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ABSTRACT 
We developed an augmented reality (AR) dental training 
simulator utilizing a haptic (force feedback) device. A 
number of dental procedures such as crown preparation and 
opening access to the pulp can be simulated with various 
shapes of dental drill. The system allows students to 
practise surgery in the correct postures as in the actual 
environment by combining 3D tooth and tool models upon 
the real-world view and displaying the result through a 
video see-through head mounted display (HMD).  The 
system monitors the important features such as applied 
forces and tool movement that characterize the quality of 
the procedure. Automatic performance assessment is 
achieved by comparing outcome and process features of a 
student with the best matching expert. Moreover, we 
incorporated kinematic feedback and hand guidance by 
haptic device. The result from an initial evaluation shows 
that the simulator is promising for supplemental training.  
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INTRODUCTION AND BACKGROUND 
Traditional methods for dental surgical training rely on 
practicing procedural skills on plastic teeth or live patients 
under the supervision of dental experts. The limitations of 
this approach include a lack of real-world challenging 
cases, unavailability of expert supervision, and the 
subjective manner of surgical skills assessment based on the 
number of errors and task completion time. Recently, haptic 
VR simulators for dental surgery have been introduced 

[1,3]. The advantages of these simulators are that the 
students are able to practice procedures as many times as 
they want at no incremental cost and that the training can 
take place anywhere.  

However, some important functionalities are still missing in 
current VR dental simulators. Firstly, the realism of 
graphics and haptic display is limited. Some simulators use 
surface based tooth model, ignoring the internal structure of 
the real tooth. Many others provide only a spherical shaped 
tool for simplicity of collision detection and haptic 
rendering. Secondly, most of them are not co-located; users 
have to look at the monitor instead of their operating hands 
which results in an unrealistic simulation and makes hand-
eye coordination difficult. Thus, skills accquired from this 
kind of simulator might not transfer well to the operating 
room. Thirdly, current simulators do not provide automatic 
assessment functionality which prevents students from 
tracking their own progress and the simulator itself from 
being an effective self-training tool. Finally, many 
beneficial features available only in simulation have not yet 
exploited, for example, kinematic feedback and hand 
guidance. We describe our solutions for these problems in 
the following sections. 

VOLUMETRIC-BASED DENTAL SIMULATOR 
Figure 1 shows the overall architecture of the simulator. We 
generate volumetric tooth model from a patient’s CT scan 
and preserve volume density that represent tooth internal 
structure in an occupancy grid data structure. For different Copyright is held by the author/owner(s). 
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Figure 1. Overall system architecture. 



 

 

shapes of virtual dental tool, equally sampled volumetric 
points are utilized. The collision detection between sample 
points on the tool and the tooth occupany grid is fast 
enough to maintain the system stability. Once a collision is 
detected, we compute force feedback based on the number 
of immersed sample points and the tooth density at the 
colliding region. This technique allows an operator to feel 
different hardness of tooth anatomy with various shapes of 
dental drill such as sphere, cone, flat end cylinder, and 
round end cylinder. If the cutting is detected, the tooth’s 
volume is modified according to the drill’s shape 

AUGMENTED REALITY DISPLAY 
To improve the realism of the simulator, we changed our 
previous VR dental simulator [2] to an AR environemnt by 
using a video see-through head-mounted display (HMD) 
with a camera attached at the front (see Figure 2) and the 
ARToolKit library. Within the AR environment, the haptic 
device is co-located with the 3D graphics, giving the 
operator a more realistic and natural way to practise dental 
surgery where hand-eye coordination is crucial. Real-time 
head tracking is made possible by continuously grabing 
camera images, detecing AR markers, and 3D object 
registration with help from ARToolKit. Other commercially 
available co-located displays rely on a CRT monitors and a 
translucent mirror; they are relatively large for mobility and 
require additional hardware for head tracking. 

AUTOMATIC PERFORMANCE ASSESSMENT 
Previously [2] we demonstrated the ability of hidden 
Markov models (HMM) to distinguish between novice and 
expert performance in the virtual tooth preparation but the 
number of trial data (ten) was relatively small. Recently we 
conducted another experiment and collected a total of 384 
trial data from 32 dentists with different levels of expertise 
who performed virtual opening access operation. Each trial 
was given a subjective score based on common criterias 
from two experts. For each score group, we built and 
trained models with the same process features as in the 
previous work [2]. However, beside process data, the 
volumetric outcome of the tooth is now considered as 
another criterion for automatic assessment by finding the 
best matching outcome whose score is already known. With 
these methods, the system can automatically assign 
performance score for a new trial with a high accuracy. 

KINEMATIC FEEDBACKS AND HAND GUIDANCE 
During simulation, the system can displays kinematic 
feedback such as force utilization in three axes of each 
procedure stage, and tool/mirror movement patterns (see 
Figure 3). By dividing students into groups that obtained 
different kinematic feedback during training session, we 
found that students who received kinematic feedbacks 
performed more effectively than those who did not receive 
them on the retention test session.  

Lastly, the system allows students to practice a procedure 
by holding the haptic device that automatically moves along 
an expert’s path. We found that this hand-over-hand 
technique is simple yet powerful in a virtual dental training. 

CONCLUSION AND FUTURE WORK 
In summary, we demonstrate an intelligent dental training 
simulator that introduces new functionalities and addresses 
limitations of current research and commercially available 
dental simulators. We plan to combine the current setup 
with a usual physical mouth or phantom head for better 
realism. Moreover, additional training strategies will be 
explored in the near future. 
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Figure 3. AR environment with kinematic feedback. 

Figure 2. Our AR approach for co-located display. 


