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History of and current situation regarding dental CAD/CAM systems

and future perspectives

Yasuo Ueda and Taihiko Yamaguchi

Crown and Bridge Prosthodontics, Department of Oral Functional Science, Faculty of Dental Medicine and Graduate

School of Dental Medicine, Hokkaido University

ABSTRACT : The Dental CAD/CAM system has been in use for more than 30 years, and has been an indispensable

tool for dental workflow. Before this practical system was in operation, it was necessary to develop computer technology

in the handling of 3-dimensional data freely and to advance new dental materials. This trend will continue to expand

in the future. Recently, optical impressions are taken instead of using impression materials against the background of

great progress in sensor technology. Likewise, dental workflows that do not need plaster working models have become

mainstream. In this paper, we outline the history and current trends of this technology, and describe prospects for the

future.
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Introduction

1) History of dental CAD/CAM systems

Studies on dental CAD/CAM systems began more
than 25 years ago, from the 1980s to 1990s, in Europe and
the United States'™. The first commercially available
system was the CEREC system developed by Professor
Werner H. Mérmann of Zurich University in Switzerland
and SIEMENS AG of Germany. Studies were carried out
in Europe to try to establish alternative treatments to
the old amalgam filling method. Much interest was shown
in the CEREC system, a system in which an inlay was
milled out from a ceramic block in the clinic the patient
was visiting and was set into the affected tooth on the
same day, and clinics in Japan started using the system.

Application of the CEREC system was initially limited
to ceramic inlays. In the procedure for producing a
ceramic inlay, the measured shape of the cavity becomes
the shape of the product. The areas requiring three-
dimensional shape design were limited to only a small

part of the whole area, Ze., a small occlusal surface area

and/or proximal surface area. It was therefore possible
for the CAD/CAM system to be constructed as a
compact system. The compact design of the system at
that time led to its current success.

A very advanced feature of the CEREC system when
it was first developed was the inclusion of an intraoral
scanner in the system. We think that the intraoral
scanner is a key feature for the analog-to-digital change
in dental treatment.

Although the CEREC system could be used for the
production of an inlay, it was difficult to construct
producing crown and bridge, which requires capacity
to freely design a three-dimensional crown form,
Le., full occlusal proximal, labial (buccal) and lingual
surfaces freely. At that time, the processing capacity
of a computer (hardware) was not sufficient and the
3-dimensional library (software) had not been fully

12-1

developed ® To overcome these problems, Francois

Duret of the University of Southern California tried to
construct a system for designing a crown shape with a

. 2.4
wire frame on a general-purpose personal computer !
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Dianne Rekow of the University of Minnesota in the
United States was also making efforts to construct

%89 Several groups in Japan, including

such a system
Yoichi Uchiyama’s group at Hokkaido University and
Takashi Miyazaki's group at Showa University, were also
conducting research and development in cooperation with
companiesM’M). Uchiyama's group carried out research
coordinated by industry, academia and the government
as part of a large-scale research and development project
of NEDO (New Energy and Industrial Technology
Development Organization). Research conducted by
these groups resulted in systems becoming commercially
available, but widespread use of the systems was not
achieved at that time because of the high cost of the

systems and lack of appropriate new materials.

2) Introduction of zirconia ceramic

All-ceramic crowns and bridges require many steps
to make. A problem with conventional dental porcelain
materials is that they are brittle and do not have
sufficient strength for a crown prosthesis. Alumina
porcelain, which appeared later, has greater strength, but
its strength is still not sufficient for a bridge of molars.
Alumina porcelain also has poor light permeability and
its color is different from the color of teeth. Zirconia
ceramic was newly approved for clinical use in Europe
and the United States and began to be used for dentistry
prior to its use in Japan. Although the initially developed
zirconia ceramic material had difficulty in transmitting
light, it has extremely high fracture toughness compared
to that of conventional dental ceramic materials, and
a sufficient strength of zirconia ceramic as a frame for

.26 However, a high

a long-span bridge was achieved
sintering temperature of 1,350 to 1,500C is required for
producing zirconia ceramic, and shrinkage of about 20%
occurs during the sintering process. Therefore, it was not
possible to cope with conventional manual work. It was
therefore necessary to predict the amount of shrinkage
during firing of zirconia ceramic and to mill a frame of about
20% larger in size. Calculation by a computer was used
to compensate for the amount of shrinkage during firing.
Utilization of a CAD/CAM system became indispensable
to support this processing method and workflow. The
development of dental CAD/CAM systems has advanced
rapidly, mainly in Germany and the United States. A 3D
model scanner and dental CAD/CAM system are now
being used worldwide, and an all-ceramic crown bridge

using a zirconia frame is popular now.

3) Coverage of CAD/CAM crowns by national health
insurance in Japan
Due to efforts made by Mr. Uchiyama and Mr. Miyazaki
and people who supported them, treatment using a
“CAD/CAM crown” made from a hybrid resin block with
a CAD/CAM system came to be covered by national
health insurance in April 2014, and many people have

been able to receive the benefits of this technologyngo).

1. Components of the dental CAD/CAM system

The dental CAD/CAM system mainly consists of a
scanner for measuring a three-dimensional shape, CAD
software for designing a crown prosthesis, CAM software
for generating NC data for processing, and a processing
machine for producing an actual prosthesis from virtual
digital data.

1) Three-dimensional scanner

In most cases, three-dimensional scanning is performed
on plaster models for abutment teeth and dentition.
Remarkable improvements have been made over the
past few years in the performance of intraoral scanners,
and their performance is now of a sufficiently high
level for the scanners to be used clinically in cases of

prosthodontics for several teeth® *

) There are several
modes for 3D scanners. When measuring a gypsum
model, many systems project a light pattern such as a
striped pattern onto the object and capture the three-
dimensional shape by analyzing images taken by a
CCD camera. In this mode, shape measurement would
be possible with only one CCD camera if parameters
such as the angle formed by the incident light and the
CCD camera and the photographing magnification are
known. Many devices have several built-in CCD cameras
in order to capture the shape of the undercut portion
that is in shadow and to perform measurements at high
speed. In some cases, model capture is performed by
rotating the stage at various angles. It is also possible
to greatly increase the amount of information that can
be acquired by using a multi-valued pattern with light
having a multiple striped pattern. Speedy and accurate
measurements can thus be performed. By scanning the
plaster model to acquire three-dimensional shape data, it
is possible to replace subsequent analog work by digital
work. This workflow can be smoothly incorporated into
conventional crown prosthetic treatment and dental

laboratory work, and such a workflow is now being used
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worldwide due to reduction in the price of scanners.
Measurements using an intraoral scanner can be
performed by performing triangulation with projection
of a pattern of light as in the case of a model scanner, by
performing confocal laser scanning or by performing active
wavefront sampling using a wavefront sensor™ 2. These
developments have been made possible by recent
advances in sensor technology (miniaturization, high
density, and high pixel count) and improvement in
driving speed (clock frequency) of electronic circuits.
Attention is currently focused only on direct and precise
intraoral measurements of the three-dimensional shapes
of abutment teeth and dentition. However, improvement
in the scanning speed will probably become an important
factor in the future. If scanning speed can be increased
by 100 to 1,000 times, it will become possible to obtain
data for eccentric movement of the lower jaw and

contact sliding movement of a tooth.

2) Computer-aided Design (CAD) software

The shift to a digital workflow means that various
work spaces are transferred from the real world to the
virtual world managed by a computer. The design of
three-dimensional shapes by CAD software is generally
based on a combination of geometric shapes such as
cubes and cylinders. Since the three-dimensional shapes
can be represented by simple numerical values and
mathematical expressions, the development of CAD
software progressed to a level sufficient for practical
applications even at the time when computing power was
lowF30
However, when processing data for a living body,
it is necessary to apply something more than a three-
dimensional parametric space because the surface shape
of human body assumes a free form'?. A voxel model is
suitable for storing data obtained from scanning by CT
or MRI in a living body, but the volume of data increases
with an increase in the number of voxels. Both of these
design processes became possible with the development
of parallel processing hardware that can perform huge
calculations instantaneously and the development of basic
software that can drive it. Technology of CAD software
for designing an optimal occlusal surface configuration
for each patient is important. However, CAD software
that can be easily used by dental technicians, who are the
main users, Ze., software that enables design of crowns
and bridges in a short time, is required.

One concern regarding CAD software is that

manufacturers are advocating an “open system”
and compatibility by “STL format” data. The STL
format is a very simple data format represented by a
triangular planar patch and its normal vector (Fig. 1).
However, the STL format is originally a CAM format
for stereolithography, not a CAD format. Therefore,
it is not suitable for the design and editing of a three-
dimensional shape. Generally, there are multiple standard
data formats in three-dimensional CAD software. Most
of them can handle and exchange free-form surface data
such as data for NURBS (non-uniformed rational B spline
curved surface) (Fig. 2). These data formats are widely

used in various applications including industrial design

ASCII STL format

solid name
facet normal xr yr z Facet(x, vy Z)
outer loop
vertex xo Jo 20
vertex x1 y1 71
vertex x2 y2 22 Vertex, (X, Yz 22)
endloop
endfacet
endsolid name

Vertexo(Xo, Yo Zo)

Vertex(xy, Y1, z1)

Fig. 1 STL format
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S(u, v) : Surface

Rij(u, v) : Rational basis function

N.j(u) :Basis function

Wij : Weight parameter

P : Control point (0=£i=n,0=j=m)

Fig. 2 Definition formula of NURBS

Table. 1 Example of standard CAD file format

Format License Source

AutoCAD DXF (Drawing eXchange Format)
AutoCAD DWG (drawing) format

Autodesk Inc.

ANSI
IGES (Initial Graphics Exchange Specification) format | American National Standards
Institute

STEP (STandard for the Exchange of Product
model data / ISO 10303)

International Organization for
Standardization
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and CG animation (Table 1). In the development of dental
CAD software, wide compatibility by supporting these
data formats is required.

3) Computer-aided Manufacturing (CAM) software
CAM software is software that generates driving data
for a processing machine. The method used for data
processing naturally depends on the type of processing
apparatus, but the most common method currently used
is milling. In a milling process, a ball end mill with a
hemispherical tip is generally used as a processing tool.
The processing method depends on how the ball end mill
is applied to the milling block, and a 3-axis processing
method or a 5-axis processing method is used. In 3-axis
machining, the milling tool is driven by parallel movement
with respect to three orthogonal axes, XYZ axes. In
5-axis machining, the milling tool is driven by a total of
five types of motion, XYZ translation in three orthogonal
axes and rotational movement around the XY axes.
Five-axis machining is necessary for machining complex
shapes including undercuts. Considerable technical
development will be required to optimize the trajectory
(drive data / NC [Numerical Control] data / cutter pass,
etc.) of the tip of the ball end mill in a 5-axis processing
machine. An optimized tool path, by which the processing
is completed in the minimum time and the finish quality

is good, is required to improve work efficiency.

4) Processing machine

As mentioned above, 5-axis milling machines are used
in almost all cases as processing machines for CAM
systems. However, various processing methods, including
forging (a method of forming a shape by tapping), casting,

injection molding, electric discharge machining, and

Table. 2 Seven methods of Additive Manufacturing

Method

Overview

Materials

Sheet Lamination

Stack a sheet material while
cutting it with a laser or knife.

Paper, Resin, Metal

Vat Photopolymerization

Selective laser curing photo-
curable resin layer by layer

Photo-curable Resin,
Ceramic

Material Extrusion

Extrude resin melted by heating
from the nozzle

Thermoplastic Resin

Binder Jetting

Liquid binder is jetted from
nozzle onto powder materials

Resin, Metal, Sand, Plaster,

Ceramic

Material Jetting

Selective jetting liquid materials
from nozzle

Photo-curable Resin, Wax

Powder Bed Fusion

Selective melting and bonding
powder materials with laser or
electron beam

Resin, Metal, Ceramic

Direct Energy Deposition

Supply powder materials and

laser from nozzle simultaneously,

and selective melting and
bonding

Metal

rapid prototyping, have been tested. Among the various
methods that have been tested, attention has been
focused on milling technology and 3D printing technology,
for which the name has changed from rapid prototyping
to additive manufacturing. Many new technologies have
been developed, particularly in Japan and Germany, for
a milling process. An advantage of milling is that it is
possible to produce an individually optimized form from
previously prepared homogeneous materials. However,
milling also has the following disadvantages : some
materials cannot be milled, a long time is needed for the
processing, some shapes cannot be processed due to tool
interference, and much of the material is wasted. Three-
dimensional printing technology, which has received
much attention in recent years, has undergone many
developments in both the US and Japan, but further
developments are still requireds& % Seven methods are
used in additive manufacturing technology (Table 2), and
four of those methods are used in the field of medicine
1912 The four methods are 1) the

“vat photopolymerization” method, in which a photo-

including dentistry

curable liquid resin in a tank is selectively cured with an
ultraviolet laser, 2) the “material extrusion” method, in
which a flowable material is extruded from a print nozzle
and deposited, 3) the “powder bed fusion” method, in
which powder is laid and melt-bonded by selective high-
energy irradiation and 4) the “binder jetting” method, in
which powder is laid and a liquid binder is selectively
jetted and solidified. Some of these methods have already
been used in clinical applications. However, the methods
are not being used widely because of the high cost of
equipment and the requirement of knowledge regarding
maintenance and management. Reduction in the cost
of milling by mass production is difficult. However,
considerable reduction in cost would be possible by using
3D printing technology. Moreover, 3D printing enables
the manufacture of FGMs (functionally graded materials),
which cannot be manufactured by milling. Thus, it is
expected that 3D printing will become one of the main

manufacturing methods in the future.

5) Materials

Although all materials that can be cut can be processed,
it is necessary to consider the running cost due to wear
of the cutting tool, and practical options therefore become
limited. Advances have been made in the development
of resin-based materials such as acrylic, epoxy, nylon

and amide and the development of metallic materials
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such as copper, iron, titanium, nickel and cobalt for
additive manufacturing (3D printing) technology. For
dental use, cobalt chromium alloy has been used as a
metal frame of a porcelain-fused metal crown and for
a partial denture, and acrylic resin is being used for
manufacturing dentures. In the future, if technologies
are established for the use of super engineering plastics
such as PEEK / PEKK (polyether ether ketone /
polyether ketone ketone) and other new materials such
as carbon-type and cellulose-type nanotechnology fibers
and ceramic materials, these materials could be used for
the production of various types of crowns and bridges.
However, studies focusing on these materials have not

yet been carried out.

2. Current problems and future prospects

Impression taking is one of the most difficult and
important tasks in the flow of conventional dental
treatment. If the marginal gingivae have been maintained
in a good condition, the difficulty level of impression work
is slightly diminished. However, the difficulty level is
greatly affected by many factors including the patient’s
general health condition, the degree of oral cleaning
before coming to the clinic, and the position of the
marginal line after removal of the affected tooth. Taking
impressions is very difficult if the gingiva easily bleed.
The intraoral scanner is an epoch-making technology
that greatly reduces the burden of impression taking.
However, an intraoral scanner cannot scan to the margin
line hidden behind the marginal gingiva. Therefore, it is
necessary to make sure the margin line of the abutment
teeth is visible. When taking an impression using a
conventional impression material in cases in which
the marginal line cannot be seen directly because the
marginal gingiva is overhanging, if gingival retraction and
hemostasis are sufficiently performed and an impression
material can be put into the gingival pocket, the shape of
the marginal line can be transcribed. However, a shape
cannot be measured by an intraoral scanner if it is not
directly visible. If this problem can be solved, we may be
completely free from impression taking of crowns and
bridges as we are currently doing.

Another problem is mandibular jaw movement. In the
currently available CAD / CAM systems, it is possible
in principle to utilize data of mandibular jaw movement,
but it is difficult in practice to obtain motion data.

Therefore, shape design by the CAD is done in a static

state without considering contact sliding movements
of the upper and lower teeth, and technicians perform
manual adjustments to the model after milling with the
CAM. Even in the more advanced CAD system, a virtual
articulator is implemented into CAD software to simulate
a conventional semi-regulating articulator. It is therefore
impossible to design an optimal functional occlusal surface
configuration for each individual patient. Movement,
which is a continuous event in the analog world, is
represented by a series of stationary states with short
time intervals in the digital world. Therefore, if shape
measurement by an intraoral scanner can be performed
at ultrahigh speed, a series of states in which the upper
and lower teeth slide in contact can be regarded as a
record of the positional relationship between the upper
and lower jaws, and the occlusal contact state of each
patient can be simulated by a CAD system without a
virtual articulator. This would become possible if a scan
speed of about 100 to 1,000 times the speed of currently
available scanners is achieved. Scan speed depends
on many factors including the output speed of image
data from the image sensor, the bandwidth and driving
speed of the data transfer bus in the signal line, and the
processing speed of the large amount of read-out data.
However, considering the development of television
technology aiming for 4K to 8K and the development of
video technology typified by game machines and CG /
VR (computer graphics / virtual reality), it is reasonable
to say that the elemental technologies that are needed
for increasing scan speed are already available. It will be
necessary to take measures to successfully apply these
elemental technologies to the field of dentistry. The use
of new materials is also an important issue. It is expected
that newly developed CAD software in the future will
enable almost automatic design of an optimal occlusal

surface form for each patient.

Conclusion

A paper entitled “THE FUTURE OF EMPLOYMENT :
HOW SUSCEPTIBLE ARE JOBS TO COMPUTERISATION?"
by Michael A. Osborne et al., who were conducting
research in the field of machine learning in Oxford
University's Faculty of Engineering, was published in 2013.
It was stated in their paper that advances in computer-
related technologies such as artificial intelligence and
robots will result in much of the work that is done

manually being replaced in the near future by machines
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and digital equipment43). Their paper received worldwide
attention. This possibility is often discussed as a shocking
scenario of current jobs disappearing and employment
opportunities being lost. However, the positive effect of
technological innovation resulting from digitalization,
that is, that manual workload will be reduced and
people can concentrate on more essential things, should
be considered. In the field of dentistry, the change to
digital technology will result in reduction in the burden
of having to improve procedures such as preparation for
abutment tooth, impression taking, and maxillomandibular
registration. It is expected that the change to digital
technology in dentistry will enable determination of the

state of occlusion that each patient should have.
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