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Abstract
Objectives: Administering anesthesia to the inferior alveolar nerve is 1 of the
most stressful processes in dental training. Most studies using virtual reality (VR)
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Methods: On May 2019, an experimental study was conducted with 163 clinical dental students, divided into 4 groups across 2 phases (preceptorship and
training) with haptic feedback either On or Off. The participants trained on the
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inferior alveolar dental anesthesia procedure in a haptic VR simulator. Their
technical skills were evaluated in terms of needle insertion features which were
computed from a haptic device providing kinematic data. Also, the participants
reported their subjective experience with syringe handling and simulator sickness. A machine learning method was implemented to automatically evaluate
the needle insertion point performance of the student.
Results: Groups receiving immersive preceptorship and/or immersive training
showed more accuracy and confidence in administering the anesthesia. Participants perceived a high sense of realism with the haptic feedback when handling
the syringe. The machine learning method was validated, with an accuracy of
84%, as a good classifier to assess a student’s needle insertion point performance.
Conclusions: The immersive VR simulator allows the practice of the inferior
alveolar nerve block under near real conditions and with immediate feedback to
the dental student with respect to the needle insertion point. This machine learning based automatic evaluation provides a method to improve technical skills,
contributing to dental training.
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1

INTRODUCTION

The procedure for the administration of anesthesia to
the inferior alveolar nerve is 1 of the most stressful
J Dent Educ. 2020;1–10.

in dental training.1 The majority of VR simulators for
training dental procedures2–4 have used less immersive
technology, such as 2D or 3D monitors, coupled with
haptic technology.2 Two dental training programs were
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identified and classified as: drill training using commerR
(Nieuw-Vennep, The
cial simulators,5–14 eg, Simodont
R

Netherlands), Virteasy (Changé, France), Voxel-Man
R
R
(Hamburg, Germany) and DentSim
(New York,
Dental
USA), and anesthesia training using a prototype developed in a research project.15,16 Therefore, there are few
studies that are fully immersive, and to date we have
not found reports on the immersive impacts of haptic
VR using head-mounted displays (HMD) for anesthesia
training.
Even when using movement tracking data, such as
HMDs, hand controllers, and haptic devices, learning
assessments usually rely on subjective evaluations.17,18
When implementing training programs at scale, the subjective performance assessment method is costly, time consuming, and doesn’t give precise feedback to the student.
Therefore, the development of a methodological strategy
using statistical learning19 for modeling and understanding complex skills datasets is very important to improving
surgical accuracy and clinical outcomes.20
In order to address these issues, an experimental study
was carried out with 163 clinical dental students in a simulator with HMD and haptic device capabilities allowing
full immersion, as described in Section 1. The system captured and recorded quantitative variables, which yield an
objective evaluation of the dental student’s technical skill
in anesthesia using a machine learning method (details are
in Subsection 2.3). In Section 2, the immersion and haptic
cue impacts were statistically analyzed, as well as the subjective measurements about the syringe handling and simulator sickness obtained by self-responded questionnaires.
We hypothesized that students training under immersive conditions would perform better compared to those
under non-immersive conditions. This better performance
should be observed in the objective and subjective variables. Moreover, we expected to validate the proposed
machine learning method as an automatic assessment of
the student’s performance.

2

MATERIALS AND METHODS

In this section we describe the VR simulator and the experimental design used in this study.
We developed a fully immersive dental simulator with
force feedback and an HMD. Unlike simulators where the
student has to face a monitor to see the virtual world, the
HMD does not have a fixed view. The HMD allows the student to look around freely and find the best perspective to
perform the dental procedure in a more natural way.
An experiment was run to compare how students perform in our setup (HMD) compared to a less immersive
setup (2D monitor) and a setup with haptic feedback Off.

Ethics approval was obtained by the Institutional
Review Board (IRB) of the Universidade de São Paulo
and the study was performed according to the committee’s
guidelines and regulations. All participants gave written
informed consent before taking part in the study and had
no interaction with the experimenter.

2.1

The VR dental simulator

R 21,22
The VIDA Odonto
is a VR training system for the
administration of anesthesia to the inferior alveolar nerve.
In this virtual dental clinic, the student practices the anesthesia procedure on a 10-year-old male patient with a complete anatomical head model, including the skull and most
relevant parts of the nervous, circulatory, and muscular
systems. Figure 1 illustrates a student performing the procedure in the simulator.
The simulator includes an HMD with head tracking
used on participants in immersive conditions. A full HD
TV was used by participants in non-immersive conditions.
The simulator was developed using a game engine and ran
at 90 frames per second in the HMD. The VIDA Odonto
simulator uses a haptic device with 6 degree-of-freedom (6
DOF) tracking and 3 DOF force feedback output as the virtual syringe interface. We attached a metal handle of an
actual syringe to the haptic mechanical arm using a 3D
printed adapter, to increase the tactile realism.
The physical collision of the tip of the needle with the 3D
objects added to the scene, such as soft tissue, teeth, and
bones, was only calculated for objects tagged as “touchable.” There are two kinds of forces: the “cutting force,”
related to the soft tissue resistance until it is ruptured and
the “frictional force,” related to the sliding of the needle inside the tissue. Teeth and bones were also touchable, however they were defined as impenetrable objects,
which means they could not be penetrated by the needle of
the syringe. The haptic feedback parameters were defined,
refined, and validated by a committee of dental experts.22
When administering the anesthesia to the inferior alveolar nerve, it is common to adopt intraoral landmarks as references to guide the student. In order to facilitate the learning process, visual cues were implemented in the simulator
according to the preceptor’s choice of intraoral landmarks
and technique; and audio instructions were recorded by
the preceptor.

2.2

Experimental design

The anesthetic simulation procedure consists of 2 subsequent phases: preceptorship and training. In the preceptorship phase, the participant receives instructions
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F I G U R E 1 The simulator set up: a student training on the haptic VR simulator, wearing the HMD and holding the real syringe attached
to the haptic device. The monitor displays the virtual environment at the same time it is rendering for the HMD

TA B L E 1

Group configuration of the experimental design
Phase

Group

Preceptorship

Training

Haptic
feedback

Full

Immersive

Immersive

on

NP

Non-immersive

Immersive

on

NT

Immersive

Non-immersive

on

NH

Immersive

Immersive

off

on the procedure, as previously described. In the training phase, the participant performs the procedure as
explained. Both phases can be executed under immersive
or non-immersive conditions. When under immersive conditions, the participants wear the HMD and under nonimmersive conditions, the participants visualize the preceptorship or perform the training watching a full HD TV
screen. Moreover, the haptic feedback can be turned on or
off during the training phase. A single factor experimental
design with four levels (groups) was employed.
Table 1 shows the configuration of the four experimental
groups depending on under which condition the phase was
performed, and on the status of the haptic feedback. The
full group had immersion in all phases and haptic feedback
set on. In the other 3 groups we disabled either immersion
or haptic feedback.

Each participant was assigned according to their order
of arrival at the experimental session, to 1 of the 4 groups.
All participants completed a computer-based preexperiment questionnaire, including demographic questions; and received practice trials unrelated to the dental
procedure they would perform to become familiar with the
haptic device and the HMD.
The preceptorship and training phases, as well as
the haptic feedback setting, according to the group are
described below.

2.2.1

Preceptorship phase

The NP group refers to the participants receiving the anesthesia instructions from the dental instructor in a passive
way, on full HD TV screen. Participants from NT, NH, and
Full groups wore the HMD, which allows head agency, and
the participant observed the anesthesia procedure from the
instructor’s perspective in immersive condition.

2.2.2

Training phase

The participants in the NT group performed the anesthesia
using the full HD TV screen, in a non-immersive condition.
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Participants in the NP, NH, and full groups performed
the anesthesia wearing the HMD, in immersive condition.

2.2.3

Status of haptic feedback

During the training session, the haptic feedback in the
syringe could be disabled or not. The participants in the
NH group had the haptic feedback set off when the tip of
the needle reached the patient’s soft tissue. Full, NP, and
NT groups experienced the haptic feedback when the tip
of the needle reached the patient’s soft tissue.
After the experiment, the participants were asked to
complete a questionnaire related to the syringe handling
and the simulator sickness they experienced.
The experiment took place in the Oral and Maxillofacial
Surgery Department of the School of Dentistry of the Universidade de São Paulo. The sample consisted of 163 clinical students with some experience in anesthesia technique
from this dentistry school. The number of participants per
group is: FULL (n = 42), NH (n = 41), NP (n = 40) and NT
(n = 40).
The students who participated in the experiment had
already taken anesthetic technique classes where they had
the theoretical basis and performed anesthesias on volunteer patients at the school clinic. In their clinical activities,
the students had already performed at least 20 anesthesias
in general, not restricted to inferior alveolar nerve block.

3

RESULTS

The simulator recorded quantitative measurements. We
refer to them as technical skill features: task execution
time; insertion accuracy (distance from the insertion point
to the reference point), insertion point coordinates, needle
angle (deviation of the needle from reference direction),
and needle depth.
The participants’ perceptions were assessed through a
questionnaire concerning syringe handling and simulator
sickness.
In this section, the immersion and haptic feedback
impacts are studied via comparison of the immersed and
non-immersed groups through the technical skill features
and the subjective variables.
The statistical analyses were performed using the software R, Version 3.6.1 (Vienna, Austria). The adopted significance level is 0.05.
An automatic evaluation method of clinical dental student technical skill is presented in Subsection 2.3 based on
prediction ellipsis for the insertion point coordinates. The
approach for plotting ellipses was implemented in Matlab,
Version R2015a (Natick, MA, USA).

3.1

Task execution time

The anesthesia execution time was analyzed using survival
analysis techniques.23 The Kaplan-Meier estimates for the
probability of task execution against time were plotted for
the four groups, as shown in Figure 2. The shadowed areas
around the curves represent point wise 95% confidence
intervals.
As seen in Table 2 and Figure 2, those in the NT group,
in which the training was performed in a non-immersive
environment, took much longer than the other groups
to administer the anesthesia. Cox proportional hazards
model, for comparison among groups, showed that combined non-immersive groups (NP and NT) took significantly longer to execute the procedure than the immersive
groups (Full and NH) (Wald test, P < 0.001.)
Although, the execution time may not have an influence on performance measures (insertion accuracy, needle angle, and depth), it may be indicative that the student
feels more confident during the anesthesia administration
using the immersive technology.

3.2
Needle insertion accuracy, needle
angle, and depth of penetration
A summary of the descriptive measures of these features
is in Table 2. The results for the needle insertion indicated
that the groups performing the anesthesia under immersive conditions (Full and NH) were more accurate than
the groups submitted to the combined non-immersive conditions (NP and NT) (ANOVA, P < 0.001). There were
no significant differences among groups for needle angle
(ANOVA, P = 0.439) as well as for needle depth (KruskalWallis test, P = 0.244).

3.3
Insertion point coordinates and
machine learning based evaluation method
We placed a virtual plane on the area to be anesthetized
and we plotted the coordinates of the insertion points onto
it to better visualize the data in 2 dimensions. The plane
was positioned so the reference insertion point, as defined
by the dental expert (gold standard), would be in its center
and rotated to face the reference needle direction during
insertion, also defined by the expert.
The students’ insertion point coordinates were plotted and colored according to their group (Figure 3).
Taking the bivariate data, we generated 2 elliptical
curves using Hotelling’s T2 statistic.24 The center of the
ellipses is (x, y) = (0.1736,0.0560), represented by the red
star.
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F I G U R E 2 Kaplan-Meier estimates curves of task execution time for each group with respective pointwise 95% confidence interval (shadowed area), followed by the number of people executing the procedure per time by group
TA B L E 2

Mean (and standard deviation) and median (and interquartile range) of the technical skills features by group
Group
Full

Variable

NH

NP

NT

Task execution

mean (sd)

18.37 (8.49)

16.14 (6.23)

22.43 (8.57)

55.38 (30.99)

Time (sec)

median (IQ)

16.30 (6.68)

14.27 (6.64)

20.72 (10.55)

50.25 (39.05)

Needle insertion

mean (sd)

2.86 (1.83)

3.25 (1.92)

4.54 (2.21)

3.93 (2.97)

Accuracy (mm)

median (IQ)

2.39 (2.25)

3.04 (2.29)

4.06 (3.62)

3.26 (2.62)

Needle

mean (sd)

0.37 (0.14)

0.40 (0.16)

0.40 (0.14)

0.34 (0.19)

Depth (mm)

median (IQ)

0.34 (0.14)

0.39 (0.18)

0.39 (0.21)

0.31 (0.26)

Needle

mean (sd)

8.61 (3.61)

8.33 (4.06)

8.84 (4.85)

9.81 (4.53)

Angle (degree)

median (IQ)

8.51 (4.86)

8.20 (4.98)

8.37 (6.28)

9.47 (6.36)

The innermost ellipse is a 95% confidence region for the
(population) mean insertion point coordinates (µX ,µY ), as
shown in Figure 3A. We noted that the reference insertion
point, represented by the black star in the figure, is inside
the confidence region.
A dental professor evaluated each of the 163 student simulated procedures using the replay module of the system.
Each one was then labeled as “successful” or “failure.” Of
the 163, 105 were classified as successful and 58 as failure.
We considered these labels as the correct classification.

We proposed a machine learning method to classify
future observations for the anesthetic procedure, by setting a monitoring region through a prediction ellipse. The
larger the prediction percentile is, the larger the prediction region will be defined. The threshold setting in the
machine learning classification for this situation is a value
corresponding to the coefficient of the prediction ellipse.
The threshold was determined from the receiver operating
characteristic (ROC) curve,19 which was built on a training sample of 50 observations, randomly chosen among the
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F I G U R E 3 (A) Scatter plot of insertion point data with a 95% confidence ellipse for the mean and 75% prediction ellipse for individual
observations, and (B) The insertion points with confidence and prediction ellipses projected inside the pterygomandibular region of the virtual
patient’s mouth

105 labeled successful. The area under the curve (AUC) is
0.90, meaning that the prediction ellipses are a good classifier, and may be used to appropriately discriminate (as
successful or failure) the student’s performance related to
needle insertion coordinates. By jointly maximizing the
sensibility and the specificity, we have chosen the 75%
threshold.

We constructed a 75% prediction region for future
insertion point coordinates, corresponding to the second
and outermost ellipse in Figure 3. Any observation inside
the 75% prediction ellipse was classified as “successful”
and outside the prediction ellipse classified as “failure,” by
the method. The sample test consisted of the 113 remaining observations and resulted in a sensitivity of 83.6%,

COLLAÇO et al.
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Factor loadings and Factors median (and IQR) score by group for the Syringe Handling Questionnaire
Tactile realism

Syringe control

Ease of performance

Factor 1

Factor 2

Factor 3

Question–factor loadings
Q1. I noticed the tactile stimulus upon penetrating the soft tissue

0.60

Q7. The tactile sensation of resting the needle on the soft tissue
seemed real

0.91

Q4. The administration of the anesthesia seemed real

0.63

0.50

Q8. I felt as if I was really administering anesthesia to the patient
when handling the syringe

0.58

0.57

Q5. It was easy to control the syringe

0.95

Q6. The syringe was stable

0.68

Q2. I felt confident administering the anesthesia

0.42

Q9. The syringe helped my performance

0.57
0.60

Q10. The tactile sensation of resting the needle on the soft tissue
helped my performance
Q3. A device with tactile feedback upon resting against the soft
tissue is useful

0.33

Group–factor median (and IQR)
Full

2.223 (0.565)

1.943 (0.342)

2.274 (0.391)

NH

2.166 (0.430)

1.874 (0.252)

2.230 (0.345)

NP

2.023 (0.395)

1.831 (0.312)

2.143 (0.318)

NT

2.015 (0.518)

1.561 (0.673)

2.012 (0.667)

Note: Factor loadings <0.3 are not displayed.

a specificity of 84.5%, and an accuracy of 84.0%, for this
statistical learning method.
These values indicate that the prediction ellipse performed well as a classifier for the student’s needle insertion
point, and validated the machine learning method.

3.4

Syringe handling questionnaire

This questionnaire consists of ten items based on a 7-point
Likert scale, where 1 means the least agreement and 7 the
most agreement. Some questions were adapted from Ullrich, et al.25 and some were created by the researchers. The
questionnaire’s scale of reliability was good, with a Cronbach’s Alpha = 0.84.
A principal component analysis (PCA) technique and
factor analysis using varimax rotation24 was used to jointly
analyze the responses of all items of the Syringe Handling
Questionnaire, and three factors were extracted.
Table 3 indicates that Factor 1 aggregated the items
related to the tactile sensation, therefore we named it "tactile realism.” Factor 2 aggregated the items related to controlling the syringe, therefore we named it “syringe control,” and Factor 3 was termed “ease of performance.”
Table 3 shows the median scores, and respective
interquartile range (IQR), of the factors by groups. We

noticed that the immersive groups (Full and NH) have
slightly higher median scores for all factors. The group NT
has a lower median score and higher dispersion compared
to the other groups, for all factors, especially for Factor 2.
No significant difference among groups for Factor 1
and Factor 3 was found. Therefore, even though the NH
group had the haptic feedback turned off, it showed similar
behavior to other groups with respect to the tactile realism.
For Factor 2, NT group reported significantly (Kruskal Wallis test, P < 0.001) more difficulty controlling the syringe
than the other groups.

3.5
Simulator sickness questionnaire
(SSQ)
Participants were asked to rate on a 0 (none) to 3 (severe)
using a 4-point Likert-scale fifteen questions concerning
their discomfort in the VR simulator. The SSQ26 aims to
analyze factors concerning side effects such as: (a) oculomotor symptoms, (b) disorientation, and (c) nausea.
The results showed that there was a very little incidence of simulator sickness: a majority of “none” side
effects (87%), “slight” (9%), “moderate” (3%), and “severe”
(1%) symptoms concerning these questions. Higher positive scores were noted only on four of the questionnaire
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items concerning the oculomotor side effect: eyestrain, difficulty focusing, “Fullness of the head,” and blurred vision.
Given the majority of zeros (no side effects), we analyzed the number of simulator sickness symptoms each
participant felt. Applying a generalized additive model
(GAM),27 the results revealed that the NT group (that performed the anesthesia procedure under non-immersive
condition) had significantly (P = 0.039) less sickness symptoms, which was expected.

4

DISCUSSION

There is a paucity of immersive dental anesthesia training
studies using HMD, as evidenced from a recent systematic
review of VR training in dental medicine.28 The majority
of the studies were for drill training in which feedback of
the operative field is displayed on a 2D or 3D monitor. The
performance assessment of most studies17,18 were based
on self-reported answers, except for one study7 (in crown
preparation) that applies a machine learning method for
learning technical skills.
This paper investigated the effects of (full) immersion on
inferior alveolar nerve anesthesia technical skills tracked
by a haptic device that takes into account the haptic perceptions. The analysis showed clear performance advantages for immersed groups compared to the combined nonimmersed groups (when one of the phases, preceptorship
or training, was performed in non-immersive conditions).
The immersed groups performed the anesthetic procedure faster and more accurately than those in the combined non-immersed groups. These results were expected
because the HMD allowed immersive groups to experience
a free angle of view and hand positioning inside the virtual patient’s mouth. These conditions are closer to the
real environment, allowing the students to better explore
the patients’ mouth, and to better plan the hand movement needed to perform the procedure. The HMD also
provides stereoscopic view to the participant, resulting in
a better perception of depth when compared to the 2D
monitor, making instrument navigation inside the mouth
easier.
For the needle insertion point, the confidence ellipse
contains the gold standard, meaning that, in general, the
students followed the dental expert’s preceptorship of the
needle tip movement towards the insertion target. Moreover, the prediction ellipse performed well as a classifier
giving automatic feedback to the student.
Concerning the subjective evaluation, the students
under non-immersive training reported feeling more difficulty in controlling the syringe than those in immersive
training. This result was expected since, usually, when students use a monitor-based simulation, they have to keep

looking at the monitor while training the movement for
anesthesia administration. This kind of simulation offers
less realism than the immersive condition.
Contrary to our expectations, the participants having the
haptic feedback set off reported tactile perception similar
to the others with haptic feedback set on. Having a real
syringe in their hands, provided by the tangible interface,
may have had highly influenced the students’ visual perception over their haptic perception. A previous study29
has shown that vision dominated the touch perception
and created an illusion of haptic feedback. Although direct
vision of the instrument and the target are of great importance to the inferior alveolar nerve block, haptic feedback
still plays a decisive role in the early stages of the sensorimotor acquisition. For more complex tasks, such as surgical removal of impacted third molars, the force feedback
could improve the student’s performance,30 especially for
novices and apprentices.31,32
It is clear that the combination of the haptic feedback
with the HMD enhances the immersive VR experience.
However, it was not possible to objectively analyze how
this combination would affect the skills acquisition of
novice students, since they did not participate in the study.
This can be considered as a limitation of this work, and a
suggestion for future research.
There are several methods to administer an inferior
alveolar nerve anesthesia that use distinct intraoral references to guide the clinician.33 This simulator allows for the
recording of other intraoral landmarks and audio narrative according to any preceptor’s technique of choice for
the inferior alveolar nerve anesthesia.
Future research should consider the implementation
of more complex dental tasks and anatomical variations. Regarding the student assessment, implementing a
machine learning based evaluation of the syringe’s trajectory should be considered.
An anesthetic simulation system enables students to
train on dental anesthesia application before practicing the
anesthetic procedure in humans. This kind of training is
essential to reduce or avoid mistakes, and improve student’s confidence.
This work presented a fully immersive simulator and
addressed some of the issues involved in VR dental education. It showed that the more immersive the training,
the better the technical skill acquisition. When wearing
the HMD, the operative field is projected directly on the
student’s eyes, so attention does not need to be alternated
between the operative field and the feedback information
displayed on a 2D/3D monitor.
Tracking and recording the simulated procedure
allowed us to implement and validate a machine learning
method that yielded a scalable, objective, automatic
evaluation in technical skill training.
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CONCLUSION

Our results provide evidence that immersion positively
impacts the technical skill in inferior alveolar anesthesia training, with respect to execution time, needle insertion point, and insertion accuracy, as well as the sense of
syringe control and haptic feedback. The machine learning
technique proposed can be used as an automatic evaluation system which can contribute to the field of VR dental
training.
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