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Computer aided stitching approach for dental restoration models
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Abstract: According to the bio-characteristics of the lower and
upper cavity surfaces of dental restoration, a stitching approach is
proposed based on a virtual zipper working mechanism and a
minimization of the surface total curvature energy, which is used
to resolve the stitching problems existing during computer-aided
design for dental restorations. First, the two boundaries
corresponding to the lower and upper surfaces are triangulated
based on the zipper working mechanism to generate the initial
stitching surface patch, of which the edges are distributed
uniformly between the boundaries. Secondly, the initial stitching
surface patch is subdivided and deformed to reconstruct an
optimized surface patch according to the bio-characteristics of the
teeth. The optimized surface patch is minimally distinguishable
from the surrounding mesh in smoothness and density, and it can
stitch the upper and lower cavity surfaces naturally. The
experimental results show that the dental restorations obtained by
the proposed method can satisfy both the shape aesthetic and the
fitting accuracy, and meet the requirements of clinical oral
medicine.
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he inlay and crown restorations in dental prosthesis are
Tused to restore the shape and function of the teeth,
which are damaged or affected by tooth defects, such as
caries, malformation, cracks and hypodontia. The traditional
restorations making method is a time consuming and labor-
intensive work. The patients have to experience wear-rewor-
king many times before achieving a restoration with satisfac-
tory fitting accuracy. With the development of computer
technology, the 3D dental model can be easily obtained via
different kinds of intra- or extra-oral measurement meth-
ods''™. CAD/CAM has been introduced to dentistry disci-
pline and great success has been achieved in clinical applica-
tions of orthodontics as well as oral and maxillofacial sur-
geries" ™. The CAD/CAM dental system has simplified the
procedures of the restoration production process through dig-
itizing, computer aided design and virtual wearing, and man-
ufacturing. The designing process for inlay and crown resto-
rations are divided approximately into five steps'’': 1) Pre-
pare and digitize the tooth model; 2) Detect the feature line
of the inlay or crown preparation; 3) Extract the lower cavity
surface of the inlay or crown restoration using the feature
line; 4) Reconstruct the occlusal surface which corresponds
to the missing part of the tooth, and then locate and cut to
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extract the upper cavity surface of the restoration; 5) Stitch
the upper and lower cavity surface to obtain a surface patch,
which makes the cavity of the restoration watertight. Fig. 1
sketches the typical process of the computer aided design for
inlay, which is also adaptable to crown.

DDV

Fig.1 [Tllustration of the computer aided inlay restoration de-
sign. (a) 3D inlay preparation; (b) Feature line detecting; ( ¢) The
lower cavity surface; (d) The upper cavity surface after being located;
(e) Inlay restoration and its corresponding virtual wear

(e)

In graphics, the efforts in surfaces stitching techniques can
be approximately classified into three major categories,
namely subdivision"™ , implicit™ and parametric surfaces'"”
The subdivision schemes™ need given boundary curves,
cross-boundary derivatives and initial control nets. Because
it is difficult to accurately solve the boundary derivatives for
discrete surfaces, it becomes difficult to perform the stitc-
hing operation between the triangular meshes using the sub-
division schemes. The implicit surface-based stitching meth-
od™ mostly uses volumetric techniques and radial basis
functions for surface interpolation to reconstruct the stitching
surface. The stitching result is globally optimized, and can-
not reflect the local characteristics. The parametric surface-
based method'"” uses constraints such as control points and
shape influencing tangent magnitudes to construct a virtual
stitching surface first, and then obtains the final triangular
stitching surface through mapping or re-sampling tech-
niques. The parametric-based stitching method changes the
connect relationship of the original surface, which makes the
stitching surface seem unnatural.

Because the boundaries corresponding to the upper and
lower cavity surfaces are long and with sharp bending chan-
ges, it is difficult to obtain a stitching patch which can satis-
fy both the shape aesthetic and the fitting accuracy by using
the existing methods. The stitching results of the upper and
lower surfaces have a great influence on whether the restora-
tion can be used in clinical application successfully or not. In
this paper, according to the bio-characteristics of the lower
and upper cavity surfaces, we propose a stitching algorithm
based on a zipper working mechanism and a minimizing to-
tal curvature function of the surface patch, which can recon-
struct a surface patch satisfying the natural attributes of the
tooth.

1 Virtual Zipper and Stitching Algorithm

While the zipper is being closed, the three neighboring
teeth of the zipper in contact with each other form the shape
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of a triangle. Because the boundaries of the lower and upper
cavity surfaces are near to each other in spatial location.
Similar in shape, with nearly equal lengths and number of
vertices, each boundary can be seen as a virtual circular zip-
per with the vertices as the “teeth”. The “teeth” contact in-
formation of the virtual zipper is represented by a line seg-
ment, whose ends are the boundary vertices. Three neighbor-
ing line segments connected with each other consecutively at
the end form a triangle. Based on the above assumptions, we
can imitate the zipper working mechanism to zip the upper
and lower cavity surfaces. The difference between the real
and virtual zipper used in stitching the surface is that the
“teeth” of the virtual zipper can be in contact with more
than two “teeth” simultaneously, and remain so during the
close operation.

The triangles in the stitching patch obtained above are just
connections between the boundary vertices, and have to be
subdivided and deformed to obtain an optimized surface
patch. It can reflect the local characteristics of the corre-
sponding tooth part and satisfy the fitting accuracy, and it is
minimally distinguishable from the surrounding mesh in
smoothness and density. Because the surface of a healthy
tooth model is curvature continuous, we use the boundary
curvature information as a constraint to construct an opti-
mized surface patch, which minimizes the total curvature
energy. The following steps describe the procedure of the
stitching algorithm:

1) Zip the upper and lower cavity surface along the
boundaries to generate the initial stitching surface patch;

2) Subdivide and deform the initial stitching surface patch
according to the boundary information in order to obtain a
surface patch which can match the density and smoothness
of the surrounding mesh.

1.1 Definitions

The 3D dental model is represented by using a watertight
or two-manifold triangular mesh. Let M be a two-manifold
triangular mesh corresponding to surface S embedded in R,
and V={v,,v,, ..., v,} denotes the set of vertices in M. We
define NV, (7) as one-ring neighbors of vertex v, and NT, (i)
as the set of triangles that share vertex v,. The boundary
edge is an edge that only connects to one triangle, and a
boundary vertex is a vertex that is adjacent to a boundary
edge. A boundary of the mesh is a closed loop of boundary
edges. Let v/ represent the boundary vertex. The boundary is
denoted by the sequence of vertices B = {v!, v5, ..., v"}.

1.2 Generation of the initial stitching patch

1.2.1 Initialization of the virtual zipper

Let mesh, and mesh, denote the two meshes correspond-
ing to the upper and lower cavity surfaces to be stitched.
B!, and B’ are the corresponding stitching boundaries as

shown in Fig.2(a) where B!, = {v/,vY,...,v"} and B’
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b, b, b, : b,
={v, vy, ...,v.}. Given vertex v," on B, , the closest ver-

tex vjb on B’,, is considered as the other end of the “bridge”
vlbvf The boundaries are bridged as shown in Fig. 2(b).
Because the boundaries are circular, we obtain two opposite
moving directions marked with arrows in Fig. 2(b) at the

same starting location. Fig. 2( c) shows the way of the virtual

zipper working and it will add one triangle in its moving di-
rection for each step. After the zipper moves one step from
the initial state in Fig. 2(b) to that in Fig.2(c), we obtain a
new closed boundary B,,,(B,, =B, + B’.,), and then the
zipping procedure can also be seen as the triangulation of
B, under the condition that the triangles of the triangulation
which are used to close the boundary has to satisfy the fol-
lowing prerequisites:

1) The vertices of the triangle have to comprise three con-
secutive vertices of B, and the triangle should be oriented
consistently with the facets along the boundaries.

2)Each boundary of B!, , and B>, has to own at least one

stitch

vertex of the triangle, but at most two.
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(a)

Fig.2 Mechanism of the virtual zipper. (a) Boundaries to be
stitched; (b) The moving direction and location of the virtual zipper;
(c) After moving forward one step

1.2.2 Weight rule and zipper closing

When we use the triangulation concept to realize the vir-
tual zipper, we define (2: B’ — L as the weight function.
Here, L is the weight set and (2 assigns a weight for each tri-
angle with three consecutive vertices of B. \NT,(i) | de-
notes the set size of NT, (i). Let 2(v/_,, v/, v,,) be the
b
i+1

weight of the triangle (v/_,, v/, v
described as follows:
1) If all the three vertices of the triangle (v/ , v/, v/, ))

), and the weight rule is

belong to B!, or B, simultaneously, which does not satis-
fy the prerequisites presented above, the triangle should be

. . . . b b b
given the lowest choice priority: £2(v;_,, v;, v,

i

) = —%®.
2)If the triangle (v/_,, v}, v, ) satisfies the prerequisites
presented above and \NTl(i) | <8, the weight function is
computed according to the perimeter [ of the triangle. If
\NT,(i) | > 8, the triangle should be added with a higher
choice priority in order to obtain an initial stitching patch
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with edges uniformly distributed between the boundaries.
Then the weight function is

-1 INT, (i) | <8

|NT, (i) |
8

b b b
Qv v, v, =

INT (1) | >8

We apply the following procedure to implement the virtu-
al zipper closing process:

1) Preprocess the boundaries B!, and B, to obtain a
new closed boundary B, and insert the triangles generated
to the surface patch M° which is initially empty. Compute all
the weights according to the weight function given above for
each triangle with three consecutive vertices of B, and in-
sert the weights into L in which the weight is sorted by using
an AVL tree.

2) Get the maximum [__ from L and insert its correspond-

ing triangle (v/_,, v, V!, ) into M°. Remove the weights of

. b b b b b b b
the triangles Q2(v; ,, v;_,, v,), 2(v;_,, v;, v;,,) and Q(v,,
b
i+1°

v;,,) from L that include vertex v;. Eliminate vertex v,

b b b b
s Vi Vics Viers Vigas oo

b . b b b b b b
Vn}' Compute the Welghts (Vi—Z’ Vi_is vi+l)’ (V;—]’ vi’-v-]’ vi+2)

v
b b
from B, and then B, = {v/, v,, ...

. b b b b b b
of the triangles Q2(v; ,, v;_,, v{,,) and (v, ,, v, ,, v/, ),

and insert them into L. Execute step 2) iteratively until the
vertex number of B, is less than three(see Fig.3(b)).

(a) (b) (c) (d)
Fig.3 Example of the molar tooth model stitching. (a) Model
to be stitched; (b) Initial stitching surface patch; (c¢) After subdivision
and deformation; (d) Stitching results

1.3 Subdivision and deformation

The triangles in the initial stitching patch are just the con-
nections between the boundary vertices(see Fig. 3(b)) and
have to be subdivided and deformed to obtain an optimized
surface patch which can satisfy the fitting accuracy and is
minimally distinguishable from the surrounding mesh in
smoothness and density. In this paper, the subdivision proce-
dure is performed by adopting the algorithm presented by
Pfeifle and Seidel''"! on M’ to obtain a patch M' that approx-
imates the density of the surrounding mesh(see Fig.3(c)).
In computer graphics and the geometry modeling field, the

total curvature functional E(S) = ﬂ K, +K; dA is widely used

to fair a surface patch with a fixed boundary. Here, k, and «,
denote the principal curvatures of the surface, respectively,
and dA is the surface area element. We generalize the fairing
method presented by Yoshizawa and Belyaev'"” to deform
the surface patch M', which is based on the total curvature
functional and can produce high quality shapes. The corre-
sponding Euler-Lagrange equation which characterizes the
minimizers of E(S) is given by

AH +2H(H -K) =0 (2)

where H and K are the mean and Gaussian curvatures, re-
spectively; A, is the Laplace-Beltrami operator. Let S(u, v,

1): 2R’ be a family of the smooth surface. u and v are the
surface parameters at time . When the surface family S(u,
v, 1) evolves along the gradient-descent direction driven by
the surface energy, we can solve the following geometry
flow to obtain the surface with minimal potential energy giv-
en by E(S).

S=-VE(S) (3)
VE(S) = -FN, F= -A;H-2H(H' - K) (4)

where S is the time derivative of S with respect to t. N(t, u,
v) is the unit normal of surface S(u, v, ). To solve (3) nu-
merically, the time derivative term in(3) is approximated by
its forward difference approximation

. S(t+7,u,v) —S(t,u,v)

N (3)

T

We obtain a discrete surface evolution process by Egs.
(4) and (5),

S(t+7,u,v) =S(t,u,v)
T

- VE(S) (6)

S(t+7,u,v) =S(t,u,v) +7FN (7

When A, H and K are discretized by Meyer et al. '"*', the
discrete evolution of surfaces (7) can be approximated by a
mesh updating process, which is performed iteratively until it
reaches a steady-state (see Figs.3(c) and (d)):

Vit =vi+ 7 Fi ) (8)

i

k+1

where v "' is the vertex of M**' obtained after k steps of the

updating process (8) from the initial state M', which ap-
proximates S(0, u, v).

2 Experimental Results and Analysis

The missing parts of the occlusal surface are usually ob-
tained through editing the standard crown, which is stored in
the standard crown database, and the feature line of the prep-
aration can be recognized and extracted accurately and effi-
ciently by using existing methods in computer graphics. As
can be seen from Fig. 3(b), Fig. 4(b)and Fig. 5(b), the ed-
ges of the initial stitching surface patch generated based on
the zipper mechanism are distributed between the boundaries
evenly, and the weight rule presented above can avoid the
situation of self-interference efficiently during triangulation.
Fig.3(c), Fig. 4(c) and Fig. 5(c) show the final results of
the stitching surface which match the density and the conti-
nuity of the surrounding meshes and the local characteristics
of the stitching region can be recovered accurately. The fit-
ting accuracy between the preparation and its corresponding
restoration is mostly concerned in clinical application. Be-
cause the boundary vertices of the lower cavity surface and
the feature line vertices of the preparation are in one-to-one
correspondence, the boundary normal information is substitu-
ted by the normal information of the feature line in order to
make sure that the deformed surface patch can also stitch
smoothly across the feature line with the preparation. Be-
cause the stitching operation is directly applied on the
meshes, and it does not need to be converted into Nurbs or a
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B-spline surface, we can reduce the design complexity and
improve the accuracy of the contacting region. The virtual
wear simulations in Fig. 4(d), Fig. 5(d) and the manufac-

(d)
Fig.4 Stitching process for inlay restoration. ( a) Feature line detection, and the corresponding lower and upper cavity surface after being
located; (b) The initial stitching surface patch and its corresponding restoration; ( c) The surface patch after being subdivided and deformed, and

tured object in Fig. 5(e) demonstrate that the algorithm can
achieve satisfactory results.

its corresponding restoration; (d) Virtual wear

(d)

(e)

Fig.5 Stitching process for crown restoration. ( a) Feature line detection, and the corresponding lower and upper cavity surface after be-
ing located; (b) The initial stitching surface patch with its surrounding triangles, and its corresponding restoration; ( ¢) The surface patch after be-
ing subdivided and deformed, and its corresponding restoration; ( d) Virtual wear; (e) Manufactured object

3 Conclusion

In this paper, we present a stitching approach to resolve
the stitching problems existing during computer aided de-
sign for inlays and crowns, such as distortions and fitting
inaccuracies. The key of the proposed approach is to recon-
struct a surface patch, which can stitch the lower and upper
cavity surfaces smoothly and naturally. The experimental re-
sults show that the inlay and crown restorations obtained by
the proposed method can satisfy the requirements of clinical
oral medicine both in virtual wear simulation and in the
manufacturing stage. At the same time, the proposed meth-
od in this paper is not only restricted to the field of dental
restorations, but also it can be used to construct complex
objects which share all the features of the original model
but differ from the original models in the fields of games,
virtual reality, and so on.
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