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ABSTRACT

Haptics is one of the most important sensations for dentists
to prepare cavity in dental surgery, which is however not easy to
simulate in a computer system because of the large drilling force
and the small speed of movement and material removal. In this
paper, we present a fully voxel-based approach to interactively
simulate dental drilling. Different from those voxel/mesh hybrid
models, the drilling forces are computed directly from the voxel-
representation while considering the factors of teeth’s material
properties, the posture and forward speed of dentist’s drill and the
contact surface area. To overcome force discontinuity caused by
removal of tooth material, we define two layers of voxels on drill,
where the boundary voxels are only employed to compute force
feedback and the interior voxels are adopted to remove materials
from teeth. The experimental result shows that our force model
can produce smooth and large force feedback at a slow move-
ment on haptic devices. Other than haptic rendering, a real-time
filtering method directly using voxel representation has also been
developed to improve visual rendering in dental simulation.
Keywords: Haptic rendering, drilling force modeling, voxel
model, dental simulation, visual rendering.

1 INTRODUCTION

Cavity preparation is an important procedure in dental
surgery. As illustrated in Fig.1, the dentist uses a high-speed
rotating drill to remove the lesion part of the tooth to prepare
a cavity which will then be filled with amalgam. During these
operations, haptic sensation is very important for the dentist to
operate successfully. However, how to train students on haptic
sensation is a problem. Usually, students in dental training use

Figure 1. Dental surgery training in medical schools.

plastic teeth or removed teeth from patients to practice these op-
erations, but it is hard to simulate the stiffness of real teeth by
plastic ones. Therefore, they cannot provide realistic force feed-
back to operators. Although the teeth removed from patients are
stiff enough for dental training, it is difficult to find such a large
quantity of removed teeth in practice. Therefore, there is a great
demand for dental training system at the dentistry departments of
medical schools.

Recently, many virtual reality dental training systems incor-
porating haptic feedback have been developed as alternatives to
traditional training procedures (e.g., [1-3]). These systems pro-
vide realistic visual, sound and debris simulation, and the op-
erations of students can be recorded for evaluation. However,
as the magnitude of drilling force in dental surgery is relatively
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large while the movement of drill is very small (in general around
0.5mm/s — see [4]), interactively simulating realistic force feed-
back is still a great challenge due to the limitation of drilling
force model and the performance of haptic devices.

Most existing drilling force models (e.g., [2,5-7]) are based
on the penetration depth or volume; however, our experiments
show a different phenomenon that the magnitudes of drilling
force is approximately linear to the forward moving velocity in
dental drilling. Therefore, a new drilling force model is devel-
oped in this paper based on voxel-model. Unlike the mesh-based
model used in our previous research on damping drilling force
model [8], it is easier for the voxel representation to simulate
material removal in reality. Our approach works well on voxels
with different sizes, and realistic force feedback can be obtained
using various drills such as fissure and round burs with different
shapes.

Another feature of our method is that we exploit a simple
and efficient visual rendering method. Different from other voxel
based approaches, which use voxel model for force computation
and mesh model for visual rendering, our method is fully voxel
based. Point rendering, which avoids the complicated and time
consuming mesh generation, is used to generate visual effect di-
rectly.

The rest of our paper is organized as follows. Section 2 an-
alyzes the challenge of drilling simulation and reviews related
works in voxel-based haptic rendering and drilling simulation.
Section 3 details our method of haptic drill simulation. After
briefing the visual rendering in section 4, section 5 shows the
experimental data. Lastly, the paper ends with the conclusion
section.

2 CHALLENGE OF DENTAL DRILLING SIMULATION

2.1 Criteria for dental drilling simulation

Compared with other bones of human body, teeth are small
but with high stiffness. To provide a realistic simulation of
drilling in dental cavity preparation, the features of tooth drilling
are analyzed below. These features can actually serve as criteria
to evaluate the performance of a dental drilling simulation.

Fidelity of force

There is a surface contact between the decayed tooth and the
drill. The force felt by the dentist (named as the drilling force) is
a combination of forces exerted on the whole contact area, which
consists of resistance force to prevent the forward movement of
drill and torque to prevent the rotation of drill. According to
our experimental measurements [4], the resistance force in den-
tal drilling is smooth and its magnitude is typically around 2N.
Moreover, the experiences of skillful dentists show that, the re-
sistance force is dominant in the composition of drilling forces,
and nearly no torque can be felt around the drilling axis. The rea-
son why no torque can be felt is twofold: 1) the rotation speed is

as high as up to 20,000rps which leads to little friction between
the rotated drill and the tooth, and 2) the diameter of drill is about
0.8mm which is too small to generate significant torque. As a re-
sult, the torque around drilling axis is too subtle to be perceived.

Material removal

Some material will be removed as in consequence of the
drilling force applied by the operator. It is a mechanical phe-
nomenon involving the material’s molecular structure. During
the drilling process, the material removal velocity is equal to the
forward velocity of the drill, typically smaller than 0.5mm/s. The
outcome of material removal is a cavity for medical treatment,
which should cover the whole lesion part of the tooth. Therefore,
different shapes of tooth decay result in different shape of cavity.
Many types of cavities are introduced in [9]. A basic principle
for cavity preparation is that the boundary of cavity should be
smooth in order to reduce stress concentration.

Computational efficiency

Basically, there are three threads with different update rates
in a haptic based dental drilling simulation: haptic rendering, ma-
terial removal and visual rendering. The update of haptic render-
ing should be performed in 1kHZ [10], and the visual rendering
must be at least 24HZ. These all demand high computation per-
formance. Furthermore, as the topology of the tooth is changed
during drilling, the remaining material should be updated at an
appropriate rate; otherwise, collision detection in the next simu-
lation step will get wrong results.

Stability

During the simulation, there should have no obvious vibra-
tion. The stability of a haptic system generally refers to the max-
imum damping coefficient of damping force model and the max-
imum stiffness of spring force model which can be simulated
stably. A realistic dental drilling simulation in general requests a
high stability.

There are mainly three contradictions among these criteria.

1. Fidelity and computational efficiency. In order to achieve
high computational efficiency, some simplifications of the
drilling force model and material removal computation must
be adopted, and these of course will weaken the fidelity of
the system in return.

2. Stability and high system-stiffness. The ratio of the magni-
tude of drilling force over the movement of drill is very high
in the dental simulation. However, the maximum damping
coefficient that can be stably simulated is limited by the hap-
tic device and haptic rendering. Generally, the design of ren-
dering algorithm should exploit the optimized capability of
selected haptic device while maintaining its stability.

3. Stability and material removal. When material is removed,
discontinuity will be generated on the geometric model of
drilled tooth. This may cause the discontinuity of force feed-
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back and lead to unexpected vibration in the simulation.

The proposed method in this paper considers all the above con-
tradictions and tries to provide a realistic simulation in both hap-
tic and visual rendering.

2.2 Related works in drilling simulation

Compared with models in mesh representation, voxel-based
models [11, 12] provide an intuitive representation to present
solid formed by different tissues have different physical proper-
ties (e.g., stiffness) in different regions. Moreover, voxel repre-
sentation is more suitable for material removal simulations such
as virtual clay and virtual drilling, where removal can simply
be implemented by deleting related voxels. Complex and time
consuming mesh generation algorithm needs to be developed for
such simulations in mesh representation (e.g., [6]).

There are several haptic enabled drilling systems based on
voxel model developed in various biomedical applications, such
as temporal bone surgery [5, 7], craniotomy [13], mastoidec-
tomy [14], and dental surgery [2]. In these interactive simu-
lations of material removal, different update rates are used for
force feedback, visual feedback and/or material removal respec-
tively. As physical based material removal is complicated in the-
ory and has a great computational burden, geometry based ap-
proaches (e.g., the approaches based on penetration depth) are
widely used to guarantee computational efficiency and stability.
However, penetration depth will change frequently in material
removal. Therefore, the traditional spring-damping force model
will lead to force discontinuity if the force is computed directly
from penetration depth. Such kinds of unwanted effect are seri-
ous in dental drilling as the displacement of drill in one haptic
rendering cycle is relatively small.

In order to smooth the feedback force, Agus et al. [14] de-
veloped an analytical model of bone erosion as a function of ap-
plied drilling force and rotational velocity, and their model was
verified with experimental data. McDonnell et al. [15] used the
spring-based force based on the difference in the initial contact
point on the surface and the current tool-tip position, where the
force computation is independent of the current surface shape.
Ruspini et al. proposed another method called proxy blending
in [16], which smoothly interpolates the goal point from the old
proxy point on the old surface to the new proxy point on the new
surface. During the blending, the user cannot adjust the blending
speed or the direction since the new surface should have been
defined when the blending starts.

Although these methods can successfully prevent force dis-
continuity, none of them focused on the phenomenon that there
is a nearly linear relationship between the drilling force and the
forward velocity of the drill. Based on this experimental result,
Liu et al. implemented a damping force model for dental drilling
in [8], where the actual force in drilling on removed teeth was
measured and compared with the force feedback in simulation.
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Figure 2. The illustration of tooth sections (captured from [17])

Although the magnitude of generated force is similar to the real
surgery, the movement of virtual drill is inconsistent with the
haptic device in their approach which affects the effectiveness of
virtual training. Moreover, their tool is represented using only
one point, which cannot simulate the variation in different drills.
All these drawbacks are improved in this paper by using a voxel-
based model and a novel material removal method.

As volume rendering is time consuming, Agus et al. [14] es-
tablished a drilling system composed of two computers, where
one computer is dedicated to volume rendering only. Other ap-
proaches (e.g., [2,7]) avoided this by using mesh-based render-
ing method. The mesh model is reconstructed from voxel model
for visual rendering. This impairs the simplicity and efficiency
of voxel model, which provides intuitive information on the ge-
ometry and physical properties of teeth. We also developed a
real-time filtering method, which is actually point-based render-
ing, for visual rendering of voxel model in dental drilling simu-
lation. Our method can produce vivid visual results with accept-
able computational cost.

3 VOXEL-BASED HAPTIC RENDERING

3.1 Tooth modeling

To simulate dental drilling realistically, tooth model in inter-
active simulation must have the information on both the detailed
geometry and the interior physical properties at different regions.
As voxel-model is used in our platform, both the geometry and
the physical information can easily be represented by the flags of
voxels.

At the geometry aspect, there are usually many tiny bumps
and concavities on the surface of a tooth have a dimension of
about 180 —250um [9]. In order to present these features accu-
rately, the voxel size of an ideal tooth model should be at least
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Figure 3. Voxels for a tooth are classified into external, internal and
boundary ones.

smaller than these small features. The dimension of a tooth is
around 5 — 8mm. Therefore, the resolution of voxel model at
256 x 256 x 256 is good enough.

A tooth is made up of different materials in a multi-layer
structure (as shown in Fig. 2). The outer surface of a tooth is the
enamel layer which is the hardest among the layers. Beneath the
enamel is the dentin layer. It is a set of hard, porous, and yel-
low bone-like material surrounding the entire nerve. Dental pulp
is soft tissue containing blood vessels and nerves. The carious
lesion to be removed is a region of soft dark tissue that always
exists on the surface of a tooth.

In our system, after obtaining the original data set of lay-
ered images from computed tomography (CT), we use the Mim-
ics software from Materialise [18] for volume segmentation. The
segmented slices are exported isotropic voxels with gray values
indicating their physical properties. All the voxels in the min-
imum axis aligned bounding box (AABB) which contains the
whole tooth are stored in an cubic array with the indices, (i, j, k),
representing the location of a particular voxel and its position.
Voxels in the cubic array are classified into external, internal and
boundary voxels (see Fig.3). The physical properties are also
stored together with the interior and boundary voxels to repre-
sent their drill damping coefficient, which will be used in the
drilling simulation (as illustrated in Fig.4).

3.2 Modeling of drill

By letting the center of drill be the origin, the rotating axis be
z— direction and the axis of drill handle be x— direction, we can
model the drill in the same way as tooth does in voxel representa-
tion. As the shape and status of voxels of drill will never change
during the simulation, to simplify the later material removal com-
putation, we store the boundary and internal voxels of a drill in
two separate voxel arrays. Also, the drill is sampled in the same
size as the tooth model so that the material removal can be sim-
ulated at the same resolution. It is worth noting that sampling
the drill at the same resolution is only valid for slow movement
— i.e., the movement of drill in each material removal/update
cycle is far smaller than the size of tooth voxel. Fortunately, it

(@) (b)

Figure 4. Physical properties are also stored at every voxel so that differ-
ent sections can have different stiffness in drilling simulation. (a) CT slice
sample. (b) An illustration of tooth sections with gray colors indicating gray
values in CT slice.

o Boundary voxel
o Internal voxel

- Normal

Figure 5.  Modeling of a drill.

Figure 6. Different shapes of drills are employed in dental treatments.

is always the case in dental surgery simulations. Figure 5 shows
the voxel model of a cylindrical drill, and Figure 6 gives various
drills with different shapes.
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Figure 7. The experimental data of the tests given by four skillful dentists
(each one performed twice) on real tooth — the resistance force and the
drill moving velocity are approximately in a linear relationship.

3.3 Collision detection

Collision detection between the moving drill and the static
tooth is conducted during the simulation to detect whether the
drill has contacted the tooth and started to drill. It must also be
reported by the collision detection algorithm which voxels are
exactly overlapped. As only drill is moved, we detect all voxels
of the drill to see if any of them is in the AABB box of the tooth.
If this occurs, we then determine the corresponding voxels of the
tooth for potential material update. Bounding volume hierarchies
(BVH) can be employed to speed up the computation.

3.4 Force feedback calculation

In the dental drilling, the force between the drill and the
tooth is mainly composed of two parts: 1) the force to resist the
forward movement and 2) the torque to resist the rotation of the
dental tool. As the torque in general is too small to be felt by den-
tists during the surgery, we focus on the simulation of resistance
force below.

In order to find the relationship between the resistance force
and the moving speed of drill in dental operation, we prepared
a test bed to measure both the force and the speed of movement
by sensors. Four skillful dentists were then invited to give den-
tal drilling on a real tooth. Each of the dentists operated on two
different parts of the tooth, and the average force and the average
speed at each part are recorded. The experimental data are shown
in Fig.7, where the maximum drill moving velocity (also the ma-
terial removal velocity) is about 0.5mm /s and the corresponding
feedback force is about 2N. We can find from the test data that
the relationship between the resistance force and the drill moving
velocity is approximately linear.

From the above analysis, it is easy to find that the damping
force model is very appropriate for the dental drilling simulation.
The drill is in surface contact with the tooth during drilling, so

Velocity l

Figure 8. 2D illustration of resistance force calculation, where a cylindri-
cal drill contacts the tooth. The force exerted on one voxel of the contact
area is shown on the right, and the force felt by the dentist is a composition
of all these forces.

we model the resistance force as
F=f(V,T,AB) (1)

where V is the velocity of drill movement, T is the posture matrix
of the drill, A is the area of contact, and B is the ratio of the
resistance force to the drill moving velocity. The value of B can
be obtained from the above tests (i.e., the slope of curve in Fig.7).
As the ratio B is similar to the definition of damping, we name it
as drill damping for the convenience of explanation below.

The force model is discretized on the voxel model so that it
can be evaluated during the drilling simulation. For every bound-
ary voxel of the drill, its position is used to check whether it has
contacted the tooth. The corresponding resistance force at this
voxel is then calculated according to the direction of its move-
ment and the drilling tool’s normal at this point (see Fig.8 for the
illustration). The sum of resistance forces at all boundary vox-
els of the drill will be sent to the haptic device to simulate the
resistance force felt by dentists, which is expressed as

F= —Z:.l:l F; = _Z:‘,:l bcos(N,-,V)V )

where n is the number of boundary voxels of drill that intersected
with the tooth, b is ratio of drilling force to drill moving velocity,
]V,- is the normal vector of the i—th voxel, and V is the transla-
tional velocity.

In real dental surgery, when drilling on different layers of
material with different drills, the ratio of resistance force to ma-
terial removal velocity is different. We may determine the value
of b in Eq.(2) by using the measured drilling force data. Suppose
the drill damping of the tooth under cutting is B and there is no
rotation in the drilling process. Then, we get

b= B 3)

i H(cos(N;,V))cos(N;, V)

i=1

with the Heaviside step function H(---).
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3.5 Modeling of material removal

Our method for the material removal is geometry based. Ge-
ometrically, two solid bodies such as the tooth and the drill will
never occupy a same space in R>. Therefore, in the simulation,
when the drill contacts the treated tooth, the corresponding vox-
els in the tooth should be removed.

The maximally allowed displacement spy,x of drill is deter-
mined by the maximum velocity of the drill vi.x as

Smax = Vmax At 4)

with Ar as the time step. In typical dental drilling, the maximum
velocity vmax is about 0.5mm /s, and At is 1ms which is governed
by the haptic perception, then we have s, = 0.0005mm. Sup-
pose that at a time current f;, the drill has contacted the tooth,
the overlapped voxels are then removed immediately. In the next
haptic cycle, the drill’s movement is less than the maximally al-
lowed displacement spax of the drill. As s,4c = 0.0005mm is
far below the voxel size of the tooth, this means that at the next
time current #; 4 the drill will lose contact with the tooth. If so,
the computed resistance force will be zero as our drilling force
model is based on the contact area as well. When processing
material removal in this way, the discontinuity of computed re-
sistance force will occur frequently and will then make the haptic
system unstable. This effect can be eliminated by using very high
voxel resolution, which however will greatly increase the cost of
computational time and memory and is impractical.

To overcome the discontinuity caused by the loss of contact,
we proposed a two layer model based material removal method.
That is, the voxels of a tooth is removed only when the interior
voxels of the drill has overlapped with these tooth voxels. The
boundary voxel layer of a drill is adopted for contact determi-
nation and resistance force calculation, while the interior voxels
are used for material removal. After removing the correspond-
ing tooth voxels, the tooth voxels overlapped by the boundary
drill voxels will become the new surface of the tooth. Using this
method, no matter what size the voxel is, the contact area is con-
stant when removing material (i.e., voxels) from the tooth model.
Thus, there is no force discontinuity. Figure 9 shows an illustra-
tion of our material removal method.

In practice, as the drilling velocity is relatively low, there
is no need for surface updating at every haptic loop. The time
span for the interior voxels to contact new surface is about 7' =
Dyoxel /Vinax With Dy being the voxel size and vy, being the
maximum drilling velocity. Therefore, the optimal update rate of
material removal is

f= l/T = Vmax/Dvoxel- )

00000 o O
00000 O O
00000 o O
00000 o O
[ 1 | Jejejejojof | | | EEEQO0O0CEEN
| Julmjejejejofefmlm] | | Julmjejojejoloimim] |
EIDD0D0D00000Em EIO0D0D00D00000Em
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EEEEEEEEEEN EEEEEEEEEEN

a ) Before voxel removed b ) After voxel removed

Figure 9. Material removal: (a) the status at the time current f = t; and
(b) the status at = #;+1 where three voxels in the tooth have been re-
moved. However, the contact area is constant during the material re-
moval. For better illustration, internal voxels of the drill are not displayed
in (b).

4 REAL-TIME VISUAL RENDERING

As the tooth model is represented by voxels, it is convenient
to adapt point rendering directly using boundary voxels. Point
rendering is a new technology developed in recent years for a
variety of applications in computer graphics (ref. [19]). The steps
in point rendering include the calculation of point normals and
the normal filtering (see [20,21]).

Different from the normal calculation of point cloud, which
needs to construct a covariance matrix and determine its eigen-
vectors, our method is easier to compute as it employs the
isotropic property of voxel models. The normal of a boundary
voxel is computed by its 26 neighboring voxels; more specifi-
cally, for the corresponding sample point p; of a boundary voxel,
its normal is defined as

fi= Y (BB R, ©)

JEN()

where N(i) = {j: Hﬁj—ﬁiH <+/3dNp; € tooth} is the set of
valid samples around p;, and d is the uniform distance between
the isotropic voxels. The unit normal vector 7; of the sample
point is obtained after the normalization of 7;.

The displayed surface of the tooth model after the above nor-
mal computation is not smooth. We then exploit the bilateral fil-
tering to process the normal vectors. The original bilateral filter
is a nonlinear, feature preserving image filter. In our application,
for a sample point p; with the unit surface normal 7;, the filtered
normal at this sample is defined as

L We(|[B — BilpWs(di)i
. JEN'()

Ay = —
L We(||Bj— pil)Ws(dij)
JEN'(i)

@)

where W, and Wy are standard Gaussian functions in the spa-
tial domain and intensity domain respectively, N'(i) = {j :
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Figure 10. Bilateral filtering of normal: a) the visual effect using initial
normals and b) the result of filtered normal.

Figure 11. Different layers in tooth section view: different layers are
shown in different colors according to their gray-values in raw data of CT
slices.

Hﬁj —ﬁiH < ﬂaﬂﬁj € surface of tooth}, and d;j is the “in-
tensity difference” between two point normals 7; and 7;. The
intensity difference is defined to be the projection of the normal
difference vector (7i; —7i;) on the point normal 7;, i.e.,

d,’j:ﬁi‘(ﬁi—ﬁj). (8)

Figure 10 shows an example of such normal filtering. This
method can also be used to show different layers as illustrated
in Fig. 11 if the surface of tooth in Eq.(7) is replaced by the in-
terface of different sections.

During the drilling process, after some material has been re-
moved from the original voxel model, we use the opposite direc-
tion of the drill’s normal to represent the normal at sample voxels
of the new surface.

5 EXPERIMENTAL RESULTS AND DISCUSSION

The proposed methods are implemented in VC++ 6.0 with
GHOST SDK and OpenGL, and integrated into a dental drilling
simulation system. This dental training system is composed of a
haptic device and a half-silvered mirror to achieve collocated dis-
play between the visual and haptic sensation (see Fig.12). Previ-
ously developed simulation includes tooth surface probing, tooth

Computer monitor

(BN 7/ /| Half-silvered mirror

Figure 12.  Our dental training system.

section probing, etc. This system is aimed at providing vivid
dental training simulation in a Chinese dental school. The haptic
device used in the system is the Phantom desktop from Sensable
Technologies, and our computation is conducted on a PC with
Intel Core2 Duo CPU, 2GB RAM, and an ATI Radeon X1550
display card with 256MB RAM.

The parameters for our initial test are as follows.

1. Tooth
A volume of tooth (10mm * 10mm * 10mm) is voxelized
with voxel size of 0.1mm. The drill damping coefficient of
enamel layer is set as 4Ns/mm, and dentin layer is 1Ns/mm.
2. Drill
A spherical drill (with diameter d = 0.8mm) and a cylinder
drill (with diameter d = 0.8mm and length [ = 1.0mm) are
also voxelized with the same voxel size as that of the tooth.
3. Operation
The movement of the drill is perpendicular to the surface of
the tooth with a velocity of around 0.5mm/s. The velocity
of operation is obtained by Phantom GHOST SDK. How-
ever, the direct velocity derived from position information is
quite noisy, we thus use a threshold filter to smooth it. If the
magnitude of velocity change between two consequent time
step is larger than a threshold A = 0.1mm/s, we set

. . Vi —V,
Vier =V Aw —HL 0 ©9)
Vi1 =V

4. Update rates
We use the update rate at 1kHz for haptic rendering, and
30Hz for visual rendering. According to Eq. 5, the optimal
update rate for material removal is f = 5Hz . As in the ex-
periment, the operator’s velocity is sometime bigger than the
request of 0.5mm/s. In practice, we choose 10Hz for all our
tests.
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Figure 13. Drilling force and velocity relationship using a cylinder shape
drill. On the left of the green line, the drill is in free space (does’t contact
the tooth); between the green line and black line, the drill is drilling on the
tooth; on the right of the black line, the calculated drill force is larger than
the maximum feedback force of Phantom, so we lower it down to 6/N.

25

Force (N)
Velocity (mm/s)

0 50 100 150 200 250
Time (*100ms)

Figure 14. Force feedback of drilling on different sections of a tooth,

where on the left of the green dot line is the drilling conducted on the

enamel layer with velocity 0.5mm /s and then drilling on the dentin sec-

tion is shown on the right.

We first test our system using a cylinder shape drill. The
computed drilling force and its corresponding drill moving ve-
locity are plotted in Fig.13. In Fig.14, we performed drilling
on different sections of the tooth with a spherical drill. Fig. 15
shows two typical cavities prepared using a spherical drill.

We also evaluated our method on voxels with a larger size.
A 10mm * 10mm % 10mm volume with voxel size 0.4mm and the
same voxel size for a spherical drill are tested. Although it is not
good for visual rendering at this resolution, we can still get stable
feedback force as plotted in Fig 16.

Figure 15. Two typical types of cavities prepared using our system by
skillful dentists.

Force (N)
25 Velocity (mm/s) ||

0 20 40 60 80 100 120 140

Time (*100ms)
Figure 16. Drilling with large voxel, where the voxel size is chosen as
0.4mm for both the tooth and the drill models, the drill damping coefficient
is 2.5Ns /mm, and the drilling velocity is at around 0.5mm/s

5.1 Discussion

The magnitude of feedback force in Fig. 14 and Fig. 16 is
between 1.5 ~ 2.5N, which is similar to the measured forces in
our experimental drilling on real teeth. The measurements in
real drilling versus our simulation are shown in Fig. 17, where
the measured material removal velocity is maximally 0.5mm/s.

There are no data on force and corresponding material re-
moval velocity reported in other research papers of dental drill
simulation. Therefore, we can only compare the result by this
proposed method with our previous work on mesh-based tooth
model [8]. The current system using Phantom desktop can gen-
erate up to 4Ns/mm damping coefficient, which is similar to the
result that can be provided on the Omega system [8]. The Omega
system has a better position resolution and can provide greater
stiffness than Phantom. The current system can provide better
cavity shape and more types of drills than [8].

During our test on different parameters, when trying to in-
crease the damping coefficient, the Phantom system becomes un-
stable. We believe that it is caused by the noisy velocity de-
rived from position. As the moving velocity of haptic device in
our application is very low, the estimated error of velocity be-
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Figure 17. The relationship between feedback force and drilling velocity
in real dental drilling (the red one) versus our simulation (the blue one).
The simulation data are the same as that plotted in the left of Fig. 14.

comes larger, thus it leads to errors in force calculation. In dental
drilling, the moving velocity is small and smooth. The change of
velocity at two successive time steps should be small. Therefore,
we use a threshold to smooth the velocity (see Eq. 9). The ve-
locity will not get smoothed if the threshold is too big, whereas
small threshold will decrease the credibility of the velocity which
will lead to delay in force (when the operator stops drilling, he
can still feel feedback force as it needs several time steps for the
computing velocity to decrease to zero). In our experiment, the
threshold is chosen empirically, which needs to be verified in the
future. Haptic device with a more precise encoder or a velocity
sensor can be employed to improve the performance.

While the computed drilling force feels similar to that in real
dental drilling, the participated skillful dentists suggest that a
supporting platform for the hand is greatly needed (see Fig. 1,
the mandible of the patient acts as a supporting platform for den-
tist’s hand), as without the platform, it is hard to perform a stable
and precise drilling slowly (below 0.5mm/s).

6 CONCLUSION

We present a dental drilling system based on voxel model
in this paper. The feedback force is calculated using damping
force model according to our initial drilling experiments on real
teeth, which is less affected by the voxel size. A novel two layer
based drilling update method is exploited to avoid force discon-
tinuity on voxel models. We achieve continuous feedback force
at around 2N with a low velocity (0.5mm/s) on different voxel
sizes. Two kinds of drills are applied in the experiment to create
cavities in different shapes. The simulation is realistic in force
feedback and material removal.

In the future, more experiments will be conducted to further
study the physical properties of tooth, and we are also planning
to study the mechanical law behind material removal in drilling

and to explore physical based simulation. Furthermore, the ac-
celeration method of using parallel computing on GPU will be
explored.
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