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Abstract: In this article, we present a 3D specific dental plaster treatment system for orthodontics.
From computer tomography scanner images, we propose first a 3D image modelling and reconstruction
method of the Mandible and Maxillary based on an adaptive triangulation allowing management of
contours meant for the complex topologies. Secondly, we present two specific treatment methods
directly achieved on obtained 3D model allowing the automatic correction for the setting in occlusion of
the Mandible and the Maxillary, and the teeth segmentation allowing more specific dental examinations.
Finally, these specific treatments are presented via a client/server application with the aim of allowing
a telediagnosis and treatment.

Key words: 3D specific dental plaster treatment, 3D reconstruction, teeth segmentation, topology
changes management, orthodontics domain

INTRODUCTION

For some years now, the research works in image pro-
cessing and 3D visualization systems applied to medical
images aim at the conception and implementation of diag-
nosis help systems, in order to treat and analyse specific
examinations. The 3D reconstruction allows a global per-
ception, a localization of lesions in regions that are not
targeted by doctors, or the information storage and trans-
mission. The complexity of the treated images makes the
automatic interpretation difficult, because the treatment
must satisfy the material environment constraints and also
those of the specialists. In spite of these problems, an im-
portant development of tools and computer methods is
being achieved in the medicine domain, aiming to store
and process medical images. Presently, many tools exist
that help digitize, treat and exchange patient’s examina-
tions. Despite this development some domains, such as
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orthodontics, still remain where doctors cannot avail the
advantage offered by computer technology. Indeed, the
majority of orthodontists continue to work essentially with
traditional methods focused on the physical dental plaster
such as teeth measures, physical storage of dental plas-
ters, physical cut of the plaster teeth, taking photos, etc.
In particular, the numeric dental plaster treatment and
storage attract our attention because of the big number of
the subjects that must be treated, 30–50 cases by month
for a middle laboratory. In this article, we propose a 3D
modelling and specific treatment system for dental plasters
via a client/server application in order to contribute to the
efforts for faster and better diagnosis in orthodontics do-
main. To develop the orthodontics system, three stages are
necessary, 3D modelling and reconstruction, orthodontics
specific treatments and client/server application allowing
the telediagnosis.

In general, the different methods of 3D image recon-
struction are based on two approaches: firstly, the struc-
tured methods by the models that they use (ter Haar 1999),
but they are limited in their diversity by these same mod-
els. The second methods are little structured by the low-
level or primitive models that they use (Fetita and Preteux
2000); therefore, the data structuring takes place after the
reconstruction step. Orthodontics follows this effort, and
the need to treat the digitalized data of patient increases
constantly (Motohashi et al. 1999; Marcel 2001; Redmond
2001). 3D modelling and reconstruction in this domain
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Figure 1 (a) Dental plaster, (b) surface scanner and (c) CT scanner.

are topics that are little exploited and remain among those
many treatment problems that have inadequate systems
allowing the exploitation and image processing. In this
domain, the acquirement methods use mainly 3D surface
scanners (Figure 1.b), with laser beam (Redmond 2001).
The result of this method is a cloud of points of the scanned
object. The triangulated surface is given from a supple-
mentary procedure based on this same cloud of points.
The main advantages of this method are the affordable
price of the surface scanners and the high resolution of
the obtained models. The generation of the triangulated
surface model and the setting in occlusion of the two 3D
sub-models (Maxillary, Mandible) constitute its main dis-
advantage since they considerably increase the creation
time of digital plasters.

In the proposed work, the dental plaster images are
obtained by CT (computed tomography) scanner (Figure
1.c). This system presents several advantages. First, we
can digitalize a dental plaster model more quickly. Then
we have the possibility to digitalize several successive
dental plasters in an entirely automatic manner. In our
approach, the 3D modelling method is based on a set of
contours obtained from each segmented image of the CT
scanner sequence. These contours are the result of the
segmentation of objects that are present in some or each
layer of the 3D images. This result follows a hierarchical
structure (Figure 2). This structuring is the base for
the development of procedures necessary to our 3D
reconstruction algorithm. We apply this process on the
two sequences of images that correspond to the Maxillary
and the Mandible. The two obtained sub-models are
adequately combined to achieve the global 3D model of
the dental plaster. After the creation of the 3D dental
plaster model, the specific treatments according to the or-
thodontists’ needs require the appropriate methods that we

Figure 2 Segmented data structuring.

propose: teeth measures and an automatic correction of the
dental occlusion, done directly on the obtained 3D model.

To try satisfying the orthodontics needs, these methods
are presented via a client/server application specialized in
this domain. This application allows the visualization and
the digital examination treatment with special telediagnosis
tools. The main advantages of this application are the fast
creation of digital examinations, the data management and
the diagnosis tools, giving the possibility to orthodontists
to have an efficient digital solution for the storage and
treatment of their examinations.

This article is organized in the following way: in section
2, we present a 3D reconstruction method by adaptive tri-
angulation intended to complex structures. This method
allows generating a surface between two closed contours
contained in two successive layers and also manages the
changes of topologies in images’ sequence. The specific
3D treatments are presented in section 3. We first present
an automatic correction method for the setting in occlusion
of the two sub-models, achieved directly on the obtained
3D model and, secondly, a semiautomatic segmentation
method allowing an individual treatment of teeth. In sec-
tion 4, we present the DIVITOR (DIgitization, Visuali-
sation and Treatment in ORthodontics) client/server ap-
plication. The specific treatments and the obtained results
are showed via the DIVITOR application in section 5.

3D IMAGE MODELLING BY ADAPTIVE
TRIANGULATION METHOD WITH COMPLEX
TOPOLOGY MANAGEMENT

The topology changes’ complexity in image processing
aroused the curiosity among a great number of researchers.
Indeed, this problem relates to the organic structure in
medical images, such as the arterial and venous structures
or generally the structures of complex topology like dental
structure. Among the existing reconstruction methods, the
Marching Cubes algorithm (Lorensen and Cline 1987) can
carry out a 3D reconstruction managing successfully the
complex topology of these structures but requires a great
memory to be able to treat the obtained models. In fact,
with the Marching Cubes algorithm, in the case of dental
plasters, the air that is trapped within the plasters creates
a significant number of surfaces that are not necessary for
the dental examinations. These surfaces are considerably
augmented in the case of dental prints. To obtain a very
consistent and accurate model, many 3D reconstruction
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methods are developed. These methods are based on
contours allowing a better visualization and treatment in
different domains. In this topic we distinguish two com-
plexity levels for the management of the topology changes.
In the first level, in a 2D field, several separation methods
were developed to deal with the management of topology.
The majority of these methods are based on deformable
models where the changes of topology are managed im-
plicitly using the level set formulation (Malladi et al. 1995;
Djemal et al. 2006). Others tried to solve this problem by
the definition of topological operators adapted to the stud-
ied structure (Rey et al. 1999), but it is difficult to generalize
them; therefore, results can be obtained only on synthetic
models. The second level of topological changes’ manage-
ment is related with the 3D reconstruction of the model.

Indeed, there are authors who deal with the problem
of the 3D reconstruction starting from contours (Oliva
et al. 1996; Klein et al. 2000). However, these methods
were often intended for the reconstruction of relatively
simple structures. Indeed, these methods are limited by
several constraints and are based on prior information of the
studied shape (Lee et al. 1999). It is within this framework
that the method we present is registered.

Adaptive triangulation method

In the domain of structures’ reconstruction, many
triangulation methods have been developed and proposed
in literature. An adaptive triangulation refinement method
is presented in Persiano et al. (1993). In this work, the
authors consider the refinement as minimal in the number
of elements (triangles). This method presents acceptable
results on simple structures, but in the case of the complex
structures, the topology changes are not taken into account.
In the same way, Stämpfle et al. (1999) use an adaptive
triangulation method for the numerical computation of
flow approximations. The limit of this method as evaluated
by the authors concerns the refinements that involve inte-
gration costs for each new vertex. Furthermore, topology
changes are not considered in their 3D reconstruction
system. A 3D reconstruction of complex shapes based on
the Delaunay triangulation is presented in (Boissonnat
et al. 1992). In their approach, they use a Voronoi skeleton
where the end cap surfaces are triangulated. This method
needs a lot of computation time, and the results depend
on prior information of complex shapes.

A triangulation algorithm is proposed by Scheidegger
et al. (2005). This triangulation is obtained directly from
point set surfaces. The refinement is based on moving
least squares surfaces, but there are very few theoretical
results on moving least squares surfaces that can be used
in practice. In this work, the topology changes’ complexity
is not introduced.

The adaptive triangulation method that we present is
based on geometrical and topological criteria. This method
aims to generate a 3D object starting from two sets of

Figure 3 Example of topology change on successive images.

ordered points describing two contours contained in two
successive images (layers).

Let a container be defined like a set of layers where
each layer corresponds to the contents of a 2D image. Each
layer is defined as a whole of contours where each contour
contains a whole of points. Figure 2 illustrates the structure
of data obtained by the 2D images where 2D contours are
calculated. Our approach is based on the segmentation of
2D images data using a deformable active contour model
(Djemal et al. 2002). This method allows obtaining closed
contours and also manages the 2D topology changes.

Let, a contour Cm
k belonging to an image Lk is re-

garded as a series of the successive points Pk with Lk ∈
{L1, . . . , Ll} and m the number of contours in layer Lk.
For example, layer k + 1 (Figure 3) contains two contours
(m = 2). These contours can be noted �1 and �2, the set
of points of the two contours in layer k+1 is considered as
following:

Pk+1 = {�1, �2} with �1 = {q1, . . . , qθ } and �2 =
{qθ+1, . . . , q N}.

The global set of points describing all contours C2
k+1 in

this layer is Pk+1 = {q1, . . . , qθ , qθ+1, . . . , q N}.
If we consider that the contours C1

k and C1
k−1 are

contained in the images Lk and Lk−1 (Figure 3), we have
the two sets of points Pk and Pk−1 describing these two
contours:

Pk−1 = {p1, . . . , p N} and Pk = {q1, . . . , q M}.
(1)

We want to define the totality of the triangles that con-
stitute the closed surface S between two contours C1

k and
C 1

k−1.
A surface between two contours can be approximated

by various geometrical forms controlled by a mathematical
equation. We chose the triangle for two reasons. First, a
triangle allows describing a surface with just three points.
Secondly, the graphics boards use the triangles for the
surface representation. The creation of surface S is carried
out in two stages, first the localization of the point q j in
Pk nearest to each point pi of the totality of points in
Pk−1 by using a neighbourhood criterion. This enables to
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generate the set Tk−1 of triangles ti1. The second stage
consists in testing the totality of points in Pk of C 1

k by
seeking the missing triangles t j of the set Tk by considering
the membership of the points q j of Pk−1 at the triangles ti1
already created with the previous stage.

Tk−1 =
T N∑

i1=1

ti1, Tk =
T M∑
j1=1

t j1, (2)

with TN the triangles number of Tk−1 and TM the triangles
number of Tk. So we obtain a surface S by linking the two
sets Tk−1 and Tk:

S = Tk−1 ∪ Tk =
T N∑

i1=1

ti1 +
T M∑
j1=1

t j1 (3)

Generation of the triangles Tk−1 and Tk

For each point pi ∈ Pk−1, we seek the nearest point q j ∈
Pk using the corresponding Euclidean distance di . The
distance di is implicitly calculated to find the optimal point
q j ; this point is used as a reference to find all the remainder
of the neighbour points to pi . This process enables to define
a correspondence table of neighbourhood V(Pk−1, Pkv),
where Pkv is the obtained corresponding points in contour
C 1

k . The minimal criterion of distance can introduce errors
into certain regions with strong considered curvature of
contour C1

k . Indeed, the points p of contour C 1
k−1 can have

several common points q of correspondences belonging to
C 1

k . These strong curvatures can thus cause discontinuities
between the triangles because certain points q cannot be
taken into account. To solve this problem, we correct the
set of the points Pkv of the neighbour correspondences
based on the continuity and curvature of the set of the
points Pk of C 1

k . We obtain, then, the corrected set of
points Pkc and the new correspondence corrected table
Vc (Pk−1, Pkc ).

The creation of triangles Tk is based on the contained
information in the triangles of Tk−1. Indeed, in the first
step, we are basing on the points of contour C1

k and for
each point q j ∈ C1

k , which was selected like neighbour
point to C 1

k−1, we generate a triangle t j ∈ Tk according to
its participation in the formation of the triangle ti ∈ Tk−1.
For all the points of C1

k , which do not belong to the set of
the points Pkc , we create the triangles according to triangle

Figure 4 Triangles belonging to Tk−1(ti ) and Tk (t j ).

membership information of the points in the set Pkc . Figure
4 illustrates the components of the triangles belonging to
Tk−1 and Tk, and the names of the points of these triangles
that we allotted.

According to the attribution of a neighbour at the
points q ∈ C1

k , three cases can be distinguished. In case
1, q j ∈ Pkc , then q j is a top of triangle ti (pi , pi+1, q j ).
In this first case (Figure 5.a), we carry out the creation
of a triangle t j , and we adapt it with the set Tk such as
t j (q j , q j+1, pi+1). If the point qi+1 does not belong to Pkc ,
the triangle t j is associated to it qi+1 ∈ t j . In the second
case, where q j /∈ Pkc , but its neighbourhood qi−1 ∈ t j−1,
the point qi does not belong to neighbourhood of points of
C 1

k−1, but the point that precedes it is associated to triangle
t j−1 (Figure 5.b and Figure 5.c). The triangle that we gen-
erate is t j (q j , q j+1, pi+1) where pi+1 ∈ t j−1, and we can
associate triangle t j to q j and q j+1.

The last case concerns q j /∈ Pkc and its neighbour q j−1
is not a part of the tops of the triangle t j−1. The point q j
does not belong to neighbour of points of C1

k−1 and in more
the point q j−1 does not belong to a triangle (Figure 5.d).
This case occurs if, at the beginning of the procedure of the
generation of Tk, qi and qi−1 /∈ Pkc . We seek the nearest
point q j+u which belongs to Pkc . As in the previous case,
we associate t j to q j and q j+1.
Figure 6 presents the adaptive triangulation method where
the described cases are considered.

Topology changes management method

According to the shape geometry of which we want to carry
out the 3D reconstruction, it is possible that between two
consecutive images (layers) there are several contours to
be associated. For example, between two images, we can

Figure 5 (a) case 1: qi belongs to the whole of the neighbour Pkc . (b and c) case 2: q j belonging to Tk; it is then associated to
triangle t j−1. (d) case 3: q j is isolated. We seek the first neighbour q j+u to find the point pi .
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Figure 6 Adaptive triangulation algorithm.

have correspondences without a sub-division of a contour, a
topology with a simple division (a contour is splitting in two
contours), a topology with a complex division (a contour is
splitting in many contours), or contours which do not have
a correspondence between two images. The definition of
regions’ correspondence is an open research problem if the
number of contours of an object varies between consecutive
2D images. The difficulties result from the great diversity
of the topological cases according to the shape of the object
and their possible solutions. We interest in this section to
the definition of contour regions’ separation considering
that we treat complex shapes with a possible change of
topology.

Firstly, we consider the case of topology with simple
division. In this case, we are interested to the neighbour-
hood regions of two contours, and we seek in the preceding
contour (‘father’ contour) the closest points belonging to
the region defined before. These points will be the points
of reference for the sub-division of the ‘father’ contour.
Secondly, we consider a complex topology where the divi-
sion of the ‘father’ contour is carried out with the skeleton
principle using the circumscribed circles’ definition.

Simple topology change
The principal idea is based on the detection of the nearest
points between ‘children’ contours. Let C1

k the ‘father’
contour, and C 2,1

k+1 and C 2,2
k+1 the ‘children’ contours. We

seek the points qa ∈ C 2,1
k+1 and qb ∈ C 2,2

k+1 such that the
distance between these two points is minimal (Figure 7).
Point C is taken like a median of the line between qa and

qb (Figure 7.b) and ray R depends on the obtained minimal
distance. Choosing R = k · dist(qa , qb ) where k can vary
between 1.5 and 2 following the various cases of topology
and of the images resolution, we select a region of interest
� in the ‘father’ contour, which represents the surface of
the circle. In this region, we seek the nearest points to the
‘father’ contour C1

k where the exact place of the topology
change is considered. If there are several sets of points
with a similar distance, the set of the points that is closest
in the centre C of circle is considered. Then we divide the
‘father’ contour into two, basing on the founded points pa
and pb (Figure 7.c), which describe the minimal distance

Figure 7 (a) ‘Father’ contour C1
k (blue), ‘children’ contours

C2,1
k+1 and C2,2

k+1 (red); (b) Selection of the region of interest �

according to the points qa and qb , the closest between C2,1
k+1

and C2,2
k+1; and (c) Selection of division points pa and pb of

contour C1
k based on minimal distance.
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Figure 8 Detection of the points belonging to the
circumscribed circles of the median axis having a minimal
ray value.

in the region of interest. The line passing by the two points
pa and pb permits to consider that the ‘father’ contour is
divided into two, enabling to carry out the correspondence
with the ‘children’ contours.

Complex topology change
If the ‘children’ contours are more than two, we cannot use
the criterion of distance between them. The reasons are
topological; it may be that separation occurs with succes-
sive contours, or with more complex contours. It is then
preferable to seek to locate the separation regions directly
in the ‘father’ contour. For this reason, we are based on the
principle of the median axis of contour (Figure 8). In the
2D case, the median axis of a contour represents a whole
of points that are inside or also outside the contour. These
points are the centres of the circumscribed circles inside
the region limited by the contour. From an ‘anatomical’
point of view, the calculation of the median axis is defining
the ‘skeleton’ of the contour surface. Figure 8 shows, that
the regions r1 and r2 represent the minimal surfaces that
indicate the places of contour division. The problem of
detecting the separation regions consists to find the circles
of the median axis having a minimal value of ray. There are
certain limits to this method. First of all, circles should not
be considered having points belonging to contours that are
relatively close, with the contrary case we are likely to locate
toward local minima. In this case, the resulting topology
will be erroneous. Nevertheless, there are cases in which
separation occurs in places where they can be regarded as
local minima. To solve this problem, it is essential to carry
out a setting parameter of adequate selection of the cir-
cles according to the neighbourhood of the contour points.
The experiment showed that this setting parameter is not
necessary for many other cases.

The separation process of the ‘father’ contour is as fol-
lows: For M ‘children’ contours, we need to define M − 1
circles of the median axis of the ‘father’ contour. Initially
we carry out the detection of the first circle having a mini-
mal ray. Then we choose the points belonging to the circle.
We make the division of contour as it is described in the
preceding method. We continue in the same way until the
moment when, for each generated contour corresponds
only one ‘child’ contour. Finally, we carry out the adaptive
triangulation of the parts of contours.

Method validation

In this section, we present the validation results of the
reconstruction method in various cases. Figure 9 presents
the algorithm that incorporates all the necessary operations
to achieve a 3D reconstruction.

Procedure SurfaceGeneration (& Container Cont)

Ln
k ∈ Cont

while i < n

IndexingContours (& Layer Lk−1, & Layer Lk)
if i = 1 or i = n

Close surface � defined by all Ci ,
if Ci does not have surface � generated by the
indexing of contours.

end if
while j < correspondences number

diff = difference of corresponding contours
case selection diff

case: 0 Adaptive
Triangulation
case: 1 SimpleDivision, AdaptiveTriangulation
case: >1 ComlexeDivision, Adaptive
Triangulation

end case selection
end while

end while

The reconstruction method that we have presented is
based on topological criteria, and it aims at answering the
problem of the 3D reconstruction of the complex shapes
present in the 2D images starting from 2D contours.

Figures 10 and 11 present the surface generation of a set
of several consecutive contours with different topological
cases. In the case of a rather complex topology, as the
case of the teeth, we noted that there can be problems of
correspondence between contours.

In Figure 12, we show the 3D reconstruction of a dental
plaster part, very complex in terms of topology (molar
teeth). In both cases, our algorithm identifies the regions
of division and proceeds to an adaptive triangulation. We
present in Figure 13 the surface generation of a dental
plaster starting from 2D contours.

This method allows obtaining the 3D reconstruction
of a more consistent and accurate model in comparison
with the Marching Cubes algorithm, but it requires our
intervention to solve certain difficult topological cases of
contours correspondences.

SPECIFIC 3D TREATMENTS

The specificity of the obtained dental X-ray computed
tomography images and the requirements of the specialists
in this domain justify our motivation to develop specific
treatments, allowing a reduced calculation time and effi-
cient diagnosis. From the obtained 3D models (Maxillary
and Mandible) by the Adaptive triangulation method, we
present in this section, first, the automatic correction of
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Figure 9 3D reconstruction algorithm from 2D contours.

the occlusion error and, second, a method that treats in-
dividually each tooth. This treatment is needed by the
orthodontists to perform a medical examination.

Automatic correction method of the occlusion error

In our treatment method, we suppose that a dental plaster is
composed of two parts: the Maxillary and the Mandible, as
illustrated in Figure 1(a). To respect the natural positioning
of the Maxillary and the Mandible, we have conceived
a special box permitting to control the horizontality and
the verticality of the two parts in relation to the scanner
bed. Moreover, this box allows moving away the two parts
according to the horizontal axis with the use of drawers.
This last operation allows to get two separate sequences of
2D images. We can also measure the distance that separates
the two parts with an unscrewed needles system.

This measurement can be obtained directly from the
images according to the horizontal axis. The setting in
occlusion is then given while displacing one of the two
models in relation to the measured occlusal distance. As we
were not able to scan the models in occlusion, we have been
obliged to analyse the two parts with a distance between
them, to avoid images that contain both the Maxillary and
Mandible objects. In such a case, it would be very difficult
to separate the models in an automatic way. Then, we
measured the displacement distance with the modifiable
reference marks. To put the models in occlusion in the

ideal case without errors, we combine them under only
one global 3D model. Then, we move the second model
in relation to the Z axis while using the occlusal distance,
calculated from the images where the reference marks are
located. Indeed, ifIm is the number of the image with the
first reference mark, In the number of the image with the
second reference mark and RZ the distance in millimetres
between two consecutive images, the occlusal distance distZ
is given by:

distZ = (Im − In ) × RZ. (4)

We apply this translation for all points of the triangles of
the second model. Every point P(x, y, z) of the model is
replaced by P ′(x ′, y′, z′) where:

x ′ = x, y′ = y, z′ = z − distZ. (5)

Some conditions can affect the horizontal and vertical po-
sitioning of the dental box during the analysis. A bad reg-
ulation of the scanner bed results a vertical slope (Figure
14.a). If the box is not aligned correctly in relation to the
scanner bed, it will be analysed with a horizontal slope.
These errors produce a vector V′(x ′, y′, z′) of analysis in-
stead of a vector V̂(0, 0, 1). This vector is calculated with
the two reference marks on the images Im and In . In an
ideal situation, these points of reference marks should be
confounded. While calculating the deviation ex and e y ac-

Figure 10 3D reconstruction of synthetic contours (a) 3D reconstruction of a synthetic model (topology with simple division)
and (b) 3D reconstruction of a synthetic model (topology with complex division).
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Figure 11 3D reconstruction of a set of six layers of 2D contours.

cording to the X and Y axis and the distance distz between
the images Im and In according to the Z, we model this
error by:

Verr = V′ = [ex e y distz] (6)

In these modelling conditions, we find the transformation
matrix to correct the error represented by the vector Verr
where P = T Perr; Perr corresponds to the P point of the

transformed model by error vector Verr; and T = [ R t
0 1 ]

is the transformation matrix. For the Maxillary model, we
can represent the transformation matrix as:

Tmax i l =
[

R tmax i l
0 1

]
=




r11 r12 r13 tx(max i l)
r21 r22 r23 ty(max i l)
r31 r32 r33 tz(max i l)
0 0 0 1




=




r11 r12 r13 0
r21 r22 r23 0
r31 r32 r33 0
0 0 0 1


 . (7)

For the Mandible model, we have to put it in contact
with the maxillary model. We perform this step using the

Figure 12 3D reconstruction of a teeth part starting from 2D
contours.

obtained occlusal distance:

Tmand =
[

R tmand
0 1

]
=




r11 r12 r13 tx(mand )
r21 r22 r23 ty(mand )
r31 r32 r33 tz(mand )
0 0 0 1




=




r11 r12 r13 0
r21 r22 r23 0
r31 r32 r33 ‖Ver r ‖
0 0 0 1


 , (8)

where ‖Ver r ‖ =
√

e 2
x + e 2

y + dist2
z and

R =

X̂

Ŷ
Ẑ


 =


r11 r12 r13

r21 r22 r23
r31 r32 r33


 . (9)

Finally, we calculate the common rotation matrix that
allows the setting in occlusion of virtual models (Figure
14.b). The vectors X, Y and Z represent the lines of the
rotation matrix.

We want to construct the three lines of the rotation
matrix. Every line corresponds to an axis of the erroneous
coordinated system. However, we compute the three axes
of rotation. The first axis is known, because it corresponds
to the error vector Verr. Thus, after normalization of V̄err,
we have Z̄ = V̂ err and,

r31 = Ẑx, r32 = Ẑy, r33 = Ẑz. (10)

The second axis Ȳ is constructed from the global axis
Ȳw = [ 0 1 0 ]; we have, then, Ȳ = Ȳw − Ȳw · Z̄ ∗ Z̄.

If we consider d = Ȳw · Z̄ = YwXZx + YwYZy +
YwZ Zz, we have Yx = YwX − d Zx ,Yy = YwY − d Zy,
Yz = YwZ − d Zz, and after normalization of Ȳ,we obtain:

r21 = Ŷx, r22 = Ŷy, r23 = Ŷz. (11)

We compute the last axis with the cross product of the two
calculated axes: X̄ = Z̄ × Ȳ. We normalize the vector X̄,
and we obtain the first line of the rotation matrix R:

r11 = X̂x, r12 = X̂y, r13 = X̂z. (12)
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Figure 13 Creation of a 3D dental plaster starting from 2D contours: (a) sets of contours and (b) triangulation of contours and
generation of the grid surface.

So we have computed the rotation matrix R. To get the
corrected model, it is necessary to apply the correspond-
ing transformation matrixes (Tmaxil and Tmand) on every
point of the sub-models. This method allows an automatic
occlusion correction on the virtual model that avoids the
orthodontists to do a second or third scanner for the same
patient.

Segmentation and individual treatment of teeth

In the dental field, a 3D teeth model—in which each tooth
can be manipulated individually—is an essential compo-
nent for the simulation on orthodontic surgery and treat-
ment. To reconstruct such a 3D teeth model from 2D
images, we need to localize and define the accurate region
of each tooth from images’ sequence.

The complexity of the teeth makes the task difficult
to elaborate an automatic method for the treatment of
the teeth separation. In Heo et al. (2004), a segmentation
method based on b-spline curve of tooth is presented on
a 2D image. The authors discuss the obtained results on
2D image, but the difficulty for 3D reconstruction of the
teeth separation is not presented. The algorithm presented
by Kondo et al. (2004) is based on the dental arch obtained
from 2D images. This arch is used as reference to compute
the dental model. But the evolution on the sequence can
induce errors, and the 3D model of teeth can be deformed.

The used method of segmentation (Djemal et al. 2002)
for the rebuilding of the Mandible and the Maxillary gives
good results on the totality of the model but does not allow
the intervention of the orthodontist to extract and rebuild
individual teeth.

For the orthodontists’ needs concerning an individual
tooth treatment, we have developed a teeth localization
method. It is necessary to mention that this dental treat-
ment is a procedure where the orthodontist cuts the teeth
of a plaster model manually, to reposition them and to
extract important information for his patient’s treatment.
Our method is based on the use of a numbered grid with
the numbers of the teeth. This grid is introduced on the
plaster images’ sequence.

Initially, one manually adjusts the grid for the first and
the second image of the sequence to predict a grid that will
be used automatically for the rest of the images’ sequence.
The advantage of this method is that it makes it possible
to locate and extract only one tooth from the sequence
by choosing its corresponding grid area. If one wishes to
rebuild the entire 3D model, it is necessary to repeat the
same procedure for each tooth.

The horizontal position of plasters in relation to the Z
axis, according to which the scanner bed moves, allows the
regions of the contacts of teeth to be practically at the same
place on the images’ sequence. It is then possible to define
the regions where each tooth is located while displacing

Figure 14 (a) Rotation of the model in relation to the error vector and (b) automatic translation of the Mandible.
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Figure 15 Numbered grid used for localization and segmentation: (a) before the calibration and (b) after calibration.

the characteristic points that define the numbered regions
of the grid. For the rare cases where the teeth leave the
specified region (slope of a tooth in relation to the scan-
ner bed) during the images evolution, we have developed
a system that records key grids. Then, we can define a new
grid, inherited from the previous and displace the con-
cerned points to include again a tooth in its region (Figure
15). For each tooth, we apply a mask that segments its
region. The final step is the 3D generation of each tooth
and the combination of all 3D models of teeth under only
one model (Figure 20). The experience showed that, in
90% of the cases, only one grid is sufficient for the dental
segmentation. The positioning of the segmented teeth is
automatic because the 3D objects are created taking into
account the topology of the images’ sequence.

DIVITOR APPLICATION

The DIVITOR application allows at the first time the
dental plaster receipt, the digitization, the data organization
in a database and the transfer of the examinations toward
the doctors’ laboratories. In the second time, it provides

the tools for the specific treatments and telediagnosis of the
patient’s examinations.

Client/Server protocol

The consequent number of dental plasters in orthodontics
raises a reflection concerning the best methods of digitiza-
tion. Indeed, a simple demand requires the digitization of
2,000–3,000 plasters per month; this is just to satisfy about
40–50 orthodontists. After the scan of dental plasters, a
DICOM server is used to receive the images’ sequence.

When the plasters are received by the orthodontists,
additional information is inserted into the database. The
query is achieved by using the XML protocol (McHugh
and Widom 1999). Information concerning patients is ex-
tracted from DICOM images, then it is integrated in a
structured database. This base is structured in a manner to
make it possible to easily obtain reliable answers by using
the XML protocol.

The model resolution is 0.256 mm. Some previous re-
search demonstrated that this resolution is clinically ac-
ceptable for the treatment of this type of examinations
(Santoro et al. 2003; Quimby et al. 2004). A communication

Figure 16 General diagram of DIVITOR.
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Figure 17 (a) Image processing, image keys settings and (b) database communication and examination creation.

system via web services between the server application and
the database allows the addition of supplementary infor-
mation in the examinations (Figure 16). This information
is added during the receipt of plasters, and it is neces-
sary for the logistical management. Then the examinations
are stored into the database, remaining at the disposal of
orthodontists.

DIVITOR Server

The digitization of the dental plasters as well as the creation
and availability of the examinations make the major part
managed by the DIVITOR Server. We have defined a scan
protocol to allow the quality and the resolution of the 3D
models generated from DICOM images. This protocol is
recorded at the CT scanner console. Generally, in radiology
services, the standard image format DICOM (EMA 1993)
is used with the CT scanners. A high pixel resolution and
a special header where we can save additional information
characterize this file format. We noted that the different
constructors of CT scanners use their own configurations
for the exploitation of DICOM images.

The existence of different formats of DICOMS images
as DICOM2 and DICOM3 led us to adapt an algorithm
to allow compatibility between images produced by differ-
ent CT scanners and our 3D reconstruction system. This
algorithm takes into account the necessary information of
DICOM headers and saves them to have a generic header
compatible with our system. In this header, other infor-

mation related to the management of the examinations is
added. The DICOM images are then converted to flexible
and light format, allowing also automatic consultation via
a web server.

As is mentioned above, one advantage of this applica-
tion is the speed of creation of the dental examinations. To
improve that, we also created a 3D render system. Firstly,
we insert the necessary parameters needed for the creation
of the 3D examination, and secondly, we save them under
a special file format (batch file). In such a way, we can save
several examinations very quickly without executing the
procedure of the 3D creation. Finally, we can start the exe-
cution of the creation of several examinations. This render
concept is used extensively on applications of computer
graphics and allows a better organization of data and also
decreases the calculation time of 3D dental examinations.
Consequently, the generation of 3D models takes place
massively in one chosen moment (e.g. the night).

DIVITOR Client

The internet connection offers to orthodontists several ad-
vantages. Indeed, they can access to the database via the
server every time they want to recover the examinations and
save locally the modifications concerning data patients.

The DIVITOR client allows orthodontists to realize
many treatments from their laboratories as data transfer,
data visualization, patient diagnosis and specific dental
examination treatments. Indeed orthodontists have the

Figure 18 3D Render management and execution.
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Figure 19 (a) The dental box of the model orientation, (b and
c) the characteristic images with the unscrewed reference
marks, (d) 3D model of plaster and (e and f) setting in
occlusion.

possibility to download dental examinations with secure
communication from the server database. Then they can
do an automatic research of the patient’s examination of
which they want to make the diagnosis. The client also
gets a secured access to the fields of the examination to
add or fill some additional information.

The specific treatments can be directly achieved on the
3D model like the automatic correction of the occlusion
error and the individual treatment of teeth. Visualization
and display of the 3D models are performed with a simple
and efficient way, allowing the space orientation of the im-
age. So, with the help of corresponding buttons, rotation,
pan and zoom of the camera help the orthodontists to visu-
alize easily the dental examinations. The orthodontists can
do rotations and translations of the Maxillary or Mandible
model to have a complete image of the occlusion. In ad-
dition, this application gives the possibility to do virtual
cuts of the 3D model. These cuts allow visualizing easily
the points of contact of the teeth in a specified region (oc-

clusion) while removing all surfaces that exist before this
region.

It is also possible to do some different types of mea-
sures: mesiodistal, vestibulolingual, height, inter-canine
and inter-molar. Administrative procedures concerning
the patients often require the justifying of the dental
examinations, by providing simple photos. Disposing a
print/save functionality, they can print or save different
views of the model without using a camera as it used before.

EXPERIMENTAL RESULTS VIA DIVITOR APPLICATION

In this section, we illustrate our work by results obtained on
real X-ray computed tomography images. The procedure
of a dental examination creation is very convenient and
quiet fast. Indeed, the main server application enters in
communication via an Internet connection with the server’s
database. Then we interrogate the database by providing
the code and the date of the examination. In this way,
we collect all additional information on the examinations,
which is saved in the database during the receipt of plaster.
As soon as the communication is finished and after possible
image processing (Figure 17.a) like modify brightness and
contrast, apply smooth filter and perform a rotation on the
set of images, we can pass to the examination creation as
illustrated in Figure 17.b.

Finally, the server offers a 3D render management func-
tion (Figure 18), with the possibility to save and execute
one or several files of 3D render type.

We generate first the Maxillary model and secondly the
Mandible model. To get the final 3D model, we combine
the two models using the corrected occlusal distance. Fig-
ures 19.a, 19.b and 19.c show the steps of digitalization and
dental plaster acquirement. We can note (Figure 19.d) the
satisfactory result of the reconstruction of the digital 3D
plaster models. The result of the setting in occlusion after
a possible correction is shown in Figures 19.e and 19.f.

The segmentation result of the individual treatment of
teeth is shown in Figure 20. This result is obtained on the

Figure 20 Segmentation of the teeth: (a and c) two views of the teeth of the segmented maxillary and (b) maxillary part before
the segmentation.
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Figure 21 Client operations: (a) examinations download and management, (b) model transformation, (c) taking of measures and
(d) virtual cut of the 3D model.

Maxillary (Figure 20.b). Figures 20.a and 20.c show two
views of the teeth of the segmented maxillary.

Orthodontists, as we explained in the previous sections,
can achieve several operations either in their laboratories
or via Internet. Indeed, the orthodontist benefits from a
confidential access (Figure 21.a) to the database managed
by the server.

The orthodontist can make transformations of the
3D model on the sub-parts (Maxillary, Mandible) and
also do rotation, translation and zoom of the 3D model
(Figure 21.b). An interface is developed to facilitate
the teeth measurements as illustrated in Figure 21.c.
These operations concern mesiodistal, vestibulolingual,
height, inter-canine and inter-molar measures. Figure 21.d
presents a virtual cut of the 3D model. By selecting the face
of interest, we can progress dynamically the virtual cut to
arrive to the region of the model of which we want to study
the occlusion.

CONCLUSION

In this article, we have presented a 3D specific dental plas-
ter treatment system for orthodontics domain. In this aim,
we proposed an adaptive triangulation method for the 3D
reconstruction of structures with complex topology, start-

ing from a sequence of real X-ray computed tomography
images. This method is applied to the 3D reconstruction of
a dental plaster that allows obtaining a consistent 3D model
and accurate reconstruction. From an obtained 3D model,
we have presented specific treatments allowing the auto-
matic correction of the occlusion error and the individual
treatment of teeth needs by the orthodontists.

The performance of the proposed method of 3D re-
construction based on adaptive triangulation and specific
treatments depends on the accuracy of obtained contours
on X-ray computed tomography images.

The obtained results are presented and discussed via
the DIVITOR client/server application. This application
allows the digitization and the visualization, and provides
the tools for the specific treatment and telediagnosis of the
patient’s examinations.
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