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Abstract. Here we report a haptic virtual reality simulator for root canal treatment (endodontic
procedures). A virtual jaw model was extracted from CT data of a live patient and the volumetric data
obtained were visualized using a Marching Cubes algorithm. Collision detection and collision
response algorithms were developed using a voxel-based approach. Removal of bone was visualized
using a modified real-time Marching Cubes method and deformation of the K-files in the internal
surface of tooth canal was simulated haptically and graphically using OpenGL and HDAPI of
OpenHaptics Libraries. Using a haptic robot (Omni Phantom) the user can burr the enamel and dentin
until reaching the pulp chamber and then the internal surface of a root canal can be cleaned using a
simulated K-file.

Introduction

In root canal treatment (RCT) the infected soft tissue (pulp) is removed from the root and then the
canal is cleaned and shaped. Success with this procedure requires considerable skill and typical faults
include breaking of K-files or rotary files in the root canal and perforation of the root. The Main goal
of this research is to find a suitable way of simulating root canal treatment procedures using a haptic
and graphic simulator allowing users to learn endodontic procedures efficiently and without risk to
patients.

Over the past decade, a number of approaches for dental surgery simulation have been presented
and most have addressed the simulation of bone burring using a simulated rotational tool [1-6]. Bone
burring is a common practice in all dental operation and is included in our research as haptic and
graphic simulation of tooth dissection using a rotating tool. In commercial versions of dental
simulators such as those presented by Moog Technologies [7] and VOXEL-MAN Dental [8] the issue
of root canal treatment is not addressed. Endodontic procedure has been simulated in a number of
other studies [9-12] but in most of these studies only the cavity preparation stage was simulated
[8-10]. However in one study [12] root canal therapy was also simulated using a finite element
method.

In this paper endodontic stages including cavity preparation and root canal treatment are simulated
haptically and graphically. K-file deflection is also simulated using a discrete physics-based
approach. The virtual jaw model used in simulation was extracted from CT data of a live patient.
Using a burring tool, the trainee can remove enamel and dentin until reaching the pulp chamber and
can then begin cleaning the internal surface of the root with a simulated K-file.

Endodontic and Root Canal Treatment Process

The soft tissue (pulp) in a root canal can become infected by microbes and needs to be cleaned from
inside the canal (Fig. 1) in a procedure called “root canal therapy” or “endodontics”. The treatment
involves four steps: 1-preparation of access to the canal, 2-cleaning and forming canals using K-files,
3-filling the canal, and 4-temporary reparation and permanent reparation. This paper simulates the
first two steps of the therapy as shown in Fig. 1.
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Fig. 1. (a) root canal regions, (b) the treatment process including preparation of access to the canal,
cleaning and forming the canal, (¢) real root canal treatment, (d) CT scan of real teeth with K-files in
the root canals

Overview of the Stimulator

Fig. 2 shows an overview of the root canal therapy stimulator. The simulating software consists of
two separate parts: graphic rendering and haptic rendering. Graphic rendering is developed based on
the OpenGL library in real-time and includes a visual display of jaw volumetric data, dental
instruments, and removed areas caused by the interaction of the dental instruments and the tooth’s
model in real-time. The haptic rendering algorithm was implemented using the HDAPI from the
“OpenHaptics” library. The haptic rendering algorithm reads the current status of the haptic interface
(Phantom Omni) at every moment, specifies the collision of the tool and the tooth’s model, and
transfers the suitable reaction forces to the operator’s hand as it is grasping the stylus or probe. While
the haptic thread has access to the shared volumetric data in memory with the refresh rate of 1000
frames per second, the graphic thread has access to that same shared data with the refresh rate of 60
frames per second. A scheduler module function is responsible for simultaneous access of the threads
to the shared CT data. Because of the high amount of data which are processed at every haptic or
graphic frame, the user is required to choose one of the teeth for root treatment after the initial display
of the jaw and before further threatment.
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Fig. 2. Block diagram of the root canal thearapy simulator

Graphic and Haptic Simulation of Cavity Preparation Step

After choosing the desired tooth, the user can use a virtual spherical burr to remove the tooth’s surface
and reach the pulp chamber —a process known as cavity preparation .
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Collision Detection Algorithm of the Spherical Burring Tool. In both graphic and haptic loops it is
necessary to detect the collision of the tool with the teeth. Collision detection is necessary in the
graphic loop in order to find the removed area, show it, and then calculate the burring force to be
applied to the operator in the haptic loop. In our collision detection algorithm, the burr tip and the
voxels that are related to the teeth’s voxels are searched in the interactive region (Fig. 3(a)). The
center of the tool’s sphere is the haptic Interactive point (HIP) which is available at all times.
Therefore, in every run of the threads the volume around of the burr tip and the voxels enclosed in that
volume are searchable.

Graphic and Haptic Rendering. A Marching Cubes algorithm [13] is used for the graphic display
simulation of tooth material being removed in real-time. In order to remove the bone volume after the
burring process, a function is used based on the interaction time of the tool and the teeth. In fact, the
material removal algorithm is deployed inside the haptic thread and updates the density value of
every voxel in the removed area. Once the collision detection is done, followed by the burring of the
voxels, the Marching Cubes algorithm is used in order to re-mesh the burred area. In this simulator
the physics-based force model developed by Arbabtafti ef a/ [4] is used to calculate the bone removal
force. Fig. 3 (b) shows a user who has haptic and graphic interaction with a bone model.
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Fig. 3. (a) Collision detection methodology, (b) User haptic and graphic interaction with modeled jaw

Graphic and Haptic Simulation of Cleaning the Root Canal using a K-file

The most important stage of the root canal treatment is cleaning the internal surface of the root canal
using a K-file. The tool’s filing body makes contact with the internal surface of canal, performing
material removal. The deflectable structure of the K-file is designed for entrance and material
removing from the internal surface of a canal, which has an irregular curve. K-file deflection and
material removal are simulated simultaneously.

The Collision Detection Algorithm of the K-file’s Body with the Canal. The process of detecting
collision between the K-file and the canal is implemented using a voxel-based method of collision
detection. For this purpose, the shaft beam of the tool is voxelized like the teeth. When the file bends
inside the canal as a result of the interactional forces, the coordinates of the tool’s voxels dynamically
change in relation to the adjacent voxels.

Material Removing Algorithm of the K-file. The main difference between material removed by the
K-file and rotary spherical burring tools is that the K-file is totally under the control of the dentist in
order to perform the material removal, while spherical burring tools are constantly rotating by air
turbine and thus only partially under the dentist’s control. Only if the surgeon moves the K-file up and
down and/or rotates it, is the material removed. The amount of the removed material and the shape of
the removed area depend on the speed and the direction of the K-file movement. In our research, an
algorithm called “counters array” is presented to model the removal of material with a K file. In this
algorithm, each time two adjacent voxels of the tool make contact with the bone’s voxel and passes
over it, a certain amount of the density of that voxel decreases. The pseudo code of the removing is as
follows:
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For all Control Points of K-file (K-file voxels)
{ Check if the point has collision with tooth voxels
{ Check if the counter number is i+1 or i-1

Decrease the density of collided voxel

}
Next

Physics-based Haptic and Graphic Simulation of K-file Deflection. During shaping the root
canal, the surgeon pulls the K-file out of the canal and repeats this task to remove the inflamed tissues
from the canal. During the pull and push, two main forces are applied to the K-file. The first is the
force applied on the burr tip along the tool’s shaft when the K-file is penetrating the tissue. The
second is the effective friction on the side walls of the K-file along the tool’s shaft. When the K-file
enters the root canal, collision between the K-file and the root’s tissue increases, which results in an
increase in the depth of the K-file’s penetration and causes extra haptic forces.

In the elastic range, the curvature of an elastic beam p caused by a bending moment M(x) in each

section can be obtained by solving the following equation [14]:
1 Mix)
ST E= (1)
In which E is the beam modulus of elasticity and ! is the moment of inertia in that beam’s section.

In small deformations we have angle @related to the beam curvature (Fig. 4), so we have:
B o — (2)

In order to simulate the beam deflection in real time the K-file is divided to small rotating elements
which are connected with spiral springs as shown in Fig. 4.
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Fig. 4. Physics-based descrete modeling of the K-file deflection

According to (2) we can write the static equilibrium equation of each two adjacent elements as:

YM=0 = M=K® (3)
In which K is the coefficient of the spiral spring that is related to E1.
For real time dynamic simulation we have to take into account the dynamic terms of angular

velocity 8 and angular acceleration £, and rewrite (3) as:

ZM= 16§ +B6 = M—K@ =106+ B6 @
In which B is the damping ratio that helps dissipate energy and damp the vibration of the beam in
virtual simulation as we have in real experiments. If we solve (4) for every element of beam using the

Runge-Kutta method we will have the beam deflection simulated in real time as shown in Fig. 5.
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Fig. 5. Real-time implemetaion of K-file deflection inside a canal

Conclusion

In this paper a haptic virtual reality simulator for endodontic procedures is presented that allows an
operator to use a Phantom haptic robot to burr the enamel and dentin until reaching the pulp chamber
and then clean the internal surface of a root canal using a simulated K-file. Removal of bone was
visualized using a modified real-time Marching Cubes method. Deformation of the K-files in the
internal surface of tooth canal was simulated haptically and graphically. For the K-file deflection
simulation a discrete physics-based model of beam deflection was used. Runge-Kutta method is used
to dynamically solve the beam model in real-time. It is hoped that this research will help improve the
training available in the field of endodontics.
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