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Abstract

Digital revolution is changing the workflow and operating procedures in Prosthodontics. Every step from diagnosis and impres-
sion making to fabrication of prosthesis have digital replacement. Recent advances in sensor technology have markedly improved
the performance of intraoral scanners. Availability of affordable three-dimensional Cone-Beam Computed Tomography systems with
development of inexpensive X-ray tubes, high-quality detector systems, metal artifact reduction software have increased interest in
dental Cone-Beam Computed Tomography. Indication of Cone-Beam Computed Tomography in dental implant cases may go beyond
diagnostics, to designing templates for guided implant placement. Digital photography when combined with the use of appropriate
software for image processing has become a valuable tool for smile designing. Currently, Computer Aided Designing software has
increased applications in complete denture and partial denture framework designing. Another technology gaining much attention
in recent years is additive manufacturing also known as three-dimensional printing of various dental prosthesis, surgical guides etc.
Dentists have started thinking of using a “virtual patient” by integrating different file formats into a single model. This study briefly

discusses recent technologies and workflow in a Prosthodontic Clinic.
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Introduction

The intraoral scanner, a feature of the first commercially available dental Computer Aided Designing and Computer Assisted Manufac-
turing system (CEREC-CAD/CAM) is considered as a key feature for the analog-to-digital change in dental treatment [1]. The processing
capacity of a computer was not sufficient and the software had not been as developed at that time as at present.

At present the advancements in Prosthodontics is focused on digitalization of the workflow using the broad array of technologies [2-6].
The digital revolution is changing the workflow and operating procedures in dentistry particularly in Prosthodontics. Three-dimensional
imaging based on radiographic, surface scanning, and photographic, video-graphic data sets enables the capture of diagnostic information
and the design of prostheses [7-27]. Then the prosthesis can be manufactured by computer numeric control (CNC) systems that automate
both additive (3D-printing) and subtractive (Milling) production schemes [28-36].

A paper has raised concern that advances in computer related technologies will result in much of the manual work being replaced in
the near future by machines and digital equipment, a scenario of current jobs disappearing and employment opportunities being lost [37].
However the positive effect of technological innovation resulting from digitalization cannot be overlooked. It will result in reduction of
manual workload on dentists and they will be able to concentrate on more essential things. It is expected that the change to digital tech-

nology in dentistry will enable determination of the state of occlusion that each patient should have [1].
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There are many benefits of going digital in Prosthodontics like reduced working time, simplified manipulation, better workplace man-
agement (no wet processing and use of gypsum products), better documentation and clarity in communication, enhanced accuracy of
diagnosis and treatment planning, improved control of the design and production of definitive prostheses, and archiving individual pa-
tient data like virtual diagnostic casts without need of extra-space [2-5]. The main clinical advantage is positive impact on the patient
experience [6]. Patients feel and understand that enhanced quality of care is being provided. The advantages of a virtual environment are

obvious, but the scientific validation is still pending [2].

There are four basic phases of workflow in digital dentistry. They are image acquisition, data preparation/processing, the production,

and the clinical application on patients. This study discusses briefly the first three phases (Figure 1).

Figure 1: Digital workflow in a Prosthodontic clinic.

Phase I: Image acquisition

Image acquisition is the first operational phase of digital dentistry. This employs tools such as intraoral scanners (I0S) for optical im-
pression, digital cameras for digital photography, and Cone-Beam Computed Tomography (CBCT). CBCT and optical scan technology have
recently developed a lot and are profoundly changing many aspects of dentistry.

Digital impression
Digital impressions can be taken in two ways. One way is using [0S chairside to take optical impressions of dento-gingival structures.

Another is lab side surface scanning.

I0S are used to capture direct optical impressions of intraoral structures. Similar to other three-dimensional (3D) scanners, they
project a light source onto the structures to be scanned [1]. The images of the dento-gingival tissues captured by imaging sensors are
processed by the scanning software, which generates point clouds [10]. These point clouds are then triangulated by the same software

and by this ‘triangulation’ procedure the 3D data will be collected by the computer [1,10,28].
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Lab side surface imaging or scanning includes contact and non-contact scanning of models obtained from conventional impressions.
In contact scanning, a contact probe reads the anatomy of the model by following the contour of the physical structure. In non-contact

scanning, laser light, optics and charged -coupled devices are used [8,9].

Recent advances in sensor technology like, miniaturization, high density, high pixel count and improvement in driving speed of elec-
tronic circuits have markedly improved the performance of intraoral scanners to be used clinically in Prosthodontics [1]. The latest-gen-
eration devices have wider indications for clinical use. Technically, I0S can be integrated in a closed system, generating proprietary files
only, or can be open, producing files that can be opened using any CAD software [10]. The files captured during optical impressions may be
imported into CAD software and once the restoration design is completed, the files can be transferred to computer assisted manufacturing
(CAM) software and put into the milling machine [8].

Optical impressions reduce patient discomfort. [0S are time-efficient and simplify clinical procedures for the dentist, eliminating plas-
ter models and allowing better communication with the dental technician and with patients [8-11]. However, it is not without limitations.
One of the most frequent problems encountered with 10S and with optical impressions is difficulty in detecting deep marginal lines, es-
pecially in aesthetic areas where it is important to place the margins subgingival or in the case of bleeding [10]. Unlike the conventional

impression materials, light cannot physically detach the gum and register non-visible areas.

Studies have shown that optical impressions are equally accurate for individual restorations or 4-5- unit bridges on natural teeth and
on implants [12-15]. Though, the latest-generation scanners are characterized by very low errors in full-arch impressions [13], at present,
the literature does not support using IOS for fabricating long-span restorations, such as fixed full arches supported by natural teeth or

implants [16-18]. Conventional impressions are still considered as the best solution for long-span restorations.
The main digital impression systems those are available on the market include CEREC, Lava C.0.S. system, iTero, E4D, and TRIOS [38].

Cone-beam computed tomography (CBCT)

CBCT principle has been in use for almost two decades. The technique involves a single 360° scan in which the X-ray source and a
reciprocating area detector synchronously move around the patient’s head, stabilized with a head holder. A new generation CBCT claims
to provide a more free positioning of the patient, either lying or sitting [23]. More recently affordable systems have become commer-
cially available. Development of inexpensive X-ray tubes, high-quality detector systems like flat panel detectors, metal artifact reduction
software and powerful personal computers are contributing to the increasing success of its use in dentistry [8,24-26]. Various CBCT
models like hybrid or multimodal systems for combined 2D (panoramic and/or cephalometric) imaging, 3D CBCT imaging, and primary
panoramic machines which are less expensive with a small detector size for scanning narrow field-of-views with a 3D button are there in
the market [25].

In Prosthodontics, CBCT is generally indicated in some cases of implant therapy. Information on dento-gingival tissues obtained from
optical impression can be combined and over-laid with that relating to the patient’s bone structure obtained from CBCT, by using specific
planning software packages [2]. Indications in implant dentistry may go beyond diagnostics. Within the processing software packages, the
surgeon can design templates for guided implant placement, which are physically manufactured by milling or 3D printing and used clini-
cally [26,27]. Implants positioned through a guided surgical procedure can be loaded immediately, using prosthetic restorations in resin,
printed in 3D before the fixtures are positioned. This is known as the “full-digital” technique [3]. Today, it is possible for the surgeon to
design a whole series of customized implants (root analogue implants, blade implants, maxillofacial implants) and also personalized bone
grafts by importing data from CBCT into specific modelling software and then using additive manufacturing (3D printing) procedures,

such as direct metal laser forming (printing of metals) [3].
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Digital photography

Digital photography in Dentistry when combined with the use of appropriate software for image processing, allows to design a pa-

tient’s smile virtually. This is known as digital smile design, a valuable tool in modern aesthetic and cosmetic dentistry [2].

Phase II: Data preparation/processing (Use of CAD/CAM Software)

Special Software is provided by the manufacturers for the design of various kinds of dental restorations. The Software of CAD/CAM is
continuously being improved [1,28]. Currently, the design software has more applications including complete dentures and removable
partial denture frameworks [29]. Generally, there are multiple standard data formats in three-dimensional CAD software. As mentioned
before, the files captured during optical impressions may be imported into CAD software and once the restoration design is completed,
the files can be transferred to computer assisted manufacturing (CAM) software and put into the milling machine. The CAM software

automatically translates the CAD model into tool path for the CNC machine [39].

CAM software is software that generates driving data (NC data) for a processing machine. The method used for data processing de-
pends on the type of processing apparatus, the most common method is milling. Now-a-days 3D printing is also gaining much attention. 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; whereas 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

[39,40]. Thus, five-axis machining is used for machining complex shapes including undercuts.

Phase III: Production (Computer assisted manufacturing)
Milling (Subtractive manufacturing)

It is a type of restoration fabrication method that utilizes subtraction manufacturing technology from large solid blocks of materials.
Computer numerically controlled (CNC) machining, in which power-driven machine tools are used to mechanically cut the block of mate-

rial to achieve the desired geometry, all the steps being controlled by a computer program [1-5].

The milling units are either dry milling or wet milling. Some materials need dry milling and some need wet milling. On the basis of
number of axes they are 3 axes, 4 axes or 5 axes. As mentioned before, 5-axis milling machines are used in almost all cases as processing
machines for CAM systems. Restorations milled with a 5 axes milling unit can mill undercuts in all directions and thus have a greater ac-
curacy than 4 and 3 axes units [29]. A rotary cutting instrument with a smaller diameter results in a more accurate milling process. The
accuracy of milling procedure is dictated by the diameter of the smallest bur. Any surface details less than the diameter of the milling bur

will be over milled, and it will contribute to low retention of the restoration.

RPD frame-work with the fine interstitial detail or delicate clasp features cannot be guaranteed to be accurately produced by milling
but by using 3D printed metal.

3D printing (Additive manufacturing)

Three-dimensional printing technology has received much attention in recent years. It has been hailed as a disruptive technology
which will change manufacturing [30]. Edward Hems and Nigel Knott also have considered it as, “a bull which has entered the antique
china shop and is running rampant among long-established manufacturing practices dependent upon expensive human skills and crafts-
manship” [31]. However, the reality may be different and more studies are needed to prove whether 3D printed prostheses are as good as

or better than the conventional prostheses.

It is the process of joining materials to make objects from 3D model data, layer upon layer. Once the CAD design is finalized, it is seg-
mented into multi-slice images. For each millimeter of material, there are 5 - 20 layers in which the machine lays down successive layers

of liquid or powder material that are fused to create the final shape [39].
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It is that manufacturing approach which builds objects one layer at a time, adding multiple layers to form an object, hence described
as additive manufacturing. Previously the technique was referred to as rapid prototyping because the methods were implemented to
fabricate prototype models and patterns only. But recently, a shift to the manufacturing method has come up because of technical im-
provements of layer manufacturing processes. They are no longer exclusively used for prototyping and the possibility to process all kind
of metals yields opportunities to manufacture real functional parts [39]. 3D printer is a simple robotic device or apparatus which works
along with the CAD software. To create objects to print, CAD software is needed or data in the form of computed tomography (CT) data,
CBCT data, and/or intraoral or laboratory optical surface scan data are needed. Many different printing technologies exist, each with
their own advantages and disadvantages and the primary difference among them is related to developing the plane which represents the
vertical component of the restorations. Some of the commonly used techniques are vat photo-polymerization method/stereo-lithography,
photopolymer jetting (PP]), selective laser sintering (SLS), binder jetting method, digital light processing (DLP) and fused deposition
modelling (FDM).

In SLA method a stereo-lithography apparatus uses a scanning laser to build parts one layer at a time, in a vat of light-cured photopoly-
mer resin [41]. This technology is commonly used for the industrial production of 3D printed implant drill guides [33]. Additional uses

are in fabrication of facial prosthesis patterns, occlusal splints, burnout resin patterns, and investing flasks.

In PP] technology, photo-jet-light sensitive polymer is jetted onto a build platform from an inkjet type print-head and cured [42]. A

variety of materials may be used including resins and waxes for casting, as well as some silicone-like rubber materials [34].

In binder jetting method, powder is laid and a liquid binder is selectively jetted and solidified [43]. Powder binder printers (PBP) use
a modified inkjet head to jet liquid droplets to infiltrate a layer of powder. A pigmented liquid, which is mostly water, is used to infiltrate
into the powder, which is mostly plaster of Paris [30]. The resulting models are useful as study models or visual prototypes, but accuracy
is limited and the models are fragile. This method has also been used to manufacture metallic parts from stainless steels, other iron alloys,
copper and nickel super-alloys and for ceramic parts [43]. This can be a potential method for manufacturing complex geometries with fine

features like that of cast partial denture [44].

The technology for manufacturing of objects from powder using a laser consists of two processes: selective laser sintering (SLS) and
selective laser melting (SLM) [45]. In this technology, a scanning laser fuses a fine material powder, to build up structures. Laser beam
hits the powder and creates a melt pool and the powder particles fuse together [33]. The term “Selective Laser Sintering” is used in the
processing of polymers and ceramics, while in the manufacturing of metals and alloys the terms “Selective Laser Melting” (SLM) or “Direct
Metal Laser Sintering” are used [45]. Polymers used in this process have high melting points (above autoclave sterilization temperature)
and excellent material properties, making objects made in this way useful as anatomical study models, cutting and drilling guides, dental
models, and for engineering/design prototypes [30]. The most versatile materials used include nylon, flexible elastomeric materials, and

metal-containing nylon mixtures.

DLP method can be used to fabricate a single layer of the 3D object through spatially-controlled solidification of a photo-curable resin

by using a projector light, either UV light or white-light [46].

FDM is one of the earliest 3D printing technologies. This technology works on the principle of extruding a thermoplastic filament mate-
rial through a heated nozzle and the material hardens immediately after extrusion [47]. A commonly used material is the biodegradable
polymer polylactic acid [32]. This or similar materials have been used as key components of scaffold structures for ‘bio-printing’- a popu-
lar area for research in tissue engineering. This is the process that is used by most low cost ‘home’ 3D printers. It allows for the printing
of crude anatomical models without too much complexity - for example, printing an edentulous mandible might be possible, but not a
detailed maxilla [47]. More costly, more accurate FDM printers are available, and have application in anatomical study model making, but

little use in dentistry or in surgery.

All the methods used for 3D printing share some features that distinguish them from subtractive manufacturing. Those features are: (i)
incremental vertical object build-up (ii) no material wastage (iii) large objects produced (iv) passive production (i.e. no force application)

(v) fine details production [39].
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Considerable reduction in cost would be possible by using 3D printing technology as less material is wasted. 3D printing enables
manufacture of functionally graded materials, which cannot be manufactured by milling [31]. Thus, it is expected that it will become one

of the main manufacturing methods in the future.

Limitations and Future Expectations

There are some barriers to going digital in a Prosthodontic Clinic. Reluctance of dental practitioners to workflow disruption, absence
of basic computer skills and unfamiliarity with digital technology, lack of access to new information, need of better office systems, need
of training of staff and dentist to manage the equipment, initial costs and IT costs of managing large datasets, concern about security and
privacy, technical and expert support, potential financial risks and poor evidence regarding the integrity of the digital solution are some

of them [2,6,48-50]. The main barriers to dentists’ adoption of new technology being awareness and emotion [6].

As mentioned before, with I0S and with optical impressions there is difficulty in detecting deep marginal lines. CBCT is useful for eval-
uating bone but, limitations currently exist in the use of this technology for soft tissue imaging [30,31]. Efforts are being directed toward
the development of techniques and software algorithms to improve signal-to-noise ratio and increase contrast in evaluation of soft tissue.
But, a factor that could influence the use of CBCT is the voxel size. By decreasing the voxel size the image spatial resolution increases but

it also increases patient exposure to radiation by increasing the scan time [22].

Shape design by the CAD software 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 [1,2,25]. It is difficult in practice to obtain motion
data. Even in the more advanced system, a virtual articulator is implemented into CAD software to simulate a conventional semi-adjustable

articulator [1]. It is therefore nearly impossible to design an optimal functional occlusal surface configuration for each individual patient.

Disadvantages of milling (subtractive manufacturing) are that some materials cannot be milled, a long time is needed for the process-
ing, some shapes cannot be processed due to tool interference, and much of the material is wasted [28,29]. The main problem with Addi-
tive Manufacturing (3D printing) is that this type of manufacturing can cause differences in the final model production because of shrink-
age during building, post-curing, and minimal thickness of the layer [30]. SLS technology have some health and safety requirements, and

messy to work with [30,32].

It is expected that in near future more and more staffs and dentists will be trained to manage the digital workflow. Shape measurement
by an intraoral scanner will be performed at ultrahigh speed, and a series of states in which the upper and lower teeth slide in contact will
be regarded as a record of the positional relationship between the upper and lower jaws [1]. The occlusal contact state of each patient
will be simulated by a CAD system without a virtual articulator. Such CAD software will be developed in the near future which will enable
almost automatic design of an optimal occlusal surface form for each patient and manual alteration of the occlusal surface by a technician
will not be needed [1].

Conclusions

Rapid advancements and improvements in digital technologies give an impression that the entire workflow in a Prosthodontic clinic

will be changed to that of a completely digitalized clinic in very near future.
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