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Abstract

This paper introduces a novel methodology for the alignment and comparison of 3D digital models of individual
dental pieces, aimed at evaluating proficiency in the manipulation of rotary cutting instruments within the discipline
of dentistry. The proposed approach comprises three principal stages: precise alignment of the 3D model utilizing a
customized reference base, application of a parametric deformable model to transform the non-periodically sampled
point cloud into a continuous and regular mesh, and quantitative analysis between pairs of modeled dental pieces.
The methodology has been validated through the analysis of dental specimens fabricated from Duroplastic® and dig-
itized using the Aidite® A-IS Pro desktop 3D dental scanner. The results demonstrated a high degree of precision
in both alignment and modeling, with mean discrepancies between scans ranging from 0.0055 mm to 0.0165 mm,
and maximum errors not exceeding 0.1416 mm across the entire surface of each tooth. The findings indicate that the
proposed methodology possesses sufficient accuracy for facilitating comparisons between dental scans, thereby en-
abling its prospective application within the AIDDA® (Automated International Dental Dexterity Algorithm) system
for the objective assessment of dental preparations. This approach permits precise comparisons between teeth carved
by instructors and those prepared by students, thereby facilitating automated evaluations of student performance and
progress in restorative dentistry competencies.
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1. Introduction

In the scientific literature, there are multiple studies related to 3D technology applied to the field of dentistry. A
number of them focus on the educational use of virtual simulation systems and 3D printed teeth [} 2 3]. Others
analyze the accuracy of different 3D printing techniques for the reproduction of teeth, as well as the optimal digital
flow to develop the reproduction process [4, 15} 6]].

As far as digitization is concerned, some works as, e.g., [7] highlight the importance of the management soft-
ware in the final accuracy achieved by dental scanners, whereas other research focuses on the accuracy of scanners
depending on the type of tooth [8]. Because of their importance in relation to subsequent manufacturing processes,
some works compare the precision and accuracy of different technologies used for digital registration of specific parts,
such as implant-supported prostheses [9]]. Regarding the accuracy of these technologies, namely 3D lasers and optical
scanners, the importance of the alignment methods used to accurately join the point clouds generated in each scan is
emphasized in [10] in order to generate the final 3D model mesh. Other studies address the accuracy of the scanning
process by comparing real and 3D printed models [[L1]. The accuracy of the digital model is evaluated in [12] by
analyzing specific areas of the geometry, namely the mapping surface of the pulp horn. Other investigations highlight
the importance of alignment between models to improve the accuracy of their algorithms for digital registration, i.e.,
Thin Shell Demons [[13], Best Fit [14.15], Triple Scan Method [[16], or to perform measurements such as erosive wear
[L7]. An interesting study is that developed in [18]], which addresses the development of comparative measurements
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between 3D models of teeth using three-dimensional digital techniques. The same issue is analyzed in [19] where 3D
models obtained from different sources are compared.

The training tools typically used for dental practice, both at undergraduate and postgraduate level, implement
training systems that are not very precise and fail to fully cover the necessary competencies and skills of the students.
Therefore, the need to innovate arises, through the development of new ones that ensure and facilitate the compre-
hensive acquisition of all the essential knowledge, skills and work criteria. In this sense, 3D design and digitization
technologies [20], image processing [21}22] and additive manufacturing [23] are the keys to undertake a revolution in
teaching methodologies, shortening the process of adaptation of graduates to the reality of the labor market, improving
the quality of care and facilitating specialization.

An international patent called "Model for teaching in dentistry disciplines”" (ref. WO 2020/208284 Al) [24] has
been developed as a first step, which enables the development of bespoke dental models, through the use of different
materials, densities and colors, and which also includes compatible means to fix them to a practice phantom [25]. In
addition, an unprecedented methodology for teaching in Dentistry is registered, which is called REDES® (Restorative
Dentistry Education System - RPI: 08 / 2019 / 984), aimed at the acquisition of complete anatomical knowledge, skills
and dexterity in anatomical design, as well as the handling of manual and rotary cutting instruments. To complete the
process, a system is designed for the objective assessment of preparations made on dental models. For this purpose,
AIDDA® (Automated International Dental Dexterity Algorithm - International Trademark no. 1743550) [26], an
algorithm based on the comparison between three-dimensional dental models, where one is the model to be evaluated
and the other is the master model, was developed and registered. For this operation, the essential requirement is the 3D
digitization of the dental pieces by means of a scanner. Prior to carrying out the comparison operations, it is critical
to accurately align the models, a process that is described and analyzed in depth in this article.

In conclusion, none of the research works that have been analyzed have the same purpose as the one addressed
in this paper, i.e. the alignment of digital models of individual teeth for typodont work. In this particular case, such
alignment is required to carry out a comparative analysis of the digital models of preparations made on the same tooth
model by different people with respect to a recipe or a master model, in order to evaluate their skills in the handling
of subtractive rotary cutting tools (turbines, contra-angle hand-pieces, etc.).

The article is organized as follows. Section[2]provides an overview of the materials utilized in this work, including
the dental material from which the teeth are crafted and the imaging scanner employed, along with the associated
methodology. This methodology comprises the alignment of the base with the method developed ex professo, as
well as the application of the deformable model for the periodic re-sampling of the point cloud resulting from the
scan. Section [3] then presents the results of applying this methodology to three pairs of teeth with differentiating
characteristics. Finally, Section@outlines the conclusions and intended future work.

2. Materials and method

2.1. Materials

The teeth used in this work are made of Duroplastic®, a material that imitates dentine and is characterized by
the fact that it does not generate solid residue when milled (see Fig. [I(a)). The digitization of the pieces is carried
out using a desktop 3D dental scanner, specifically the Aidite® A-IS Pro, which is shown in Fig. [I(b)]and Fig.
This equipment, which uses blue light technology (structured light), offers a precision of less than 10 microns and a
resolution of 1.3 MP. For the digitization of the abutment-type preparations of the study. The time employed in this
scan is approximately 13 seconds and the output format chosen is .STL because our interest is focused exclusively on
the geometry of the object and not on its texture or color.

As can be seen in Fig.[I(c)|the current scanning methodology with tabletop scanners in the laboratory uses a mobile
platform that rotates the model to be scanned in the same order to cover all its surfaces. To ensure that the model does
not move during the scanning process, it is usually placed with a clamping putty that keeps the model temporarily
attached to the platform during scanning and prevents displacement or the model from falling. This methodology has
a number of limitations:

o Imperfect attachment of the model to the scanning platform due to the mechanical and holding properties of the
clamping putty.



o Impossibility of obtaining identical 3D models of the same model due to the possible movement of the model
during scanning (distortion) and differences in the modeling of the putty itself which will be scanned at the
same time as the model to be scanned.

o Impossibility to scan the base of a model or parts of the model that are immersed in the putty.

e Only complete models can be scanned and not single teeth without burying part of the root (as well as having
sufficient retention against model movement).

e The same model cannot be scanned multiple times without altering its initial scanning position if it is removed
from the scanning platform between scans, therefore the alignment of the models is limited to the alignment
capability and accuracy of the post-processing methodology.

Aldite | AW A-lS Pro
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Figure 1: (a) Virgin canine n.36, (b) Aidite A-IS Pro scanning in horizontal position, (c¢) scanning in vertical position.

In an attempt to alleviate some of these issues, a special base has been developed to fix the two elements to be
scanned. The lower part is fixed to the base of the scanner by means of an adhesive material, and as can be seen in
the left-hand part of Fig. [2(a)} it has a customized indentation into which the upper base fits. On the other hand, the
right-hand part of Fig. shows an example of upper type base, which has an alveolus in their center on which the
stem of the tooth to be scanned is fitted and screwed. In this way, the lower base is universal, while the upper base
varies depending on the dental piece to be scanned. At the same time, to facilitate the alignment between scans, the
geometry of the fitting system between the parts consists of notches with different widths that serve as references. An
example of both elements coupled with a bolt-on tooth can be seen in Fig. 2(b)]

Due to the screwing/unscrewing of teeth with the dynamometric spanner (see Fig. and fitting/unfitting of
lower and upper elements for the scanning of successive dental pieces, the material must guarantee chemical resis-
tance, durability, and excellent formability for manufacturing purposes. After different material tests, the scanning
elements are finally manufactured with a Prusa MK3 S2+ printer using PETG (PolyEthylene Terephthalate Glycol)
filament which offers a good trade-off between cost and the desired durability.
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Figure 2: (a) Separate lower and upper elements of the reference base, (b) assembled elements with bolted tooth, (c) screwing the tooth with a
dynamometric spanner.

2.2. Methodology

This section thoroughly describes the mathematical background needed to compare 3D-scanned dental pieces.
The method involves three distinct stages. The first stage aligns the 3D point cloud using the reference base described
in Section 2.T] and shown in Fig. 2(a)l After properly aligning the reference base, the point cloud corresponding to
the tooth is segmented. Then, a precise alignment of the dental piece is performed. In the second stage, a parametric
deformable model is applied to the point cloud of the tooth to transform the non-periodic sampled point cloud into
a continuous and regular mesh. This allows for accurate and efficient comparison between different scans, which
constitutes the third stage of the proposed method. Note that the proposed approach is designed specifically for the
comparison of 3D scan of dental pieces, as described in Section [T]

2.2.1. Base alignment

Let us denote p = (X,y,z) as the i points in the point cloud resulting from the 3D scan, where x = {x;},y =
{vi},z = {z;} are the Cartesian coordinates. Approximately 97% of the i points correspond to the reference base, while
the remaining 3% correspond to the tooth. Therefore, the points corresponding to the reference base provide sufficient
information for the alignment process. Fig. [3]shows the rendering of the aforementioned point cloud.

Firstly, it is necessary to calibrate the displacement in the XY plane of the 3D scan. It is important to note that
the reference base is cylindrical and its symmetry axis should correspond to the location of the tooth. This requires
calculating the center of mass of the point cloud and applying an offset to the x- and y-axes to compensate for any
misalignment of the 3D model as shown in Eq. [1}



Figure 3: Render of the point cloud from the 3D scan of the reference base and the tooth before the alignment process.

Xi = X — X,
“ 1
Yi =Yi= Vi 1
where x; € X and y; € y are the x- and y-coordinates of the i-th point of the point cloud p = (x,y,z). X; and y; are
the average of the coordinates x; and y; respectively, i.e., the center of mass of the point cloud with respect to the XY
plane. The result of applying the XY alignment is shown in Fig. {]
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Figure 4: Render of the point cloud from the 3D scan (a) before and (b) after the XY alignment.

The next step is to correct the inclination of the reference base. As shown in Fig. [3] - Fig. d] the reference base
has two planes that are suitable for this purpose. A disc is located on the upper plane, around the tooth insertion
site, while an annulus on the bottom plane separates the two cylindrical elements of the base. It has been empirically
verified, using various 3D models in the database, that the upper disc is the most optimal plane for adjusting the base.
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Therefore, the points defining this upper disc will be used as the reference data for this step.

To select the points corresponding to the upper disc, the z-coordinate of all points is used to calculate its histogram.
An accuracy of one hundredth of a millimeter for the discretization of the z-axis is considered optimal. The histogram
analysis enables us to select the points corresponding to the upper disc using a statistical procedure. The histogram in
Fig.[5(a)| shows two maxima corresponding to the two reference planes where most of the points are located. In order
to select the interval of z values around the maximum corresponding to the upper disc, a threshold of 25% above the
histogram maximum is applied. Note that if the base tilt is significant, the statistical dispersion will be high. This may
cause gaps to appear in the histogram, which can affect the result. To address this issue, a 1D morphological process
is applied before the selection, which involves a closing followed by an opening operation [27].
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Figure 5: (a) Histogram of the z-coordinate of the points before the correction of the reference base inclination. The red bars correspond to the z
interval whose values are selected as the upper disc. (b) Histogram of the z-coordinate of the points after the correction.

Next, the points whose z-coordinate meets the criterion defined by the histogram are selected as the point set p,,,,.
From these points, those p,,, that satisfy p,,i» < pi < pmax are selected, where p; is the radial coordinate of each point
i expressed in polar coordinates. The values p,,;, and p,,., represent the radius of the tooth insertion location and the
radius of the upper disc, respectively. Therefore, p,,, represents the points on the upper annulus, which are shown in
red in Fig.

Then, the least squares method [28] is used to fit an Euclidean plane represented by the equation ax + by + ¢ = z,
to the set of points p,,,. Matrix A and arrays d and z,, are defined as follows,

X1 ) 1 21
v oy ol a 22
A = . 9 d = b b zua = . 9 (2)
: c :
Xo Yn 1 Zn

where x;, y; and z; correspond to the x-, y- and z-coordinates of the set of points p,, = (Xua> Yyu» Zua)- We define
A =A"Aand e = A"z, where AT denotes the transpose of A. The parameters of the plane d = [a,b,c]" can be
easily obtained as
d=A""e. 3)
Fig.[6] shows the plane along with the set of points p,,, and the normal vector u, to the plane. The normal vector can
be calculated with u,, = [—a, —b, 1].
From the normal vector u,, the unit vector u, is derived as

u, = —'M%iTMﬁv [uny —Upx O’] 4
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Figure 6: Correction of tilt using least squares adjustment. The points corresponding to the upper annulus, p,,,, are depicted in red and the resulting
plane is plotted with a mesh. The line represents the normal vector u, to the resulting plane.

which is used as the rotation axis of the model. The vector u, can be expressed in spherical coordinates, u, = [r, ¢, ],
where r, ¢ and 6 represent the radial line, the polar angle and the azimuthal angle, respectively. Then, the rotation
matrix R, which allows rotation from the axis u, = [u4y, U4y, 0] and the angle «, is defined as

cosa + “Zx (1 —cosa) UgyUgy (1 — cos @) Ugy SIN @
Ry =| Ugyltg (1 —cosa) cosa +uz, (1 —cosa) —ugsina|, 5)
—Uqy Sin @ Uy SIN cos

where a = 71/2 — 6. This matrix is applied to the point cloud,

P = Rlp’ (6)

where p; = (X1,Y;,2;) stands for the point cloud after applying the rotation. Fig. illustrates the relevant vectors and
angles involved in the rotation process.

To ensure the inclination adjustment of the reference base a second analysis based of the histogram of the z-
coordinate of p; is applied. As can be seen in the histogram shown in Fig.[5(b)] the tilt of the reference base has been
corrected since most points on the upper annulus are now at the same z-coordinate. The maximum of the histogram
determines the reference for the vertical offset z,,,

P> = (X01.¥1 21 = Zp) - %)

where p, represents the point cloud after this adjustment. Fig. [§]illustrates the rendering of the point cloud before and
after the rotation and vertical shift corrections.

The next stage in the method is to align the polar angle ¢ of the reference base points using the z-axis as the axis
of rotation. This is achieved by determining the rotation angle of the base points using the lateral fins of the structural
frame as a reference. Fig.[d depicts a 3D azimuthal view of the base, where the lateral fins are clearly visible. In the
following step, the lateral fins will be aligned with the XY plane.

The points located between the two annuli are referred to as p,,, see Fig. @ Thereafter, a histogram is applied
to the polar coordinate of p,., allowing the radius of the reference base to be determined statistically. Subsequently,
the points are segmented based on their radial distance from the centre of mass, resulting in the identification of those
points belonging to the lateral fins, which are outlined in blue in Fig.[9(b)]
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Figure 7: Schematic figure with the relevant vectors and angles involved in the rotation of the reference base. The normal vector to the plane of the
base and the unit vector defining the axis of rotation are denoted as u,, and u,, respectively. The rotation applied to the structure is referred to as 6.

(@ (b)

Figure 8: Reference base (a) before and (b) after tilt and z-coordinate adjustment.

40

Figure 9: (a) Set of points on the reference base located between the upper and lower annuli, (b) Azimuthal view of this set of points. The lines
inside the structure show the angle of the lateral fins with respect to the x- and y-axes, calculated using the proposed method.
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The x- and y-coordinates of the lateral fin points are projected in an azimuthal plane producing a binary image
from which the Hough transform is calculated, as shown in Fig.[T0} Since the lateral fins are parallel and perpendicular
to each other, the maxima of the Hough transform can be used to determine the angle of the horizontal and vertical
sides of the fins. This is illustrated in Fig. where the maxima is marked with a white box. It is important to note
that a maximum will always be obtained at a specific angle, 6,. This represents the parallel side of the fins and is
accompanied by a second maximum at 6, + /2, which represents the perpendicular side of the fins. The centre lines
in Fig. O(b)|illustrate the 6, angle calculated by this procedure, which is in alignment with the angle of the fin sides as
depicted in the figure.
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Figure 10: Hough transform of the binary image derived from the lateral fins of the reference base. The maximum of the Hough transform is
marked by a white box, which allows the predominant angle 6, in the fins to be obtained.

Once the angle 6, has been determined, the point cloud is rotated in accordance with the following equation:

p; = Ropy, ®
where p, stands for the point cloud derived from Eq. [7|and R, represents the rotation matrix,

cos(=6,) —sin(-6,) O
R, = |sin(-6,) cos(-6,) O0f. )
0 0 1

Once the rotation in the z-axis is corrected (see Fig. [TT(a)), the final offset adjustment in the x and y-axes may
be implemented by using data provided by the lateral fins. Vertical misalignment is determined by using information
from the horizontal fins, while horizontal misalignment is calculated based on the positional data from the upper and
lower fins.

In order to identify the points corresponding to the fins located on the right and left, a histogram of the x-coordinate
of the set of points located between the annulus, ps,, is constructed. To smooth out the narrow peaks, a low-pass filter
based on 5-sample average window is applied. As can be observed in in Fig.[T2(a)| two groups of two peaks can be
identified both on the right and on the left of the curve, which correspond to the vertical side walls and the beginning
of the curved zone. By selecting the points whose x-coordinate is located within these peaks, we can identify the
points corresponding to the horizontal fins. The red rectangles in the figure show the two intervals selected for the
x-coordinate. A similar procedure can be employed to identify the upper and inner fins using the y-coordinate of the
points, as illustrated in Fig. [T2(b)] The result of applying the offset correction in the x- and y-axes is presented in

Fig. [TT®)}

2.2.2. Tooth segmentation and transformation into a 3D volume
Once the reference base is fully aligned, as shown in Fig. [T3] the tooth is segmented by selecting the subset of
points above the coordinate z = 0 (see Fig. [I4(a)). The point map of the tooth will be discretized and transformed
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Figure 11: Reference base (a) before and (b) after applying the offset in XY plane.
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Figure 12: Histogram of the (a) x-coordinate and (b) y-coordinate of the points of the central part of the reference base, ps,., low-pass filtered using
a 5-sample sliding window. The red rectangles indicate the coordinates of the points corresponding to the fins.
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Figure 13: Lateral and azimuthal view of the reference base before (left-hand column) and after (right-hand column) the alignment process.
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into a three-dimensional binary volume, which will be used to guide the deformable model. This transformation
is achieved through the definition of a null binary volume to which each point of the cloud is assigned in a voxel
with a single unit value, as illustrated in Fig. [T4(b)] Morphological processing [27] is employed to fill the interior
of the voxels that define the tooth outline, thereby obtaining a three-dimensional mask, as illustrated in Fig.
Finally, the upper cap of this mask, depicted in Fig. [I4(d)} is selected as the base information for the application of
the deformable model. Note that this data represents a discrete approximation of the upper part of the tooth, which
will form the data set of interest in the AIDDA®) system.
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Figure 14: Transformation process of the point cloud into a binary 3D volume. (a) Point cloud corresponding to the tooth. (b) Transformation of
the points into a binary 3D volume. (c) Point interpolation and filling of the tooth volume. (d) Segmentation of the upper part of the tooth volume.

2.2.3. Deformable model

A deformable mathematical model is a three-dimensional structure capable of describing the boundaries of non-
rigid physical objects [29} 130, [31]], such as those represented by the teeth under analysis. The surface defined by the
model deforms in response to internal and external forces. Internal forces emulate the physical characteristics required
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for the object, such as surface smoothness. In contrast, external forces permit the model to be fitted to the specific
shape of each individual tooth.

Deformable models are classified into explicit and implicit models [32} 133]. The explicit models, also referred
to as parametric deformable models, are chosen for this work as they allow for the representation of the object by
parametric surfaces. This facilitates the shape and position analysis, which is required in the teeth comparison. In
the parametric models, external forces are a function of the gradient of the data, namely the binary data set shown in
Fig.[I4(d)] Parametric models offer a multitude of approaches for formulating deformable models within the spatial
domain. However, a frequency-domain formulation has been employed in this approach, since a lower computational
complexity faster fitting to the data under analysis can be achieved [34 35]].

A 3D deformable model is a parametric surface in R3

V= V(s, 1) = [vi(s, 1), vy(s, 1), v,(s,0] 7, (10)

where the variable 7 represents the time, v;(s, #) denotes the coordinate function for x, y or z, and the spatial parametric
variables are collected in s := [sy, 52], where s; € [0, L;] and L; denotes the length of the model in the direction of j.
In this approach, the parametric variables will be aligned with the x- and y-axes, i.e., s; = s, and s = s,.

The behavior of the model is conditioned by a functional that incorporates both internal and external restrictions
considered as energies, &(v) = S(v) + P(v). The first energy term, S(v), emulates the internal energy of deformation
whereas the second term, P(v), is a external energy given by a potential function based on the gradient of the data.
The minimization of this energy functional through an iterative process allows for the derivation of a mathematical
representation of the tooth surface [29, |32]].

The evolution of each component v;(s, #) is calculated by the discretization of the spatial variables s, resulting in
the union of N = N; - N, elements. Similarly, the time variable 7 is also discretized using r = £Af, At being the
temporal sampling period. Thus, the following iterative equation is derived,

((% N A%)F + K)ug - (% 4 é)Fug_l + (A—’t’;)l«“uf_2 et (11)
where u, are the nodal variables of the model at the time stamp &, g, are the external forces for the same time &, m
is the mass and c is the damping of the model. The matrices F and K can be calculated analytically for each shape
function used in the spatial discretization [36].

Eq. [IT] can be analyzed in the frequency domain by using the two-dimensional Fourier transform. Rearranging
the resulting equation in the frequency domain we obtain,

Qe 1(@)
nF(@) )’

Ug((z)) = H(®) (a] Ug_1((1)) +a Ug_z((z)) + (12)

where U(®), F(®) and Q(@) are the two-dimensional representations in the frequency domain of their respective
spatial sequences, @ := [w,w,] is the vector of continuous frequency variables, n = m/A: + c/At, vy = Atc/m,
a=1+(+ y)’l anda, = - (1 + y)’l. Further details can be found in [34,[35].

Eq. [12] represents the motion and behavior of the model in the adaptive iterative process of characterizing the
data. The two-dimensional filter H(®) = 1/(1 + K(@)/nF(®)), as detailed in [36]], is employed to impose internal
forces, while external forces are applied by means of Q(®). The component Q is calculated by applying a gradient
in the z-direction to a Gaussian-filtered version of the data volume extracted from the tooth. This facilitates a gradual
adaptation of the model to the border of the three-dimensional data.

In this approach, a two-dimensional deformable model is defined as a three-dimensional mesh. The coordinate
functions v, and v, are initialized as an equally spaced mesh and are kept invariant. Eq. [I2]is then applied to the
coordinate function v,, allowing for adaptation to the tooth surface. Fig.[I5]presents a diagram of the model prior to
the adaptation process. Table [I] gathers a brief description of the parameters and their values. As illustrated in the
table, the tooth surface is characterized by the model using a 256 x 256 node mesh, which represents a compromise
between precision and computational efficiency. The remaining parameters are selected to optimize the fit for three-
dimensional dental data. It should be noted that the y parameter, which regulates the adjustment speed in relation to
its precision, is calculated using an optimization algorithm defined in [37, 38]].

13



[

e

I
%)

O

30
(N
o
(00

(o

()
0

o
0‘0

{

i

.:’0
0‘0
4

,,
¥

.{o‘
)
B

12

10] o

i

1)

(i
)

A
0
ok

X
o
i
o
e
(

o

o
i
i
e

L
i
o
¢
E

2 4‘;\
)
i

i)

o
it

A'.i!

.

Figure 15: Scheme of the deformation model applied to the tooth. Deformable model depicted as a mesh in red. The v, and v, coordinate function
of the nodes remain unchanged, while the v, coordinate function is modified by Eq. in order to adapt to the upper surface of the tooth. The

parametric variables s; and s, are aligned with the x- and y-axes.
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Figure 16: Fitting of the deformable model to the upper part of the point cloud. The points are shown in blue +, while the deformable model is

shown as a mesh in red. (a) Full view of the complete tooth. (b) Zoom detail.
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Parameter

Value

Description

Shape function

Finite differences

Function used in the spatial discretization of the model

N1 X N, 256 x 256 Number of nodes of the model

Nip X Nop, 256 x 256 Number of hidden nodes of the model

@ 0.25 Elasticity of the model

B 1.5 Rigidity of the model

n 1.0 Equivalent mass

y ¥, (optimal) Damping-mass ratio

N 49 Gaussian filter impulse response length
Soxt 20 Multiplicative factor for the external forces
itermux 250 Maximum number of iterations

Table 1: List of the parameters and values used in the deformable model.

Fig. [I6]illustrates the outcome of applying the deformable model to the point cloud of the tooth. As can be ob-
served in the graphic, the resulting three-dimensional mesh allows the tooth surface to be characterized in a completely
regular manner by means of the parametric surface v, thereby enabling the subsequent comparison between teeth as
required in the AIDDA®) system.

3. Results

In order to validate the proposed approach, two different types of teeth produced by the manufacturer Frasaco®
have been analyzed in terms of their morphology. On one hand, the teeth labeled D1 and D2 correspond to molar tooth
no. 36 of dentition type AG-3. Both teeth have been carved using rotary cutting tools by two accredited professionals
in accordance with the specifications set forth by the manufacturer, Ivoclar®. In the case of the D1 model, the profes-
sionals employed a contra-angle hand-piece as the tool for the procedure. In contrast, a turbine tool was employed for
the D2 model. Both D1 and D2 teeth has been scanned twice consecutively using the device described in Section 2.1}
For each scan, the teeth were screwed and unscrewed from the reference base using a dynamometric spanner with a
controlled torque of 15 nm. Fig.[T7]depicts the D1 tooth before and after the carving process. On the other hand, tooth
D3 is an uncarved, virgin tooth of the canine type, specifically tooth no. 13 of the AG-3 dentition type. The distinction
between the two D3 scans is attributable to the torque employed for affixing them to the reference base, which was
accomplished using a torque spanner of 10 and 20 nm, respectively. The resulting point clouds from the scanned D1,
D2 and D3 are shown in Fig.[I9] Fig.[22]and Fig. 23] respectively.

(©)

Figure 17: (a) Molar tooth no. 36, (b) Ivoclar® crown guide, (c) molar n. 36 carved according to the guide.



As illustrated in the figures, the resulting pair of point clouds for each tooth exhibits a discrepancy due to two
factors: firstly, the non-periodic sampling of the scanner, and secondly, the variation in the initial positions of the
reference base. Nonetheless, the resulting meshes of the deformable model have been aligned with the point clouds,
thereby enabling an accurate comparison of each tooth scan with the others. Since there are two scans of the same
tooth, this analysis allows to prove and calibrate that the proposed alignment and modeling is able to compensate the
inaccuracies and misalignments that could be introduced by the scanning procedure.

Once the deformable model is applied to the aligned point cloud of each scanned tooth, a subtraction is performed
between the z-coordinates of the deformable model, i.e. v? = v} — 2. This error matrix represents the discrepancy
between the two teeth A and B, given by the distance along the z-axis between the nodes of the deformable models,
which are aligned with each of the two teeth. However, as illustrated in Fig. which depicts a slice detail of
a pair of aligned teeth, the objective is to determine the distance in the normal direction between the two teeth, v?',
indicated by the dashed arrow in the illustration.

cos() 1
| 50| 0.8
85" 100¢ 0.6
N >
150 |
gl 0.4
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81 ‘ ‘ ‘ | ‘ 250t ]
36 34 32 3 28 50 100 150 200 250
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() (b)

Figure 18: (a) Diagram for 6 angle calculation. (b) Cosine of the 6 angle for each node of tooth D1.

In order to obtain the desired error metric, the angle 6 is computed at each node of the models, defined as the
angle between the unit vector normal to each node, &,, ,, and the z-axis. For each node of the deformable model with
coordinates n; and n,, the x-gradient,

0v,(n1,ny) _ Vo + 1,n2) — v, (n — 1,n3)
Ox 2Ax ’

13)

and y-gradient are calculated,
(i, ma) _ vo(mi,mg + 1) = Ve(ni,ma = 1)

ay 2Ay

; (14)

where V,(ny,n;) = % (vﬁ(nl,ng) + vf(nl,nz)) is calculated as the mean value of the nodes of both models A and B
and Ax and Ay represent the distance between nodes in the x- and y-directions, respectively. From the gradients, the
normal vector to each node i,, ,, is derived,

v, o,
X (-5 -%1)
Uy ny = —
V) + ()
The final step in the process is the calculation of the cosine of the angle 6, which is determined by the dot product

16

s)




between the vectors i, ,, and the unitary vector in the z-axis i,
1
. \2 | (07.)\? .
V) + () +1

Fig.[18(b)|illustrates the value of cos(6) for each node of the deformable models. This angle allows for the calculation
of the error between the models in a direction normal to each node,

COS(H) = ﬁnl,nz . (O, O, 1) =

(16)

W2 =P - cos(6). a7)
Fig. Fig. and Fig.|26|show these differences sz/ for teeth D1, D2 and D3, respectively, both as a color map and
as a three-dimensional drawing. The values shown on the color bar and on the axes are measured in millimeters (mm).

To graphically illustrate the fit between the two aligned scans of each tooth, Fig.[21] Fig.[24]and Fig. 27]show slices
in the x- and y-directions of the deformable models applied to the three pairs of scans. Note that this visualization
is possible since the deformable model provides a uniform mesh in both x- and y-axis. These figures show both the
z-coordinate representation of the two scans A and B of the tooth and the difference between them. As can be seen,
these differences are limited over most of the surface in the range [-0.1,0.1] mm.

Table [2| gathers the statistics calculated from the error matrix vZD': mean, standard deviation, mean square error
(MSE), median absolute deviation (MAD) and the minimum and maximum values of this error matrix.

Tooth \ Mean and std. deviation MSE MAD Min Max
D1 | +0.0165 +0.0192 0.00064 0.0205 -0.0576 0.1179
D2 | —0.0055 + 0.0200 0.00043 0.0158 -0.1110 0.0979
D3 | +0.0124 +0.0337 0.00130 0.0293 -0.0933 0.1416

Table 2: Statistics of the comparison between aligned teeth. The values are expressed in millimeters.

4. Discussion and conclusion

This work describes a novel approach for comparing scans of dental pieces. The proposed method comprises an
alignment process and subsequent modeling through the use of an active mesh or parametric deformable model. To
assess the accuracy of the proposed approach, three teeth, D1, D2 and D3 have been analyzed. Each teeth was scanned
twice using a 3D scanner, resulting in two point clouds. Since some comparisons involve two scans of the same tooth,
the two models generated through the proposed process provide a calibration and minimum error threshold of the
scanning, alignment and subsequent modeling.

Two issues emerge during the scanning procedure. Firstly, there are physical limitations associated to the screwing
of the tooth to the reference base and the fixing of the base to the scanner. The small size of the components introduces
a significant challenge in the scanning process, given that minor discrepancies in the positioning of the teeth or the
reference base can result in significant misalignment. Secondly, the non-periodic sampling of the scan introduces
further difficulties when comparing two different point clouds. This can lead to difficulties in identifying potential
areas of the tooth where carving defects may be present. These issues are intended to be compensated by the proposed
alignment and modeling procedure.

Fig. 21} Fig.[24)and Fig.[27)illustrate that the difference between the slices of the model is less than 0.1 mm at any
given point, which is a relatively minor discrepancy. Conversely, an examination of Fig.[I9] Fig.[22]and Fig. 25|reveals
that the model exhibits a high degree of alignment with the surface of the tooth. This is evidenced by the uniform
distribution of maximum error values across the entire surface of the tooth, which reflects the effective adaptation of
the deformable model to the surface defined by the point cloud.

In order to conduct an analytical assessment of the experimental outcomes, it is essential to examine the data
presented in Table[2] As can be seen in this table, the mean values between 0.0055 mm and 0.0165 mm indicate that,
on average, the models adapted to the point clouds are highly similar to one another. This can also be observed by
comparing the mean square value and the absolute mean value, since in the least favorable case, tooth D3, these values
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Figure 20: (a) Color map of the difference sz1' and (b) 3D view. Values measured in mm.
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Figure 21: Top row shows slices of the teeth D1, (solid red line) and D1g (dashed blue line) whereas the bottom row shows vZD"A Left and right
columns show the slices y = 0 and x = 0, respectively.
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Figure 23: (a) Color map of the difference w02 and (b) 3D view. Values measured in mm.
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Figure 24: Top row shows slices of the teeth D2, (solid red line) and D2g (dashed blue line) whereas the bottom row shows v?z/. Left and right

columns show the slices y = 0 and x = 0, respectively.
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Figure 26: (a) Color map of the difference vP3 and (b) 3D view. Values measured in mm.
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Figure 27: Top row shows slices of the teeth D1, (solid red line) and D1g (dashed blue line) whereas the bottom row shows v?‘l. Left and right
columns show the slices y = —0.06 and x = —0.47, respectively.
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are 0.0130 mm and 0.0293 mm, respectively. It should be noted that in the ideal case, namely a comparison between
a single scan and itself, all of these values should be theoretically equal to zero. Therefore, it can be stated that the
nearer the parameters are to zero, the more precise the adjustment will be. It is also crucial to examine the maximum
positive and negative error, given that, despite the low mean values, a considerable positive or negative error value
would indicate a discrepancy in a specific region between the two models adapted to each tooth scan. For the entire
tooth surface, the minimum and maximum values are —0.111 mm and 0.1416 mm, respectively, indicating that these
values are sufficiently small to meet the precision requirements of the tooth comparison system.

The results demonstrate that the proposed method is sufficiently precise to facilitate comparisons between scans
of teeth. This will enable the future utilization of this method to compare two distinct teeth, with the AIDDA®
procedure detailed in Section [} namely a master tooth carved by the dentistry instructor and a tooth carved by the
dentistry student. Consequently, the discrepancy between both tooth carvings can be automatically and numerically
evaluated in order to ascertain and quantify the errors made by the student and to assess their learning process and
improvement.

Future lines of work include testing the method on additional pairs of teeth, in order to ascertain whether any
modifications to the deformable model are required in accordance with the morphology of the tooth under analysis.
On the other hand, given that the proposed approach entails the analysis of the upper part of the tooth, in the event
of carving the sides of the teeth it would be necessary to apply two deformable models: the current model, which
adapts to the upper surface, and another cylindrical deformable model to characterize the lateral sides of the teeth.
Furthermore, it may be valuable to refine the model for areas with abrupt concavities, which may require a higher
resolution of the model in these specific areas of the teeth.
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