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ABSTRACT –

The traditional approach to dental skills training has drawbacks in terms of cost,
availability, and lack of real-world cases. We develop a virtual reality (VR) dental training system utilizing a
haptic (force feedback) device. We generate three-dimensional surface model of the teeth from patient’s data
and a realistic model of a dental handpiece with a cylindrical cutting burr. Collision detection between virtual
teeth and a tool is realized by the Axis Aligned Bounding Box (AABB) algorithm. We extend the force
computation algorithm for a spherical tool to work with a cylindrical tool. Tooth cutting for preparation process
is simulated using a surface displacement technique. The realism of the prototype is acceptable and the stability
requirements are satisfied by maintaining a haptic update rate at 1 KHz and graphics rate at a minimum of 30 Hz
on a moderate PC. A feasibility study of our system has been conducted with dental students and experts from
Thammasat University. To the best of our knowledge, this is the first feasibility study of VR dental cutting
simulator for skills training. Based on the feedback we obtained, our simulator is found to be very useful and
promising as supplemental training.
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1. Introduction
Dental students obtain their surgical skills training from
various sources. The traditional one relies on practicing
procedural skills on plastic teeth or sometimes live
patients under supervision of dental experts. This masterapprentice type of training has been carried out for
decades. However, it is being challenged by the new
complications in surgery such as the increasing cost of
training materials, the ethical concerns for safety of
patients, and the unavailability of many real-world
challenging cases.
With recent advances in virtual reality (VR) technology,
VR simulators for medical and dental surgery have been
introduced. The advantages of these simulators are that
surgeons are able to practice the procedures as many times
as they want at no incremental cost and that the training
can take place anywhere. Realism of these simulators has
been recently increased by the introduction of “haptic
device” that provides tactile sensations to the simulators.
Haptic devices allow surgeons to touch and feel the
objects such as surgical tools and human organs in the
virtual environment, and to perform operations like
pushing, pulling, and cutting of soft or hard tissue with
realistic force feedback.

Training dental skills with a VR simulator gives another
possibility that is difficult to acquire which is the objective
assessment of surgical competency. Skill assessment is
usually conducted by having an expert surgeon observe
the procedure. But the level of detail of this type of
assessment is limited. Current simulators usually are
capable of objective assessment such as time taken to
finish a procedure, efficiency of movements or percentage
of error.
A few research groups have developed haptic-enabled
virtual reality dental simulator. Luciano [1] developed
PerioSim, which allows trainee to practice diagnosing
periodontal diseases that does not require deformation of
tooth surface. Wang, et al. [2] worked on a simulator that
allows probing and cutting a virtual tooth, but the virtual
tool implementation is limited to a spherical shape for
simplicity. Kim et al. [3] developed a dental training
system with a multi-modal workbench providing visual,
audio, and haptic feedback. This system is a volume-based
haptic modeling which represents a tooth as a volumetric
implicit surface. It allows burring and drilling on the tooth
with a spherical tool. Yau et al. [4] proposed a dental
training system utilizing material stiffness and spring force
function. This simulation uses adaptive octree data
structure for a tooth model and oriented bounding box
(OBB) for the boundary of the cutting tool. Different
shapes of a cutting tool are introduced but details on how
the forces are rendered for irregular-shaped cutting tools is
missing as well as how to handle the torque that might
occur in the case of non-spherical tool.
Most of these dental simulators are in the early or
experimental stage. Many of them are limited to the use of
spherical tool which is known to be the simplest
representation for a real-time collision detection and
computation of response force during simulation. This
greatly limits the realism of the simulation for actual
dental surgery where many kinds of tools in various
shapes and sizes are required. Moreover, none of these
works evaluate the realism of their simulators by any kind
of pilot study to obtain feedback from dental experts.

Figure 1. Haptic Devices. PHANToM Desktop (left) and
PHANToM Omni (right) (SensAble Technologies Inc.).

In this paper, we present a virtual reality dental training
system to address limitations in previous systems and to
introduce new technique as follows:
• We represent tooth data as a 3D multi-resolution
surface model reconstructed from a patient’s
volumetric data to improve real-time rendering
performance when compared to a direct volume
rendering technique.
• We apply collision detection and collision response
algorithm that can handle a non spherical tool such as
a cylindrical one by extending the algorithm
presented in [2].
• Our system simulates tooth surface exploration and
cutting with a cylindrical burr by utilizing a surface
displacement technique.
• A formal evaluation of the initial prototype of a tooth
preparation simulator is done by a group of dental
students and experts.
We proceed with an overview of our system architecture
in section 2. Section 3 discusses our methodology for data
acquisition and representation. Collision detection and
force feedback response are explained in section 4 and 5
respectively. The surface displacement technique for
cutting simulation is proposed in section 6, followed by
the experiments and results in section 7. Finally, we
conclude our work in section 8.

2. System Architecture
The prototype system operates on a HP Pavilion dv5000
laptop with 1.6 GHz Intel processor and 2 GB of main
memory. The graphics card, which is one of the most
important hardware, is nVIDIA GeForce Go 7400 with
256 MB of video memory. We use a PHANToM Desktop
haptic device which allows six degrees of freedom
positional sensing and generates 3 degrees of freedom
force feedback with a maximum of 7.9 Newton. The
simulator software is developed with C++, OpenGL,
OPCODE, and OpenHaptics SDK (HDAPI).
The simulation system is composed of several components
as illustrated in Figure 2. The simulator contains two
separate loops (threads), namely haptic loop and graphics
loop, running at different frequencies. We use surface
model to represent teeth and tool for a better visual quality
while maintain a performance of rendering in the graphics
loop at a minimum of 30 Hz on our commodity hardware.

A dental tool has six degrees of freedom and can move
relative to the position and orientation of a haptic probe.
We keep collision detection and tooth cutting simulation
running along with the haptic loop and still able to
maintain 1 KHz update rate all the time for haptic
stability. In other words, we can compute realistic force
feedback and simulate tooth cutting within only 1
millisecond. This is possible due the fast collision
detection and the computational simplicity of surface
displacement algorithm that we implement.
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Figure 2. System architecture.
There exist data to be shared by the graphics and haptic
threads. In order to access and manipulate the data, the
threads need to be synchronized with each other to prevent
an inconsistent state. However, the haptic thread running
at a higher rate should not wait too long for the much
slower graphics thread to finish its rendering task. This
problem is solved by making fast synchronous calls from
graphics thread that block haptic thread temporarily and
create a snapshot copy of shared data for graphics
rendering.

3. Data Acquisition and Representation
3.1 Data acquisition
Volumetric teeth data was acquired from a volunteer (23year-old male) who underwent orthodontic treatment and
gave written consent in accordance with the institutional
review board prior to the study. The data was obtained
from an i-CAT Cone Beam Computed Tomography
(CBCT) (Imaging Sciences International, PA, USA)
covering the whole maxilla and mandible.
We process the volumetric data using three-dimensional
volume visualization and segmentation software

developed by our group [5] (shown in Figure 3.). The
software allows interactive segmentation and smoothing
with filtering algorithms such as Gaussian, Median, and
Dilation and Erosion filter.

The left maxillary central incisor (tooth No.21, according
to FDI (World Dental Federation) Two-Digit Notation,
eighth from the right in Figure 4.) is the main tooth used
in the tooth preparation simulation. The mesh of this
particular tooth is further subdivided using a loop
subdivision algorithm [7]. The final number of triangles
for this surface mesh is 38,270.

Figure 5. Three teeth visualized in wireframe.
Note a finer resolution of the middle one.

Figure 3. A segmentation tool showing three-dimensional
volume of teeth with Gaussian filter applied.

3.2 Data Representation
Volumetric data can be visualized by extracting surfaces
(isosurface) of equal values (isovalue) from the volume
and rendering them as polygonal meshes, or by rendering
the volume directly as a block of data (direct volume
rendering). The advantage of the surface extracting
method over the direct volume rendering is that it is
computationally inexpensive and appropriate for real-time
rendering and editing, though it is a little less realistic. The
“Marching Cubes” algorithm [6] is a common technique
for extracting a surface from volume data.
We reconstruct a surface mesh from the segmented
volumetric output of the segmentation tool using the
marching cube algorithm. Since only few teeth will be
used in our simulator, we choose only three of maxilla
(upper) teeth (shown opaque in Figure 4.). This also helps
increase surface rendering performance by eliminating
unwanted polygons.

Figure 4. Three teeth (filled) used in the simulator.

While most of the work on VR dental simulation attempts
to build an accurate model of teeth and a realistic cutting
effect, they present a dental tool such as handpiece in
simple, inaccurate representations [2], [3], [4]. To increase
the realism in the virtual environment, we generate a three
dimensional surface model of a dental handpiece with
three different burrs. However, the only burr that
evaluated in this paper is a cylindrical shape.

(a)

(b)
Figure 6. A dental handpiece used in a real tooth
preparation (TWIN POWER TURBINE P,
J.MORITA CORP.) (a) and a virtual handpiece (b).

4. Collision Detection
Hierarchical object subdivision is a technique to subdivide
an object according to its bounding volume hierarchy. The
collision is detected by checking whether the bounding
volumes intersect each other or not. Different bounding
volumes can be used for collision detection. The most
common bounding volumes are: Sphere, Axis Aligned
Bounding Box (AABB), and Oriented Bounding Box
(OBB).

We are currently using AABB implementation in
OPtimized COllision Detection (OPCODE) [8], an opensource C++ library which provides fast and reliable
collision detection. AABB in OPCODE is created by
knowing the minimum and maximum coordinates of the
objects. Once the top-right and bottom-left coordinates of
the boxes (suppose A and B) are obtained, the collision is
detected as follows:
• For X axis, if maximum position of A is less than the
minimum position of B they do not collide,
• For X axis, if maximum position of B is less than the
minimum position of A they do not collide,
• Applying the same process for Y and Z axes.
Once collision is detected, the bounding volumes (AABB)
are further divided at the contact points thereby forming a
hierarchy of AABB, or AABB tree. If the objects are not
colliding, then there is no need to further test for collision,
which greatly reduces the operation time. An AABB tree
of our tooth surface model (depth = 6) is illustrated in
Figure 7.

where, F is the 3D force vector calculated at the contact
surface; k is the stiffness constant, which determines
hardness of tooth surface; and x is the maximum depth of
penetration from the surface of the tooth to the immersed
position of the tool inside the tooth surface.
Most of the previous work discusses the force calculation
between the tooth surface and a spherical cutting tool as in
[2], [3]. Yau et al. [4], [9] explain the use of cylindrical
cutting tools and different methods for force calculation.
In this research we are focusing on calculation of force
based on the immersed depth of the cylindrical cutting tool
inside the surface of the tooth. Wang et al. [2] explains an
approach to find the depth of penetration of a tool but the
algorithm is only applicable for spherical objects.
In our research, we first find contact points at the surface
of the tooth, as mentioned in [2]. When the tool is in
contact with the tooth surface for the first time, the virtual
proxy position (or the position of the tool) (Xo) is stored.
When the tool penetrates the surface of the tooth, the
position of the tool is changed to Xv. The immersed depth
would be the distance from Xo and Xv. When the tool is
inside the surface of the tooth, then it is pushed back to the
surface of the tooth along the direction of surface normal
at the contact point. At this point the position of the virtual
tool would be Xs. Xc is the point of contact between the
surface of the tooth and the tool as illustrated in Figure 8.
Finally the displacement vector is calculated as:
x = X c – Xs

(2)

The value of x is used in (1) to calculate the force when
the virtual tool touches the virtual tooth model.
Figure 7. An AABB tree of the tooth surface mesh.

5. Haptic Rendering
5.1 Force Calculation
When there is a collision between the tool the tooth, the
tool penetrates into the tooth at the area of collision. This
penetration results in the computation of the forces to be
rendered to the operators in the direction opposite to the
movement of the stylus, to avoid further penetration. The
reaction force and the depth of penetration are directly
proportional to each other as shown in equation (1).
F = kx

(1)

Figure 8. Depth of penetration (x) of virtual tool
inside the tooth surface.

5.2 Force Filtering
The force, F, thus calculated is not smooth (or
continuous). To maintain the force continuity we
interpolate the forces in two consecutive intervals as
explained in [2] and shown in (3):
Fk-1 + δ∆Fk/||∆Fk||

,if ||∆Fk|| > δ

Fk

,if ||∆Fk|| ≤ δ

Fk' =

where,
Fk'
Fk and Fk-1
∆Fk
δ

(3)

: filtered force,
: forces calculated in two consecutive
instances,
: Fk − Fk-1, and
: threshold value for force change.

After filtering the forces, there still is possibility of
obtaining large magnitude of Fk' which might affect the
stability of the application. For that purpose, we clamp the
force at the maximum nominal continuous force for the
haptic device.

6. Tooth Cutting Simulation
To simulate tooth cutting in tooth preparation process, we
use a surface displacement technique. This technique is
utilized in many digital sculpting software packages.
SharpConstruct [10] (open-source) is one of the examples.
Before the simulation starts, a normal vector for each
vertex is pre-computed by averaging the face normal of
each triangle sharing that particular vertex. This process is
shown in Figure 9. Figure 10. illustrates the vertex normal
vectors for each vertex at the initial state when system
starts.

Figure 9. Vertex normal N is calculated by averaging
face normal N1, N2, N3, and N4.

Figure 10. Normal vector for each vertex
of the tooth surface mesh.
The displacement process starts when a collision between
the tooth and tool is detected. Only vertices within the
colliding area are used in the computation of their new
displaced positions. For each colliding vertex, the distance
from itself to the tool in the direction of its vertex normal
is computed and the vertex is displaced by the computed
distance. Note that this need not be the shortest distance
between the vertex and the tool.
With this technique, the numbers of triangle faces and
vertices are never changed as well as its mesh structure.
This is therefore one of the most intuitive approaches to
cutting simulation which yields an acceptable result as
shown in Figure 11.

(a)

(c)

(b)

(d)

Figure 11. Tooth cutting at the front of the tooth (a) and
its wireframe representation (b). The same are shown for
the top part of the tooth, (c) and (d) respectively.

7. Prototype Evaluation
A graphical user interface (GUI) of our simulator is
illustrated in Figure 12. It consists of a workspace for
dental operation and a control panel, which is located on
the right side and can be activated by mouse or keyboard
shortcuts. Current position and force feedback of the
virtual tool are displayed on the bottom along with a
percentage of teeth being cut. This data is also collected
and stored as features of a particular operator during this
particular operation.

Figure 12. Graphical User Interface of the prototype.

7.1 Methods
For the experiment, evaluation of the simulator was done
by dental students from the school of dentistry,
Thammasat University. The main objective of the
experiment was to get feedback about the realism of the
simulator. Five sixth-year dental students participated in
the evaluation, three were female and two were male. The
survey was divided into three sub-sessions. There was a
practice session to make the participants familiar with the
haptic device and with the simulator as a whole. In the
second session, participants were given two minutes to
perform the experiment where they had to do two
operations: explore the tooth surface, and partially
perform the tooth preparation. Finally, in the evaluation
session they had to answer the questions in the evaluation
sheet. The questions were related to the experiment that
they performed in the experiment session. There were
three sets of questions: general questions, questions
related to exploring the tooth surface, and questions

related to tooth preparation operation. They also expressed
their opinions regarding the simulator.

7.2 Results
Various conclusions can be made from the feedback of the
evaluators:
• Tooth surface exploration: Three evaluators thought
that the tooth surface felt almost real whereas two
suggested that the surface hardness and roughness
could be improved.
• Tooth cutting for preparation: The force required
while cutting the tooth was almost real, but the
evaluators found inconsistent force responses while
cutting. The users encountered the problem of
penetration or slip through which did not occur
while exploring the surface of the tooth model.
• Graphical User Interface (GUI) and ease of use:
Some evaluators found difficulty in navigating and
controlling the tool in the simulator. They added that
the practice session should have been longer.
Moreover, pressing the device’s button by hand is
not a natural way to start cutting as a real dental
chair provides a foot-switch for the task.
• Feasibility of the simulator as a training system:
Most of the evaluators were positive on feasibility of
the use of simulator in teaching the use of dental
tools. They also added that the simulator could be
useful to supplement the material provided in regular
classes and the simulator would be useful for
practicing tooth preparation.
Even though there are some difficulties and important
issues raised, these initial results are still very promising
and optimistic for our dental simulator. There is much
room for improvement. Some of the essential features
requested are easy to implement; they are included in the
following discussion.

7.3 Discussion
The feeling of tooth surface might feel too rough in some
situations. The problem occurred due to the discontinuity
in the magnitude of the depth of penetration. We have
applied simple filtering methods to reduce the difference
between the depths of penetrations at two different points
on the surface. This improved the result to a great extent,
but it still needs to be improved. The force shading
algorithm and its variants are interesting topics for future
research.

The reason that some evaluators have a trouble navigating
in the environment might be the lack of depth perception
on the 2D monitor. We currently added a 3D stereoscopic
display to our simulator which should solve the problem to
some extent. Finally, we integrate foot-switch hardware to
replace a haptic button used for cutting operation; this
allows operators’ hand to hold the haptic stylus in a more
natural way. We let an expert try this improved foot
switch and the outcome was very positive.
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8. Conclusion
In this paper, we describe development of our dental skills
training simulator. The prototype system can simulates
continuous and stable tooth surface exploration and
cutting for tooth preparation. Graphics and haptic
computations and renderings are based on a triangle mesh
based model. The collisions between the cylindrical tool
and tooth are detected efficiently and the appropriate
magnitudes of forces are provided to the operator through
the haptic device. Surface cutting is simulated by
displacing the surface mesh which works quite well for
the case of tooth preparation. These haptic and graphics
calculations are done in a computationally inexpensive
way to maintain the system stability and still preserving
the realism of the simulator. The simulator is also able to
collect all the steps during the operation carried out by a
student or expert for future evaluation or study. The first
prototype is evaluated by five dental students and one
expert. The evaluation results are promising and imply the
applicability of the simulator as a supplemental training
material on dental surgical skills.
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