffold, but
not a full replacement for real-tooth experience [22]. From a pedagogical viewpoint, this
suggests that simulation can accelerate basic skill acquisition, but subsequent translation to
natural-tooth work still requires supervision, real-world feedback, and refinement. Given
the evidence from Koolivand et al. [22] indicating that VR-based education yields improved
motor skills but still needs robust assessment of transfer to real settings, our data further
support a blended-training model.

4.4. Efficiency Index and Curriculum Design

The derived efficiency index (volume removed per minute) showing superior per-
formance in the virtual environment suggests that the simulator environment may shift
behavior toward high-throughput rather than clinically conservative preparation. Edu-
cators should consider embedding specific fidelity checks and feedback mechanisms in
simulation curricula to align virtual behavior with optimal clinical standards, rather than
purely speed-based metrics. This resonates with the review by Felszeghy et al. [23], which
emphasized that while VR-haptics increases engagement and motivation, validation and
careful curriculum integration remain critical for effectiveness.

4.5. Limitations and Future Research Directions

Several limitations of the present study should be acknowledged. First, the experimen-
tal task was limited to a single, standardized Class V cavity preparation, which represents a
relatively low-complexity operative procedure. While this approach allowed for controlled
comparisons and reduced procedural variability, it does not capture the additional spatial,
tactile, and cognitive demands associated with more complex operative tasks, such as Class
II cavity preparations. As such, the findings cannot be directly extrapolated to more com-
plex or multistep dental procedures. Future investigations incorporating higher-complexity
procedures will be essential to more comprehensively assess the robustness and educa-
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tional value of haptic virtual simulation systems. In addition, the study was conducted
at a single institution and involved a single experienced instructor, which may limit the
generalizability of the findings despite ensuring procedural standardization. Second, the
study design was short-term and did not assess learning progression or skill retention
over time. Third, the investigation was conducted in a preclinical setting, which does not
fully capture the cognitive, ergonomic, and stress-related factors present in real clinical
environments. Although a post hoc power analysis indicated adequate power for detecting
differences in preparation time, the study may have been underpowered to detect small
volumetric differences. Additionally, haptic feedback parameters were set according to
the manufacturer’s default recommendations. All virtual preparations were completed in
single uninterrupted sessions using a non-immersive simulator configuration; therefore,
the potential effects of multiple sittings, immersive head-mounted displays, and operator
fatigue were not specifically assessed and warrant further investigation. Finally, the present
study did not include a cost—value or cost-effectiveness analysis, which is an important
consideration for the large-scale adoption and global implementation of haptic simulation
technologies and should be addressed in future research.

4.6. Educational and Clinical Implications

From an educational standpoint, our results support the use of haptic virtual simu-
lation as a valid adjunctive tool in preclinical operative dentistry. Simulation can reduce
faculty supervision time, offer standardized and reproducible tasks, and allow repeated
safe practice—aligning with broader trends in competency-based education [23,24]. How-
ever, we caution against viewing it as a replacement for real-tooth preparation at this stage.
The slight volumetric bias and moderate reliability point to the continued importance
of integrated curricula, where simulation precedes real-tooth work, enabling students
to hone speed and gross technique virtually, followed by refinement and verification on
real substrates.

The educational value of VR-based simulators is consistent with previous research
demonstrating that stereoscopic depth cues and realistic hand—tool alignment significantly
improve skill acquisition and transfer in dental simulation environments [25,26].

Clinically, faster preparation times may translate into more productive preclinical labs,
enabling students to engage in higher-fidelity tasks sooner. Yet, educators must ensure that
time gains do not compromise tissue conservation, internal geometry or anatomical fidelity,
which underpin long-term clinical competence.

4.7. Clinical Relevance

The findings of this study indicate that haptic virtual simulation provides a time-
efficient and standardized environment for developing operative skills while producing
cavity volumes that are largely comparable to those obtained on natural teeth. These results
support the use of virtual simulation as a safe and effective adjunct in early preclinical
training, allowing students to refine basic psychomotor abilities before transitioning to
real-tooth preparations. The slight volumetric bias observed highlights the importance of
blended curricula, where virtual practice enhances foundational skills without replacing
real substrate experience.

5. Conclusions

In summary, this study shows that haptic virtual simulation provides significant time-
efficiency advantages and produces cavity volumes broadly comparable to those obtained
through conventional preparation, albeit with a slight bias toward greater volume removal.
The moderate correlation and reliability observed between modalities support the role of
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simulation in early skill acquisition while also reinforcing the necessity of subsequent tran-
sition phases involving real-tooth practice. As dental education increasingly incorporates
digital technologies, these findings highlight both the potential benefits and the important
limitations of integrating haptic simulation into preclinical operative dentistry curricula.
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