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Abstract

Compared with traditional dental training methods, virtual reality training systems
integrated with multisensory feedback possess potentials advantages. However, there
exist many technical challenges in developing a satisfactory simulator. In this manu-
script, we systematically survey several current dental training systems to identify the
gaps between the capabilities of these systems and the clinical training requirements.
After briefly summarising the components, functions and unique features of each
system, we discuss the technical challenges behind these systems including the software,
hardware and user evaluation methods. Finally, the clinical requirements of an ideal
dental training system are proposed. Future research/development areas are identified
based on an analysis of the gaps between current systems and clinical training
requirements.

Introduction

Pre-clinical dental training experiences are important for novice
students to gain familiarity with the surgical operations, to
acquire knowledge of anatomical structures within oral cavity
and to master dexterous sensorimotor skills.
There are currently two major training methods utilised by

students to acquire patient treatment skills: practice on typo-
donts (artificial teeth and jaws) mounted in phantom heads
or on live patients. Typodonts have many limitations includ-
ing physical properties (such as stiffness, friction) being
vastly different from real teeth, high cost and environmental
pollution in the manufacturing process. Extracted teeth, in
comparison, may also be mounted into a phantom head,

providing higher fidelity of physical properties than artificial
teeth and, however, may be difficult to obtain. Compared to
the use of a phantom head, a more effective way to train is
to practice on live patients. However, this exposes patients to
risks because of insufficient skills of novices. In addition,
some patients are unwilling to be treated by training clini-
cians.
In recent years, computer-based dental simulation education

has become an active area (1–3). A benefit of virtual environ-
ments containing various surgical instruments is that student
can utilise an interface such as a mouse or a keyboard to con-
trol virtual surgical instruments to accomplish various surgical
tasks. However, sensorimotor skills are difficult to be learned
using these methods. In the past twenty years, haptic-based
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virtual reality (VR) became a booming and new branch of
human–computer interaction. Therefore, haptic-enhanced VR
simulation is proposed as an alternative methodology to pro-
vide the sensorimotor training needed as part of the dental cur-
riculum. The future of VR dental simulation is promising
because of both its technical advantages and social require-
ments (4, 5). Because of inadequate dental healthcare providers
in many regions in the world, including Asia, Africa and Latin
America(6), more dentists are needed to be trained, and VR
dental simulation may be a supplement to traditional training
methods to help meet these urgent training needs.
In the past decade, several VR dental training simulators

with haptic–visual–audio feedback have been developed (1).
Because of a lack of commonly accepted standards, these
simulators have big differences not only in design and
algorithms, but also in function and evaluation methods. This
manuscript reviews existing dental training simulators, com-
pares their differences and presents future research trends and
development.

Current dental simulators

Historical development of dental simulators

In 1990’s, Ranta et al. introduced the concept design of virtual
reality dental training system (VRDTS) to practice cavity
preparation (7). VRDTS (8) was further developed by Novint
Technologies in collaboration with the Harvard School of
Dental Medicine, allowing for virtual restoration of teeth.
(Detailed specifications of the VRDTS are summarised in
Table 1).
In 2001, the Iowa dental surgical simulator (IDSS) prototype

was developed by the College of Dentistry at the University of
Iowa and Graphical Representation of Knowledge (GROK) Lab.
The simulator was designed to teach and evaluate subtle tactile
and surgical skills relevant to clinical detection of carious
lesions on the surfaces of teeth and within surgically cut dentin
(9).
In the past ten years, more powerful dental simulators have

been developed with the capabilities of providing immersive
haptic feedback.
PerioSim (10–12) was developed by the University of Illi-

nois at Chicago (UIC) through joint efforts of the Colleges of
Dentistry and Engineering and designed especially for
periodontics, which can simulate three typical operations
including pocket probing, calculus detection and calculus
removal. This system focused on probing different tissues
around tooth.
Kings College London (KCL) dental school developed the

prototype I of Haptic Technology Enhanced Learning (Hap-
TEL) in 2008 and prototype II in 2010 in collaboration with
the University of Reading. Their system allows users to learn
and practice procedures such as tooth drilling, caries removal
and cavity preparation for tooth restoration (13).
The Virtual Dental Patient (VDP) (14, 15) was developed by

Aristotle University of Thessaloniki, Greece, to aid users in
becoming acquainted with tooth anatomy, handling of instru-
ments used for drilling as well as challenges associated with the
drilling procedure.

The VirDenT system prototype was developed by Ovidius
University to help users to learn how to prepare teeth (crowns
and bridges) for ceramic crowns (16–19).
In Beihang University, China, Wang et al. (20–22). devel-

oped two generations of the iDental system. The iDental system
can simulate typical periodontal procedures, including pocket
probing, calculus detection and calculus removal. In addition,
it can be used to practice drilling, removal of tooth decay and
bimanual dexterity exercises such as use of a scaler to remove
calculus whilst also holding a mirror in the other hand to
retract the tongue.
Besides research prototypes developed in academic

laboratories, there are also several commercially available dental
simulators.
Forsslund Systems (23, 24) was developed by Forsslund Sys-

tems AB in 2008 to provide VR training for practicing dental
drilling and wisdom tooth extraction. The core components of
this system are the Kobra and FS-Wisdom, whilst the Kobra
simulator is the set of hardware upon which the software appli-
cation FS-Wisdom runs.
The Simodont Dental Trainer (25, 26) was developed by

MOOG Inc., in collaboration with the Academic Centre for
Dentistry Amsterdam (ACDA). It can simulate drilling,
removal of tooth decay, restoring cavity preparations, crown
and bridge preparations as well as mirror reflection. In
addition to practicing manual dexterity skills, the system
allows users to select virtual patient profiles and then perform
diagnosis, treatment planning and provides automatic user
evaluation.
The VOXEL-MAN Dental was developed by the University

Medical Center Hamburg-Eppendorf. It provided training of
cavity preparation and carious lesions with automatic skills
assessment. This simulator can model burs of different shapes,
controlled by a foot pedal (27–29).
VirTeaSy Dental was developed by DIDHAPTIC (Laval, Pays

De La Loire, France) which is a dental surgery training simula-
tor initially designed for teaching implantology (30–32).
Representative images of all of the mentioned simulators are

shown in Fig. 1. Apart from these simulators, there are also
many other dental simulators with few reported technical
details (33–45).

Comparison of current dental simulators

Table 1 summarises the features of currently available systems
with regard to the following five aspects: (I) developer and tar-
get operations, (II) functions, (III) hardware and controls, (IV)
system performance and (V) VR environment.
From Table 1, it can be seen that only four commercial

products are available where the differences in the five features
can be clearly identified. Potential users such as school admin-
istrators and dental students can decide whether these systems
will fulfil their training requirements.
Furthermore, most existing simulators are specific to only

one discipline of dentistry, such as endodontics, and none of
them meet the training requirements for all areas of dentistry.
It can also be found that only a few simulators provided imme-
diate feedback on errors or score performance of trainees. As
studied by Sigrist et al., this immediate feedback may help
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trainees to identify their weaknesses and correct wrong manip-
ulation behaviours (46).

Analysis of current simulators: technical
perspectives

Software

Software is the key element of a dental simulator. The func-
tions of software are twofold: (i) creating a virtual environ-
ment including virtual teeth, virtual dental tools and virtual
tissues in oral environment, and (ii) providing high-fidelity
haptic–visual–audio rendering or synthesis algorithms to

simulate the real time interaction between various virtual
instruments and oral tissues. To fulfil these functions, the fol-
lowing components constitute key challenges for development
of high-performance software: haptic modelling method, hap-
tic rendering algorithm, collocation of haptic–visual feedback
and courseware.
Haptic modelling method is the foundation for constructing

a VR environment. Volumetric (voxel-based) models have been
widely adopted to render the teeth and implemented drilling
process by the majority of simulators including Simodont,
iDental, HapTEL, Forsslund and VDP (Table 1). A sphere-tree
model is also used to model teeth and tongue, and thus facili-
tates multiregion contacts and deformation simulation (21).

Fig. 1. Current dental simulators.
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Haptic rendering algorithm is the key technology in soft-
ware to simulate the collision/contact between the dental tools
and the oral tissue, compute contact force/torque and impose
them on a user’s hand through the haptic devices. Most simu-
lators can only simulate contact force between rigid bodies,
whilst only a few can simulate deformation under 1 kHz
update rate. In addition, the majority of simulators can only
simulate single-hand force feedback, whilst bimanual force
feedback is required for higher efficiency of the haptic render-
ing algorithm. In addition, most of the simulators are single-
point contact during haptic interaction except a few systems
that have extended point-based rendering to six degree of
freedom (six-DoF) haptic rendering of multiregion contacts
(21).
Collocation accuracy of haptic–visual feedback determines

the fidelity of the human perception in the VR environment,
which refers to the degree of overlap between the virtual tool
in VR environment and the hand-held handle in the real world.
The higher the haptic–visual collocation accuracy, the better
the illusion of immersion that can be obtained. As shown in
Table 1, only Simodont, iDental, HapTEL and Forsslund pro-
vide haptic–visual collocation function using either a half-
reflective mirror or a miniaturised optical projection system.
Three of them did not provide accuracy data whilst only one
system reported the accuracy of 1.8 mm using a calibration
method (47).
Courseware is critical for students to acquire sensorimotor

skills by providing sufficient training experiences through elabo-
rately designed exercises. Well-designed courseware should pro-
vide comprehensive functions, progressive training protocols,
training on usage of dental instruments, manual dexterity exer-
cises, hand-eye coordination experience, record and playback of
training process, etc. However, as shown in Table 1, none of the
existing simulators can completely provide these functions.

Hardware

Twotypesofhardware arenecessary for amultisensorydental simu-
lator:1)anergonomicmultisensorycollocationplatformtoprovide
immersive anduser-friendly interaction between thehumanopera-
tor and the virtual environment and 2) high-performance haptic
devices (or force feedback devices) to provide stable and high-fide-
lityforce/torquefeedbacktothehumanoperator’shand.
The hardware of existing dental training simulators varies a

lot, both the appearance of the multisensory collocation plat-
form and the force feedback devices. Figure 1 illustrates the
appearance of these simulators. The adopted haptic devices of
some simulators are summarised in Table 2. A large stiffness of
a haptic device is crucial to simulate contact against hard tis-
sues like enamel. For most simulators, impedance displayed
haptic devices such as Phantom Omnis are used. This type of
devices cannot simulate sufficient stiffness, and the maximum
stiffness is about 3 N/mm, which is much less than the contact
stiffness of hard tissues like enamel (48). In the Simodont sys-
tem, the admittance control strategy is adopted and the related
device, Haptic Master, can simulate stiffness up to 50 N/mm
(49). To utilise this control strategy, high-performance force
sensors are needed to detect subtle changes of human interac-
tion forces.

Furthermore, the degree of freedom of force feedback
(DoFFF) of all surveyed dental simulators except VirTeaSy
Dental equals or less than three, which is not enough to simu-
late six-DoF haptic interaction between dental tools and oral
tissues. As frequent translations and rotations normally occur
during the manipulation of the tool within the narrow oral
cavity, multiregion contacts between the surgical tool and oral
tissues may lead to six dimensional force and torque, which
makes the simulation of six-DoF haptic feedback become an
indispensable requirement (20).

Performance evaluation

Performance evaluation is indispensable for a surgical simulator
to become an acceptable educational tool. Performance evalua-
tion includes methods and protocols designed to evaluate the
usefulness of a simulator, and courseware to implement the
surgical training protocols and to evaluate the manipulation
performance based on recorded data of trainees.
Typically, subjective/qualitative and objective/quantitative

methods are used for simulator evaluation. Qualitative methods
aim to discover system deficiencies and design flaws that
require modification, whilst quantitative methods mainly aim
to evaluate functional efficiency. These evaluations provide
important lessons for identifying limitations of existing simula-
tors and guiding future research and development directions.
Amongst the currently available dental simulators, with the

exception of VDP and VRDTS, all have implemented evalua-
tions as part of their system. Simodont (50, 51), iDental (pro-
totype I) (20), VOXEL-MAN Dental (28, 29) and VirTeaSy
Dental (31) have all been evaluated both subjectively and objec-
tively; VirDenT (14) has only implemented objective evaluation
whilst HapTEL (13, 52), Forsslund (prototype I) (23), PerioSim
(prototype I) (11, 53) and IDSS(54, 55) have only implemented
subjective evaluation. Table 3 summarises the evaluation meth-
ods and main results of current dental simulators. Although
most systems have received positive feedback from trainees,
whether or not there has been skill transfer from simulation to
real dental operations needs to be validated by more rigorous
studies. There are no commonly accepted standards on evalua-
tion methods and criteria.

Identified research and development
topics

In spite of the great achievements made by existing simulators,
many technical and application challenges still remain in
designing a useful dental simulator. Virtual reality dental simu-
lators are still in their early stages of development, and a large
gap exists between current VR simulators and clinical practice.
Many key technological advances including modelling, algo-
rithms and functionalities are still in need of improvement.

Gaps between existing systems and clinical
requirements

Compared to clinical training on live patients, the following
summarises the gaps that exist between dental simulators and
clinical experiences:
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• As shown in Table 1, most existing dental simulator only
provides training scenarios for one type of dental proce-
dure. Only Simodont, iDental and VirTeaSy Dental cover
more than one dentistry department. For more comprehen-
sive use in dental education, future simulators should sup-
port a multitude of types of clinical procedures (32),
including endodontic, periodontic, prosthodontic, surgical
and paediatric dental procedures.

• Existing dental simulators only provide training of a single
tooth or an arch, which is not sufficient to train all the fine
motor skills of accurate motion and force control within
the oral cavity including interactions between dental instru-
ments and delicate oral tissues (20). Realistic modelling and
haptic simulation of a complete set of oral tissues, including
cheek, floor of the mouth, maxilla and mandible, lips, ton-
gue, gingiva, 32 teeth (including enamel, dentin and pulp)
are indispensable to provide fine motor skill learning in the
narrow oral cavity environment.

• Potential advantages of virtual reality systems over tradi-
tional Phantom head should be further explored, including
its use for simulation of common and/or rare pathological
changes (56). Furthermore, a simulator could also simulate
emergency scenarios that could offer students opportunities

for learning how to manage patients in a high stress work-
load situation (57).

• Fidelity of haptic–visual–audio feedback and their spatial
and temporal synchronisation need to be improved.
Compact haptic devices with sufficiently large stiffness
and sufficient dexterity are still a big challenge (13). It is
still an ongoing topic to develop high efficiency haptic
rendering algorithms that can provide six dimensional
force and torque feedback and can simulate multiregion
contacts between dental tools and deformable oral tissues,
whilst maintaining high precision of haptic–visual colloca-
tion.

• Enhancement of the functionality of training courseware is
needed to meet international training standard for dentists,
including training of correct dental instrument selection,
exercises of bimanual coordination dexterity, and recording
and playback of training exercises (2).

Future research topics

Major future research topics can be divided into the following
aspects: fidelity of multisensory feedback, ergonomics of train-
ing platform and effectiveness of evaluation methods.

TABLE 2. Major parameters of haptic devices used in dental training simulators

Haptic device Simulator DOF DOFFF Workspace Size Stiffness Picture of device

PHANTOM Desktop

(Geomagic Touch X)1
VRDTS;

VDP;

Forsslund;

PerioSim

6 3 >160 W 9 120H

9 120D mm

143W

9 184D mm

x-axis > 1.86 N/mm;

y-axis > 2.35 N/mm;

z-axis > 1.48 N/mm

PHANTOM Omni

(Geomagic Touch)1
Forsslund;

VOXEL-MAN

Dental; iDental

6 3 >160 W 9 120H

9 70D mm

168W

9 203D mm

x-axis > 1.26 N/mm;

y-axis > 2.31 N/mm;

z-axis > 1.02 N/mm

NOVINT Falcon2 HapTEL 3 3 101 W 9 101H

9 101D mm

228W 9 228H

9 228D mm

8 N/mm

Force feedback robot arm

(adapted from Moog

Haptic Master) (25)

Simodont 6 3 100 W 9 100H

9 100D mm

NR ~50 N/mm

Impulse Engine 2000 (54) IDSS 3 2 NR NR NR

VirtuosoTM 6D Desktop3 VirTeaSy Dental 6 6 521 9 370

9 400 mm

270° 9 120°

9 250°

NR Translation (max): 1 N/mm

Rotation (max): 4Nm/rad

NR, not reported; DOFFF, degree of freedom force feedback.
1Geomagic, Inc., USA. (www.geomagic.com).
2Novint Technologies Inc., USA. (http://www.novint.com).
3HAPTION S.A., France. (www.haption.com).
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Fidelity of multisensory feedback

The fundamental question for fidelity needs to be studied,
that is what are the necessary functions and performance
specifications needed for a dental simulator to be useful?
Specifically, how much fidelity of haptic feedback is required
to maintain successful training of dexterous sensorimotor
skills? Fidelity of haptic simulation is crucial for students to
learn the correct force patterns and to acquire dexterous sen-
sory-motor skills. Two important aspects including haptic
device and haptic rendering determine the fidelity of haptic
simulation. Six-DoF haptic devices with both force and tor-
que feedback and sufficient dexterous orientation work space
are needed. Devices with high maximum stiffness should be
developed to simulate hard contact against enamel. The
shape and size of the device handle should be customised to
be similar to that of dental tools. Many research efforts have
been made to improve haptic rendering on six-DoF for fine
manipulation (21, 58). However, more research is necessary,
for example, to simulate subtle force feeling when the dental
tool interacts with pathological changes such as calculus and
decay.
Fidelity of graphic simulation is another important area of

research. Users’ stereoscopic impression in the VR environment
is different from that of the real world. The resolution of the
image and the fidelity of stereoscopic graphic rendering are
crucial for training hand-eye coordination skills. Therefore,
eliminating penetration between tool and teeth or cheek,
enhancing stereoscopic acuity and depth perception may bring
significant benefits for improving visual simulation fidelity.
It is still an open research question that how much realism is

needed to provide effective fine motor skills/clinical training.
To explore this question, one possible way is to perform longi-
tudinal and randomised control studies on observing the motor
learning and skill transfer effect using dental simulators with
varied levels of realism (59–62).

Ergonomics of the training platform

As revealed in previous training studies, a reliable finger rest is
an indispensable part of clinical practice (20). It is necessary to
maintain correct hand posture and exert accurate force in a
correct direction. A frequently problem for trainee clinicians is
lacking of a finger rest or difficult to find a reliable and ideal
supporting point during clinical operations (13, 23). Although
some simulators (e.g. Simodont, HapTEL and VirTeaSy Dental)
have been designed to include supporting structures for fingers
or wrist rests to avoid hands from just hanging in the air, the
manipulation ergonomics are far different from those of clinical
practice. For example, in clinical operations, the dental tool is
grasped by the thumb, index and middle fingers, whilst the ring
finger is pressed to the neighbour of the target tooth. This con-
figuration of the four fingers provides a firm support for fine
manipulations such as removing calculus using large forces.
Therefore, more reliable, anatomically appropriate and stable
finger rests need to be designed.
Hand grip position and force control are two key compo-

nents of successful completion of a dental surgical procedure in
an ideal and smooth manner. Curriculum needs to be devel-

oped for training users to learn correct hand grip position and
force patterns for a given operational task.

Effectiveness of evaluation methods

A challenging problem for dental simulators is how they
should be evaluated to provide convincing proof of their
usability and clinical feasibility. As shown in Table 3, various
evaluation methods have been adopted by developers to
assess their dental simulator’s performance. However, there is
not yet a commonly accepted standard for evaluation of VR
dental simulators. More studies are needed to compare the
strength and weakness of various evaluation methods, includ-
ing what control group methods are used (such as how to
compare training outcomes between traditional and VR sim-
ulator trained groups) (50, 53). Furthermore, it is necessary
to design a systematic evaluation framework that could com-
bine the strength of subjective and objective evaluation meth-
ods. One possible way forward may be to examine current
evaluation methods used for minimally invasive surgical sim-
ulators, or even flight simulators, and learn from their
methodology.

Future development topics

Current VR dental simulators mainly focus on training basic or
simple dental skills such as calculus detection and removal,
pocket probing, tooth extracting and dental drilling. However,
these simple and limited skills are far away from meeting all
training requirements. Thus, more diversified functions need to
be developed, such as simulation of emergency cases, commu-
nication between the trainee and the virtual patient, and system
expandability.

Simulation of emergency cases

Emergency case simulation is very useful in flight simulation,
for example, to teach the pilot how to manage emergencies
such as an aircraft engine failure. This concept could also be
utilised in the dental training systems, to simulate unexpected
patient complications such as bleeding, trembling, drooling,
sudden movements of mouth such that trainee learns how to
adjust the motion or state of the dental instrument. For exam-
ple, a sudden movement of the mouth should trigger an imme-
diately shut down of the drill to avoid damage to patients’
tongue or gingiva.

Communication between the trainee and the virtual
patient

In real clinical operations, communication between a dentist
and his/her patient is indispensable. Good communication can
help ensure success of dental procedures and relief of patient’
discomfort. During a procedure, patient may be nervous and
apprehensive; hence, in order to ensure the dentist is able to
complete the operation successfully, s/he should comfort the
patient through appropriate communication. In the
future, this kind of functionality could be added to VR dental
simulators.
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System expandability

System expandability can provide a chance for users to improve
and customise their own simulators. A good simulator should
allows users to add new functions into the system, such as new
procedures covering more areas of dentistry, new patient sce-
narios, different teeth models and so on.

Conclusions

Compared to the wide acceptance of flight simulators in pilot
training and certification, haptic-based VR dental simulation is
just in its infancy. Despite its existing limitations, VR dental
simulators present a novel tool in dental education. In contrast
to existing training methods including the use of Phantom
head models, VR dental simulators may bring unique capabili-
ties such as simulation of emergency cases, quantitative record-
ing and playback of operational processes. With improvements
in simulation fidelity including haptic, visual and audio feed-
back, VR dental simulators are promising to become widely
accepted tools for clinical training, surgical planning, rehearsal
and certification.
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