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Dental
Robotics:
State-of-
the-Science
Dental
CAD/CAM

FRANCOIS DURET

The dental CAD/CAM is a new dental technology,
developed through computer science, that is used
to produce dental restorations. It is distinguished
from other technologies in that it combines a data
acquisition (input) system, a data processing unit,
and an output system.

In the dental CAD/CAM system, data may be
acquired using a camera or any device that digi-
tizes the data gathered from the patient’s mouth.
The processing of the data allows the clinician to
create a model of the future restoration on a com-
puter screen or, as a decision aid, creates a visual
image of the proposed treatment. The output sys-
tem manufactures, or creates a representation of,
the data issued from the model.

Although it provides other functions, the dental
CAD/CAM is most commonly used to produce a
restoration: pictures are taken by the camera, and
then the crown is designed on a graphics worksta-
tion and manufactured by a numerically controlled
milling machine.

This chapter classifies several systems currently
on the market or under development.

BACKGROUND

The first prototype of a dental CAD/CAM sys-
tem'3 was introduced in 1983 at the Entretiens de
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la Garanciere in Paris. Two years later, in Novem-
ber, 1985, the first milled crown directly cemented
in the mouth was produced in Paris during the
World Congress of the French Dental Association
in front of more than 800 dentists.*

Since that time, the technology has developed
quickly, perhaps too quickly. It seems timely for
the author to comment on the current status of this
professional concept.

The mechanics of the various CAD/CAM tech-
niques can be presented fairly easily.” However,
the author is not convinced this is the most effec-
tive way to describe a new scientific concept. It
has frequently been the case in CAD/CAM studies
that researchers have gone no further than a sim-
ple presentation of results. Given the profusion of
articles on the subject, it is interesting from a sci-
entific point of view to try to incorporate these
presentations into a more global analysis of den-
tistry.

Following is a brief description of the main sys-
tems that are currently available on the market as
well as the most up-to-date research projects. The
author will synthesize the various systems by inte-
grating them into a more general argument relating
to the field of dentistry. Throughout the discourse
of this study, there is no claim to offer an altera-
tive as the only available one; rather, the goal is to
provide the basis for reflecting on where current
research is heading. This article continues the
ideas proposed in the author’s article published in
the Cahiers de Prothéses in 1985.57

THE CAD/CAM PROCESS

By definition, dental CAD/CAM is the application
of Computer-Assisted Design and Computer-As-
sisted Manufacturing to the field of dentistry. In
addition, a first stage, the input of three-dimen-
sional data or impressions (Fig. 1), has been incor-
porated.®1° Today, it is a complex device that
offers three distinct stages of operation: data ac-
quisition, product design, and product manufac-
ture.

During the first stage, the maximum amount of
information is collected from the patient’s mouth
and combined with various clinical data. This
guarantees that the software will function
smoothly, and that the quality of the restoration’s
design will be high.

After the dentist finishes preparing the tooth to
be treated using conventional methods, he or she
proceeds with data acquisition by using either an
electro-mechanical sensor,!' or an optical probe
(camera)® directly into the mouth or on a model.
These devices often rely on the properties of a

1
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Fig. 1. Dental CAD/CAM system composed of three parts. The IS (impression or data capturing
system), the CAD (computer-assisted design), and the NCMT (numerically controlled machine tool or

CAM).

laser beam for taking measurements'? and on a
Charged Coupled Device (CCD)*"*-" for imaging.

Some systems use a micro-sensor to perform
the optical reading and others use a second CCD
instead of a laser beam or other three-dimensional
recording device. However, the basic concept of
these systems remains the same. The author’s
group generally uses a structured laser beam'® that
may range from the projection of a single fringe or
point to the projection of several fringe patterns to
obtain a particular physical phenomena such as
the Moire.!7 This allows a three-dimensional re-
production of the object.

The second part of this first stage consists of
identifying certain points and data on the object
appearing on the screen. Identification of these
data provides crucial information about certain ar-
eas of the restoration (e.g., contacts, marginal lim-
its, occlusal elements). This automatic or interac-

tive operation is generally followed by the
calculation of three-dimensional surfaces repre-
senting the preparation area.

The second stage generally derives from the in-
dustrial CAD system.'® Specific applications for
each branch of dentistry will be developed and
used based on general three-dimensional com-
puter programs.

The most important aspect of this stage appears
to be the ability to produce a yet unknown object
(restoration) by relying solely on oral data, soft-
ware, and skill in manipulating the objects dis-
played on the screen. The ability to provide this
feature implies the availability of software that is
both adaptive in working with all the cases that the
user may encounter and reliable to avoid major
design errors.

Only the more sophisticated systems offer this
type of design capability. Many systems merely



reproduce a negative of the cavity shape, which is
then adjusted for the cement space.

The third and final stage of this system consists
of milling the previously designed object. This is,
in general, a conventional milling process based
on varying levels of technologic sophistication,!
from the simple pantographic reproduction de-
vice, which duplicates a handcrafted model, to a
genuine four-axis milling machine with automatic
tool changes and automated controls.

In every case, a restoration produced by dental
CAD/CAM is finished by hand before it is fitted in
the mouth. The finishing process can range from a
few minutes to an hour.

THE SYSTEMS

There are currently several systems available on
the market or under development,? as evidenced
in professional journals. The purpose here is not to
select a few but rather to describe the most com-
mon systems. Very few actually deserve the name
CAD/CAM, as there is only one or two true CAD/
CAM systems on the market today. But the author
will briefly discuss every system that uses at a
minimum a digital system, a manufacturing sys-
tem, or both together.

The systems will be presented in an increasing
order of complexity, although this sequencing
does not necessarily correspond to an increasing
order of functional capabilities.

THE CELAY SYSTEM

The Celay system (Fig. 2), first presented in Mu-
nich in 1989, is the result of the work of Stefan
Eidenbenz, an engincer and dentist at the Dental

Fig. 2. The Celay system.
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Fig. 3. The data acquisition area of the Celay.

School of Ziirich, and the Mikroma Company.2!-2
This is a two-part system: the first part is for data
acquisition using a mechanical sensor, whereas
the second part is for milling, using a manual mill-
ing system with 6 degrees of freedom. The current
purpose of this device is to mill ceramic inlays,
including the occlusal surface.

After the clinician prepares the tooth, the inlay
is constructed of a resin or wax hard enough to
resist the movements of the sensor. The photo-
polymerisable resin is affixed to the left side of the
device (Fig. 3), under the micro-sensor head (read-
ing tool), whereas a piece of ceramic or composite
material is affixed under the cutting tool of the
micro-milling machine (Fig. 4). The shape of the
reading tool is the exact replica of, or is propor-
tionate to, the cutting tool. A pantographic arm
links the reading tool to the cutting tool.

The reading tool follows the profile of the resin
piece and guides the cutting tool with the panto-
graphic arm, thus reproducing the same shape on
the ceramic or composite material (Figs. 5 and 6).

Once the restoration is completed, it is re-
moved, shaded, and glazed according to conven-
tional procedures with conventional ceramics
shading kits. Sealing is done with a relatively vis-
cous, auto/photopolymerizable composite (ESPE,
Warburg, Germany) and an ultrasonic tool that fa-
cilitates insertion of the restoration by its action
on the sealant. The Celay system is currently able
to make inlays and onlays with their occlusal sur-
faces for the relatively low price of 35,000 DM
(approximately $18,000).
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Fig. 4. The micro-milling machine tool (on the right side of the
machine).

Fig. 5. Inlay wax for the Celay acquisition data.

Fig. 6. Inlay result by Celay with the occlusal surface.

CLINICAL DENTISTRY

Although the accuracy of the system has not
been documented, this product is being used with
complete satisfaction at the Dental School of Zii-
rich (under the guidance of Dr. Shaerer), and in
some dental offices and German laboratories. This
system is interesting because it can produce both
the internal and occlusal surfaces.

THE PROCERA SYSTEM

The Procera system (Fig. 7) was invented by Dr.
Matts Andersson and a team of researchers from
Nobel Pharma. Data on this system were first
made available in 1987.% Concerned with extend-
ing the use of titanium in the field of fixed restora-
tion,” but aware of the problems associated with
casting this material, the¢ Nobel Pharma team,
well-known in the field of implants, decided to put
Dr. Andersson’s ideas into practice. There are
several versions of this system, but Andersson
himself described the basic principle in 1989.%

Several systems are currently being used in
Sweden and Germany. A machine is also being
tested at the University of Chicago.

The Procera system is a duplicating and milling
system that uses a mechanical sensor reading
technique with a first milling process, using a pan-
tograph similar to that of the Celay system, and a
second milling process by electro-erosion. The
purpose of this system is to produce a titanium
coping for a conventional porcelain fused-on tita-
nium restoration.

Following is an outline of the various stages of
the process:

1. Using a conventional model,>’ a die of the
preparation is produced that is solid enough to
resist the pressure of the pantographic sensor.

2. A resin coping is produced on this die.

3. The die is placed into a reading chamber similar
to that of the Celay system. The pantographic
arm links the reading head to a milling system
(Fig. 8). The die reading makes it possible to
mill several carbon graphite dies, which are ex-
panded slightly to provide a space for the ce-
ment. The first die must reproduce the prepara-
tion, whereas the carbon dies reproduce the
inside face of the coping.

4. The same first die is used when milling the ex-
ternal face of the coping. To do this, a blank
piece of titanium replaces the carbon piece, and
the pantographic arm must be adjusted in such
a way that the milling produces a copy taking
into account the thickness of the cement and
that of the metal.



. The head of the titanium piece now represents
the external portion of the coping. The piece is
placed head first in metal melted at high tem-
perature in an oven. It is then removed from
the oven and, after cooling, the protruding tita-
nium part is removed.

. The inside surface of this titanium piece must
now be formed. To do so, the previously milled
carbon electrodes and the new titanium piece
are positioned in the electro-erosion machine.
The carbon graphite copy of the internal sur-
face is used as a negative electrode (Fig. 9).
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Fig. 7. Concept of the first part

(data acquisition) of the Procera
system. A, die: B, carbon die: C,
pentographic arm; D, milling sys-
tem; E, pentographic system (by
Andersson).

The carbon dies serve as the positive electrode.
These dies will be pushed little by little into the
titanium such that the external surface is
shaped by the discharge produced between the
metal and the graphite. In general, three elec-
trodes of graphite per element are needed.

. The technician builds up the ceramic in a con-

ventional manner on the milled external sur-
face.

Fig. 8. Duplicating system with the reproduction of the die Fig. 9. Sketch by Andersson showing the electro-erosion
(top) in carbon graphite (bottom). system.
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Fig. 12. The design of the preparation on the CAD screen.

futed these results. This system, which has now
reached the industrial stage, is estimated to cost
about 200,000 DM (approximately $138,000). Al-
though the machine is remarkably good, the price
may be too high for the sole production of titanium
copings.

Fig. 13. Blank of material and coping for bridge.
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THE CEREC SYSTEM

The Cerec system (Fig. 14) belongs in the domain
of optical impressions. This is & device that uses
opto-electronic techniques, the only method that
makes it possible or will make it possible to forego
the conventional impression and stone model.

The Cerec System was invented in December
1980 by Professor Werner Moerman of Ziirich and
a Swiss engineer, Marco Brandestini. This system
is currently manufactured by the dental branch of
Siemens,*® and more than 1,000 systems are used
throughout the world today. This system has
changed little since it first appeared in 1985.%' Its
purpose is to produce monofaced and multifaced
inlays and veneers without having the ability to
produce the occlusal surface of the inlays.

The system is compact®? and made up of a CCD
camera (256*256 pixels), an image processing sta-
tion (currently version 2.0) using a Macintosh-type
gray scale monitor, and a 2.5-axis micro-milling
machine driven by electrical motors. In the strict-
est sense, it comes close to being a CAD/CAM
system, although it has no CAD surface design
capability (in particular, the occlusal surface).

The above is a new version of the system, re-
cently introduced to the market, that substitutes
an electric motor for the conventional hydraulic
motor. A lubrication fluid is sprayed on the ce-
ramic piece during milling. Under this system,
feed movements and circular motions are better
coordinated.

Outlined below is the 2.0 version of the process:

1. The inlay cavity is prepared based on pre-
scribed criteria included in the user’s manual.

2. The dentist can work with the camera either
directly in the mouth or from a stone model.

Fig. 14. The Cerec system.



Fig. 18. The Sopha CAD/CAM (we find the three elements of
the CAD/CAM.: left, optical probe; middle, CAD station; right,
CAM machine).

is developed and marketed by the Sopha Biocon-
cept Company. This system combines the three
basic elements of the dental CAD/CAM: data ac-
quisition with analog-digital conversion (using
opto-clectronics, Fig. 19), a CAD station with
wireframe surface representations, and numeri-
cally controlled milling (Fig. 20).

Fig. 19. The opticast with the data computer acquisition (Cu-
bic).
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Fig. 20. The DMS: the Sopha micro-milling machine for ce-
ramic.

The Opticast station includes a CCD camera
(512*%512 pixels) that takes the pictures using an
interferometric method derived from electronic
Moires.* The camera is fixed above a motorized
tray supporting the model. The model may thus be
positioned at any desired angle and elevation with
respect to the camera, making it easier to manipu-
late and avoid movement of the probe during
imaging.

The BioCAD station (Digital Equipment work-
station using Euclid CAD/CAM software from
Matra Datavision) displays a model of the mouth’s
environment, the adjacent and antagonist teeth,
and the future restoration.

The DMS station (Dental Milling system) is a
four-axis micro-milling machine specifically de-
signed for this purpose.

The purpose of this system is to produce poste-
rior and anterior crowns (1987-1990), ceramic
copings (1991), and mono- and multi-surface in-
lays (1992). It is anticipated that future systems
will produce bridges (1993) with static (1990) and
dynamic (1993) occlusions.

The first step in the process consists of the prep-
aration of the tooth for a crown or inlay, for exam-
ple. The technician deposits a thin-coating film or
uses a model made of adequate light-reflective
(Lambertian) properties. Up to 16 views (6-8 is
the norm) of the preparation (Fig. 21) and its sur-
rounding area, including opposite teeth, are
taken.?” The image processing system enables the
technician to indicate the point and lines needed to
produce the restoration (e.g., grooves, contacts,
cusps, margin, etc.).

The modelization (Fig. 22) at the BioCAD sta-
tion uses the model of the preparation (Fig. 23) to
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Fig. 23. The preparation of the ceramic reconstruction.

size and complexity of the restoration (Figs. 27-
30).

Twenty-seven systems have been installed, and
after studying the clinical results of the former
Hennson International Company, Sopha Biocon-
cept has upgraded production to start manufactur-
ing a second-generation machine that allows the
manufacture of crowns, inlays, onlays, and cop-
ings using such varied materials as resins, com-
posites, ceramics, and metal.

¢ ¢ '\Qb’
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Fig. 24. The theoretic tooth in the CAD memory.
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The clinical history of this system shows that (1)
procedures for taking impressions in the mouth
are in need of, and are, being refined; (2) it can be
used by dental laboratories as well as by dentists;
and (3) the operator of the system can be a dental
technician or other trained dental professional
(e.g, dental assistant, hygienist). The initial cost is
relatively high ($150,000), but the production costs
of restorations are about the same as for the Cerec
system. The Sopha CAD/CAM is accurate to be-
tween 0 and 50 um at the margin,’* as shown in
research being done at USC dental school and to
be reported in the literature in the near future.

The advantages of this system have often
been described in the international professional
press.#20.22.2.28.32 [t ig the only system available to-
day that can produce a complete restoration, it is
simple to use, and a trained user can usually pro-
duce a crown in less than 1 hour. The system can
be cxpanded to multiple configurations, and now
that ownership has been acquired by a company
experienced in medical imaging, the expansion is
expected to occur quickly and effectively.

A SPECIAL CAD/CAM SYSTEM

A special CAD/CAM system that uses robotized
mechanics and unconventional methods should
now be mentioned.

The Krupp system, or dental spark erosion, in-
vented by Dr. Korber of Tubingen, is often over-
looked, although it has some interesting features.
Not only does it mill crowns and bridges in tita-
nium by means of electro-erosion, but it also mills
the same items in nonprecious metals, such as
Dentitan and Endocast (Krupp Dental, Essen,
Germany). This system has been demonstrated
several times at scientific meetings in Europe. It
uses the same clectro-erosion process described
for the Procera s37tem. The principal features of
this system are a plaster model, a (special) wax
reconstruction that is cast onto two metal and con-
ductive components limited by the line of maxi-
mum curvature. As shown in Figures 31 and 32,4
the operation must be finished manually. This sys-
tem is being marketed by the Krupp Company.
Serious clinical studies have been conducted on
this system, which found an accuracy of approxi-
mately 40 pum.

SYSTEMS UNDER DEVELOPMENT

Several projects are currently in the development
stage, although the results are not yet available for
evaluation. It is difficult to determine their true
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Fig. 28. Inside step of milling.

Fig. 29. Finishing of the outside surface by the DMS. Fig. 30. Sopha CAD/CAM crown in the mouth.

Formelektrode

Fig. 31. The Krupp system: wax
model, galvanoplasty, spark ero-
sion, and the metal crown (4
steps).

Galvanoplastik
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