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Abstract
Studies and implementations of virtual and physical prototyping on dental prosthesis can be
found in literature, together with experimental studies on forces generated during chewing
due to occlusal geometry.
In this work it is proposed an integrated methodology for the functional design and simulation
of dental prosthesis. This methodology develops in four phases: virtual and physical
prototyping, contact forces and areas analysis and functional optimization of teeth and arches
geometry.
A virtual environment for the modeling of the prosthesis (NM - Tooth) was developed: it
includes a database of 3D CAD models of artificial teeth and allows to simulate the fabrication
techniques used in dentistry. In particular, it is possible to create a full denture virtual model
by a semi - automatic procedure, where a preliminary occlusal configuration is set up. By
using rapid-prototyping techniques, a physical model of the prosthesis is manufactured which
is utilized for the experimental analysis.
The analysis phase includes the study of the occlusion forces in relation to the identification
of contact areas. A multi - axial force measuring system allows the detection of forces acting
on the physical model. Simultaneously with a reverse engineering procedure the relevant
contact areas in the virtual model are related with the load configuration.
According to the experimental output, it is possible to modify the preliminary geometry both of
the arches and of the individual tooth.
This integrated methodology is an original instrument to study the dental prosthesis and
acquire information for its functional improvement.

1 Introduction
The complete dental prosthesis is a biomedical
device, supported by the mucous gingival or implants,
individually designed and used to restore the dental
arch of complete edentulous patients. In fabricating this
type of prosthesis they must be considered two
fundamental aspects that are the aesthetic and
functional requirements in order to re-establish
phonetic, masticatory and swallowing (the only time in
which the prosthesis is in complete occlusion) functions.
A fundamental component of the prosthesis is the
artificial tooth, a prosthetic artefact made with different
materials and with different morphological properties.

1.1

(a)

Prosthesis design

Starting from the plaster cast impression of the
patient, a resin base that will be part of the final
prosthesis it is manually manufactured. The resin base
exactly replicate the mucous support as acquired in the
edentulous patient mouth. A wax rim is then
manufactured, adherent to the resin base, to preliminary
identify the artificial teeth positions: it has to be
registered in the patient mouth through functional and
aesthetic tests. The wax rim with the relevant resin
base, corresponding to the maxillary and mandibular

arches, are finally assembled to an articulator. This
operation guarantees the alignment between the two
arches and a reference plane (Fox Plane), assumed as
the occlusal plane of the patient. Proceeding with the
teeth assembly, they gradually replace the wax rim. After
the teeth position is completely defined, the prosthodontist
proceed to model the aesthetic parts of the prosthesis.

1.2
State of art on CAD/CAM systems in
dentistry
The CAD/CAM manufacturing protocols used in the
dental industry are based on the Reverse Engineering of
plaster models which, once digitized through appropriate
acquisition devices, are used in the design of structures or
moulds which are later maunfactured by CNC technology
or RP techniques. The CAD/CAM technology have been
introduced in dentistry since the 1980s. The first
application of CAD/CAM system dates back to 1984 [1].
The first commercial application of CAD/CAM technology
in dentistry was developed by Dr. Moermann (CEREC®):
he used the new technology in the dental clinic at the
chair-side of patients [2]. From these pioneering
applications, in the last 20 years there have been a lot of
developments that have caused a significant spread of
CAD/CAM software dedicated to the dental industry.
The integration of advanced functionalities carried to the
realisation of sophisticated systems characterized by high
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performances and cost: CEREC and inLab; 3D and
DCs, Precident; Procera; Lava; Cercon Smart
Ceramics; Everest; Denzir; DentaCad and Evolution
D4D, etc. Its functionality allow the design and the
automation of the productive process of the dental
device. The result is accurate as concerns morphologic
requirements while the process is more "clean"
compared to traditional techniques [3-4].

prosthesis. This methodology is structured in four steps
(figure 1):
1) Virtual design of the dental prosthesis and of each
tooth.
2) Physical manufacturing of the dental prosthesis
through rapid-prototyping techniques.
3) Experimental analysis of occlusal forces and contact
areas.
4) Verification of the prosthesis functionality.

1.3

Occlusion forces

One of the more investigated aspects concerning the
functionality of the prosthesis is the load generated
during the various functional condition of the prosthesis.
Many factors influence the load configuration and
consequently the resultant forces (point of application,
force vector and moment vector), as for example the
patient health, the morphology of teeth, the
musculature, the presence or absence of prosthesis or
the type of them, etc. An useful indicator of the
functional status of the masticatory system is the
maximum bite force in complete occlusion, which
increases with the number of contact areas and the total
contact area, while the mean pressure remain constant
[5-7]. Maximum bite force is influenced by several
factors and its quantification depends on the
measurement methods adopted. In literature values
ranging from 200 N [8], 300 – 600 N [5], up to 1500 N
[7] are recorded. These values decrease when a dental
prosthesis is used [8]. Experimental in vivo
measurement of the force acting on an implanted tooth
was proposed [9,10]. In these studies, it is observed
that as the magnitude of load increase the direction of
the load tended to correspond with the direction of the
palatal root of the tooth, thus offering a 3D
representation of the local bite force. Moreover, within
the aim of the investigating prostheses stability during
mastication it was emphasized its correlation to the
position of the resultant force in alveolar ridge and to the
space for the tongue movement in swallowing and
speaking [11]. Many contribution are available in
literature which adopt a load cell based on strain
gauges or piezoelectric crystal to assess the load effect
during occlusion. Strain gauge sensors (load cell) are
typically constituted of metal elastic structures to which
full bridge strain gauges are bonded: when the structure
is loaded, an elastic deformation occurs which changes
the electric properties of strain gauges. In the literature,
different structural flexible element geometries were
adopted. In the past, traditional method of dental
occlusion analysis were based on an articulation paper,
waxes, pressure indicator paste, etc., and were adopted
by dentists to assess and balance occlusal
forces/contacts [12]. Most of these methods are not
sensitive enough to detect simultaneous contacts, and
none of them can measure both biting time and force.
Carey [13] showed that a linear relationship between
applied load and articulating paper mark area could not
be found. Recently new approached based on pressure
grid sensors have been introduced in dental occlusion
analysis [12,14], but this new techniques are not able to
offer a complete 3-dimensional quantification and
representation of the acting forces.

2 Integrated methodology
This article has the aim to present an integrated
methodology for the functional design of dental
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Figure 1 Iterative flowchart

The virtual prototyping system is structured with a CAD
3D application, in which the technical practice in
prosthesis design is strictly implemented. Information
about patient are processed by reverse engineering
methodology, to define the functional requirements of the
prosthesis. The prosthesis is manufactured starting from
the selection of the morphology of the teeth. The design of
the tooth is generated according to a virtual methodology
based on a CAD 3D design process which starts from
morphological and functional information.
The analysis of occlusal forces needs the manufacture
of a physical model of the prosthesis. This can be
obtained by rapid prototyping the virtual model.
By a specifically designed 6-axis load cell, the resultant
bite force acting in the occlusal configuration between the
maxillary and the mandibular dentures of a complete
denture can be measured (figure 2a). Force vectors
versus time are thus represented in a 3D coordinate
system defined on the load cell. Adopting reverse
engineering techniques, the dentures are digitized as they
are aligned in the occlusal configuration on the load cell.
In this way a geometrical model is obtained, which can be
represented in a 3D virtual reference system. By
associating the 3D coordinate system defined on the load
cell with the 3D virtual reference system of the complete
670

Proceedings of the IMProVe 2011

R. Meneghello et al.

An integrated methodology for functional design of dental prosthesis

denture in occlusal configuration (figure 2b) both the
orientation and the position of forces and contact areas
on the digitized denture can be visualized.
With the obtained results it is possible to define the
functional status of the prosthesis. In the verification
phase the prosthesis load status defines the need or not
of iterating the design and analyzing process. In this
way it is possible to optimize the functionality of the
prosthesis.

Figure 3 The geometric schematization of the tooth.

After the sketching of the basic schematization, through
standard operations of solid modeling, a polygonal solid
having the required morphological characteristics is
obtained (Figure 4).

a)

b)
Figure 2 Physical occlusal configuration and
corresponding virtual condition
Figure 4 The final polygonal geometry.

2.1

The virtual prototyping

The development of an innovative methodology for
virtual prototyping of artificial teeth, involves the
following four stages:
1) Design of macro-morphological characteristic of
the tooth using a CAD software (Pro/Engineer).
2) Creation of organic surfaces through Rhinoceros
and T-splines softwares.
3) Addition of aesthetic-morphological details using
Clay Tools with haptic interface (Sensable).
4) Definition of a local reference system on the tooth.
The virtual approach to the prosthesis design involves
the following steps:
5) Acquisition of wax rims shaped and recorded in the
patients mouth by reverse engineering techniques.
6) Importation of rims and virtual realization of the
prosthesis in a CAD environment with dedicated
functionality.
7) Geometric validation of the new prosthesis.

2.1.1

2. Construction of organic surfaces:
The creation of organic surfaces, freeform surfaces
characterized by the required smoothness and continuity
properties, is performed in a NURBS-based software
environment which implements the mathematic theory of
T-Splines [16] (Figures 5). The number of control points
needed to define the same object using NURBS surfaces
(150 control points against more than 20.000 of the same
surface with NURBS).

Figure 5 Polygonal model (a) and organic surfaces (b)

The tooth design

1. The development of a solid polygonal 3D CAD
model:
Design of macro-morphologic features is based on the
state of the art of manual modeling techniques
(Lundeen, Thomas etc.). For the modeling of a
polygonal solid CAD prototype, it is necessary a
previous morphologic definition of the tooth and a
schematization in orthogonal projection of the principal
geometric features of the crown. The representation in
orthogonal projections allows to reproduce morphologic
features on the surfaces of a solid parallelepipedon
geometry, as it is shown in Figure 3, whose sizes
coincide with the average dimensions documented by
Black [15].
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3. Addition of aesthetic-morphological details:
At this stage, using haptic interface tools, all the
morphological details are modelled. Both aesthetic
(development shower, marginal sink, etc.), and functional
elements (ridges, and occlusal grooves) are added to the
organic surfaces. For this task it is used ClayTools with
the Phantom Omni as haptic interface. The modeling can
be divided in 3 steps:
- Ridges modeling
- Major and minor grooves addition
- Aesthetic and morphological details modeling and
final smoothing.
In the figure 6 below an overview of the various
modelling phases is given.
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Figure 10 Perpendicular axis (x)

5)

Creation of an auxiliary plane which is normal to the
vertical axis (z) and tangent to the most prominent
cusp (Figure 11)

Figure 6 Various modeling stages in Claytools

4. Definition of a local reference system on the tooth:
In order to use the tooth model in a virtual prototyping
system for the prosthesis, an unique reference system
must be defined. The following phases show
synthetically the procedure for the definition of tooth
reference system, according to the FACC approach:
1) Tracing of the axis which joins two points on the
tooth: cervical point and starting point of the
intercuspal vestibular valley (Figure 7)

Figure 11 Tangent plane

6)

Intersection between the created plane and the
vertical axis (Figure 12): Origin

Figure 12 Intersection between plane and axis (z)
Figure 7 Tooth axis (z)

7)
2)

Creation of an auxiliary plane perpendicular to the
axis at the cervical point (Figure 8)

Translation of the reference system defined at 4) on
the origin point (Figure 13)

Figure 13 Translated reference system
Figure 8 Auxiliary plane

3)

Tracing of the intersection curve between the tooth
surface and the auxiliary plane; creation of an axis
tangent to this curve from the cervical point parallel
to the mesio-distal direction (Figure 9)

Figure 9 Tangent axis (y)

4)

Creation of an axis which is perpendicular to the
previous and which goes out from the tooth surface
(Figure 10)

The position of each tooth is defined by the location and
orientation of its local reference system in the global
reference system which is defined:
- the XY plane virtually reproduce Fox plane; it is fitted
on the following points of the upper jaw: midpoints of
occlusal line central incisors, canines cusps,
vestibular cusps of first premolars, vestibular and
palatal cusps of second premolars and mesio-palatal
cusps of first premolar (figure 14).
- The XZ plane is defined by the implementation of the
mesial plane, obtained from the calculation of the
symmetry plane of the teeth fixed on the prosthesis.
- The frontal plane is constructed to be orthogonal to
the previous and to pass through the most vestibular
between the two midpoints of central incisors occlusal
line.

2.1.2

The prosthesis design

The software called “NM-Tooth” was realized as a plugin for Rhinoceros 4.0. Microsoft Visual studio 2005 and C#
was used as programming language. The software is a
design and validation environment for dental prosthesis: it
allows the user to virtually reproduce the work of the
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technician who fabricates the prosthesis. The main
steps to use the system are the following:

tangent vector and normal to the reference curve at the
insertion point. The orientation is then corrected by values
that are read in a database and that correspond to
translations or rotations which are predefined for each
typology of tooth.
6. Optimization of the teeth through movements and
rotations based on contact analysis with the existing
geometries. The position of each teeth can be corrected
by applying selective movements in three canonical
directions in dentistry (intrusion-extrusion, distal-mesiale,
vestibular-lingual-palatal). Furthermore, three rotations
can be applied corresponding to tip, roll and torque (figure
15).

Figure 14 Points of the Fox plane

1. Loading artificial teeth models. The software allows
to align the tooth in a standardized reference system
based on the theory of FACC points. This pre-alignment
is crucial for a proper expression of the angles of tip,
torque and roll which identify the orientation of
tooth(figure 14).

Figure 16 Optimization of the tooth placement

Figure 15 Reference points FACC

2. Import of rims as point cloud from 3D scan. The two
rims (top and bottom) can be freely oriented in space
but they must have a proper relative position.
3. Orientation of the formed rims in a standard
reference system whose XY plane coincides with Fox
plane. After the choice of three points on the surface of
bottom formed rim to determinate the location of Fox
plane, we proceed to a second alignment based on
principal moment of inertia of the formed rim. Finally the
centerplane of the formed rim is defined with an
algorithm of matching between the formed rim and its
specula copy.
4. Extraction of reference curves for the positioning of
the teeth through a semi-automatic operation traced
along the edge of the formed rim. The curves can also
be placed on the parametric form with pricipal measures
of patient mouth.
5. Placement of teeth by stages, respectful of
established procedures, depending on extracted curves,
on the position of adjacent teeth and on orientation
parameters. In particular the placement is done by
stages, in which the user can choose different models of
teeth. Placement phases include :
- Upper front group: placed symmetrically from the
center
- Lower canines: placed than the lateral incisor and
the upper canine
- Lower incisors group: placed symmetrically from
the center
- Upper molars: placed from the upper canine
- First lower molar: placed than the upper molar
- Lower molars: placed in the empty spaces
Each tooth is positioned so that his reference system,
determined during the loading in the software library,
coincides with the reference system identified by the
June 15th – 17th, 2011, Venice, Italy

7. Identification of later contact between adjacent tooth,
for optimal mesio-distal and palatal/lingual-buccal
positioning; identification of contact areas through
appropriate algorithms implemented within the software.
These algorithms allow to submit the model to functional
analysis to assess the areas of contact between
antagonist teeth.

2.2

Physical prototyping

Once defined the virtual model of the prosthesis the next
step is to create the physical model. The physical
prototype can be fabricated, according to the geometrical
and functional characteristic of the prosthesis, as an
assembled prosthesis composed by a rapid prototyped
flask and commercial artificial teeth [18] or a fully rapid
prototyped model.
In this work the use of a rapid prototyping technique
(EOS Formiga P100 for plastic laser-sintering) allows the
cost effective manufacturing of a complete model of the
prosthesis on which to perform the experimental force and
contact areas investigation described in the following.

2.3

Force and contact areas analysis

2.3.1

Six component load cell

The proposed load cell is constituted by four column
sensible elements constrained by two support plates
(figure 17a). The column elements (figure 17b) consist of
a double parallel beams perpendicular to each other. Two
full bridge strain gauges are positioned in each column as
depicted in figure 17c. Signals are acquired by a
CRONOS-PL IMC data acquisition system (figure 17d).
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a)

the load cell and its reference frame, of both the dentures
and of its relevant alignment. The scanning instruments
used (figure 18) are:
- Dental Wings 5 Series: a 3D scanner laser. In this
work, the scanner is adopted to digitize the dentures
and the relevant supports;
- FARO CAM2 Platinum 7-axis: an articulated arm that
provides a tactile probe and a laser head. In this
work, the articulated arm is adopted to identify the
position of the load cell and of the upper and the
lower dentures in the occlusal configuration.

b)

c)

d)
Figure 17 Load cell design:
a)

a) columns and support plates assembly,

Figure 19 a) cnc laser scanner,

b)column sensible element,

b) articulated arm with laser head.

c) strain gauges and
d) data acquisition system.

In the design phase three main aspects were
considered:
- Two flexible hinges are located on the ends of the
columns, in order to reduce the mutually influence
between different parallel beams and different
columns;
- Two safety C-shape elements to avoid the yield of
the horizontal parallel beams, are placed on each
columns;
- One safety step-shape elements to avoid the yield
of the horizontal vertical beams, are placed on each
column.
Both the columns and the plates are manufactured in
aluminum by EDM technologies.
With the aim to obtain numerical information relevant
to the force, the load cell must be calibrated as
proposed in literature [17, 19], adopting the reference
frame illustrated in figure 17.

2

b)

By the alignment (registration) of the two virtual single
dentures with the virtual complete denture in occlusion
configuration it is possible to identify the contact areas:
areas of the virtual single dentures where the distance
between the two shells is lower than a threshold value
(0.1-0.5 mm). Alignment and contact areas identification
are performed in Rapidform (INUS Technology).

2.3.3

Techniques integration

The magnitude of the resultant force is given by:

F = Fx2 + Fy2 + Fz2

(9),
while the direction of the resultant force is parametrized
as:

x=

z× Fx- Mz
,
Fz

y=

z× Fy+ Mx
Fz
(10).

Finally the prosthesis, the resultant force (magnitude
and direction) and the contact areas can be shown
together in the same virtual reference frame (figure 20) by
using a conventional CAD software (Rhinoceros, McNeel
and Associates).

3

z
y

x

1

4

Figure 18 Reference frame adopted on the upper

Figure 20 Resultant force and contact area

plates of the load cell.

2.4
2.3.2 Digitalization
reconstruction

and

contact

areas

Reverse engineering techniques were applied for the
reconstruction of a virtual (CAD) geometrical model of
June 15th – 17th, 2011, Venice, Italy

Functional verification

Analyzing the results of above mentioned analysis it is
possible to assess the functional status of the prosthesis.
If the load scheme and the contact areas are compatible
with a stable occlusion and masticatory status the
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prosthesis can be considered adequate and therefore
submitted to the aesthetical evaluation.

3 Validation and implementation of
methodology
The experimentation relevant to the validation of the
methodology is briefly presented in the following.

3.1

Prosthesis design

The virtual prosthesis design was verified by
comparing the prosthesis generated in NM-Tooth with a
prosthesis manufactured by a dental technician,
acquired by laser scanner.
Positions of teeth on the Fox plane have been
evaluated: in the virtual prosthesis teeth are located
along a narrower curve than in the physical case (figure
22a), Z coordinates are similar within 0,25 mm
range(figure 22b-22c).
Teeth orientation in the global reference system are
evaluated by Euler angles: in the virtual prosthesis the
orientation of teeth shows a nearly symmetric and
continuous distribution than in the physical case.
a)

3.2

Occlusal force/areas

Several occlusal configurations were studied to
evaluate the potentialities of the proposed method
Force analysis:
In this test a vertical load is applied to the upper
prosthesis, constrained by a ball joint (free or locked),
while the lower denture is constrained to a micropositional, as in figure 2a. The manual positional are
used in order to simulate the mandibular movements.
The loads applied are equal to 50 N and 100 N.
Dentures are placed in the ideal occlusal condition
(derived from the articulator in which the prosthesis was
manufactured). From this position the lower denture is
moved in x and y directions in the range from -2 mm to
+2 mm. In figure 24 the representation of the force
vectors on the digitized virtual prosthesis are shown.
Points of application of force vectors are estimated on
the Fox plane of a virtual articulator. Results are
obtained with the ball joint unlocked. Force vectors
converge in a single location, the centre of the ball joint,
as it was expected. By the analysis of the resultant
force, the stability of the prosthesis can be deduced: if
the force is within the alveolar ridge a stabilization effect
is obtained.
Contact area analysis:
The contact areas are studied in dentures manufactured
with Strack geometric artificial teeth Acry Plus [W2]
(Ruthinium).In figure 25, results of the virtual contact
areas analysis compared with articulation paper
analysis are shown. The best correspondence is
obtained with a threshold for the distance analysis equal
to 0.5 mm. Reducing the value of the threshold it is
possible to identify smaller contact areas (contact
points) with no correspondence with articulating paper
and an increasing measurement uncertainty.

b)

c)
Figure 21 positions of teeth in the global reference
system: a) XY coordinates, b) Z coordinates upper
arch, c) Z coordinates lower arch7

a)
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Integrated analysis:
To simulate a typical masticatory configuration, a steel
sphere with radius 3 mm is placed in different position
between upper and lower arches. In figure 16 both the
resultant force relevant to experimental measurement and
the contact area derived by reverse engineering
techniques are shown in a common virtual reference
frame, together with the digitalized denture model. The
resultant force is directed through the centre of the steel
sphere in contact with the occlusal surface of the molar
tooth (figure 20).The resultant force and the relevant
contact areas relevant to different sphere positions are
shown in figure 26.The stability of the prosthesis can be
fatherly analyzed in different mastication condition.

b)

c)
Figure 25 Force vectors and contact areas

Figure 22 Euler angles of the upper arch : a) Y angle
(roll) b) Q angle (torque) c) F angle (tip).

4 Conclusions

a)

b)
Figure 23 Resultant force represented
in the prosthesis virtual model:
a) protrusive movement, b) lateral movement.

The proposed methodology approaches the problem of
the functional design of removable complete dentures.
Functional design is dealt with a dual methodology which
opens two independent lines of research: the virtual
simulation of the behaviour of the prosthesis and the
physical simulation of the occlusion configuration.
Both the relevant techniques, whose results are to be
evaluated in a integrated manner, have proven to be
valuable tools for studying the project of restoration and
its optimization. However, the potential of the
methodology is far wider to what was presented: indeed, it
allows to conduct clinic research by quantifying and
controlling the manufacturing variables of the prosthesis
to be correlated with the clinical-functional parameters.
In addition, it is underlined that the proposed approach is
up to date with the emerging CAD-based technologies
which are wide spread in the dental technician
community.
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