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Preface

The edited book 3D Printing in Oral Health Science: Applications and Future
Directions has been written to bring out the latest developments in the field of
3D printing in Oral Health Sciences and its future developments. 3D printing
is an emerging and revolutionizing technology which has undergone phe-
nomenal expansion in recent years, impacting various aspects of daily life
activities. The book has 14 chapters contributed by astute clinicians and stal-
warts researchers from both academia and industry from Albania, Canada,
India, Israel, Kingdom of Saudi Arabia, Nepal, New Zealand, Peru, South
Korea, Taiwan, the USA and Vietnam. The book would present new insights
and technological advancement not only for budding and experienced clini-
cians but also for the researchers from technological backgrounds interested
in interdisciplinary research. The book starts with introductory concepts on
3D printing, principles and applications in different fields. It gives a broad
overview of the technological revolution in oral health science with rapid
technological advancements. The second chapter provides an in-depth practi-
cal understanding of the principles and applications of various 3D scanning
methods for 3D digital data acquisition of the orofacial region. The next two
chapters have been written to provide state of the art in-depth understanding
about the 3D printing technology and about options of 3D printable materials
choices for various oral healthcare applications. Fifth chapter on computer-
aided design (CAD) for dental applications, which has become a significant
part of modern dentistry as a diagnostic and treatment planning tool, has been
included in the book to give readers a wider perspective. The chapters from 6
to 12 have focused on the 3D printing applications in Maxillofacial Surgery,
Periodontics, Prosthodontics, Bioprinting for Craniofacial Regeneration,
Customized 3D Metal Printed Implants for orofacial region and Endodontics.
The second last chapter discusses the Limitations, Safety and Regulatory
Considerations. The final chapter of the book talks about the future of 3D
printing in Oral Health Science. Hence, it is a one-stop comprehensive book
that would provide the latest technological advancements in the field of 3D
printing in dentistry and healthcare, which would benefit the scientific, clini-
cal and technological communities at large. We, the editors, thank Springer
Nature-Switzerland (Publisher) for the opportunity to prepare this book and
all the contributing authors for their contribution, support and cooperation
despite the difficult time due to the pandemic situation and their other com-
mitments to help us complete this task. We acknowledge their expertise, skills
and knowledge shared in the course of preparing their respective chapters for
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the book. We thank our family members for their kind support and for allow-
ing us sufficient time to complete the book as per standard guidelines. Finally,
we thank the Almighty for the knowledge and wisdom to overcome all chal-
lenges in completing the book.

New Delhi, India Prabhat Kumar Chaudhari
Shillong, Meghalaya, India Dinesh Bhatia
Bhubaneswar, Odisha, India Jitendra Sharan
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1.1 What Is 3D Printing (3DP)?
Oxford dictionary describes 3D printing as “The
process of making a physical object from a 3D
‘digital model file’ by laying down successive
thin layers of a material” [1].

Dentists are familiar with the traditional sub-
stractive manufacturing in which a block of mate-
rial is removed to form an object using tools like
lathes and milling machines [2]. It can be under-
stood with the example of carving of wax block
to make a tooth in the preclinical undergraduate
laboratory course work. This method however,
had shortcomings like inability to reproduce
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complex objects entirely and wastage of material.
Thus, there was evolution of another way called
additive manufacturing, i.e., adding material
layer by layer to build up the 3D object. This
technology allows creation of three-dimensional
parts from computer-aided design (CAD) models
by successively adding materials layer by layer
until formation of physical object.

1.2  How Does 3D Printing

Process Work?

A 3D printing process begins with feeding a
CAD model to a specific software for preparation
for 3D printing. Depending on the technology
used by the 3D printer, the printing might be
done layer by layer by using solidifying resin or
sintering powder. The parts then undergo post-
processing for the specific application. The
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P. K. Chaudhari et al. (eds.), 3D Printing in Oral Health Science,

https://doi.org/10.1007/978-3-031-07369-4_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-07369-4_1&domain=pdf
mailto:ritudug@gmail.com
https://doi.org/10.1007/978-3-031-07369-4_1

R.Duggal and I. Duggal

CAD MODEL

ULTRAVIOLET LIGHT

FINAL PRODUCT

LAYER BY
LAYER
PRINTING

e  PLATFORM

POLYMER LIQUID

Computer monitor with
CAD Model

3D Printer

+—— RESIN TANK

Final product based upon initial CAD
model after post processing

Fig. 1.1 Representation of the working process of a 3D printer

process of 3D printing essentially requires fol-
lowing steps (Fig. 1.1).

1. 3D digital model acquisition of desired object
to be printed in standard tessellation language
(STL) file format

2. Image processing by exporting the STL file to
the 3D printer software to slice the digital
models into layers

3. 3D printing

4. Postprocessing

Apart from these steps, the 3D printable mate-
rials including materials for support structures
are also required.

1.2.1 3D Digital Model Acquisition

3D digital model can be acquired by non-nvasive
surface imaging like desktop or intraoral scan-
ning, computed tomography scanning, or any

other suitable sources. Using specifically
designed computer-aided design (CAD) soft-
wares, the 3D data is saved as 3D digital
models.

1.2.2 3D Digital Image Processing

In this step, CAD software further processes and
prepares the STL file by breaking down the 3D
model into thin layers of 16-300 pm each, known
as “build layers” for 3D printing [3].

1.2.3 The 3D Printing

This step involves using a computer workstation
to set up the print job; a build tray for fabricating
the model; and 3D printable materials [3]. These
3D printers may use a laser light to cure liquid
resin to make an object or fuse small particles of
metal powder at high temperatures to build parts.
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1.2.4 Post-processing

The support resin used with every printer pre-
vents any deflection or movement. It also enables
the printing of complex objects. Isopropyl alco-
hol (IPA) is required to rinse and to remove any
uncured resin from the printed surface. Based on
the technology and materials, the printed parts
may also require post-curing to stabilize mechan-
ical properties, manual work to remove support
structures, or cleaning with compressed air or a
media blaster to remove excess powder [4].

1.3  Brief History of 3D Printing

Development

The 3D printing technology is not new when it
comes to architectural designs, aerospace,
defence, art, and engineering. Its use in medical
science gained popularity especially in areas of
precision medicine around 1990s. In the past
20 years, there has also been a sharp rise in the
use of 3D printing in various domains of oral
health science.

Chuck Hall of United States was the first per-
son to develop the concept of 3D printing when he
was working on “Apparatus for production of
three-dimensional objects by stereolithography”
on August 8, 1984 [5]. He used to design tabletop
coatings through this process. In 1986, he estab-
lished the 3D Systems Company to market the first
machine for rapid prototyping of the tabletops,
which was named as stereolithography (SLA).

In 1988, Scott Crump developed a similar
variant of object formation by fusing 2D images
and named it as “fused deposition modeling”
(FDM), which was commercialized by Stratasys
in 1990 [6].

Created by Larry Hornbeck of Texas
Instruments in 1987, digital light projection
(DLP) is identical to SLA except that a projec-
tor is used to cure an entire layer at a time. The
DLP technology wuses digital micromirror
device, containing thousands of tiny mirrors that
are able to move in two directions, on and off,
thousands of times per second. It is advanta-
geous in many ways, for example, faster print-

ing speed and ability to produce more complex
3D objects with excellent resolution. It also uses
lesser material and reduced waste, thus making
it economical [3].

A third variant of 3D printing came from the
developer of PolyJet photopolymer (PPP) print-
ing in 1998. A variety of 3D printers—SLA,
DLP, FDM, and PPP—are now commercially
available for oral health applications.

1.4 Contemporary Applications
and Limitations of 3D
Printing in Oral Health

Science

The versatility of 3D printing has enormous
potential to revolutionize oral health science in
terms of research, clinical care, and education.
Further, there is a need to establish new, printable
materials for dentistry, which would enhance the
clinical applications of 3D printing. 3D printing
has widespread applications in different disci-
plines of dentistry. Uses of 3D printing include
the production of physical 3D printed models for
prosthodontics, orthodontics and oral surgery, the
production of surgical guides for dental implants,
surgical splints for maxillofacial surgery applica-
tions, manufacture of dental, craniomaxillofacial
and orthopedic implants, and the fabrication of
copings and frameworks for implant and dental
restorations [7].

To study the trend of the number of studies
based upon use of 3D printing in journals indexed
in PubMed over the last two 15 years (2006—
2020), a search strategy was adopted and entered
in PubMed. On the production of results, an excel
sheet was made to analyze the data obtained in a
chronological order. An overall upsurge in num-
ber of publications was observed during this time
frame and the same is produced in Fig. 1.2. Out
of the current total of 14,874 studies searched
using the string “3D Printing”[MeSH Terms] OR
(“3D Printing”[All Fields]), 4813 accounted for
the field of medical sciences (“3D Printing”’[All
Fields] AND “Medicine”[All Fields]) and 1503
were dentistry-related studies (“3D Printing”’[All
Fields] AND “Dentistry”[All Fields]).
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Similarly, on considering the fields of den-
tistry, the applications of 3D printing in dentistry
have been shown in Fig. 1.3.

Amongst these 1503 studies related to 3D
printing  applications in dentistry (“3D
Printing”[All  Fields] AND “Dentistry”’[All

Fields]), majority were from the field of oral sur-
gery, followed by prosthetics and consecutively
by orthodontics.

Nonetheless, like every coin has two sides, 3D
Printing also has certain limitations. It requires
one to be skilled in computer softwares as perfect
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planning is usually required. Some of the materi-
als used for printing surgical guides may not be
biocompatible, thus restraining their use. Hence,
factors like printing material availability, its
properties, printing speed, and the desired resolu-
tion of the printed object must all be considered.
In addition, the printing accuracy is mainly
dependent upon the quality of the original scan
which remains compromised when considering
intraoral scanners for full arch or irregular
surfaces.

1.5 Summary

The culmination of 3D printing technology and
advanced materials has captivated the world of
dentistry. Since with great power comes great
challenges and responsibility, as of now a den-
tist’s main trial would be to integrate these new
technologies and equipment into the routine
practice while ensuring the patient’s highest stan-
dard of care, health, and safety.
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2.1 Noninvasive, Nonionizing
Surface Imaging
2.1.1 Intraoral Scanning

2.1.1.1 An Introduction to Intraoral
Scanners Including Its
Advantages and Disadvantages

The intraoral scanner was first introduced in
1985, which allowed optical scanning of a tooth
cavity and restoration made by milling using
computer-aided design (CAD) and computer-
aided manufacturing (CAM) technology [1, 2].
Since then, advancements in digital scanning and
CAD/CAM have led to the use of intraoral scan-
ners for digital impressions for restorative, surgi-
cal, and orthodontic indications. The accuracy of
intraoral scanning technology has increased, and
it is gradually replacing the conventional impres-
sion technique. Currently, the accuracy of full-
arch intraoral scanned images exceeds that of
irreversible hydrocolloid alginate and is compa-
rable to that of rubber impression materials, such
as polyvinyl siloxane and polyether [3]. In addi-
tion, the reliability of linear measurements taken
from digital models has been confirmed [4-6]. As
a result, various prostheses, such as inlays,
crowns, fixed partial dentures, full dentures, and
orthodontic appliances, such as customized pre-
scription brackets [7], three-dimensional (3D)
printed brackets [8], and clear aligners [9], are
fabricated. Additionally, digital simulations of
dental implant surgery and orthognathic surger-
ies are performed, and 3D-printed surgical guides
provides better precision.

Advantages and Disadvantages

Intraoral scanners have been used effectively for
recording of digital impression with several
advantages. First, digital impression data can be
easily customized to provide efficient and precise
patient treatment. Most intraoral scanners support
the conversion of scanned data to a standard tes-
sellation language format (STL), which is one of
the most native formats for 3D printers and CAD
software. It facilitates data transfer for collabora-
tive work in appliance design and 3D printing. In
addition, appliance design and surgical planning

can be combined with other types of image data
such as 3D cone beam computed tomography, for
precise planning and designing of an appliance.
Second, it is patient-friendly, as it eliminates the
process of using conventional materials to take an
impression. It is especially convenient for chil-
dren and those with a gag reflex and anxiety.
Further, it reduces chair time [10]. However, a
major disadvantage of the intraoral scanner is its
high cost. The price ranges approximately USD
30,000-60,000, and usually, there are annual fees
for software updates and maintenance. In addi-
tion, as there are advancements in hardware and
software, clinicians may need to invest in a new
intraoral scanner almost every 3-5 years, which
can be an economic burden. Additionally, some
scanners have a large head, which makes it diffi-
cult to scan the most distal tooth for patients with
limited mouth opening.

2.1.1.2 Various Intraoral (10S)
Scanning Technologies
and Principles

Tabletop vs. Intraoral Scanners (Fig. 2.1)
Digitization of tooth impression began with scan-
ning the gypsum models using a tabletop model
scanner [11]. Tabletop model scanners calculate
the positions of the object three dimensionally,
based on a known distance between the camera
and light source [12]. Model scanners have a
large field of view, and the scanner head moves
along a precise linear or rotation axis [13]. In
contrast, intraoral scanners have a small field of
view and are handheld and thus move freely in
many directions during the scan procedure.
Numerous fragments of 3D scan data are acquired
and superimposed to create the final 3D surface
data. Therefore, a greater error may occur during
the process of integrating the raw images. When
larger objects are scanned, the amount of error
may increase because a larger number of raw
images need to be processed, possibly resulting
in dimensional inaccuracies of the scanned data.
It is known that the accuracy of digital impres-
sions obtained from a single tooth is equivalent or
even superior to that of conventional impressions
[14-16]. However, the accuracy of full-arch
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Fig. 2.1 (a) A tabletop scanner scans dental models of patients, and (b) an intraoral scanner directly scans patient’s
teeth. (c¢) Both tabletop and intraoral scanner need a computer software for data analysis and storage

intraoral scan data may vary depending on vari-
ous factors [14, 17, 18]. A full-arch scan starts
from the most distal molar and ends at the most
distal molar of the contralateral side; therefore,
errors in superimposition accumulate, leading to
deformation of the arch shape and errors in the
arch dimensions, particularly in the molar region
[10-21]. Consequently, tabletop model scanners
have been shown to have greater accuracy than
intraoral scanners [22]. However, a tabletop scan-
ner does not eliminate the process of taking the
conventional impression and fabrication of a
stone model, which explains why intraoral scan-
ners are gaining attention. Despite the technical
difficulties in obtaining an accurate intraoral
scan, there have been significant developments in
software algorithms for processing raw scanned
images and constructing accurate 3D data that
are clinically acceptable.

An intraoral scanner system consists of three
components: (1) a handheld camera for scanning,
(2) a computer connected to the intraoral scanner
for processing raw data and storing scanned files,
and (3) a software for constructing the captured
images into 3D scanned data (Fig. 2.2). Moreover,
there are three main technologies for acquiring
the 3D scanned data of an object.

1. The confocal microscopy technique is based
on the theory of confocal microscopy, which
was originally developed by Marvin Minsky.

Fig. 2.2 An intraoral scanner system consists of a hand-
held scanner, a computer, and a software

The key principle behind this technology is to
differentiate between the “focus” (good data)
and “out-of-focus” light (bad data). Laser
light is projected through a filtering pinhole,
and it falls on the target tissue. A sensor is
placed in the confocal plane, and there is a
small aperture that filters out any light from
above or below the plane of focus. This elimi-
nates bad data, thereby only allowing focused
light to reach the sensor for processing; hence,
the entire process improves the accuracy of
the scan. This process is also called the point-
and-stitch reconstruction because it takes
thousands of slices and stitches to reconstruct
the final image [23]. The most popular intra-
oral scan systems using this technique are
iTero and Trios.

2. The optical triangulation method is based
on the mathematical formula for a triangular
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surface, where the position of a point can be
calculated by viewing it from two different
positions, with the angle and position of those
two points in mind. The known variables in
the equation are the “distance between the
source of laser and sensor” and the “angle
between the sensor and laser.” Light is
reflected from the surface, and the system
measures the angle of reflection. With these
values, the distance to the object from the
laser source can be easily calculated. An
opaque surface is usually ideal for uniform
light dispersion, and to achieve this, a thin
opaque powder coating is also applied to the
target area [23]. Both active and passive light-
ing environments are supported in this tech-
nique. In the passive technique, the camera
relies on ambient light for illumination;
hence, there is some dependency on the actual
shape and texture of the object. However,
active techniques are less dependent on the
shape of the object because the camera proj-
ects different colored lights to capture images
or videos. Equipment utilizing passive light-
ing can be small, lightweight, and easy to
produce because they do not require other
hardware. Some of the systems utilizing this
technique are Omnicam, FastScan™,
DirectScan, etc. [24].

3. Active wavefront sampling (AWS) is a sur-
face imaging technique that processes data
from a digital camera to generate 3D geome-
tries. The key principle of this technique is
that it uses a special AWS module, which is an
off-axis aperture rotating around the optical
axis and capturing the rotation of target
regions in a circular format on the image
plane. Each point produces a circular pattern,
and the depth can be calculated based on the
radius of the pattern. Intelligibly, it can be
seen as having multiple cameras, as it cap-
tures from different viewpoints, thereby
increasing measurement sensitivity. The
Lava™ intraoral scanner was developed using
this technique [24].

After the scanned data are acquired and recon-
structed, they are stored in several formats to

facilitate them as an input for rapid prototyping
or 3D printing. STL, wavefront 3D object file
(OBJ), and polygon file format (PLY) are among
the standard formats. STL is the most widely
used format which defines the triangulated sur-
face encoding by the unit normal and vertices of
the triangle based on the Cartesian coordinate
system. It is supported by most software pack-
ages, as it is quick and simple to implement,
hence has wider adoption. Since STL format is
readily available from the CAD software, it is
often used to import data to CAM systems. STL
format only describes the 3D surface geometry
without showing the color, texture, or other CAD
attributes [25].

A higher model fidelity requires a greater
number of triangles; thus, the file size increases
exponentially.

Other formats, such as OBJ, are richer and
slightly more accurate as they contain more
information. The OBJ format represents the 3D
geometry, including geometric vertices, texture
coordinates, vertex normals, and polygonal faces.
As the OBJ has color and texture information, it
is appropriate for cases of multicolor and multi-
material 3D printing, as well as complex cases
that require further modeling and editing [26].
However, STL is preferred when sharing designs
intended for 3D printing mainly because of its
simplicity and small file size, making it ideal for
storage and quick sharing.

Another commonly used format specifically
designed for 3D scanners is PLY or the Stanford
Triangle Format, which was originally designed
by the Stanford Graphics Lab to store 3D data
from scanners. In some cases, it can also be used
as an alternative for STL.

2.1.1.3 Accuracy of Intraoral Scanning
Technology

Methods for testing accuracy: Trueness and

Precision (Fig. 2.3).

The accuracy of digital impressions can be
expressed in terms of trueness and precision.
According to ISO 5725-1, trueness is defined as
“the discrepancy between a test object and a ref-
erence model” [26]. It refers to the dimensional
accuracy of the acquired data compared to the
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Fig. 2.3 Trueness and

High Precision Low Precision

precision are methods
for measuring accuracy
of a system

High Trueness

Low Trueness

reference or the “truth.” Precision is the differ-
ence among the multiple acquisitions of data
under the same prescribed conditions. It refers to
the repeatability of data acquired from the same
object [27, 28]. Both trueness and precision are
vital for clinical efficiency and treatment out-
comes, as they are directly related to the dimen-
sional accuracy of prostheses and/or appliances
delivered to the patient (Fig. 2.4).

In Vitro Trueness (Fig. 2.5a)

In vitro trueness refers to testing accuracy using
reference data (“true” data) acquired from a den-
tal cast or a standard dental model. One method is
to compare the intraoral scan data acquired from
a patient with the scan data of the gypsum model
using a model scanner. Another method is to use
a standard master model and perform scans of the
model using an intraoral scanner and a model
scanner and then compare the two scans. The
limitation of the former method is that the refer-
ence scan data for analyzing trueness are the den-
tal cast scan data, and errors may arise from the
impression material. Dimensional changes occur
in the impression material, which leads to inac-
curacies in the dental cast. In contrast, the latter
method is free of errors arising from the dimen-
sional changes of the impression material; how-
ever, scans using intraoral scanners are taken on a

model that is different from the actual patients’
teeth. The intraoral environment is dark and
humid with the tongue and cheek, limiting the
movement of the scanner head. In addition, the
teeth have significant differences in transparency
and optical reflections compared to the dental
models [29]. Therefore, errors in intraoral scan
data may be greater when a patient, instead of a
dental cast, is scanned. Therefore, a dental model
scan is more accurate than that of a real patient,
which leads to an underestimation of the error in
trueness. Nevertheless, it is the most common
method of testing accuracy in trueness, because it
is easy to obtain reference scan data, and many
studies have conducted in vitro evaluations of
trueness using dental casts.

In Vivo Trueness (Fig. 2.5b)

In vivo trueness requires measuring the accuracy
of the intraoral scan data with reference data
taken directly from the patients’ teeth. Obtaining
accurate reference data for the analysis of true-
ness is difficult because dental arches cannot be
scanned with tactile or other high-precision opti-
cal laboratory scanners. Previous studies on true-
ness used dental casts obtained from conventional
impressions as a reference, and errors may have
occurred from the dimensional stability of the
impression material.
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Fig. 2.4 Trueness refers
to the dimensional error
compared to the “truth”
or the reference data.
Precision refers to the
repeatability of the
acquired data

Accuracy

Fig. 2.5 Reference data for trueness can be acquired from a model scan (a) or from a direct scan of the patient’s

teeth (b)

An industrial optical scanner may be used to
obtain reference scan data directly from the
patient’s mouth. Industrial-grade scanners have a
large field of view; thus, fewer images are super-
imposed on each other. It has been reported to
have an accuracy of less than 10 pum, which is
more accurate than conventional impressions
(Fig. 2.6, Table 2.1) [30]. Therefore, it may be
used as a reference for measuring the trueness of
full-arch digital impressions in vivo. In one study,
the labial and buccal surfaces of the incisors and
premolars were captured using an industrial
scanner, and the trueness of the incisors and pre-
molar area was assessed [31]. Another study
evaluated full-arch trueness and precision using
an industrial-grade scanner for reference scans
[30]. As it is not possible to scan the whole arch

Table 2.1 Machine specifications of Solutionix C500
industrial scanner

Solutionix C500 (MEDIT, Seoul, Korea)

Camera resolution 2 x 5.0 MP

Point spacing 0.028 ~ 0.157 mm
3D scanning area 90/175/350/500 mm
(FOV)

3D scanning Phase-shifting optical
principle triangulation
Accuracy 7-10 pm

Light source Blue LED

Mount Detachable scanner head

using industrial scanners, reference spheres were
attached to the canines and molars, and the indus-
trial scanner captured the occlusal and surface of
the dental arch, including the reference spheres,
for analyzing dimensional accuracy (Fig. 2.7).
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Precision

Precision is analyzed from the repeated acquisi-
tion of data. It can be obtained from dental mod-
els (in vitro) or from a patient (in vivo). Similar to
trueness, in vitro analyses underestimate errors

SOLUTIONIX

Fig. 2.6 An industrial scanner, Solutionix C500 (Medit,
South Korea), with an accuracy of 7-10 pm

Fig. 2.7 (a) Intraoral reference scan acquired using an
industrial scanner. (b) The four spheres are automatically
detected, and the distance between the centers of the
spheres is measured using the Geomagic Control X

due to the ease of acquiring scans outside the oral
cavity [32-35] (Fig. 2.8).

Effect of Software Versions on Intraoral
Scanner Accuracy

The software version of intraoral scanners has a
considerable effect on the accuracy of intraoral
scan data. Software algorithms for processing
scanned images are crucial for constructing accu-
rate 3D scan data. Manufacturers continuously
develop scanner software to process the raw data
captured from the scanner with greater accuracy;
therefore, clinicians must undergo software
updates when available. Additionally, calibration
should be performed regularly. Several studies
have been conducted on the accuracy of scan data
based on software updates. It has been reported
that the marginal adaptation of crowns fabricated
using digital impressions improved when the
scanner used updated software [36]. Other stud-
ies showed increased trueness and precision after
software updates. There may be differences in the
improvements in accuracy according to the scan-
ner type.

2.1.1.4 The Various Commercially
Available Intraoral Scanners
Intraoral scanners have been developed by sev-
eral companies in the digital device industry,
such as iTero, Omnicam, and Trios. Europe is one
of the largest consumers of intraoral scanners,

(Evatronix SA, Bielsko-Biala, Poland). (¢) Same proce-
dures are done in the intraoral scan data to measure the
distance between the spheres
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Fig. 2.8 Multiple
intraoral scan data are
compared to determine
precision

followed by North America. There are several
advantages and limitations of different types of
scanners, and they mostly depend on their clini-
cal use, such as in orthodontics, dental implants,
restoratives, and clinician’s preference.

Intraoral scanners with a lightweight and
ergonomic design, including a small scanner
head, facilitate better manipulation. However, a
small head size may have a small field of view,
which is associated with accuracy. In contrast,
scanners with a large head might be difficult for
patients with limited mouth opening or those
with  temporomandibular  joint  diseases.
Currently, there are many different types of intra-
oral scanners available in the market, and below
is the compilation of popular intraoral scanners
(Table 2.2) [23, 37].

2.1.1.5 Application of Intraoral
Scanning in Various Fields
of Dentistry Including 3D
Printing

Digital Orthodontics

One application of CAD/CAM technologies in
orthodontics is the digital tooth setup. After the
diagnosis of malocclusion, the patient’s dental
plaster model is used to simulate orthodontic
treatment by dissecting each tooth from the plas-
ter model and rearranging them into the desired
position. This process provides orthodontists
insights into the possibilities and limitations of
tooth movement. However, this process is time-

Test of in vivo precision

consuming and labor-intensive. Instead of using
the gypsum model, intraoral scan data can be
manipulated to obtain a tooth setup. Initially, the
teeth from the intraoral scan data are individually
segmented. An intraoral scan data contain all
teeth as a single unit. Although each tooth has its
boundary and teeth are not connected, the inter-
dental areas are not captured by the intraoral
scanner, which is called an “occlusion” area
where no data are acquired. The software auto-
matically fills the area of missing data [38].
Therefore, the tooth boundary and long axis of
the clinical crown should be designated, which is
used for tooth segmentation (Fig. 2.9).

After segmentation, the separated teeth are
moved to the desired position using a software.
The digital setup is more efficient than the con-
ventional methods, as it eliminates the process of
making a plaster model, and it is as accurate as
the conventional methods [39, 40]. Digital setup
data can be used to make orthodontic appliances
such as clear aligners and customized brackets
(Fig. 2.10).

3D Printed Dentures (Fig. 2.11)

Conventional removable complete dentures (CD)
are standard treatment protocols for edentulous
patients. Owing to the development of CAD/
CAM technology, digitally fabricated removable
CDs have gained attention in recent years.
Compared to conventional CDs, it requires fewer
visits, as low as two visits for final delivery. At
the first visit, impressions are obtained using



15

2 Principles and Applications of Various 3D Scanning Methods for Image Acquisition for 3D Printing...

(panunuoo)

SOX

0$
000°02$
ON

SOX

9ZIS du()

J[qeAR[O0INY
LS wado

dqelIog

uone[n3ueLL],

BIIOY]
yInos NpaN
00L! PN

SO

S99J UBS
1od 10 UOTSSTWISUET)
€jep ON 'V/N
C66°6€$

ON

SOX

4£9°0% ,£9°0%X.,8Y
Q[qQeZI[IIA)S

189y AI1p (VO
XopI)/ap1D0id) A'TH
1SUQ[ JUB)SISAI-[OJRIOS
aryddes ym (eI

LS wdo
e

uone[n3ueLy pue
KdoosoIomu [Bo0Juo))

vsn
‘euoaig Ardsyuaq

UMEILLNY) IR B[

SOX
Juowr

/6TES :PAOUBAPY
puow/661$
:pIepuelS "9[qe[IeAR
suerd ejep omJ,
S66°S1$

SO

ON

W 7] X W Z°97

PJOJUISIP P[Od
SI pueM QINUL A,

LS uedo
ue)

A3ojoutyoe)
09pIA UONOW-UI-J ¢

vsn
‘[muad 9dSH INE
uontuyaq anIx, WE

SOX

0%
666°61$
ON
ON

9ZIS du()

9[qesodsiq
71LS uedo

d1qenod
AnawoIagrouy
Q3ur]
UOIPIOdIY

VSN ‘oowIQ
woIsAS
uorssarduy
[BISI SOAT

Pno[) SIXawoy
roowIuR[q ‘SOX

K1orey
ON

93Ie[ pue [[RWS

Surae[ooine

10 UOTIOJUISIP
[ed1WIaY D

LS uado
Ieyo [BIUSP UO

pajunour a[qe}Iog

uone[n3ueLLy,

pueuiy
‘eoduIUE[d
presowryg
BOUIUR[]

ON

pue [[ewug

J[qeAR[O0INY
LS wdo

J[qerIog
Kdoosorotur
IOUURDS ISP
[e20JU0D)

VSA ‘e
WEansaIe)

00s€ SO

QJBOTUNUIIOD
adeysg e1a Iojsuen ‘oN

001+$ 03 0061$
000°TH$ 03 000°CT$
ON

SOX

D:w.o x 3tw.o X :\\.v.m

J[qeAe[OOINY
71LS wdo

ITeyd [eJuap uo
pajunow :a[qerod 9re)
Suruueds

[eondo jsejenn pue
Adoosoromu [eoojuo))

yrewuo ‘adeys ¢
@SOULL

ON

I9)JeaIay)
ypuowr

/0€ES "papnjout
Ieok )sIn

ON
SOX

9ZIS U

J[qesodsiq
71LS uedo

Jrqeytod 9re)
Kdoosorotua
Iouueds

I9Se[ [BOOJUOD)
VSN “ouf
A3ojouyoay,
usiy

[QELR

o3ei103S
Pno[y

99J I1eM)JOS
[enuuy
doud yrun
SurLepmod
I0[0D)
J[qe[reAe
sazis di,

sdir,

adK oqg
uoneINIYuod
uone)s YIoM

A3ofouyoay,

Ag pajedrey
[PPOIN

SIQUUEDS [BIOBNUI [qR[IBAR A[[BIOIQWIOD Pasn A[uowwo)) g°Z a|qeL



Y.-J.Kim et al.

16

sarepdn jsej
M QIeM)JOS
myramod
‘wrl 11
Koenooe
yore-[[nj
£OTWOU03Id
pue

‘asn 0) Ased
-00S! PR
uey) 19y3iy
pue I9[ews

00L! P3N

syred Suraow JedI[Op
ou IIM uonnjos
reondo 3snqox
sopiaoid e1owed fasn
pajdnirojuIun SaINSUd
dnyoeq A1oneg

WeSTuwWO HHIHO

Ansnpur

U} Ul ISo[[RWS

) ST pueM MU
{SMOPJIOM JO d3urT
€ 0] suoneIsajur
SSO[WRAS

uonIuyRq ML, INE

S99 ou
ym woperd
uado 9001
woIsAS
uorssarduy
[BISI SOAT

uonovlep
sorred 103 dn
uoneuUIN[[ISUL)
)99 Jorraysod
Surssoooe 10§ dn
QUITWI[S {QIeM)JOS
pue oLl

J9sn paroxdur
OIIOUOTIH
prerowyg
BOQWIUR[J

A3ojojuerduir
pue
‘SoNuOpoII0
‘Ansnuap
QATJRIO)SAI
10J SMOP[IOM
‘wIsAs uado
ue Jo Jed
00s€ SO

jutod Aue

je sueds swnsar pue doys
‘axmdeds uorsnooo-oine
juejsur armded

d3ewr (Y SI0[09 [edY
@SOUL

paads

ueds I9)sey

X()Z ‘S[onuod
ULmg

M SoINedJ
pueM paoUBApPE
{uruueds 10[0d

‘uoneZI[ensIA saIn)eay
g Qum-Teay anbrup
OIaL 1 [9POIN

(ponunuoo) z'z ajqelL



2 Principles and Applications of Various 3D Scanning Methods for Image Acquisition for 3D Printing... 17

Fig. 2.9 (a) An intraoral scan data of a complete arch. (b) Scan data are not captured in the interdental area due to
occlusion. (¢) Tooth segmentation is needed for digital tooth setup

Fig. 2.10 (a) Intraoral scan data of a patient. (b) After digital setup

intraoral scanners. Then, the denture is designed
virtually using a computer software. At the sec-
ond visit, the dentures are provided to the patient.

There are two types of dentures with a digital
protocol: milling and 3D printing. Both types of
CAD/CAM dentures have been shown to have
advantages over conventional CDs, such as better
retention and superior mechanical and surface
properties [41]. In addition, the digital denture
protocol has decreased chair time, laboratory
cost, and overall cost [42]. Regarding accuracy,
CAD/CAM CDs have improved fit and trueness
similar to those of conventional CDs [43].
Therefore, the digital protocol for CAD/CAM
CDs may be especially beneficial for elderly and/
or compromised edentulous patients, because it
minimizes the treatment burden by reducing clin-
ical procedures, time spent, and costs.

Dental Implants (Fig. 2.12)

The digital protocol for dental implants also
saves chair time. For single and double abut-
ments, the total mean time is less than 6 min,
while conventional impressions require at least
20 min [44]. Additionally, digital impressions for
dental implants eliminate the chances of infec-
tion, tray selection procedure, impression mate-
rial distortion [11], and use of impression
copings. In particular, screw-retained impression
copings, which are preferred because of their
higher accuracy, require a wide mouth opening
for loosening of screw retentions on top of the
impression trays. However, using an intraoral
scanner, optical impressions are sufficient
because only scans are needed to record dental
implant positions, preventing the patients from
opening their mouths wide for a long time [45].
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The workflow for an implant prosthesis using
an intraoral scanner involves the following steps:

e Place the intraoral scanner in the region of the
scan body (abutment/analog) in the oral
cavity.

¢ Choose the arch (maxilla/mandible) to obtain
an impression.

e Place the scanner approximately 5 mm away
from each tooth surface and perform a scan of
the occlusal tooth surface.

* Rotate the wand approximately 45°-90° to
scan the lingual side, followed by the buccal
side.

e Scan the surrounding proximal surface to
which the scan body is connected.

Using the CAD/CAM system, abutment and
prostheses are designed and manufactured (sin-
tering and crown milling). Polished and finished
products are then delivered in the patient’s mouth
[11].

When considering implant-supported restora-
tions, passive fit of superstructures is important,
which is directly related to the implant impression
accuracy [45]. Misfit in fixed partial dentures can
result in undue forces on the underlying teeth,
which can still adapt well because of the presence
of periodontal ligaments in the tooth structure. In
contrast, implants are devoid of any periodontal
ligaments, and such forces can result in screw
loosening or implant fracture and other prosthetic
complications [11]. A misfit of 30-150 pm
between prosthetic framework and implant abut-
ment can result in mechanical and biological
complications [46]. To prevent long-term clinical
complications and promote even distribution of
masticatory forces [46], one should aim for a
maximum possible passive fit [11].

The accuracy of digital impressions for
implants depends on several factors, including
implant-abutment connection, prosthetic compo-
nents, clinical experience, placement depth, scan-
ning technique [10], scanner type, and scanner
speed. Thorough understanding of the digital
workflow and good collaboration between the
clinician and dental technician is essential for
long-lasting treatment results.

2.1.2 Desktop Scanning

2.1.2.1 An Introduction of Desktop
Scanning Including Advantages
and Disadvantages

About 30 years ago, 3D scanning of the dental
arch was introduced for use with computer-aided
design and computer-aided manufacturing (CAD/
CAM) technology to make dental restorations
[47]. Its use in dentistry has now expanded sig-
nificantly throughout this time. Desktop/bench-
top scanners/extraoral scanners are devices used
in dentistry to digitalize traditional impressions
or plaster casts/models [48]. The scanning pro-
cess of these scanners uses a nondestructive laser
beam and numerous digital cameras, to repro-
duce high-resolution three-dimensional digital
data of the target’s surfaces [49]. Impressions and
plaster dental models are placed inside a scan-
ning chamber platform that rotates and tilts auto-
matically during scanning, ensuring that the
model’s geometry is covered from all angles [49].
The target object is projected with laser light, and
the cameras capture the object’s mirror image.
Following the completion of the scanning pro-
cess, a rendered digital stereolithographic (STL)
model is formed obviating the requirement for
physical storage of dental models [49].

In simplest term, desktop scanners employ a
nondestructive laser beam to illuminate the target
object and several digital cameras to reproduce
high-resolution images of the target’s surfaces
[50]. Many authors have suggest plaster model
scanning as a potential solution for overcoming
existing limitations in handling traditional plaster
casts along with added advantages in diagnosis,
treatment planning, and communication with
other specialist including laboratory [50-57].
These digital dental models can be integrated
with other diagnostic aids like cone beam com-
puted tomography scan data for treatment plan-
ning, treatment outcome prediction, and creation
of digital 3D printable files of planed devices or
appliances like crown and bridge and surgical
guides [58]. One of the important disadvantages
of these desktop scanners is that most of the
benchtop scanners can only scan 65-70% of
impressions. These scanners have issues getting
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all of the digital impressions data because of the
negative dynamic topography (i.e., undercuts)
[58]. They have difficulty in capturing the areas
of undercuts, especially in cases of mandibular
anterior crowding.

The first step of the digital workflow in den-
tistry is 3D data acquisition of the oro-dental tis-
sue either using desktop scanning of plaster
dental models or using direct intraoral scanning
[59]. The data acquisition by desktop scanners
includes defining of surface topography and
recording the surface data points with a high
degree of accuracy and precision [60]. The
recorded digital scan is then transformed into a
universal file format, i.e., the STL (Standard
Tessellation Language) file. Based on various
scanning technologies and software processing
techniques, the desktop scanners provide datasets
of varied quality [61]. In a recent systematic
review, authors found that the desktop scanners
from different manufacturers of the same genera-
tion have nearly comparable accuracy [62].

2.1.2.2 Technical Characteristics

of Some Commercially

Available Desktop Scanners
A variety of desktop scanners are available,
allowing dentists to scan and digitalize traditional
impressions and models. Technical details of var-
ious commercially available desktop scanners
have been presented in Table 2.1. The detailed
description of some scanners presented below.

1. Maestro 3D Dental Scanner

The Maestro dental scanner system (AGE
Solutions, Pisa, Italy) has a LED projector
with two digital cameras, which capture scans
with 0.07 mm resolution and 10 pm accuracy
(Fig. 2.13) [49]. The Maestro 3D extraoral
scanner comes with several modules: Easy
Dental Scan software for inspection and edit-
ing; Ortho Studio software for tooth, arch,
overjet, and overbite measurements, Cross
sectioning, and occlusion inspection; Virtual
Setup module for tooth movement, distance
and collision evaluation, attachment manage-
ment, modeling, and export for 3D printing.
Scanning of the plaster dental model using
Maestro easy dental scan software is com-
pletely automated. The acquisition of digital
dental model and formation of virtual base
from a plaster model using Maestro easy den-
tal scan software and Maestro 3D dental scan-
ner has been shown in Figs. 2.14, 2.15, 2.16,
2.17, 2.18, 2.19, 2.20, 2.21, 2.22, 2.23 and
2.24.

2. Ortholnsight 3D Laser Scanner

In 2012, Ortho Insight 3D™ (Motion
View Software, LLC, Chattanooga TN) was
launched. The Ortho Insight 3D® desktop
laser scanner allows to convert physical
models and impressions into 3D digital
models quickly and effortlessly [63]. The
scanner uses three lasers which provide a
high-resolution, robotic scan with a

Fig. 2.13 Maestro 3D desktop scanner
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Fig. 2.14 Scanner instructing the placement of both maxillary and mandibular models in occlusion

Fig.2.15 Scanning of maxillary and mandibular models in occlusion

40-200 pm accuracy [49]. The scanning
output can be saved in different file formats
like free open file formats, i.e., STL
(Standard  Triangle Language/Standard
Tessellation Language) file, OBJ (Wavefront
OBlJect) file, and PLY file (Polygon File

Format or the Stanford Triangle Format)
[64]. The software is able to reconstruct
casts along with measuring the distance
between teeth and measuring size of the
teeth as well. By using the software, it
enables us to digitize teeth, detect all the
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Fig.2.16 Scanned digital models of maxillary and mandibular models in occlusion

Fig. 2.17 Next step after removal of upper model, scanning of mandibular model starts

various landmarks, establish a facial axis,
bring the teeth in occlusion, separation of
the teeth from occlusion, measuring the

mesio-distal distance of each tooth.

. 3Shape Company Desktop Scanner
The 3Shape company desktop scanner
(Copenhagen, Denmark) can be used for scan-
ning of impressions and dental casts having

applications in different specialties of dentistry.
They have a wide range of available scanners
(Table 2.3). The R500 and R700 series use red
light laser technology with two 1.3-megapixel
digital cameras which ensure 20 pm accuracy
[49]. The advertised R500 series scanning time
is 2 min and 20 s for a plaster model and 6 min
and 40 s for an impression. The advertised
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Fig. 2.19 Lower model is removed, and the upper model is placed in the scanner for scanning

R700 series scanning time is 1 min and 30 s for
a plaster model and 7 min for an impression
which makes the scanner suitable for medium-
sized orthodontic offices and laboratories.
Ortho Analyzer™ is the 3Shape imaging and
digital model software package which features

sculpt and rebase applications with collision
control, tooth movement simulation, superim-
position of study models with photographs or
DICOM data originating from CBCT scanners,
and digital manufacture of appliances or dental
restorations [49].
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Fig. 2.21 Orientation of scanned digital maxillary model
2.1.2.3 Application of Desktop (Fig. 2.25) of the maxilla or mandible, a various
Scanning in Various Field dental prostheses like dental crowns, bridges, and
of Dentistry Including 3D orthodontic appliances can be designed digitally.
Printing These digital file of prosthesis or appliances can

3D scanning is an innovative method for custom- be saved in STL file format, and then, these can
izing dental appliances utilizing various types of ~be 3D printed for clinical and laboratory applica-
software. On the digital scans of dental arch tions using 3D printers and suitable 3D printable
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Fig. 2.23 Orientation of virtual bases on maxillary and mandibular models in occlusion

materials. 3D scanning technology makes it sim-
ple to replicate a patient’s teeth, jaws, and other
dental devices as closely as possible to the origi-
nal. In the digitized file, a surgeon can make
changes to tools and implants at any moment.
The desktop scanners are already being utilized
to build precise product/medical models in

numerous disciplines of engineering, medicine,
and dentistry. It finds broad application in den-
tistry, allowing for the creation of customized
dental models and drill guides for dental implants
[65]. They are also used in the field of
maxillofacial prosthesis for planning surgeries.
In orthodontics, digital models can be used to



26

Y.-J. Kim et al.

4 Lsestns 30 Dertl Studia
Maestro 3D Dental Studio L * Spe v Sew

" e | I Ao et mmamres | _ Corta Batorato | = Vet S | 5 Vi

B-nl|© |o‘- |"|-!i\ 8

Clinic: 5001 COER AIMS

Luf Bufton Motate |Vitwat Zom | Rt Butfon Par

Doctor: D038 DM

Tl et
TR0 3

Pationt: P-3£60 MR

[ {!'

e @ un 00 *eaN

Fig. 2.24 Final maxillary and mandibular digital models

design and 3D print a wide range of orthodontic
appliances such as customized indirect brackets,
dental models for various stages of aligners ther-
moforming (Fig. 2.26), and direct printable
retainers or aligners [49].

2.1.3 Facial Scanning

2.1.3.1 AnIntroduction to Facial

Scanning Including Advantages

and Disadvantages
The rapid developments in 3D surface imaging
technology have led to its increased use in clini-
cal dentistry helping to overcome the shortcom-
ings of direct facial anthropometry, traditional
usage of plaster models, and 2D photography
[66—68]. 3D facial surface imaging technology or
facial scanning allows to take a digital photograph
that records the human facial surface in three
dimensions by using 3D facial scanners. Facial
scanners are noncontact devices that create a dig-
ital map of the facial surface by collecting its 3D
shape and size data displayed on a 2D computer
monitor giving the depth perception of the image
to appear in 3D. Facial surface information is
captured in the form of an array of data points, or
a “point cloud,” stored as x, y, z coordinates in a

computer file. The “point cloud” describes a sur-
face that captures the finer details and local fea-
tures. By using a specific software, a 3D virtual
image of the face consisting of discrete data
points series is created, as well as polygons con-
necting these points, overlaid by the color map-
ping. The data of this virtual facial surface
represent the original facial surface, recreating its
best possible alignment [69].

Facial scanning is a fast, non-contact, high-
resolution, and non-ionizing
imaging technology that captures facial soft tis-
sues in 3D. Being a non-contact method
improves patient safety by minimizing potential
contamination and discomfort. Performed with-
out contacting the facial tissues, facial scanning
prevents the image distortion; thus, it is an accu-
rate tool for facial measurements (linear, angu-
lar, surface, and volumetric) that can be
performed using the stored virtual facial data by
the clinician and researchers [69, 70]. Using the
appropriate software, facial scans can be rotated,
zoomed, and translated showing a realistic per-
ception and enable mathematical computations
of soft tissues analysis to quantify the treatment
outcomes. Further, facial scans can be merged
with the images of hard tissues obtained from
computed tomography and intraoral scans to

non-invasive,
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Table 2.3 Technical characteristics of some commercially available desktop scanners [37, 49]

Model/
impression
Country  scanning
Scanner name Company of origin  both?
R500™ 3 Shape  Denmark Both
R700™ 3 Shape  Denmark Both
R750™ 3 Shape = Denmark Both
R850™ 3 Shape = Denmark Both
RO00™ 3 Shape  Denmark Both
R900L™ 3 Shape  Denmark Both
R1000™ 3 Shape  Denmark Both
R2000™ 3 Shape  Denmark Both
Maestro 3D AGE Italy Both
Dental solutions
Scanner—
MDS400
7Series Dental Canada Both
Wings
3Series Dental Canada Plaster
Wings
iSeries Dental Canada Both
Wings
Ortho Insight ~ Motion USA Both
3D Digital view
Scanner

Data
acquisition Accuracy Scanning Orthodontic
technology (pm) time software
Red laser 20 Plaster 2 min Ortho System
20s Standard™
Impression
6 min 40 s
Red laser 20 Plaster I min Ortho System
30s Standard™
Impression
7 min
Blue LED 10 Plaster 65s  Ortho System
Impression  Premium™
180 s
Blue LED 7 Plaster 60 s Ortho System
Impression  Premium™
160 s
Blue LED 15 Plaster 1 min Ortho System
20's Standard™
Impression
2min 10's
Blue LED 7 Plaster 40 s Ortho System
Impression  Premium™
120's
Blue LED 5 Plaster 30 s Ortho System
Multi line Impression  Premium™
technology 75s
Blue LED 5 Plaster 30 s Ortho System
Multi line Impression  Premium™
technology 75s
LED 10 2-3 min Ortho Studio
Laser 15 15-min scan DWOS™
and design  Orthodontic
Archiving
Laser 15 10-min scan DWOS™
and design ~ Orthodontic
Archiving
Laser 15 < DWOS™
Orthodontic
Archiving
Laser 40-200 5-min scan  Ortho Insight 3
and D
occlusion

reconstruct the 3D virtual patient. Facial scan-
ning technologies and their computer-based
software analyses provide an efficient tool for
patient data collection for research purposes,
which are less prone to human mishandling, and
offer the benefits of reproducibility, ease of

archive, retrieval, and inter-office transferability
for clinicians [70, 71].

However, commercial facial scanning systems
require expensive hardware and software, and
designated room lead to their affordability only
by specialized research centers or hospitals,
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Fig. 2.26 Final STL file (digital file) showing different treatment stages for 3D printing of dental models for aligner

thermoforming

remaining cost-prohibitive in health care includ-
ing cleft centers or the dental clinicians in clinical
routine [72]. Some 3D systems are affected by
light conditions, for example, fluorescent light
(having a frequency not synchronized with cam-
era’s framerate) or strong light such as direct sun-
light, resulting in over-saturation of images.

Camera calibration is required once in a while,
especially if the system is moved to a different
location. It is important to note that most scan-
ning systems are not harmful to humans, but
some laser-based systems can be used only if
projected on static objects but harmful to human
eyes, especially if in the non-visible spectrum.
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Further, proper trained personnel and continued
education regarding 3D facial imaging tech-
niques and their software are mandatory. For
these reasons, inexpensive facial scanning sys-
tems with increased portability such as a hand-
held facial scanner or that allows patients to take
3D images by themselves are entering the market
as a tendency of the future facial scanning revolu-
tion in dentofacial settings [73, 74]. Also, it can
be expected that high-quality 3D scans will be
available on mobile devices in the near future and
freely accessible to all.

2.1.3.2 Various Facial Scanning
Technologies

Understanding the science behind different scan-
ning methods is crucial for clinicians to select the
appropriate facial scanning system for their den-
tal practice or medical institution. The main 3D
facial scanning methods are laser, structured
light, and stereophotogrammetry [75-77].

The acronym LASER stands for light amplifi-
cation by stimulated emission of radiation.
Basically, laser is an energy form consisting of a
narrow amplified light beam, characterized by
spatial and temporal coherence. Laser scanning
typically uses one or more laser beams projected
onto the facial surface, complemented by custom-
built sensors acquiring the reflected light and
then calculating the x, y, z coordinates of the sur-
face by triangulation [78, 79].

The laser facial scanning or contact digitiza-
tion is noninvasive, done within a few seconds,
accurate to approximately 0.5 mm, with some
advantages (portability, speed, cost of laser scan-
ners) in comparison with other types of 3D imag-
ing technology for creating 3D images [80-83].
Minolta Vivid 910 3D Scanner (Konica Minolta
Sensing, Inc., Osaka, Japan) with their recording
intervals of 2.5 s per shot, high resolution, and
the opportunity to link several scanners together
proved to be practical, handy, precise, and accu-
rate enough to assess facial morphology, its sym-
metry, and changes due to growth or clinical
intervention, in plastic surgery and further clini-
cal application [80, 83].

Structured light technology is based on the
structured light patterns of white light being pro-

jected onto the subject. To acquire a single image
of the face, one or two digital cameras at a known
distance calibrated with the specifics of the pro-
jected light pattern from a video projector are
used to catch 3D data using a standard triangula-
tion method. The system’s software captures the
distortion of the light pattern, generates the
shape and registers the accurate information of
color and texture, and reconstructs the final 3D
image [84]. 3D structured light scanners can
obtain the facial geometric, color, and texture
information without radiation and in high resolu-
tion, together with advantages of portability,
decreased cost, ease of operation, and short scan
time [85-89]. Basically, two options exist for
pattern projection, a single pattern (lower accu-
racy, shorter capture time) versus multipatterns
(higher accuracy, longer capture time). The sin-
gle pattern is better suited for dynamic objects,
while multipattern is better for static objects. To
obtain a highly accurate and dense model, it is
needed to illuminate the face with random pat-
terns of light several times which needs patient
collaboration and increases the capture time.
Also, because it is difficult for one camera to
provide an ear-to-ear capture, it may be neces-
sary to use several cameras. A structured light
3D scanner using projected light patterns and a
single camera, providing facial scans with
extreme accuracy and a high resolution [87, 88]
(Fig. 2.27), offers a cost-effective approach as
stated by Amirav et al. [86, 87].

FaceScan3D (3D-Shape, Inc., Erlangen,
Germany) and Artec EVA (Artec EvaTM; Artec
Group, Luxembourg) are commercially used
scanners to accurately capture and evaluate soft
tissue changes in clinical dentistry [85, 90, 91].

Stereophotogrammetry is a 3D facial scanning
technique used to capture topographic surface
data based on the triangulation and fringe projec-
tion method. An image can be obtained by means
of one or more simultaneous stereo pairs of pho-
tographs [92]. A 3D camera can capture the cor-
rect geometry and texture information of facial
soft tissue surface which its corresponding soft-
ware uses further to reconstruct the virtual 3D
facial images. Fast acquisition time of stereopho-
togrammetry enables to eliminate inaccuracies
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Fig. 2.27 (a) A noncontact structured light 3D surface
scanning technology developed by the Geometric Image
Processing (GIP) laboratory, Faculty of Computer
Science, Technion—Israel Institute of Technology, Haifa,
Israel. It consists of a DLP projector (Toshiba TDP-FF1A
Projector, 800 x 600 pixels); digital video camera PTGrey
Flea 3/CCD Camera (Point Grey Research® Inc.), gray

related to motion artifacts, making it clinically
advantageous in comparison to structured light,
especially for children, together with its short
calibration process, and proved accurate land-
mark detection process [76]. Vectra H1 (Canfield
Scientific, Parsippany, NJ, USA) that merges 3D
stereophotogrammetry and stereophotometry,
Scanify (Fuel 3D Technologies, Chinnor, UK)
and 3dMD technology (3dMD, Atlanta, USA)
that integrates stereo and structured light (usually
projecting a single constant light pattern in the
near-infrared range being used to assist the stereo
correspondence algorithm) are widely used 3D
surface imaging system [93].

2.1.3.3 Accuracy of Facial Scanning
Technology

The facial scanners’ accuracy in clinical practice
is a major focus of current research due to the
evolution of 3D surface imaging technology and
the need to clinically use it for diagnostic evalua-
tion with reliability. Facial scanners must accu-
rately and precisely quantify facial surface
topography as well as or better than traditional

scale (1280 x 960 pixels), synchronization switch and
cable between camera and projector, and aluminum pro-
jector cage. (b) Structured light 3D surface imaging tech-
nique setup during moulage scanning process. (Courtesy
of GIP Lab, Faculty of Computer Science, Technion—

Israel Institute of Technology, Haifa, Israel; with

permission)

anthropometry with its soft tissue and craniofa-
cial measurement standards [76, 84, 94-103].
The nominal accuracy (NA) of a scanner repre-
sents the best measurement accuracy of the scan-
ner as obtained by measuring standard geometric
entities being provided by manufacturers.
However, the clinical performance of a facial
scanner can be affected by many factors and
reduce its final accuracy. Also, human patients
are not static as geometric objects used for cali-
bration and accuracy estimation, and also human
skin absorbs more light than the calibration
objects. The difference between a real person’s
face and its scanned image with a more complex
shape makes the practical accuracy (PA) of facial
scanners to be different from NA and more rele-
vant for clinical use [99, 100]. The nominal accu-
racy of 3dMD Face System (3dMD, Atlanta,
USA) based on stereophotography is of 0.2 mm.
Ye et al. (2016) found that the structured light
scanning system and stereophotogrammetry
scanning systems have high accuracy, reliability,
and reproducibility in scanning and quantifying
the human faces [103].
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The literature increasingly reports that data
derived from laser scanning are highly accurate
when compared to direct anthropometry and
laser facial scanners can be used in dentistry with
a high degree of accuracy, precision, and reliabil-
ity for soft tissue evaluation. Using the laser
scanning, a constructed patchwork of triangles
represents the facial contour with a precision of
0.5 mm. The Minolta Vivid700 3D surface laser
scanner (Minolta USA, Ramsey, NJ) has shown
to be accurate, offering great research potential
and applied to evaluate orthodontic treatment
changes, growth, and surgical simulations [104].
Also, the reliability and accuracy of certain 3D
stereophotogrammetry systems for soft tissue
facial measurements have been reported [76, 86,
90-93].

2.1.3.4 Technical Characteristics

of Some Commercially

Available Facial Scanning

Devices
A 3D facial scanner represents a noncontact opti-
cal measuring device able to capture during a short
scanning process (typically less than 1 s) a scanned
3D facial model with real skin texture color in
open data format. Most of the facial scanners are
mainly laser-based, 3D-stereophotogrammetric,
and structured light-based. Currently, a variety of
commercially available 3D surface imaging sys-
tems and facial scanners are in use in the dental
market [73, 105-109] (Table 2.4).

One of the most efficient stereo photogram-
metric systems used is the 3dMD technology
(3dMD LLC, Atlanta, GA, USA). With 3dMD,
3D imaging protocols are no longer dependent on
capturing that one vital 3D image in a single
point-and-click setup. Temporal 3dMDface and
3dMDtrio Systems for ear-to-ear face capture, in
contrast to other commercially available static
3D surface scanners that take one scan at a time
over a duration of time, capture a progressive
sequence of dense-surface 3dMD images at
1-120 3D frames per second. With a progressive
sequence of 3dMD images, researchers now
measure anatomical shape change in relation to
particular facial functions and expressions. Due
to its sophisticated algorithmic usage of a multi-

camera system able to achieve optimal 3D sur-
face coverage of the designated craniofacial
complex, rapid image acquisition, and ear-to-ear
capture with high facial geometric accuracy of
<0.2 mm RMS (root mean square), the 3dMD
technology reduces the artifacts and is capable of
linear, angular, and volumetric measurements of
3D surfaces (Fig. 2.28) [96, 98].

2.1.3.5 Application of Facial Scanning
in Various Fields of Dentistry

3D imaging of the face plays a crucial role in dif-
ferent specialties including maxillofacial prosth-
odontics, orthodontics, craniofacial surgery, the
pediatric craniofacial area as an essential tool for
diagnosis, treatment planning and outcome eval-
uations of craniofacial morphology, growth of
young children with and without facial deformi-
ties, and human facial expression and aging due
to ability to record changes in facial morphology
[69, 75-78, 110-118]. 3D facial imaging is use-
ful in monitoring the effects of treatments such as
functional appliances and assessing the effects of
extractions as part of orthodontic fixed appliance
therapy [110-112] and postoperative facial swell-
ing following orthognathic surgery due to the
ability to record the volumetric changes [113].
3D digital surface imaging enables a relatively
accurate registration of growth and 3D facial sur-
face morphology in children and adults, includ-
ing those born with cleft lip and palate (CLP)
enabling an accurate registration of 3D soft tissue
morphology for preliminary diagnostic record,
surgical lip closure, rhinoplasty, and orthognathic
cleft surgeries at their late stages of final rehabili-
tation [114]. 3D data acquired by facial scanning
can also be used for rapid prototyping to create
facial prosthesis to reconstruct the lost facial tis-
sue caused by trauma or malignancy [115]. 3D
imaging technique can be used in prosthodontics,
for example, for a better and more comprehen-
sive aesthetic treatment planning in patients with
severe tooth wear due to ability to visibly detect
the changes in facial appearance caused by an
artificial increase of vertical dimension of occlu-
sion [116].

In craniofacial genetic research, facial scan-
ning helps to describe anatomical variations and
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https://3dmd.com/products/#https://3dmd.com/products/
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Fig. 2.28 Imaging acquisition with the 3dMDface
System. (Courtesy of 3dMD LLC, Atlanta, GA, USA;
with permission. ©2021 3dMD. All rights reserved)

craniofacial growth patterns in order to perform
quantitative genetics based on morphometric
traits in understanding the aetiology of craniofa-
cial anomalies [117]. Recently, facial scanning is
gaining a great interest in studying facial mor-
phology and facial expression while aging, also
to better understand the sexual dimorphism of
human faces and accurately categorize human
faces by sex using 3D facial images [118-121].
The recent advancement of deep learning
methods adapted to 3D models has an impact in
this field also. Current trends and applications
include classification and segmentation of teeth,
palatal and dental shape, and dental occlusion
and are summarized in a few surveys [122-125].
As deep neural networks exhibit ever more profi-
ciency, specialized 3D datasets continue to accu-
mulate, and more effort is bestowed from
industrial applications as well as academic
research, this trend is only expected to continue.

2.2  lonizing Surface Imaging

2.2.1 Cone Beam Computed
Tomography Imaging

Cone beam computed tomography (CBCT) was
first introduced for dental use in 1998 by Mozzo
et al. [NewTom 9000 (Quantitative Radiology,
Verona, Italy)] [126]. It overcomes the limita-
tions of two-dimensional (2D) conventional
imaging in dentistry like superimpositions, dis-

tortions, and magnifications by offering high-
resolution, three-dimensional image accuracy
with multiplanar reconstructions at reduced radi-
ation exposure than conventional CT [126]. The
rapid development of improved, fast, cost-
effective computer technology and software
applications in dentistry has led to its incorpora-
tion in mainstream dentistry today. Its applica-
tions in dentistry have diversified from implant
planning and orthodontic/orthognathic treatment
planning in the early years to almost every disci-
pline in dentistry [127].

2.2.1.1 Basic Principle of CBCT Imaging

CBCT is a form of computed tomography where
the region of interest (ROI) is scanned by a cone-
shaped X-ray beam in a single rotation of 180°—
360° around a vertical axis of the patient’s head
and the imaging data are captured by detectors
and processed by speciality software to construct
2D and 3D images in multiple anatomic planes
[127]. The X-ray generation is at 1-5 mA and
90-120 kVp with an exposure time ranging from
5 to 40 s. The exposure can be pulsed or continu-
ous with pulsed X-ray systems exhibiting
improved spatial resolution due to reduced
motion effect. The gantry of CBCT usually
allows for the patient to be seated and/or standing
with wheelchair access, while some old models
had supine positioning. The positioning of the
patient’s head in the unit is usually assisted by
lasers, while immobilization of the patient’s head
during exposure is achieved by chin cups, bite
forks, or head restraints (Fig. 2.29) [126]. The
size of the scanned object volume in ROl is called
the field of view (FOV) and varies between dif-
ferent CBCT units (small, medium, large). The
range of FOVs available is from 3.0 cm
(H)x3.0cm (D) to 24 cm (H) x 16.5 cm (D). The
FOV depends on the type and size of the detector
and the degree of beam collimation of the X-ray
tube head [127]. Most CBCT machines have col-
limators with predefined openings according to
FOV sizes [128]. The detectors are image intensi-
fier tube (IIT)/charge-coupled device (CCD)
combination or flat panel detectors (FPDs). The
FOV of FPDs is cylindrical, while IIT detectors
have spherical FOV [127]. FPDs have a higher
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Fig. 2.29 Showing acquisition of CBCT scanner using
i-CAT CBCT scanner

spatial resolution than IIT/CCD, and recently,
complementary metal-oxide—semiconductor
(CMOS) detectors with large FOV, high resolu-
tion, and low electronic noise have become avail-
able [128]. The individual volume elements in
the acquired CBCT volumetric data are called
voxels, and they are isotropic, i.e., equal in all
three dimensions and can vary from 0.4 to
0.076 mm?®. The voxel size determines the num-
ber of basis images acquired during exposure
[127]. The captured 2D images undergo prepro-
cessing for correction of inherent pixel imperfec-
tions, variations in sensitivity, and uneven
exposure before cone beam reconstruction with a
filtered back projection called the Feldkamp,
Davis, and Kress (FDK) algorithm. The recon-
structed volume can be visualized in 1:1 ratio as
various 2D cross-sectional images (axial, coro-
nal, sagittal) and multiplanar reformation (MPR)
(oblique, curved planar reformation and serial
transplanar reformation) [126, 128]. Ray sum
function adds up adjacent voxels to display thick-
ened MPR slices like panoramic or cephalomet-
ric projections. Volume rendering function
selectively displays voxels within a dataset to
visualize volume using direct or indirect volume
rendering tools. Maximum intensity projection
(MIP) is the most commonly used direct volume
rendering tool in which voxels with highest den-
sity values within a particular thickness are dis-

played, while voxels below the arbitrary threshold
are excluded [126, 128]. The CBCT volumetric
data are always in standardized file format, i.e.,
Digital Imaging and Communications in
Medicine (DICOM 09v11dif) compliant with
ISO 12052. Most of the CBCT scanners have
their own built-in proprietary software which
convert the file formats into DICOM which
makes it easy for telecommunication and to use
with other third-party software applications like
CS3D, Dolphin 3D, Easy Guide, InVivo Dental,
On Demand 3D, OsiriX, and Procera [126, 127].
Salient characteristics of various commercially
used CBCT machines have been presented in
Table 2.5.

2.2.1.2 3D Printing with CBCT Imaging

CBCT scans offer adequate resolution of images
at lower radiation exposure for 3D rendering and
reconstruction of dentomaxillofacial region for
various applications in dentistry. 3D rendering
involves segmentation or virtual separation of the
anatomical region of interest from the surround-
ing structures for better visualization and analy-
sis. Segmentation can be performed manually or
semiautomatically using computer-aided
approach (hybrid). The manual approach is time-
consuming and is user-dependent involving slice
by slice pooling of all slices to reconstruct the
desired 3D volume but is also considered as the
gold standard. The semi-automatic method is
performed with the help of software, is faster, and
is not user-dependent, thus useful for clinical and
research purposes. Segmentation allows for con-
version of the stacked 2D DICOM images to
Standard Triangulation Language (STL) data for-
mat, a stereolithography file format commonly
used for 3D printing. There are many commercial
(fee-based) and open-source (free) software
packages for segmenting DICOM images to STL
format like 3D slicer, 3D views, Image J,
InVesalius3, Mimics, OsiriX Lite, Dolphin 3D,
and ITK-Snap. The construction of digital 3D
model teeth and jawbone from CBCT of patient
with multiple impacted anterior teeth was done
with  Materialize ~ Mimics  version  22.0
(Materialize NV, Belgium). The region of inter-
est, selected in segmentation process to generate
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T LED

aame

Fig. 2.30 3D model of maxillary and mandibular teeth after segmentation process then exported and saved in STL

format (Mimics Innovation Suit software)

a digital 3D model of impacted teeth. The 3D
model after segmentation process was exported
and saved in STL format (Fig. 2.30). Cleaning
the mesh of STL file was performed with
Meshmixer (Autodesk) (Fig. 2.31). The final
STL file of segmented teeth had been used for
printing 3D models using FormLabs 3B 3D
printer (Somerville, Massachusetts, United
States) using surgical guide-V1 resin by
FormLabs (Figs. 2.32 and 2.33). The model was
printed in 4 h 30 min, and it took total 37.27 mL
of resin. Use of artificial intelligence through
deep learning and convolutional neural network
(CNN) has shown promising results in automated
segmentation of anatomical structures in CBCT
[129, 130]. Diagnocat (https://eu.diagnocat.
com/) is an Al analysis of dental X-rays, which
can be used to create the STL—creation of 3D
models from CBCT data. The same CBCT data
were used to create the 3D model of maxilla and
mandible including teeth in STL file format
(Fig. 2.34) and then segmented of the maxillary
and mandibular teeth (Fig. 2.35) using Al pow-
ered Diagnocat software. The easy operation and
speed are the main advantages of Al powered
Diagnocat software over the Materialize Mimics.
The accuracy of the CBCT-derived 3D models

depends on voxel size, FOV, patient positioning,
artifacts, beam inhomogeneity of CBCT scanner,
and the software packages used. Voxel sizes of
200 and 300 pm were found to underestimate 3D
CBCT volumetric data which were significant for
300 um as compared to voxel sizes of 76 pm and
micro-CT (41 pm) [131, 132]. Smaller the voxel
size, higher the resolution of the DICOM images
and greater the accuracy of the 3D models.

2.2.1.3 Advantages of CBCT Over CT

CBCT has several advantages over conventional
CT as it is cheaper and requires less space and
lower effective radiation dosage to patient. The
effective dose (E) depends on the category and
model of CBCT scanner and ranges from 29 to
477 pSv which can be further reduced by varying
patient positioning (tilting the chin) and supple-
mentary personal protection like lead aprons and
thyroid collars. The dose reduction for oral and
maxillofacial imaging is 98.5-76.2% as com-
pared to conventional CT. Some CBCT units are
hybrid type as they also offer panoramic and
cephalometric imaging. The CBCT scanners can
collimate the X-ray beam to selected FOV and
thus reduce radiation exposure to the patient and
minimizes scattered radiation that degrades
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Fig.2.31 STL file of 3D model of maxillary and mandibular teeth transferred to the Meshmixer (Autodesk) software
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Fig. 2.32 Final STL file of 3D model of maxillary and mandibular teeth ready to 3D print using FormLabs printer

image quality. The voxels in CBCT are isotropic
in all three proportions and produce a 1:1 image
with submillimeter resolution (0.4-0.076 mm).
Measurements calculated on screen are accurate
with no distortion or magnification. The single
rotation used in CBCT scanners reduces the scan
time ranging from 5 to 40 s, thus reducing patient

motion artifacts. The display modes for maxillo-
facial imaging in CBCT are very unique as it pro-
vides images in orthogonal planes and
non-orthogonal (MPR) planes like oblique,
curved planar (simulated panoramic images) and
serial cross-sectional reformation. 3D visualiza-
tion can be seen in ray sum, MIP, and 3D
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Fig. 2.33 Front and side (right and left) view of 3D printed model of maxillary and mandibular teeth using FormLabs

printer

Diagnocat

® tooth 21

j toath_5

Fig. 2.34 CBCT data were used to create the 3D model of maxilla and mandible including teeth in STL file format

using Al powered Diagnocat software

computer-generated models. Various artifact
suppression algorithms are now available to
reduce the metal artifacts in secondary recon-
structions [126, 133].

2.2.1.4 Limitations of CBCT

The disadvantages of CBCT as compared to con-
ventional 2D imaging in dentistry are the high
radiation dosage to the patient. Various guide-

lines and recommendations for application of
CBCT in dentistry have been issued to limit
unnecessary radiation exposure to patients [134,
135]. The principles of ALARA (as low as rea-
sonably achievable) and ALADA (as low as diag-
nostically acceptable) have been recommended
for rationalizing use and referral for CBCT [136].
The clarity of CBCT images is affected by the
cone beam projection geometry, detector sensi-
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Diagnocat

® wath

®

Fig. 2.35 CBCT data were used to create segmented 3D model of the maxillary and mandibular teeth using AI pow-

ered Diagnocat software

tivity, contrast resolution leading to noise, arti-
facts, and poor soft tissue contrast. Artifacts in
CBCT limit adequate visualization of structures
in ROI and are caused by beam hardening (cup-
ping artifacts, streaks, and dark bands), patient
movement (unsharpness, blurring),
related artifacts (circular-/ring-shaped), and cone
beam-related artifacts (partial volume averaging,
undersampling and cone beam effect). Large
volume of object during scanning causes scat-
tered radiation and image noise leading to degra-
dation of image quality. CBCT images have poor
soft tissue contrast due to increased image noise,
divergence of the X-ray beam, and numerous
FPD-based artifacts. There is also limited corre-
lation with Hounsfield units for standardized
quantification of bone density [126, 133].

scanner-

2.2.1.5 Application of CBCT Data for 3D
Printing in Various Field
of Dentistry
The first 3D printing technology was introduced
by Charles Hull in 1986, and since then, it has
been widely used in the industry, design, engi-
neering, and manufacturing fields. It has also

been used for surgical planning, custom surgical
devices, and patient—physician communication in
the fields of traumatology, cardiology, neurosur-
gery, plastic surgery, and cranio-maxillofacial
surgery. Its use in dentistry ranges from prosth-
odontics, oral and maxillofacial surgery, oral
implantology, orthodontics, endodontics, peri-
odontology, and restorative dentistry. The various
3D printing technologies can accept computer-
aided design (CAD) data based on 3D imaging,
and hence, various applications have come into
practice that allow for a low-cost and personal-
ized service with simplification of the workflow
related to digital dentistry. It is especially helpful
where mechanical processing is inconvenient for
products with complex and fine structures using
multiple laboratory procedures [137, 138].
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3.1 Introduction

Three-dimensional (3D) printing is becoming an
integral part of dental and medical sciences,
expanding to all the major aspects of oral health,
beginning from diagnosis and treatment planning
to treatment execution and  follow-up.
Improvement in technology has developed and
brought up an integrated digital system that has
the potential to be used extensively for clinical
care of patients and research by healthcare pro-
fessionals throughout the world.

The term “3D printing” is relatively new;
however, 3D printing technologies and their con-
cepts are not recent. 3D printing is generally used
to describe a manufacturing approach that builds
a three-dimensional object from a computer-
aided design (CAD) model, one layer at a time,
adding up to multiple layers to form an object.
The process of 3D printing involves depositing
the material layer by layer in horizontal cross
sections to form a complete object. This process
is more correctly described as additive manufac-
turing and is also referred to as rapid prototyping.
For an object to be in 3D, it has to have three
axes: the x-, y-, and z-axis (Fig. 3.1) where x-axis
is horizontal axis, y-axis is vertical axis, and

Y axis

Fig. 3.1 An object depicting the 3 Dimensions in three
planes i.e., x-, y-, z-axis

z-axis is the depth (height) axis. The z-axis or the
depth axis is the one that gives a 3-dimensional
meaning to the object [1, 2].

The materials used to print these solid 3D
objects can be metal, resin, and other biocompat-
ible variants. The various methods that apply the
principle of additive manufacturing are stereo-
lithography (SLA), fused deposition modeling
(FDM), selective laser sintering (SLS), PolyJet
printing, and bioprinting [3].

3D printing is a part of the digital workflow in
the dental office. The digital workflow involves a
series of sequential unidirectional patterns that
involve 3D scanning, treatment planning, com-
puted-aided designing (CAD), and 3D printing
process. In a conventional orthodontic workflow,
plaster models are made by taking physical
impressions of the patient’s oro-dental tissues. In
contrast, in a digital workflow, 3D printing is
used to make a model using the stereolithography
(STL) file of the digital model generated through
either intraoral or desktop scanning and CAD.
STL has several acronyms such as “Standard
Triangle Language” and “Standard Tessellation
Language” [4].

This chapter will discuss the commonly used
3D printing technologies and their applications in
dentistry.

3.2  Brief History

The concept of 3D printers was visualized almost
four decades ago but has gained momentum in
the last two decades in the dental field. The ini-
tiation of 3D printing technology dates back to
1980 when Hideo Kodama from Nagoya Japan,
at Municipal Industrial Research Institute, con-
ceptualized the single-beam method of curing.
In his experiments, ultraviolet (UV) rays were
used using Toshiba mercury lamp along with
photosensitive resin. For each corresponding
cross section, a black and a white film was used
as a cover to shield and manage the region of
exposure. These basics of solidification of poly-
mer in thin consecutive layers are what later lead
to development of stereolithography (SL) tech-
nology [4].
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Three years later, in 1984, Chuck Hull made
3D printing a reality by inventing the first com-
mercial rapid prototyping technology, i.e., stereo-
lithography (SLA) and the STL file format. He
developed the concept of 3D printing while using
UV light to cure tabletop coating [5]. In 1984 and
later in 1986, he received the US patent for the
same [5]. Hull defined stereolithography as a
method and apparatus for making solid objects
by successively printing thin layers of the ultra-
violet light-curable material one on top of the
other. He also founded the company 3D systems
to commercialize the first computer for quick
prototyping, called SLA-1 stereolithography
(SLA) 3D printer in 1986 (3D Systems, Rock
Hill, SC) [5]. In 1988, Scott Crump invented
another technique called fused deposition model-
ing (FDM), which was later commercialized by
Stratasys (Stratasys Ltd., Minneapolis, MN;
USA) in 1990. Crump also developed acryloni-
trile butadiene styrene (ABS) material for FDM
machines that are being used widely by the
majority of FDM 3D printers today. In 1998,
object geometries (a subsidiary of Stratasys) was
founded that developed the PolyJet photopoly-
mer (PPP) printing [6].

In 1984, Carl Deckard at the University of Texas
conceptualized the idea of SLS (Selective Laser
Sintering) method independent of SLA and FDM
technology. While the SLA and FDM were useful
in making plastic (synthetic resin) and nylon parts,
the SLS was able to solidify metal powder on expo-
sure to a laser beam to make the prototype in metal
parts. In 1992, DTM (Desktop Manufacturing)
Corporation was founded by Deckard to manufac-
ture the first SLS printers. Later, DTM Corporation
was acquired by 3D Systems.

EnvisionTEC (Envision TEC, Dearborn, MI;
USA) was founded in 2002 by engineer entrepre-
neur Al Siblani. EnvisionTEC is the biggest digi-
tal light processing (DLP) printer’s manufacturer.
DLP is a registered trademark of Texas
Instruments Incorporated, Dallas, TX, USA. It is
similar to SLA except for the light source; in con-
trast to the SLA laser, a projector is used in DLP
to cure the entire layer at a time.

Many industrial patents of the 3D System and
Stratasys companies expired a few years ago. In

2005, Stratasys FDM Software patent expired,
and the RepRap Project (The Replication Rapid-
Prototype Project) of Dr. Adrian Bowyer launched
an open-source project to develop a 3D printer
that can design itself—or at least print most parts
of it [7]. The most popular open-source 3D printer
for dental applications are FormLabs printers.
FormLabs was officially founded in 2011 and
brought their first desktop-sized, easy-to-use, and
affordable stereolithography 3D printers (Forms 1
and 2). In 2019, FormLabs developed the Form 3
and Form 3L. Form 3 uses low force stereolithog-
raphy (LFS), a new SLA technology developed
by FormLabs that promises smoother surface fin-
ish and more detailed prints.

At present, several companies are offering
many variants of printers that use versions of
SLA, FDM, PolylJet, and DLP technologies for
dental applications. Over the year, 3D System and
Stratasys have acquired other companies with dif-
ferent 3D printing technologies and have become
the biggest and best 3D printing companies. Other
popular manufactures of the 3D printer for dental
applications are EnvisionTEC and FormLabs.

3.3 BasicTerminologies

3.3.1 2D Printing

Two-dimensional printing is similar to the pro-
cess of printing like we do to print a picture using
ink printers. These printings can be seen in two
dimensions, only, i.e., x- and y-axis. Printing
from left to right will be a horizontal axis, i.e.,
x-axis, while the top to bottom will be the vertical
axis, i.e., y-axis [4].

3.3.2 3D Printing

It is a technology, where a 3D printer lays down
the material in sequential layers, i.e., one layer at
a time in order to print an object. Since the pro-
cess involves adding the material one layer fol-
lowed by subsequent layering, it is called as
additive manufacturing. Along with the x- and
y-axis, the z-axis is seen, which is called the
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depth axis. z-axis is the height of the object that
gives it a 3D shape [1, 2]. Few examples of such
printers are as follows: SLA, DLP, FDM, SLS,
inkjet, EBM (electron-beam melting), and LOM
(laminated object manufacturing).

3.3.3 Additive Manufacturing

In 3D printing, additive manufacturing is a pro-
cess in which sequential material layers are put
on top of each other and ultimately shaped into
an object [4].

3.3.4 Subtractive Manufacturing
(Computer-Aided
Manufacturing or Milling)

This process is just the opposite of additive man-
ufacturing. In this, a single block of material is
carved out to produce the object, e.g., milling
seen in CEREC (Chairside Economical
Restoration of Esthetic Ceramics).

3.3.5 Intraoral Scanning

Intraoral scanner captures the optical images of
the dental hard and soft tissues. The light source
from the handheld scanner is directed over the
area to be scanned, e.g., teeth, and gingiva etc.
The image is captured by sensors, which is pro-
cessed with the help of software by generating
point clouds. The software then analyses these
points, which help in creating a mesh framework
giving the final virtual image of the scanned
object [8].

3.3.6 Desktop Scanning

This type of scanning is used to scan the object
physically, i.e., scanning of impression can be in
alginate or polyvinyl siloxane or the gypsum
cast [4].

3.3.7 STL File (Stereolithographic
File or Standard Tessellation
Language File)

STL is the global format for the 3D printing files.
As the object is scanned with the scanner (intra-
oral scanner/desktop scanner), it is stored in the
computer in STL file format [4].

3.3.8 Stereolithography (SLA)

It is a rapid prototyping technology that will be
discussed in detail later in the chapter.

3.3.9 Stereophotogrammetry

It is a 3D camera technology where the cameras
are arranged as a stereo-pair. Here, the 3D coor-
dinate points are marked on an object (e.g., face)
followed by photographs taken from different
angulations and positions. The image is then cal-
culated by collecting the points which are
obtained along the X, Y, and Z system of coordi-
nates [9].

3.3.10 Computer-Aided Design (CAD)

The CAD program is used to begin processing
and preparation of the file for printing or mill-
ing. It is a software on the computer that pre-
pares the STL file for 3D printing of the intended
object [4].

3.3.11 Resolution

It is one of the way to measure the print quality of
a 3D printer. It is of two types horizontal and ver-
tical resolution [10].

3.3.11.1 Horizontal Resolution
It is the smallest movement that a printer’s
extruder makes with a layer along the x- and
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y-axis, i.e., 2 dimensionally. The lesser the value,
the higher the details of the printed object, hence
better the resolution.

3.3.11.2 Vertical Resolution

It is the movement that a printer’s extruder makes
with a layer along the z-axis. It can also be
defined as the minimum thickness of the layer
that can be printed in one pass by the printer
head while the object is being printed. The
smaller the layer height, the better will be the
surface finish yielding more details and thereby
longer time to print.

While choosing a print resolution for dental
or orthodontic models, a maximum accuracy of
100 pm has been seen to be adequate to manu-
facture high-quality models for diagnostic pur-
poses, retainers, and other appliances. But for a
print with better resolution, it might take a lon-
ger time to print. According to the American
Board of Orthodontics, for a model to have high
quality, it can be printed with a layer height of
16 microns (16 pm or 0.016 mm). Conversely,
for printing models at a higher speed with
decreased surface quality, they can be printed
with a layer height at approximately 30 microns
(30 pm or 0.030 mm) [11].

3.3.12 Accuracy

In simple terms, accuracy is how closely the 3D
printed model resembles the digital model. It
determines the repeatability of a scanner. Two
different terms that represent accuracy are
“Trueness and Precision.” Trueness is defined as
the comparison between reference data and a test
data set, while precision is the comparison
between the numerous data sets that are obtained
from the same object by using the same scanner
(repeatability). Researchers measure potential
deviations between the reference data set and the
test data set, thereby determining the real accu-
racy of a scanner [12].

3.4 Various 3D Printing
Technologies for Oral Health
Applications: Principles and

Applications

The process of 3D printing typically starts with a
3D model, which is digitally designed or obtained
by physical object scanning.

The process of 3D printing can be broadly
divided into three steps;

GENERATION 3D Printing
of CAD SLICING of of CAD
CAD model
model model

3D printing techniques can be broadly cat-
egorized based on different principles (Table
3.1),; e.g., SLA and DLP are based on the
principle of vat polymerization; FDM is based
on material extrusion whereas PolyJet photo-
polymerization is based on material jetting,
and SLS is based on a powder-bed fusion of
polymers. In contrast, SLM/DMLS/EBM are
based on powder-bed fusion technology using
metal powder, and LOM is based on sheet
lamination [13, 14].

For printing any object using 3D printing
technology, a digital workstation comprising of
the computer system and a 3D printer is neces-
sary. The computer system has software installed,
which generates the CAD (computer-aided
design) model. This CAD model is the STL file
of the object that will be 3D printed. The soft-
ware then breaks up the CAD model (which is in
STL format) in thin cross-sectional slices rang-
ing between 16 and 300 pm [4] (for better under-
standing, the thickness of a wool fiber is in the
range of 25-100 pm) [15]. These layers are
referred to as “build layers.” The time required to
3D print plays an important role in the surface
texture and accuracy. It is dependent on the verti-
cal height of the object being printed. For exam-
ple, to print one object having 20 pm layer,
height will take much longer time to print as
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Table 3.1 Additive manufacturing technologies with their principles and material used for 3D printing

Technique based

They employ the use of the light source for
curing the liquid resin in a vat of

Material is extruded out through a heated
nozzle to build layers

Creates objects by using thermal energy to
fuse regions of a powder bed

Material used
Photopolymer
resin, ceramics

Polymer

Polymer, ceramic,
metal

on Technology Description
Vat SLA
polymerization DLP
photopolymer

Material FDM
extrusion
Powder-bed SLS
fusion SLM

DMLS
Material jetting  Inkjet/PolyJet

photopolymerization (PPP)

The object created by depositing small
droplets of build material, which are then

Photopolymer, wax

cured on exposure to light

Direct energy EBM Objects are created using thermal energy to Metal: powder or

deposition fuse regions of a powder bed wire

Sheet lamination LOM Parts are built by layering the sheets on each ~ Hybrids, metals,
other (additive) followed by trimming sheets  ceramic

of material (subtractive)

compared to printing 20 objects with 1 pm layer
height. The materials used in 3D printing may
include a variety of them, depending on the par-
ticular type of printer. Materials can include
ranging from plastics to metal to even clays and
even human cells [4].

3.4.1 Stereolithography (SLA)

Also known as laser lithography [16], it is
based on the technique of vat polymerization.
Both SLA and DLP are vat polymerization
techniques. Vat polymerization is a process
that makes use of photopolymer resin (liquid)
which gets solidified (cured) under the light
source. The concept of stereolithography was
conceptualized by Hull in the 1980s. The ste-
reolithographic apparatus includes an ultravi-
olet (UV) laser light, a build platform on
which the object is being fabricated, and a
resin tank consisting of resin material from
which the object will be printed [4, 14]. The
UV light source placement, i.e., the laser
beam, is right on top of the resin tank. The
laser beam is then projected upon the top of
photosensitive liquid polymer, drawing out

cross section of the object. As the first layer is
laid down and cured by the UV light, the build
platform descends down into the resin tank to
a distance which equals the layer thickness
that has just been cured. This causes the
uncured resin to flow over the cured layer.
This uncured layer is once again exposed to
the laser beam projected on it for the next
layer to cure. This step is repeated n number of
times until the object is formed. The drawback
of steriolithography printers is that they
require post-cure processing, thus affecting
the accuracy of the printed object. Also, they
take a longer time to print as the UV light first
draws the whole layer and then cures it [17].
As the curing is not done fully, it requires a
separate UV curing chamber for curing the
printed model to 100%. This might lead to
shrinkage of the object, having a greater
impact along z-axis [18]. Post-cure processing
is done because as the SLA printer is finished
with printing while the object is still attached
to the build platform, it is said to be in “green
state.” This means that the polymerization
reaction is still not complete, which would
further affect the mechanical properties, thus
affecting the stability and strength of the 3D
printed object [19].
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Liquid Polymer

Moving Platform

Platform
moving

vertically
(Z- axis)

Light curing
resin

Computer

3D Model Extracted

Projector

Fig. 3.2 Printer setup and mechanism of action of the digital light processor (DLP) printer. (Adopted from Groth CH,
Kravitz ND, Jones PE, Graham JW, Redmond WR. Three-dimensional printing technology. J Clin Orthod. 2014;48:475—

85. (To reproduce in publication, permission applied))

3.4.2 Digital Light Processing (DLP)

DLP is a vat polymerization technique based on
similar technology as the SLA, with the differ-
ence being in the light source. The apparatus of a
DLP printer (Fig. 3.2) consists of an LED screen
and a digital microdevice (DMD). These two
combine to make up the DLP chip. A DMD con-
sists of thousands of small tiny micromirrors that
help to direct the light and create the layer. In
simple terms, a DMD is a projector that flashes an
image (of the cross sections created by CAD soft-
ware) on the top of liquid resin over the build plat-
form, followed by simultaneous curing. Since the
projector is a digital display, each layer’s image is
in the form of square pixels because the image is
being flashed in 2 dimensions X and Y. When it
continues to form layers on top of one another, it
results in a three-dimensional layer made up of

small rectangular cubes called voxels. To keep it
simple, the voxel is a 3D pixel that can be stacked
on top of each other, making up a layer. The vox-
els here in DLP are cube-shaped. In contrast to the
SLA, DLP technology builds the model in voxels,
resulting in better finish quality of the printed
object. In this, only one type of resin material can
be used at a time, and it also requires post-cure
processing followed by washing and removal of
supports by cutting them off [2]. Printers that use
DLP technology are much quicker. They can build
up objects with better resolutions with layer thick-
ness reaching up to 30 pm. Few studies have
described a range for the error that can be consid-
ered clinically acceptable. Between 0.2 and 0.5
mm, it has been considered to be an acceptable
range of clinical accuracy [20-25]. EnvisionTEC,
Dearborn, MI, USA, is one of the many producers
of the DLP printer manufacturers.
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3.4.3 Fused Deposition Modeling
(FDM)

Stratasys Ltd. in the 1990s popularized the FDM
technology. The material used here is thermo-
plastic in nature, which can be extruded out
through a temperature-controlled heated nozzle.
The nozzle head motion is monitored by a pro-
cessor that traces and deposits the material on the
build platform in extremely thin layers. This can
be correlated to using a glue gun where hot glue
is extruded through a heated nozzle. As the
melted material is extruded out of the hot nozzle,
it hardens immediately, helping in achieving a
better accuracy [26]. Materials used are acryloni-
trile butadiene styrene polymer (ABS),
polyphenyl sulfones, waxes, polycaprolactone,
polycarbonates, and polyamides. These are ther-
moplastic in nature and are available in spools [4,
26]. FDM is the most frequently used 3D print
technology today and is also known as fused fila-
ment fabrication (FFF), such as MakerBot
(Stratasys, Ltd., Eden Prairie, MN, USA).

3.4.4 Inkjet 3D Printing/PolyJet

Photopolymerization (PPP)

This technology uses the same principle as the
standard office inkjet printer. As the process
begins by slicing of the CAD data, then it is trans-
ferred to the PolyJet printer that begins to con-
struct the object one layer at a time. Similar to
how the standard inkjet printer lays down ink pig-
ment, the material is extruded out through hun-
dreds of nozzle heads that deposit small amounts
of UV curable material on the build platform, one
layer after layer. The material is then cured with
the help of UV light which is projected from a UV
light device attached to the printer’s head consist-
ing of nozzles. Once the laying down of cross-
sectioned layer is complete, the platform descends
to make room for another layer to form. By the
use of pressure and vibrations, small heat droplets
of ink are forced through the nozzle helping in the
adherence of one layer to the other. As these lay-
ers can be as thin as 16 pm, the surface quality is
excellent for these printers, although there may be
stratification lines present on the surface. With

these types of printers, multiple materials can be
used for the fabrication of a single model.
However, it has been observed that there is more
wastage in this kind of technology because the
print heads need to be cleared and cleaned out to
prevent clogging. To prevent clogging, little mate-
rial is expelled out while changing resins resulting
in wastage of the unused resin. This unused/
wasted material is not recyclable and reusable. It
is collected in a tank that has to be emptied at peri-
odic intervals. Stratasys and 3D devices are cur-
rently the only PPP printer manufacturers [2, 4].
Object 30 Dental Prime (desktop 3D printer),
J-700 (mainly used for the production of clear
aligners), J-720 (full colored 3D printer), Objet
250, and Objet 250/500 are the few models by
Stratasys Ltd. used for dental applications.

3.4.5 Selective Laser Melting (SLM)
and Selective Laser Sintering
(SLS)

Dr. Carl Deckard developed and patented this
technology.

Sintering is a process of forming a solid mass
of the material by using heat/pressure without
actually melting it to the point of liquefaction.

Selective laser sintering (SLS) is the process
which uses a high-power laser that basically
fuses the particles together. SLS is a powder-bed
fusion process for producing polymer parts.
Here, the melting point of the material plays an
important role. This process involves the printer
to effectively lay down the material over and
across the surface of a powder bed. Then with the
help of an energy source heat/laser/pressure, the
material is made to solidify by increasing the
temperature of the material below its melting
point. In this way, it is selectively solidifying the
material on the powder bed. After the first layer is
done, another layer of powder is laid down, fol-
lowed by material layering on top of it for subse-
quent exposure by the laser. Hence, the material
fuses with the previous layers. As this process is
performed repeatedly, the build platform lowers
down with each successive laser fusion. The
materials used here are in powder form of nylon,
ceramics, and even glass. Polyamides, polyethyl-
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ene, polycaprolactone, hydroxyapatite, stainless
steel, cobalt—chromium, and titanium alloys are
also the choice of materials [2].

SLM (selective laser melting) and DMLS
(direct metal laser sintering) are the metal-based
additive manufacturing technologies based on
powder-bed fusion technology as SLS. In here,
melting metallic powder is used that fuses
together [27]. The laser beam is so strong enough
that can melt and weld the particles together to
form a solid object.

Selective laser melting (SLM): The difference
between SLS and SLM is that in SLS, the laser
beam heats the powder material to just below the
melting point, whereas in SLM, the material is
heated above the melting point. SLM uses only
those types of metal powders that have a single
melting temperature, which would allow the full
melting of the particles, while in DMLS, the
powder is composed of materials having variable
melting points. DMLS works mainly at a molec-
ular level at elevated temperatures [28, 29].

Direct metal laser sintering (DMLS) is a laser-
based additive manufacturing technology build-
ing the object layer by layer having thickness of
0.1 mm for each layer. The apparatus includes a
powder of metal, radiant heaters, and a laser that
is computer controlled. The process begins with
adding incremental layers of the powder material
on a movable platform of the machine. The high-
energy beam laser is directed over the platform
bed consisting of the metal powder particles
which then fuses the metal powder present along
the focal zone of the laser beam. The object is
built layer by layer through programming of
CAD file via software. After the first layer has
formed, the platform then moves down and again
through programming a film of powder material
is laid down followed by exposure to laser-beam
source, melting of powder particles and fusing
them together and forming the next layer. This
process continues till the whole object is 3D fab-
ricated [30-34].

3.4.6 Electron-Beam Melting (EBM)

This technology works at higher temperatures of
up to 1000 °C, leading to phase differences cre-

ated through solidification, unlike other technol-
ogies. This process is similar to SLS, but instead
of a laser, an electron beam is used for laying
down layers successively and creating highly
porous mesh-like parts. These parts are strong
and dense, with no voids. The materials used for
EBM are stainless steel, copper, and titanium.
The main areas of their application are in ortho-
pedic surgeries and also for dental maxillofacial
surgeries providing better fixation and ingrowth
of the bone [35].

3.4.7 Laminated Object
Manufacturing (LOM)

This technology employs the principle of both
additive and subtractive manufacturing to
build the object. The additive technology part
includes successively layering the material in
sheets on top of each other and sticking them
up together either by using pressure, heat, or
even an adhesive. As this process is completed,
the subtractive technology plays its part. With
the help of a laser or a drilling machine, the
object is cut into the desired object. The mate-
rials that could be used are metals, ceramics,
plastics, composites, and paper. Due to the
wide variety of material that could be used, 3D
printing by this method yields to be a compara-
tively inexpensive method. From looking at the
accuracy perspective, they are not as accurate
as of the SLA and SLS technology printers.
Their use is seen in casting, processing ceram-
ics, concept modeling, and also for architec-
tural application [36].

3.5 Commonly Used 3D Printers
in Different Branches of Oral

Health Science

A number of 3D printers have been used for den-
tal applications. The most commonly used 3D
printers in dentistry along with their application
and materials used have been presented in Tables
3.2 and 3.3. The applications of 3D printing in
different specialties of dentistry have been dis-
cussed below:
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3.5.1 Oral and Maxillofacial Surgery
3D printing techniques can be used as a new
approach to surgically prepare the patient before
surgery, along with the 3D simulation. 3D Imaging
using computed tomography (CT) scans helps us
to create a 3D anatomical model by rapid proto-
typing, helping to get an overview and getting
acquainted with the complex anatomical structures
[37]. The surgeon, with the help of these 3D mod-
els, can view and plan the treatment better that
helps in patient education and motivation before
surgery and also for the precise location of the area
where the surgery has to be performed. This has
seen to reduce the inclusion of human errors sig-
nificantly [29]. Anderl et al. in the early 1990s
developed an acrylic model using CT-guided ste-
reolithography that allowed successful preopera-
tive treatment planning as well as intraoperative
management in an §-year-old patient having wide
midline craniofacial cleft [38].

Rapid prototyping has also been used for the
fabrication of customized reconstruction plates,
and the 3D CT data can be utilized for further
morphological reconstruction of the area having
the bony defect which is mainly seen in cases of
reconstruction surgeries and fractures. For plan-
ning orthognathic surgeries, personalized orthog-
nathic surgical guides (POSG) can be prepared
using the CAD software, which helps to predeter-
mine the exact position of the bony segments so
as to where precisely to drill holes and which
points to mark for placing surgical guides [3, 39].

3D printed models also help in the develop-
ment of personalized implant surgical guides.
Commercial devices that are currently available
using a 3D CT patient scan can help to assist in
implant placement in cases that require full
mouth rehabilitation. Such systems require the
development of surgical guides to ensure that
implants are precisely located, sized, and angled
to restore the anatomy and function [40].

Apart from their clinical applications, the 3D
printed models can be used as an educational tool
for the students for a better understanding of the
subject in-depth and also for the researchers for
better visualization to carry out further research
in this field [37].

3.5.2 Orthodontics

With the advancement in digital technology, 3D
printing has emerged as a solution that could help
us to achieve a precision of orthodontic hardware.
It was Normando in 1980 who had introduced the
idea of face scanning and 3D printing to correct
the dental arch shape precisely. He also used it for
the fabrication of orthodontic brackets [41]. By
using the 3D CAD data, it has become very con-
venient for the practitioners to virtually modify
teeth using the software into their ideal positions.
This has also led to easy in-office printing of the
model. In the current scenario, the most common
application of the 3D printers is for clear retainers
and aligner fabrication. Aligners are being a pre-
ferred choice for correction of various malocclu-
sions, as it requires fewer patient visits, thus being
a compliant treatment modality. The physical
models are printed, and then, they are fabricated
using a thermoplastic sheet, similar to what we
see with Invisalign or various aligner manufactur-
ing companies. In-house 3D printable biocompat-
ible aligner material (Tera Harz TC-85 DAC resin,
Graphy, Seoul, Korea) has been created by Korean
researchers to overcome the limitation of thermo-
forming sheet type aligner. The material can be
used to directly 3D print orthodontic aligners.
Direct 3D printing of aligner is a newer treatment
approach for treating orthodontic malocclusions.
The dental professional can easily create aligners
in one day time and deliver to the patient without
the need to outsource remote location laboratory
support. This can help the orthodontist produce
large volume of aligners in a short time [42]. Also,
much-advanced software are available that helps
to shape up the model base and also guide in trim-
ming. These software can also be used for design-
ing bracket pads, hooks, etc. Full bracket
customization is possible for each tooth that can
be placed on the tooth by 3D printed guides [43].
Customized orthodontic archwire bending is also
possible for customized brackets, thus making it
possible for an orthodontist to achieve a higher
level of patient care.

Incognito system utilizes an innovative soft-
ware, which is used by an orthodontist to build a
personalized smile-orientated fully customized
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lingual brackets and wires for the teeth. The sys-
tem is available as a one-stop solution for the cus-
tomized lingual appliance, where the bracket base,
slot, and the face could be customized according
to the treatment plan of the patient [44]. Fully cus-
tomized orthodontic appliances provide a better
outcome as compared to the conventional orth-
odontic system. It has also been beneficial in splint
therapy for TMJ disorders by the rapid prototyp-
ing for the preparation of customized splints and
also saving the laboratory time as well [3, 45, 46].
Rapid prototyping also permits the production of
specific orthodontic appliances, including Digital
Herbst appliance, mouth guards, retainers, expand-
ers, and appliances for sleep apnea. For 3D print-
ing active appliances, they have to be imported
first via STL, and then, the 3D structure is made
around it. Care should be taken to accurately posi-
tion them at the correct height. The use of the
DLMS technology [47] has been seen to have
clear and smooth surfaces without any sharp edges
making it to have better adaptation with the palatal
gingivae [2, 3, 48, 49].

Surgical wafers, cutting guides, repositioning
guides, and 3D models can also be printed with
much more accuracy for orthognathic surgery.
These surgical wafers and models are very cru-
cial for the success of an orthognathic surgery.
Various stents for cleft lip and palate can also be
designed and printed easily. 3D models are cre-
ated from the digital images. With virtual plan-
ning software, the digital planning of the various
patient-specific device fabrication can be done
and exported as an STL file. Error corrections (if
any) are done on the STL file generated by the
planning software to avoid any printing failures
during the 3D printing of the device or appli-
ances. Minimizing the error is very important as
it directly affects the final outcome of the surgery.
The necessary offset values are added for easy fit.
The laboratory time is greatly reduced with
increased accuracy. Dolphine, Mimics, Deltaface,
Simplant OMS etc., are generally used for plan-
ning. CAD-CAM as well as direct resin print can
be used for fabrication of devices and appliances.
3D printing and virtual planning have helped the
orthodontist to plan for orthognathic surgery to
higher degree of accuracy with ease. SLA,
PolyJet, DLP printers, and medical-grade surgi-
cal guide resins are generally used.

3.5.3 Implantology and

Prosthodontics

3D printing techniques have revolutionized the
field of prosthodontics as fabrication of denture
has become much easier and patient-friendly [50].
Kim et al. have suggested that the fabrication of
removable prosthesis and removable partial den-
tures has been successful in patients with decreased
mouth opening and also in patients with gag reflex
and treatment can be done with ease [51]. Studies
have shown that the 3D printed fixed and remov-
able dentures had comparable clinical accessibil-
ity and physical property compared to the
conventional ones. Most of the modern 3D print-
ing methods used today are SLS, SLM, and SLA
to produce porous structures, whereas inkjet print-
ing makes dense ceramic structures complex [52].

3D printing, along with CT data, has been used
for the preparation of surgical guides for dental
implant placement. The data are superimposed on
the software in STL format, and with proper plan-
ning, the clinician is able to prepare surgical guides
with the right amount of dimensions along with
accuracy and precision, making it less time-con-
suming during the surgical process.

DLP has been seen to be an efficient method
for printing customized zirconia dental implants
with adequate dimensional accuracy, though the
mechanical properties have shown flexural
strength near to traditionally produced ceramics.
Customized dental implants printed using the
SLM method showed increased strength, density,
and sufficient dimensional accuracy. SLM has
been proven to be an efficient means for 3D
printing and fully dense customized implants.
The additional oral tissue or bone donation, and
the use of allographs are also avoided [53, 54].

Studies have shown that selective laser melt-
ing (SLM) and electron-beam melting (EBM)
were used for the 3D printing process of metal-
based implant prosthesis [55]. This has
immensely cut down the amount of time that was
spent by the dental technicians in the laboratory.
They also yield a more precise framework when
seen in comparison to the conventional frame.

In additive manufacturing, metallic and
polymer-based material is more commonly used
for the fabrication of crowns and other dental pros-
theses. Through increasing the digital workflow,
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these silicone prostheses can be printed directly,
offering appropriate esthetics, and also reducing
the patient’s number of appointments [56]. With
facial deformities and gag reflexes, additive manu-
facturing is an essential factor to consider for treat-
ment planning as it will increase patient comfort.

3.5.4 Restorative Dentistry

UV light-induced photopolymerization of resin
was the primary mean of 3D printing in den-
tistry. The resins have shown some degree of
shrinkage and dimension instability, which has
affected its physical properties. Such changes in
physical properties require further research [57].
A study has concluded that 3D printing with res-
ins could create more accurate temporary crowns
than traditional methods. Even though it is docu-
mented in the literature that 3D printing resins
used for restorative purposes are clinically
acceptable, resins still have a disadvantage
because of shrinkage. For the fabrication of
crowns, bridges, and metal copings, the restora-
tions can either be milled from the 3D data, or
they can be fabricated conventionally by printing
out the model using 3D data [58]. 3D printing of
master models can be done for the use in conven-
tional aspects of fabrication, e.g., various types
of restorations, adding material for veneers that
can be used to educate and guide and increase
awareness in patients about the various types of
restorative treatment. With the advent of digiti-
zation and considering the pace with which it is
growing in dentistry since the past few years, the
combination of a cone-beam computer tomogra-
phy (CBCT) along with digital impressions can
become a standard in the coming future [59].

3.5.5 Endodontics

Endodontic treatment of a tooth with an obliter-
ated pulp chamber can be a challenging task in
locating the canal orifice. This is where 3D print-
ing plays a role. For dealing with such clinical
situations, a 3D printed guide of the tooth can be
used by the clinician for locating the canal ori-
fice. With the help of the guide, it would be much
easier to place the bur at the correct location and

angulation [54]. In cases of endodontic surger-
ies, where the location of the lesion is attached to
the cortical plate, 3D printed guides are benefi-
cial as they can help determine the correct
amount of bone that needs to be resected in order
to remove the lesion [60]. For placing grafts and
implants, 3D guides can aid in better placement
with accuracy keeping other factors in consider-
ation like bone support, teeth, mucosa using
patient-specific 3D printed guides. With 3D
printing, the chairside time has dramatically
reduced. However, research is still going on the
properties of 3D printed ceramic restorations for
their fracture toughness and strength.

3.5.6 Periodontics

The periodontium is a complex structure com-
prising mainly bone, gingiva, and cementum.
All these tissues have different characteristics,
and regeneration of periodontium is regulated
by several cell types, signaling pathways, and
interactions of various factors in the oral cavity.
Accordingly, 3D prints frequently used in peri-
odontology mainly focuses on regenerative
periodontology and 3D recommendations for
esthetic correction of gingiva. Hoang et al. used
the term additive bio-manufacturing for the
manufacture of 3D printed scaffolds for sup-
porting tissue regeneration in areas of defects
[61, 62]. A computed tomography (CT) scan of
the patient’s defect serves as a reference tem-
plate for the fabrication of scaffold. Then, a
print wax mold is designed to create a scaffold
on the basis of the CT scan image [63] which
can be utilized to restore the periodontal defect.

Adequate bone support is very essential for
long-term survivability and functionality of the
dental implant. Under pathological conditions
where periodontal tissue integrity is compro-
mised, placement of implant is always crucial;
this can be due to inadequate support for osseoin-
tegration in the remaining tissue. To improve the
quality and quantity of bone in the localized area,
3D printing guided bone regeneration is one of
the most promising tools. The primary purpose of
3D printers is to have a more controlled slow
growing tissue/bone regeneration [64] for pre-
venting the ingrowth of rapidly regenerating tis-
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sues in the defect area, which has led to better
integrity and functionality of the oral cavity [65].

Clinically, 3D printing has become more
common in the anterior region of the oral cavity
in gingival esthetic surgeries. For each patient,
specific guides can be 3D printed for carrying
out gingivectomy and smile designing proce-
dures. These templates have proven accuracy
and precision, leading to better surgical skills.
From an educational perspective, the idea to
print 3D models that represent gums, periodon-
tal tissues, and tissue-related defects is helpful
to learn proper proprioception and abilities [66].

3.6 Summary and Key Points

3D scanning, along with CAD technology, has
been at the forefront, which has a definite positive
impact on the different aspects of oro-dental
health. With the advancement and development of
these technologies, it has become much more
comfortable to virtually modify and print 3D

objects. Such sophisticated techniques have taken
care of various aspects of day-to-day require-
ments such as storage space over the conventional
dental practice. This has enhanced the efficiency
of the clinical care of patients allowing for a better
fit of appliance resulting in more satisfied patients,
staff personnel, and a high level of oral care. 3D
printing can also create complex geometrical
forms from the digital data for treatment planning
of difficult clinical situations. Furthermore, the
increased usage of intraoral scanning devices has
contributed to providing a better comprehensive
analysis in the printing of 3D models. Digital
models, 3D facial scans, and CBCT integration
tools enable the simulation of procedures and cre-
ation of efficient patient communication tools.
Although 3D printing is now relatively cost-effec-
tive, still for some printers the cost of the materi-
als used and the maintenance of machinery remain
a point of concern. It is necessary to recognize the
need for well-trained operators, post-processing,
and compliance to strict health and safety mea-
sures. With the technologies evolving (Fig. 3.3),

EVOLUTION OF 3D PRINTING - A BRIEF TIMELINE

2012-2012
1980 1989 1998 Material 2014
Hideo Kodama Stratasys Company was The Polyjet technology Jetting was Joseph and Philip DeSimone
files the first founded by S.Scott and which is also known as patented by founded the company
patent for 3D Lisa Crump. The same Multijet Modeling was 2005 Objet Carbon 3D on July 11th 2014,
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3D Systems (1986).  worked on the basis of Optical Systems) to develop a self Goometric: sl 3D printing company was
He has been called direct metal laser sold its initial replicating 3D printer company in that it was too slow in
as the father of 3D sintering that stereo system that can design itself — d pt v production so as to be reliant
printing. manufactured 3D parts and is today or at least print most order gth a upon as a choice for
from computer design DA &3 parts of it themselves. ?:r?;:to i:;lrude medium-volume production.
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prototyping
® I ® ! ® o @
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fist clective sintering to all DTM patents name of for 400 million RIS Ve
(el Sl ). (S| (Desktop Manufacturing Darwin came dollars more
Deckard's patent Corporation). up that was ?S\nu‘falmurerst of
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" ; and
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. afew: 3D
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1992 Product Innovations (RPI) and EOS Stratasys,
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the first
steriolithographic
(SLA) machine
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first global SLA apparatus
that allowed complex parts
to be manufactured layer by
layer within a fraction of the
time normally needed.

starting in 1994, as the first
commercial rapid prototyping method
to produce metal parts in a single

process.

Fig. 3.3 Brief timeline of the evolution of 3D printing

Formlabs, Desktop
Metal, Prusa and
Voxel 8, among
others.
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both the dentist and the patient must take part in
the changes which can be made in the future. To
summarize the whole chapter, key points have

been highlighted in Box 3.1.

Box 3.1: Key point summary

* 3D printing also known as additive man-
ufacturing or rapid prototyping can cre-
ate the design of an object using CAD
software followed by fabrication of 3
dimensional solid objects from a digital
file that is the STL file of the scanned
dental hard and soft tissues.

e STL (an abbreviation of “stereolithogra-
phy”) also known as Standard Tessellation
Language/Standard Triangle Language is
the global standard format for 3D print-
ing files.

e There are numbers of technologies based
on additive manufacturing. Few of them
are as follows: SLA, DLP, FDM, PolyJet
photopolymerization, SLS, SLM, DMLS,
EBM, LOM.

e SLA utilizes photopolymerization of
resin by mean of UV light. As the layer
is being formed, the built platform keeps
descending to accommodate the object.

e DLP technology uses a different light
source than SLA. It uses small micro-
mirrors which act as projector flashing
image of the cross sections; thus, the
printing is much faster than SLA.

* FDM is based on material jetting where
a hot thermoplastic material is extruded
through a heated nozzle and is deposited
layer by layer. As the material is
extruded, it sets immediately, giving
better accuracy.

* Polylet photopolymerization is similar
to standard in-office inkjet printer.
These variants of printer use hundreds
of nozzles which deposit the material,
and the same is simultaneously cured by
UV light.

e SLS/SLM/DMLS are based on powder-
bed fusion technology. Here, melting

point of material is of prime importance.
SLS uses a laser beam to melt and solid-
ify the material, while SLM and DMLS
are metal-based additive manufacturing
technologies which use metallic powder
for fabrication of metal parts or objects.

e EBM s a very similar to SLS but instead
of a laser light, it utilizes an electron
beam for creation of the 3D printed
object.

e LOM is a technology where both the
additive and subtractive manufacturing
processes take place. Its main use is
seen in casting ceramics, architectural
application, etc.

*  Most commonly used printers for dental
applications are SLA, DLP, and PolyJet
printing.
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4.1 Introduction to 3D Printed

Materials

Additive manufacturing (AM) also known as 3D
printing is a technique for fabricating objects by
printing successive layers of materials on top of
each other. A wide range of structures and com-
plex geometries can be fabricated via 3D printing
using a 3D computer-aided design (CAD) model
as the input. 3D printing has witnessed widespread
applications in aerospace, engineering, dental, and
biomedical applications.
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Dental materials have a long history, with the
Romans using gold for dental crowns and bridge
restorations [1]. Since then, various materials
including metals and alloys, polymers, and
ceramics have been researched and applied in
dentistry. Novel materials and technological
developments have accelerated adoption of 3D
printing in digital dentistry.

Among the greatest advantages of using 3D
printing for dental applications is the possibility
to offer patient-specific care and conformity to
the patients’ anatomy. 3D printing finds its appli-
cations throughout the dental care workflow in
various specialties of dental medicine. Earlier,
limited availability of materials which could be
3D printed posed a hindrance to widespread
adoption for dental applications. However, recent
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advances in material sciences have enabled fur-
ther acceleration and adoption of 3D printing for
newer applications especially in dentistry.
Extensive adoption of 3D printing has conse-
quently led to the growth and acceptance of digi-
tal dentistry. Digital dentistry aids dental
technologists and clinicians to produce various
orthodontic appliances by combining oral 3D
scanning, CAD designing, and 3D printing [2].
Crowns, bridges, implants, impression trays, gin-
giva masks are among the few patient-specific
instruments made with 3D printing in digital den-
tistry. Various polymer, metal, and ceramic com-
posite materials are used to produce these
instruments.

Apart from the existing plethora of materials
for digital dentistry, groundbreaking material
research is paving the way for novel materials in
dental applications. Biomaterials are under study
to use cellular matrix as building blocks espe-
cially for regenerative medicine. Ceramics which
are excruciatingly difficult to process are also
being 3D printed. Novel composite polymers and
metal alloys also have the potential to change the
landscape of 3D printing for dental and craniofa-
cial applications. This chapter delineates the vari-
ous types of materials used in 3D printing with
applications pertaining to digital dentistry and
also the future scopes of material development.

4.2 Classification of 3D Printing

Materials

The most fundamental way to classify 3D print-
ing materials is on the basis of their state during
the processing in the 3D printer [3]. Liquid resin-
based materials are among the most commonly
used applications in digital dentistry. These mate-
rials are usually processed in digital light projec-
tion (DLP), stereolithography (SLA), and PolyJet
printing (PJP) techniques. Some materials are
also used in the form of powders. Selective laser
sintering (SLS), binder jetting, and Multi Jet
Fusion (MJF) make use of polymers in powder
form to produce parts. Direct metal laser sinter-
ing (DMLS) and selective laser melting (SLM)
techniques make use of metal powders to pro-

duce parts. Fused deposition modeling (FDM) is
a technique which uses solid-based materials in
the form of polymer filaments to produce parts.

4.2.1 Liquid-Based Materials
Photocurable resins are the most common among
the most widely used 3D printable materials for
dental applications. SLA technology uses a scan-
ning laser to cure the liquid resin for fabrication
of objects in a layer-by-layer fashion. DLP tech-
nology makes use of LED (light-emitting diode)
projectors to cure the resin. Liquid resin materi-
als processed in SLA or DLP are used to produce
surgical guides, dental models, custom impres-
sion trays, permanent and temporary crowns,
and gingiva masks. Form 3B (FormLabs,
Somerville, Massachusetts, USA) range of print-
ers are a recent example of desktop-based LFS
(low-force stereolithography) used for dental
applications with a diverse range of materials
available for all dental applications [4]. Among
the prominent original equipment manufacturers
(OEMs) for DLP-based 3D printers for dental
applications  are  NextDent  (NextDent,
Soesterberg, the Netherlands), Asiga (Asiga,
Alexandria, New South Wales, Australia),
SprintRay (SprintRay, Los Angeles, California,
USA), Rapid Shape (Rapid Shape, Heimsheim,
Germany), EnvisionTEC (EnvisionTEC,
Dearborn, Michigan, USA), and DWS (DWS,
Thiene, Vicenza, Italy).

PolylJet printing (PJP) is another commonly
used technique employing the use of liquid waxes
and resins for 3D printing objects. PJP is used for
anatomical models, implant drill guides, and
some flexible materials can also be used to pro-
duce orthodontic splints. However, the equip-
ment, materials as well as the running costs of the
PJP technology are comparatively higher than
other 3D printing techniques [3].

4.2.2 Powder-Based Materials

Powder-based materials can be sintered or melted
using laser radiation. The materials spectrum
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ranges from polymers, metals to ceramics.
Technologies such as selective laser sintering
(SLS) and Multi Jet Fusion (MJF) use polyamide
powder as a common material. Direct metal laser
sintering (DMLS) and selective laser melting
(SLM) use metal alloy powders like titanium,
steel, cobalt chromium for 3D printing. In den-
tistry, metal 3D printing is mostly used for print-
ing oral maxillofacial (OMF) implants and dental
crowns [5]. Polymer powder-based 3D printing
techniques are used to produce anatomical mod-
els and surgical guides. Both polymer and metal
powders exhibit a high degree of biocompatibil-
ity [6, 7].

4.2.3 Solid-Based Materials

Solid-based materials in the form of filaments
find application in fused deposition modeling
(FDM) technology. The filament is heated and
extruded through a hot nozzle and deposited in a
layer-by-layer fashion to make an object. FDM
technology finds limited applications in den-
tistry as the output is coarse, lacks precision,
and requires a significant amount of finishing
[8]. Polylactic acid (PLA) and acrylonitrile-
butadiene-styrene (ABS) polymers are the most
commonly used materials in FDM technology.
This technology finds limited use for applica-
tions like anatomical models and dental impres-
sion trays. Functional parts or end use parts
cannot be 3D printed with the FDM technique
as the output has low mechanical strength and is
not biocompatible [3].

4.2.4 AMTechnologies
and Materials Matrix

3D printing technologies use liquid resins, pow-
dered polymers or metals and solid filaments for
manufacturing of patient-specific dental appli-
cations. Various DLP and SLA machine manu-
facturers use liquid resins to produce parts. SLS
and MJF technologies make use of polymer

powders for 3D printing objects. DMLS and
SLM processes make use of metal alloy pow-
ders primarily to produce dental and OMF
implants. FDM technology uses solid polymer
filaments extrusion to produce 3D printed parts.
Resin-based 3D printing techniques are the
most widely adopted for digital dentistry and
dominate the landscape. Powder-based 3D
printers are used for very specific use and have
lesser material offerings as compared to resin-
based techniques. FDM being a very primitive
technique with fewer material options finds very
limited use in dentistry [3].

Table 4.1 depicts the original equipment man-
ufacturers (OEM), technology, and materials
matrix for various 3D printing techniques.

4.3 Digital Dentistry with 3D
Printed Materials: A Broad

Perspective

Digital dentistry is augmented by the use of AM
technology and advent of various materials for
diverse dental specialties. Oral maxillofacial
surgery, prosthodontics, orthodontics, endodon-
tics, and periodontics are the dental specialties
taking advantage of AM technologies. AM has
already made its mark for almost three decades
in the field of oral maxillofacial surgery [9].
OMF specialization utilizes AM for anatomical
models, drilling, and cutting guides and patient-
specific implants. Prosthodontics uses 3D print-
ing for producing surgical guides for implant
placement, dentures, impression trays, crowns,
and bridges. Orthodontic devices like splints,
aligners, and impression trays are also produced
by using 3D printing technology, much faster
than traditional CAM (computer-aided manu-
facturing) techniques [10]. Additive manufac-
turing in endodontics finds application in guided
endodontic access cavity preparation by the use
of surgical guides [11]. For periodontal applica-
tions, additive manufacturing is primarily used
to produce gingiva masks and guides for implant
placements.
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Table 4.1 Technology and materials matrix of prominent 3D printing OEMs and their respective materials

Type OEM Technology Printers Material
Liquid Formlabs (USA) Low-Force Stereolithography ~ Form 2 Photocurable
materials (LEFS) Form 3B resin
Form 3BL
DWS (Italy) Stereolithography (SLA) XFab Series, XPro Photocurable
Series, DFAB resin
3D Systems (USA)  Digital Light Processing NextDent 5100 Photocurable
(DLP) resin
EnvisionTec (USA) Digital Light Processing Envision One Photocurable
(DLP) resin
Asiga (Australia) Digital Light Processing MAX Series Photocurable
(DLP) resin
SprintRay (USA) Digital Light Processing PRO Series, Moonray Photocurable
(DLP) resin
Rapid Shape Digital Light Processing D Series Photocurable
(Germany) (DLP) resin
Stratasys (USA) Material Jetting Connex Series Photocurable
resins
Powder EOS (Germany) Selective Laser Sintering Formiga, P Series Polymer powder
materials (SLS)
EOS (Germany) Direct Metal Laser Sintering M series Metal powder
(DMLS)
HP (USA) Multi Jet Fusion (MJF) HP MJF 5200 Series Polymer powder
3D Systems Selective Laser Sintering sPRO Series, ProX Polymer powder
(SLS)
3D Systems (USA)  Direct Metal Laser Sintering ~ DMP Series Metal powder
(DMLS)
SLM (Germany) Selective Laser Melting SLM series Metal powder
Solid Ultimaker FDM Ultimaker S5, 3, 3+ Polymer filament
materials (Netherlands)
4.3.1 Prominent Use Cases for anatomical models and surgical guides for

for Dental Applications
in Additive Manufacturing

4.3.1.1 Oral Maxillofacial Surgery

Oral maxillofacial and reconstructive surgeries
rely on AM for precise surgeries and reducing the
time required for surgical procedures [12]. 3D
printed surgical guides, anatomical models, and
patient-specific implants are the prominent used
cases for AM in OMF specialization. SLA and
DLP techniques use photocurable resins to print
surgical guides and models. Formlabs (Formlabs,
Somerville, Massachusetts, USA) 3D printer
uses model resin material to print dental models
which include anatomical and implant models.
Formlabs portfolio also includes surgical guide
resin for manufacturing anatomy-specific dental
surgical guides. Likewise, major liquid-based 3D
printing technologies make use of similar resins

OMF applications. Material jetting technologies
are used for anatomical models. Table 4.2 depicts
the material applicability matrix of the prominent
material OEMs for various dental specialties.

Polymer powder-based 3D printing tech-
niques SLS and MJF are suitable to print maxil-
lofacial ~ anatomical models. In OMF
reconstructive surgeries, SLS technique is used
for printing fibular grafting guides and anatomi-
cal models [13]. Metal powder-bed fusion tech-
niques which include DMLS and SLM
technologies are used to produce patient-specific
implants (PSIs). These PSIs are usually manu-
factured in biocompatible titanium material. In
clinical settings, FDM 3D printers have been
used to make anatomical models [14]. FDM
technique can be used to produce relatively low-
cost models for dental applications.
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4.3.1.2 Prosthodontics

AM is used extensively for fixed and removable
prosthodontics. Surgical guides for dental
implant placements are manufactured using pho-
tocurable resins via the SLA or DLP techniques
[15]. Various liquid-based 3D printer OEMs offer
proprietary surgical guide resins for guided
implant placement. Table 4.2 enumerates the
OEMs and their respective materials for this par-
ticular application. Complete dentures and try-in
dentures are also manufactured using the SLA,
DLP, or material jetting AM techniques. Newly
introduced castable wax resins for SLA and DLP
machines can be directly used to 3D print the sac-
rificial patterns and further casted into metal
crowns by traditional lost-wax casting method
[16]. However, 3D printing allows the direct
printing of permanent and temporary crowns
with the advent of the resins for direct crown
making [17]. These resins are photocurable
ceramic-filled hybrid resins for the 3D printing
single crowns, bridges, inlays, on-lays, and
veneers.

The traditional method of lost-wax casting can
be eliminated by directly 3D printing the crowns
in metal and other metal alloys. DMLS and SLM
technologies directly 3D print the crowns in tita-
nium and cobalt chromium alloy (CoCr) [18].
CoCr has been traditionally used as a compatible
material for dental crowns. Studies also provide
evidence for the use of titanium for 3D printing
dental crowns and implants [19].

4.3.1.3 Orthodontics

The workflow for orthodontics has been simpli-
fied and augmented by the use of digital dentistry.
Traditional orthodontics processes have observed
a paradigm shift by the adoption of AM in the
workflow. Digital dentistry has not only made the
orthodontic process more comfortable for the
patient but also efficient in practice [20]. SLA
and DLP 3D printers offer several photocurable
resin materials for producing models which can
be used with the conventional vacuum forming
process to make clear aligners. Some OEMs also
offer dental grade clear resin materials to directly
3D print clear aligners and occlusal splints [21].
Dental impression trays are also manufactured by

using specific resin materials. Resins for fabrica-
tion of bonding trays are the newest development
in the photocurable resin. Commercial entities
like Saratech (Saratech, Mission Viejo, California,
USA) and Smile Direct Club (Nashville,
Tennessee, USA) also use powder-based AM
processes, specifically Hewlett Packard (HP)
MIF process to 3D print mouth molds for clear
aligner therapy [22, 23]. FDM technology is
comparatively less precise than other printing
techniques. However, it can be used to 3D print
models for orthodontic applications [8]. 3D print-
ing of occlusal splints and aligners is not possible
with  FDM due to material and accuracy
constraints.

4.3.1.4 Endodontics

Use of 3D printing for endodontic applications is
limited to training and education using anatomi-
cal models and guided access for cavity location
and preparation through the use of surgical guides
[24]. Proprietary surgical guide photocurable res-
ins with SLA and DLP are used for printing the
surgical guide. Dental models are printed with
model resins in SLA and DLP, polymer powders
in SLS, HP MJF, and FDM. The guided surgeries
have an increased accuracy and also reduce sig-
nificant risks. Anatomical models for endodon-
tics also are suitable for education as well as
simulation of the surgery.

4.3.1.5 Periodontics
3D Printing finds its use in periodontics for gingi-
val aesthetic surgeries [25]. In periodontology,
patient-specific gingiva masks are a popular
application for 3D printing. Several photocurable
resins offered with SLA and DLP 3D printers can
be used to directly print patient-specific gingiva
masks. Periodontics is among the unexplored
frontiers of dentistry for 3D printing due to the
limitation in the material options. However, with
new material developments there could be solu-
tions for other periodontic applications too.
Table 4.2 depicts the materials and applicabil-
ity matrix of various OEMs for dental applica-
tions. It describes the materials portfolio of each
OEM for dental appliances ranging from dental
models to crown and implant materials.
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4.3.2 Factors for Adopting 3D
Printed Materials in Digital
Dentistry

Adoption of digital dentistry including the 3D
printing process has been attributed to several
advantages over the traditional CAD/CAM pro-
cess. The quality of restorations coupled with the
quick and easy fabrication are the advantages of
adopting digital dentistry [2]. The possibility of
providing mass customization and patient-
specific dental appliances is also a major factor
for the adoption of digital dentistry. Adopting 3D
printing for orthodontic applications enables
patient comfort during the process and is also
efficient as compared to the conventional pro-
cess. Dental implants, crowns, and bridges that
are 3D printed in castable materials, casted
through lost-wax casting process also improve
the conventional workflow. The casting process
can be completely eliminated by using metal 3D
printing for high-quality custom implants and
crowns using dental grade materials.

Advantages of 3D printing materials over the
conventional materials used in the dental manu-
facturing workflow are dependent on several
factors. Formulation of materials to deliver
quicker turnaround times, enable faster printing,
and better accuracy and resolution are important
factors influencing the use of 3D printed materi-
als in dentistry. Photopolymerization techniques
using photocurable resin materials dominate the
3D printing processes used in dentistry. The
possibility to print fast builds, good z-axis
strength, and ability to print in clear materials
make resin-based 3D printing processes an
attractive proposition [26]. SLA and DLP pro-
cesses can typically print in resin materials with
the z-axis resolution of 50-200 pm. With MJP
techniques, z-axis resolution of up to 20 pm can
be achieved; however, due to material limita-
tions, MJP printers are typically used to produce
models. With powder-based techniques, z-axis
resolution of 100 pm can be achieved.
Conclusively, it can be claimed that resin-based
3D printing techniques are more accurate and
quicker than powder-based techniques for pro-
ducing parts.

3D printed materials are also used as patterns
for lost-wax casting; hence, the castability of the
materials and ash content of castable materials is
also a crucial factor. Wax-like resins used in SLA
and DLP techniques and liquid thermoplastic
waxes used in the MJP technique are optimized
to provide high resolution and low ash content for
precise casting process [27].

Biocompatibility is a very important factor
when considering 3D printed materials, espe-
cially for applications where the appliance comes
in contact with the body tissues. Surgical guides,
aligners, occlusal splints, dentures, crowns, and
implants are some of the applications which
necessitate biocompatibility. Dental surgical
guide resins by Formlabs (FormLabs, Somerville,
Massachusetts, USA) and other manufacturers
comply with class I biocompatibility and ISO
10993-1:2018 standards [28]. Resins used for
long-term dental devices like aligners, splints,
dentures, and crowns comply with class IIA bio-
compatibility and ISO 10993-1 standards [29].
Powder-based polymers materials like polyam-
ides (PA) are used for surgical guide applications,
especially in oral maxillofacial surgery. These PA
materials comply with USP (U.S. Pharmacopeia)
class VI biocompatibility [30]. Cobalt chrome
powder used to direct 3D print crowns is class
ITA biocompatible. Titanium alloy powder
(Ti6Al4V) used for manufacturing maxillofacial
implants through DMLS and SLM techniques
meets biocompatibility standards as per studies
[31]. Titanium powder (Ti6AL4V) is non-toxic
and meets USP class VI biocompatibility.

Mechanical properties of the 3D printed
materials are an important factor of consider-
ation for dental applications. For occlusal
devices and aligners, mechanical strength is an
important factor. Studies have shown that 3D
printed devices for orthodontics do not meet the
flexural strength of 65.0 MPa required in accor-
dance with ISO 20795-1 [32]. Compared to
milled or pressed occlusal devices, 3D printed
devices have lower mechanical properties [32].
However, the accuracy of 3D printed devices is
conclusively better than thermoformed devices,
which may help in achieving accurate treatment
outcomes [33]. The low mechanical performance
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of the 3D printed devices can be mitigated by
optimizing build direction, post-curing, and
appropriate material use [34]. Titanium metal
powder used for 3D printing implants also needs
to meet the mechanical strength of the bone and
simultaneously also facilitate tissue and bone
integration. Studies have shown, leverage of
design and the mechanical properties of titanium
powder to enhance the mechanical strength and
mimic natural load-bearing structures by the use
of intelligent design [35].

Resin-based 3D printing materials are also
being offered with color compatibility. Permanent
and temporary crown resins offered by several
OEMs are available with the standard shades.
Gingiva masks and dentures are also available
with several colors which can be selected by
matching it according to patient needs. Hence,
color compatibility is an important factor of
consideration.

Pricing is also a prime factor for adoption of
3D printing. The cost of biomedical materials is
among a limiting factor for the adoption of 3D
printing [36]. However, this is touted to change in
the future due to wider use and falling prices.
Entry-level desktop 3D printing solutions are
also a driving factor for falling prices and adop-
tion at the clinic level. Affordable materials cou-
pled with compact entry-level 3D printing
machines will be the key to the growth of digital
dentistry.

4.4 Liquid-Based Materials

In liquid-based AM technologies, the most com-
mon materials used are photopolymers.
Photopolymers are soluble, light-sensitive
materials which undergo polymerization with
light reaction; this light is mostly in the ultravio-
let (UV) spectrum. The two major components
of photopolymers are monomers and photoini-
tiators. Monomers are chemically bonded small
molecules which join with other monomers,
oligomers (formed when few monomers
undergo polymerization), or polymers (formed
when a large number of monomers undergo
polymerization) in a repeated fashion to form

new polymers. Polymers are basically large
macromolecules that contain a large number of
repeating units of monomers. Mostly, photo-
polymers consist of monomers based on acry-
lates or methacrylate [37].

Photoinitiators convert light energy into
chemical energy by forming free radicals or cat-
ions upon UV exposure. They can break into two
or more particles with UV reaction and at least
one of the particles will react with monomers or
oligomers and bind them together. Photoinitiators
are sensitive to certain wavelengths of light and
can be found to exist naturally or synthesized
chemically.

4.4.1 Introduction to Liquid
Material-Based 3D Printing

Technologies

4.4.1.1 Stereolithography (SLA)
Stereolithography (SLA) is an additive manufac-
turing process that belongs to the vat photopoly-
merization family. In SLA, an object is created
by selectively curing a polymer resin layer-by-
layer using an UV laser beam. The materials used
in SLA are photosensitive thermoset polymers
that come in a liquid form [26] (Fig. 4.1).

4.4.1.2 Material Jetting (MJ)

Material jetting (MJ) is an additive manufactur-
ing process which is similar to 2D (2 dimen-
sional) printing. In material jetting, a printhead
(similar to the printheads used for standard inkjet
printing) dispenses droplets of a photosensitive
material that solidifies under UV light, building
the part layer by layer. Thermoset polymers
(acrylates) in the liquid form are typically the
materials which are used with MJ [26] (Fig. 4.2).

4.4.1.3 Digital Light Processing (DLP)

Digital light processing (DLP) is a 3D printing
process where a projector is used as a light source
to cure photopolymer resin. It is very similar to
SLA where the only difference is that instead of a
UV laser to cure the photopolymer resin, a safe-
light (light bulb) is used. Objects in DLP are cre-
ated in the same way as SLA; however, a basic
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Fig. 4.1 Stereolithography (SLA) 3D printing process
illustration. (Source: Imaginarium)
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Fig. 4.2 Material jetting (MJ) 3D printing process illus-
tration. (Source: Imaginarium)

difference is that DLP has an inverted build plat-
form which results in the printing of part in an
upside-down manner [26] (Fig. 4.3).

4.4.2 Dental Applications of Liquid-
Based Materials

4.4.2.1 Clear Aligners
Clear aligners are transparent trays made of spe-
cial material which are used to straighten teeth
like braces. They use gentle and constant force to
move the teeth in the required position without
going through the hassles of metal wires and
brackets. Clear aligners perform this alignment
without the use of wires and brackets, with an
added advantage of aesthetics. They are custom-
made for each patient through a digital scan [9].
The manufacturing involves two steps, print-
ing the digital teeth alignment model and thermo-

Moves Up

f

Movable Build
Platform

UV Curable
/, Liquid Resin
Resin Filled
Tub Printed
Resin Part

*— Projector
Light
Projector

Fig. 4.3 Digital light processing (DLP) 3D printing pro-
cess illustration. (Source: Imaginarium)

Fig. 4.4 Clear aligner. (Source: Formlabs)

forming or vacuum forming of the polymer sheet
on to the printed model. The model printing
material does not require biocompatibility and is
available with all the liquid material-based tech-
nologies mentioned below (Fig. 4.4):

e Formlabs—Model and Draft Resin

o DWS—Invicta, Precisa

e 3D System—NextDent Model

e EmvisionTec—E Aquamodel, E Model HS
*  Asiga—DentaMODEL

e SprintRay—Sprintray Die & Model

*  Rapid Shape—3Delta Model 320

e Stratasys—Vero Dent, Vero DentPlus

4.4.2.2 Splints and Occlusal Guards

An occlusal appliance, also known as a night
guard or splint, is worn over the occlusal, or bit-
ing, surface of either your upper or lower teeth. It
is prescribed for many reasons, such as protec-
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Fig. 4.5 Night guard. (Source: Formlabs)

tion from habitual tooth grinding or clenching,
early treatment of TMJ, or temporomandibular
joint pain [9].

The material requires biocompatibility and the
list of OEMs with the available materials are
mentioned below (Fig. 4.5):

e Formlabs—Dental LT Clear Resin

e 3D System—NextDent Ortho Clear, NextDent
Ortho Rigid

e EnvisionTec—Keysplint E Guard

e SprintRay—Sprintray Splint

4.4.2.3 Digital Dentures

In the fabrication of dentures in digital workflow,
the computer-aided design and engineering tools
are used to create perfectly-fitting dentures using
digital impressions obtained through 3D scan-
ning. These digital impressions are sent to a lab
where the dentures are crafted using 3D model-
ing technology. The digital dentures are then
manufactured using 3D printing technology [38].
The material requires biocompatibility. The list
of OEMs with the available materials are men-
tioned below (Fig. 4.6):

e Formlabs—Denture Teeth

e 3D System—NextDent Denture 3D+

e EnvisionTec—NextDent Denture 3D+

e Asiga—DentaTRY, DentaBASE,
DentaTOOTH

e SprintRay—Sprintray Try-in

* Rapid Shape—3Delta Try-in

e Stratasys—Biocompatible VeroGlaze

4.4.2.4 Crown and Bridges

Crowns and bridges are prosthetic devices that are
attached on to the teeth. Unlike removable devices
such as dentures, which can be taken out and

Fig. 4.6 Digital dentures. (Source: Formlabs)

Fig. 4.7 Permanent crowns. (Source: Formlabs)

cleaned daily, crowns, and bridges are cemented
and fixed permanently onto the existing teeth or
implants. With digital dentistry, crowns and
bridges can be easily manufactured by printing in
direct biocompatible materials or can also be
made in castable material which is later casted in
metal through the lost-wax casting method [9].

The direct material requires biocompatibility
and the list of OEMs with the available materials
are mentioned below (Fig. 4.7):

e Formlabs—Temporary and permanent CB
resin

e DWS—Temporis

e 3D System—NextDent C&B MFH

e EnvisionTec—NextDent C&B MFH

*  Rapid Shape—3Delta Etemp

4.4.2.5 Castable Wax
Castable wax material is typically used for man-
ufacturing sacrificial patterns for lost-wax cast-
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Fig. 4.8 Castable wax crowns. (Source: Formlabs)

ing [39]. These 3D printed patterns are then cast
into dental grade metals. Castable wax materials
are often referred to as thermoplastic waxes, as
they were composed of part plastic and part
waxes. The castable wax printing material does
not require biocompatibility and is available
with all the liquid material-based technologies
(Fig. 4.8).

e Formlabs—Castable Wax Resin

e DWS—Fuchsia DC710, RFO80

e 3D System—NextDent Cast

e EnvisionTec—Press E-cast

e Asiga—DentaCAST

e SprintRay—Sprintray Castable 2

*  Rapid Shape—3Delta Cast M, 3Delta Cast P

4.4.2.6 Impression Trays
Impression trays are used for taking impressions
for implants, dentures, crowns and bridges, and
other comprehensive cases. 3D printed impres-
sion trays offer consistent, accurate impressions
for high-quality digital dentistry [40].

The material requires biocompatibility and the
list of OEMs with the available materials are
mentioned below (Fig. 4.9):

e Formlabs—Custom Tray Resin
e DWS—DS3500

e 3D System—NextDent Tray

e EnvisionTec—E Tray

*  Rapid Shape—3Delta Tray

Fig. 4.9 Custom impression trays. (Source: Formlabs)

4.4.2.7 Surgical Guides
A surgical guide replicates the exact surfaces of
the patient’s intraoral setting and assists the sur-
geon to drill implants into the bone with optimal
accuracy. Upon placement on the patient’s jaw,
the surgical guide uses sleeves to help guide the
surgical instruments and implant to the proper
location. A surgical guide is created by taking
impressions on an intraoral scan of the desired
surgical implant site as well as a computer-guided
3D implant planning system [41]. When properly
used, surgical guides can increase the predictabil-
ity of dental implant treatment outcomes. Any
implant clinician faces the dilemma of whether to
insert implants freehand or with the help of a sur-
gical guide. With good technique, the use of sur-
gical guides can be a confidence building and
predictable method for implant placement. It can
assist the practitioner in avoiding damage to ana-
tomic structures, as well as limiting fenestration
and dehiscence of the alveolar ridge at potential
implant sites [42].

The material requires biocompatibility and the
list of OEMs with the available materials is men-
tioned below (Fig. 4.10):

e Formlabs—Surgical Guide Resin

* DWS—DS3000

e 3D System—NextDent SG

e EnvisionTec—E Guide

e Asiga—DentaGUIDE

e SprintRay—Sprintray Surgical Guide 2

e Rapid Shape—3Delta GuideS

e Stratasys—Clear Biocompatible MED610
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Fig.4.10 Custom surgical guides. (Source: Formlabs)

4.4.2.8 Indirect Bonding Trays

The indirect bonding technique optimizes fixed
appliance installation at the orthodontic office,
ensuring precise bracket positioning, among other
advantages. In this laboratory clinical phase,
material and methods employed in creating the
transfer tray are decisive to accuracy [43]. The
material requires biocompatibility and the list of
OEMs with the available materials is mentioned
below (Fig. 4.11):

e Formlabs—IBD Resin

e 3D System—NextDent Ortho IBD

» EnvisionTec—NextDent Ortho IBD, Keyortho
IBD

e Asiga—DentalBD

e SprintRay—Sprintray IBD

» Stratasys—Flexible Biocompatible

4.4.2.9 Gingiva Masks
A gingival mask is a removable artificial gum. The
mask is convenient, removable, and functional. A
gingival mask completely hides dental work and
tooth roots. It rapidly restores a healthy-looking
smile [44].

The material requires biocompatibility and the
list of OEMs with the available materials is men-
tioned below (Fig. 4.12):

* Formlabs—Flexible 80A Resin

e DWS—DS4000

e 3D System—NextDent Gingiva Mask
e EnvisionTec—NextDent Gingiva Mask
e Asiga—DentaGUM

Fig. 4.11 Indirect
Formlabs)

bonding tray (IBT). (Source:

Fig.4.12 Gingiva mask. (Source: Formlabs)

*  Rapid Shape—3Delta Gingiva Mask

* Stratasys—Flexible Biocompatible
MED625FLX
4.5 Powder-Based Materials

Powder-based material for 3D printing is based
on two categories, polymer powder and metal
powders. Polymer powders are typically used in
powder-bed fusion processes like selective laser
sintering (SLS) and Multi Jet Fusion (MIJF).
Among the most commonly used polymer pow-
ders are polyamide (PA) and polyamide compos-
ites like PA—glass filled and PA—carbon fiber
reinforced (CFR). Polyamide is also known as
nylon. Polyamide material offers very high
mechanical and thermal properties as well as
high resistance to various chemicals. Among the
most important characteristics of polyamide is
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Recoater

Fig.4.13 Selective
laser sintering (SLS) 3D
printing process
illustration. (Source:
Imaginarium)
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that it is biocompatible, which ensures that it can
be safely used in contact with external and inter-
nal human tissues. Typically, the polyamide pow-
der is semi-crystalline in nature with particles
having sizes in the range of 60 pm. Polyamide
powder is blended with glass beads or carbon
fibers for high-strength applications [45].
Duraform PA 12 by 3D Systems (USA) and PA
2200 by EOS (Germany) are commonly used
materials by the OEMs.

Metal powders are used with DMLS and SLM
processes. Titanium (Ti6Al4V) powder and
cobalt chromium powder are suitable for dental
applications due to their strength, durability, and
biocompatibility. Particle size distribution for
metal powders usually ranges from 10 to 50 pm
[46]. Cobalt chromium metal powder is used to
produce crowns and copings through 3D print-
ing. Titanium powder is used for 3D printing cus-
tomized oral and maxillofacial implants.

Introduction to Powder
Material-Based 3D Printing
Technologies

4.5.1

4.5.1.1 Selective Laser Sintering (SLS)

Selective laser sintering (SLS) is an AM process
that falls under powder-bed fusion category. In
SLS, a laser selectively sinters the particles of a

Printed
Part

Build
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Scanning
Mirror

Laser Beam

i

=— Laser Source

Nylan
Powder

-

Collector
Chamber

Moves Down

polymer powder, fusing them together and build-
ing a part layer by layer [5]. SLS uses thermo-
plastic polymers in a granular or powdered form
(Fig. 4.13).

4.5.1.2 Multi Jet Fusion (MJF)

Multi Jet Fusion (MJF) by Hewlett Packard
(HP) is an industrial 3D printing technology that
belongs to the powder-bed fusion family. Parts
are built by thermally fusing polymer powder
particles layer by layer. The materials used in
MIF are thermoplastic polymers (usually nylon)
that come in a granular form. In MJF, an ink
(fusing agent) is dispensed on the powder that
promotes the absorption of infrared light. An
infrared energy source then passes over the
building platform and fuses the inked areas [47]
(Fig. 4.14).

4.5.1.3 Direct Metal Laser Sintering
(DMLS) and Selective Laser
Melting (SLM)
Direct metal laser sintering (DMLS) and selec-
tive laser melting (SLM) are 3D printing tech-
nologies that directly create a metal part from its
3D computer model. This process makes use of
powder metals to build parts [3]. The working
material for this 3D printing process is finely
powdered metal, with the size of the metal parti-
cles being 20—40 pm. The particle size and shape
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Fig.4.14 Multi Jet
Fusion (MJF) 3D
printing process
illustration. (Source:
Imaginarium)
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limit the detail resolution of the final part. Smaller
metal particle size and less variation allow better
resolution (Fig. 4.15).

4.5.2 Dental Applications
of Powder-Based Materials

4.5.2.1 Crowns and Bridges

Both crowns and bridges are fixed prosthetic
devices. Unlike removable devices such as den-
tures, which can be removed and cleaned daily,
crowns and bridges are cemented and fixed per-
manently onto the existing teeth or implants.
These crowns and bridges are manufactured in
mainly cobalt chromium and also in gold [3]. The
invisible teeth are directly made in metal, and the
aesthetically visible teeth are made with a coat-
ing of ceramic or porcelain over metal. Using 3D
printing, these crowns can be manufactured in
cobalt chromium via DMLS, SLM, or electron-
beam melting (EBM) process (Fig. 4.16).

4.5.2.2 Oral Maxillofacial Implants

Various prefabricated maxillofacial implants are
used for the surgical treatment of patients. In
addition to these prefabricated implants, custom-
ized CAD/CAM implants become increasingly

=—— Roller

Mylon
Powder

-~
Build
Platform

}

Moves Down

important for a more precise replacement of
damaged anatomical structures [48].

The basic requirements for successful out-
come of material are, it should be biocompatible,
corrosion resistant, must possess adequate
mechanical property to withstand stress, produce
least artifacts under imaging like computed
tomography (CT) scan and MRI (magnetic reso-
nance imaging), and interfere minimally in nor-
mal growth, remodeling, and development of
bone. The materials used for implants at present
are metals, ceramics, and polymers. Metallic
components are exclusively used in dental
implants because of their higher strength and
contour-ability [49]. The materials used for man-
ufacturing oral maxillofacial implants are tita-
nium alloys and cobalt chromium (Fig. 4.17).

4.5.2.3 Dental and Aligner Models

Dental models are used for manufacturing align-
ers, for making removable crowns and bridges
for checking their form and fit. They are also
used for surgical planning in oral maxillofacial
surgeries and for patient education. The material
required may or may not be biocompatible. The
most common material used for making the mod-
els is polyamide-12 which is class VI biocompat-
ible material when printed via SLS technology
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Fig. 4.15 Direct metal
laser sintering (DMLS)
3D printing process
illustration. (Source:
Imaginarium)

Fig. 4.16 Full mouth bridge and dental crowns directly
printed in metal 3D Printing. (Source: GE Additive)
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Fig. 4.17 Patient-specific mandibular implant. (Source:
Imaginarium)
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Fig. 4.18 Aligner dental models printed in MJF technol-
ogy. (Source: HP Inc)

on 3D system or EOS printers and is an autoclav-
able biocompatible material when printed via HP
MIJF technology due to the addition of adhesives
(Fig. 4.18).

4.6 Solid-Based Materials

In solid-based AM technologies, the material is
in the form of filament. Different materials such
as ABS, PLA, PETG (polyethylene terephthal-
ate glycol), HIPS (high-impact polystyrene),
PVA (polyvinyl alcohol), PP (polypropylene),
and TPE (thermoplastic elastomer) can be
printed. One of the most common materials
printed is PLA.

PLA is a shiny, hard, and biodegradable sub-
stance which is a stronger and flexible material
for a 3D printer. Chemically PLA contains lactic
acid and lactides. This has a low melting temper-
ature of 173-178 °C and tensile strength 2.7—
16 GPa with several application areas including
medical and dental.

Introduction to Solid Material-
Based 3D Printing
Technologies

4.6.1

4.6.1.1 Fused Deposition Modeling

(FDM)
Fused deposition modeling (FDM) or fused
filament fabrication (FFF) is an AM process
that belongs to the material extrusion family. It
is a method of additive manufacturing where

+«——— Filament

—— Extruder

\
S

3D Printed
Object

|

Print Bed

Fig.4.19 FDM 3D printing process illustration. (Source:
Imaginarium)

layers of materials are fused together in a pat-
tern to create an object. The material is usually
melted just past its glass transition temperature
and then extruded by a hot nozzle in a pattern
next to or on top of previous extrusions, creat-
ing an object layer by layer [5]. In layman’s
terms, a typical FDM 3D printer takes a plastic
filament and squeezes it through a hot end,
melting it, and then depositing it in layers on
the print bed. These layers are fused together,
as they keep building up throughout the print,
and eventually forming the finished part
(Fig. 4.19).

4.6.2 Dental Applications of Solid
Materials

4.6.2.1 Dental and Anatomical Models
Dental models are used for manufacturing aligners,
making removable crowns and bridges and for
checking their form and fit. They are also used for
surgical planning in oral maxillofacial surgeries
and for patient education. The material required
may or may not be biocompatible. FDM technol-
ogy is suitable only for 3D printing of anatomical
models [5]. The most common material used for
printing the models using the solid-based AM tech-
nology is PLA, ABS, medical-grade PETG, and
nylon (Fig. 4.20).
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Fig. 4.20 Dental models printed in FDM technology

Advancements in Materials
for Oral Healthcare

4.7

There are evidently few gaps in the material devel-
opment for dental applications. As the use of addi-
tively manufactured materials in dentistry
increases, concerns about their safety, compatibil-
ity, and durability are being addressed. Novel
materials are being developed with these consider-
ations in place. Biomaterials, ceramics, novel
polymers, and metals are among the few materials
being studied by researchers across the globe [26].
Maxillofacial surgery and reconstructive dentistry
are poised to be the biggest beneficiaries of the
new materials.

Biomaterials
with AM for Dental
Applications

4.71

Bioprinting is defined as a single approach com-
bining a set of techniques incorporating cells,
biologically active compounds such as growth
factors, and extracellular matrix components
within or onto a printed substrate. Different mate-
rial delivery methods and technologies have been
used, including contact bioprinting, contactless
bioprinting and inkjet deposition, and other
methods [50]. Inkjet printing methods have been
extensively explored for biomaterials printing

because the printing nozzles can print without
getting in contact with the substrate and hence
decreasing the possibility of cross-contamina-
tion. Inkjet printing also provides a platform on
which multiple cell types can be constructed.
Structural and conformal cell printing methods
create a printed cell construct fabricated from the
bottom upward (i.e., layer by layer or cell by
cell), thereby producing a heterogeneous cell and
biomolecular structure in 3 dimensions. Structural
cell printing requires that the scaffold, cells, and
biomolecules be simultaneously or sequentially
printed. Conformal cell printing is a hybrid
approach that allows biomolecules to be printed
on top of thin layers of prefabricated
scaffolding.

Polylactic-co-glycolic acid (PLGA) is a
material used in the medical industry since its
approval by FDA in 1986; however, it lacks the
mechanical stability required for bone regenera-
tion. PLGA can be mixed with other materials
to increase its stability and offer additional rein-
forcement. PLGA and tricalcium phosphate
(TCP) compounds have been successfully used
for animal testing in research studies [51]. Other
studies have also reported that the 3D
B-tricalcium phosphate (3D-TCP) scaffold pro-
duced by 3D printing performed a fully control-
lable and customizable structure and had good
biocompatibility [52]. PLGA/TCP and B-TCP
scaffolds manufactured by 3D printing have a
potentially broad dental application for person-
alized levels of treatments with the potential to
improve oral and maxillofacial bone regenera-
tion [53] (Fig. 4.21).

Current research hints at the use of biological
materials like cells, proteins to 3D print biologi-
cal implants. These can be referred to as 3D
printed tissue or organs by using a bioprinter and
materials consisting of scaffold and living cells.
There is currently no biological implant avail-
able. However, there have been few examples
showing how much organ printing has advanced.
The printing of heart vessels and tissues, carti-
lage, skin, and liver tissue are some of the organs
are in the works [54].
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3DP (Low-temperature rapid prototyping)

hDPSCs

Fig. 4.21 Overview of the application of two types of 3DP technologies used to fabricate scaffold incorporated with
human dental pulp stem cells (hDPSCs) for oral and maxillofacial bone reconstruction [53]

4.7.2 3D Printed Ceramics
for Dental Applications

Ceramic materials have been challenging to pro-
duce conventionally due to their unique attributes
like high melting temperature, high coefficient of
thermal expansion, and high hardness. Ceramic
materials have been extensively used in dentistry,
for crowns, inlays, on-lays, bridgeworks, den-
tures, and veneers due to their close mimicry to
natural teeth materials. Due to technical con-
straints of working with ceramics in 3D printing,
feasibility studies have explored the use of binder
jetting process with ceramic powders for dental
applications [55].

Zirconia material for 3D printing is emerging
as a promising material for dental applications.
Several research studies have investigated the
suitability of using zirconia for dental applications.
These studies evaluate the density, crystalline
structure, porosity, surface roughness, hardness,
toughness, and biocompatibility of zirconia.
Chewing simulation studies have also been per-
formed to evaluate the tribological performance
of 3D printed zirconia [56]. Zirconia can be
printed with paste extrusion as well as DLP pho-

topolymerization techniques. However, both the
processes are capable of producing only green
parts. Further post-processing steps including
debinding and sintering are required to achieve
the final properties of the hard zirconia. Studies
exploring the use of DLP technique for zirconia
3D printing have concluded that zirconia dental
implants can be printed with sufficient dimen-
sional accuracy and have mechanical properties
similar to conventionally produced zirconia
implants [57].

4.7.3 Other Novel Materials: PEEK,
Nitinol

Other novel materials are also emerging in the
dental application sector. These include polymers
and metal alloys. Among the polymers, polyether
ether ketone (PEEK), which has traditionally
been used as a medical-grade material with con-
ventional manufacturing, has been re-introduced
as a 3D printing material. Medical-grade PEEK
powders and filaments have been recently com-
mercialized by material science majors across the
world. Another traditionally used material which
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is making the waves with 3D printing is Nitinol,
a nickel titanium alloy.

In recent years, PEEK has been investigated
widely in oral and maxillofacial surgery with
possible applications in dental implants, skull
implants, and bone replacement material for
mandibular and maxillary reconstructions. CFR-
PEEK or carbon fiber reinforced—PEEK is
another variation of PEEK being investigated for
use in implants. CFR-PEEK is considered as a
promising candidate to replace metallic materials
because of the inherent advantages of PEEK and
improved mechanical properties [58]. Studies
have also indicated FDM printed CFR-PEEK and
PEEK materials to be suitable candidates for
orthopedic and dental implants [59]. ApiumTec
(ApiumTec, Karlsruhe, Germany) is also offering
its medical-grade PEEK FDM-based 3D printer
for printing PEEK implants commercially [60].
Evonik Industries, German material sciences
giant is also offering an implant grade PEEK fila-
ment material for FDM 3D printing [61].

Shape memory alloys like Nitinol which is a
nickel titanium (NiTi) alloy have also exhibited
properties suited for making implants. Nitinol
exhibits properties like shape memory effect,
superelasticity, and high damping properties. In
dentistry, it is already being used as a dental orth-
odontic wire. Other applications being explored
are dental implants and dentures which exploit
the shape memory effect. Blade-type implants
made of NiTi have been used for patients who
possess a comparatively narrow jaw bone struc-
ture in order to ensure tight initial fixation [62].
As NiTi is also relatively challenging to machine,
additive manufacturing process has been touted
as the suitable process to manufacture NiTi
objects. SLM process has been demonstratively
proved to use NiTi for printing parts successfully
[63, 64].

Novel materials evidently pave the way for
newer and unexplored territories of 3D printing
in dental applications. Several application areas
in dentistry which are so far untouched upon due
to material constraints can be solved by further
materials research.

4.8 Summary

3D printed materials for digital dentistry are trans-
forming the conventional work flow of the dental
appliance manufacturing. This digital workflow,
right from capturing the patient anatomy to manu-
facturing of the dental devices, has brought an
amalgamation of perfect patient care outcomes,
speed, and efficiency to the treatment process.
With the advancement in the additive manufactur-
ing processes becoming stagnated, material devel-
opment remains an unexplored frontier for the
future. Material science research has progressed to
develop safer, stronger, and biomimetic materials
for biomedical applications. Treatments like
Teeth-in-a-Day, clear aligners, etc., have been
made possible with the development of new mate-
rials which augment the traditional dental manu-
facturing work flow. Biocompatible polymers and
metal alloys have also made customized maxillo-
facial implants safer, achieving anatomical confor-
mity through 3D printing. With a lot of ersatz for
biological materials currently available in 3D
printing, the next objective of materials research is
to bioprint living cells and organs. Although bio-
printing is touted to provide the proverbial “gold
standard” treatment especially for oral and maxil-
lofacial surgery and restorative dentistry in future,
the winding path is riddled with many regulatory
and scientific hurdles.
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5.1 Introduction ative dentistry, prosthodontics, orthodontics,

Computer-aided design and computer-aided
manufacturing (CAD/CAM) encapsulate digital
workflows carried out across many different
industries. It was only a matter of time before
digitalization started taking place in dentistry as
well. CAD/CAM has now become a common
occurrence in dental offices across the globe [1].
Digital technologies have transformed modern
dentistry on all fronts, from communication and
diagnosis to treatment [2]. The entire process is
now much more efficient and predictable [3]. In
this chapter, we will discuss how CAD/CAM has
changed dentistry completely. We will cover its
application in various disciplines, such as restor-
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implantology, and maxillofacial surgery, focus-
ing on acquisition, design, and manufacturing.

5.1.1 A Brief History of Computer-
Aided Designing
and Computer-Aided

Manufacturing (CAD/CAM)

Although CAD/CAM has only recently become a
mainstream in the dental industry, its history
started much earlier when Dr. Francois Duret
proposed optical impressions and a rudimentary
dental CAD/CAM system as early as 1973. In
1984, he demonstrated the first crown produced
using a patented electro-optical scanner to take
digital impressions and a simple chairside CAD/
CAM system [4]. This technology was met with
skepticism at the time. However, the need for
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tooth-colored restorative alternatives to amalgam
or gold prevailed. Composite materials were not
advanced enough at the time, and their polymer-
ization shrinkage limited their application in
chairside dentistry.

Recognizing the potential of this market, Dr.
Werner Mormann and Dr. Marco Brandestini
developed a similar system in 1983 at the
University of Zurich, independent of Dr. Duret’s
work, and they implemented it in the same year
as the CEREC (CEramic REConstruction) 1 unit
(Sirona Dental Systems GmbH, Bensheim,
Germany). In 1985, the first chairside inlay using
the CEREC 1 system was carried out [5]. It did
not have sophisticated CAD software for dental
anatomy as it simply copied the cavity and
required the occlusion to be refined in the mouth.
The milling process was performed by a single
disk working on a one and a half axes. CEREC
was developed with ceramic crowns in mind, as
the name, an abbreviation for CEramic
REConstruction, suggests. Ceramic materials
available at this time (namely feldspathic ceram-
ics) were not as strong or resilient as contempo-
rary materials, so the demand for full-metal or
porcelain-fused-to-metal restorations remained.
This was the one reason for the relatively small
market penetration of chairside CAD/CAM sys-
tems at the time. Laboratory CAD/CAM systems
were adopted by dental technicians earlier as they
were utilized for manufacturing metal frame-
works or full-ceramic restorations in a greater
volume [6].

It is without question that the marketing efforts
of CEREC and the improvement in material sci-
ences over time were two instrumental factors in
the growth of dental CAD/CAM. The invention
of a lithium disilicate material, IPS e.max CAD
by Ivoclar Vivadent in 1998, contributed signifi-
cantly to the growing popularity of chairside
CAD/CAM and same-day dentistry [7]. This
material is available in various aesthetic shades
and levels of translucency and has a flexural
strength similar to natural enamel. Since then,
milling machines have been proven to be a valu-
able tool in dentistry, and now additive manufac-
turing in the form of 3D printers has started
gaining mass popularity. Although dental profes-

sionals began considering 3D printers for their
businesses in the mid-2010s, the technology had
already been around for nearly 30 years [8]. The
growing competition has also driven prices lower,
making them more affordable for the masses.
Digital dentistry is without a doubt the future of
the profession, and the evolution of the industry
is happening right now.

CAD/CAM Workflow
in Dentistry

5.2

In its entirety, the CAD/CAM workflow consists
of three parts [5]: acquisition, design, and manu-
facturing. This chapter will cover all three
aspects, including what they involve and their
capabilities and limitations.

5.2.1 Open vs. Closed Systems
CAD/CAM dentistry is not a one-size-fits-all
modality, and there are now many options on the
market to find a solution tailored to individual
needs and budgets. An open system or architec-
ture essentially allows communication and data
exchange between software and hardware of dif-
ferent brands and companies [9]. Open systems
now dominate the market, with most devices
enabling the export output data in the ubiquitous
standard tessellation language (STL) file type.
All design programs on the market can read scans
taken with an open system, giving you the flexi-
bility to customize your CAD/CAM workflow
[10].

It is not necessary for those starting with digi-
tal dentistry to switch from conventional methods
to a fully digitalized workflow at once. Investing
in an intraoral scanner can be the first step. An
open system is vital if you plan to start with a
scanner only and intend to have the restoration
manufactured elsewhere (by a laboratory or a
milling center). Thankfully, these days all scan-
ners on the market are outwardly open. Meaning
they enable exporting of files that can be used
with any software. This was not the case six years
ago.
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Open systems result from the fact that many
CAD/CAM manufacturers do not cater to every
part of the workflow. Some companies (such as
Medit or Carestream Dental) make scanners
without fully-fledged designing capabilities or
CAD software. In contrast, others (e.g., 3Shape,
Dentsply Sirona) offer scanners with compre-
hensive CAD software that can fabricate vari-
ous dental prosthetics. For those companies
that do not supply CAD software or manufac-
turing units, it is necessary to rely on third par-
ties to provide the missing links. Therefore, the
data must be interchangeable within the work
chain [9].

Closed systems are also found across the entire
industry. This is especially true for companies
that sell complete end-to-end CAD/CAM sys-
tems with manufacturing units included (e.g.,
Zirkonzahn, CEREC) or design their workflow
so that you can only send scan data to be manu-
factured by their specific milling centers exclu-
sively (e.g., Nobel Biocare). In closed systems,
the formatted output data obtained from scanning
is a proprietary file that can only be used in cor-
responding software or associated systems. They
may also prevent the import or export of files,
scans, or designs [9]. These systems are not nec-
essarily worse than open systems as they provide
you with complete workflow, but they also often
offer little flexibility and limited usage of third-
party libraries or materials. The market trend
seems to be more inclined toward open systems
[2]. Prominent dental companies have switched
from closed to open systems in the past, notably
Straumann abandoning their rigid system and
adopting Dental Wings Operating System
(DWOS) by Dental Wings in 2012. CEREC also
opened its system in 2017 due to what appeared
to be market pressure, enabling STL export from
their scanners.

5.2.2 3D File Formats

No matter what system you choose, the data you
create either through scanning or designing will
be stored in some form of 3D file format. There

are over 100 types of 3D file formats, but the
most common across industries is standard tes-
sellation/triangle language (STL) [11]. This for-
mat contains information about the 3D geometry
of the object without any information about sur-
face color or texture. It does not include informa-
tion a milling machine might require, such as
margin lines, but this is typically detected manu-
ally by CAD software. If you want to transfer
your scan data with surface color information,
you must export the scan information in the cor-
rect format. The file types used in dentistry that
include color are the Polygon File Format (PLY)
and Wavefront.OBJ. Including STL, these are the
three most commonly used file types in the indus-
try [12] (Fig. 5.1).

As mentioned above, some companies also
develop their own proprietary file formats that are
unique for their products. For example, TRIOS
by 3Shape can export data in STL, PLY, and
DCM, a unique 3Shape format. DCM contains
information about geometry, color, measure-
ments, HD photographs, annotations, patient
information, or a margin line as the user sets it.
This file type can only be read and used by other
3Shape products. Similar file types exist for other
major CAD/CAM companies like CEREC which
exclusive to their products.

5.2.3 Chairside vs. Laboratory
CAD/CAM

The simplest way to classify dental CAD/CAM
systems is into CAD/CAM for chairside and
laboratory use [13]. In the subsequent sections,
we will discuss acquisition, designing, and man-
ufacturing units and how they differ depending
on whether they are made for dental offices or
laboratories. Keep in mind that this does not
mean they cannot be used in both scenarios. In
simplified terms, dental office CAD/CAM sys-
tems tend to be more compact and offer a some-
what rigid, streamlined workflow. On the other
hand, laboratory systems tend to have more flex-
ibility with materials, tools, and manufacturing
capabilities and focus on detail rather than effi-
ciency [14].
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Fig. 5.1 An example of an intraoral scan exported in PLY (colour), STL (monochrome), and visualized tessellated
mesh. (Source: Dr. Ahmad Al-Hassiny)

5.3 3D Surface Data Acquisition
for Computer-Aided

Designing

To design any dental prosthetic for a patient, you
first need to obtain data. This is done using an
acquisition unit, one of the three pillars of a com-
plete CAD/CAM system [5]. Using a scanner,
you can acquire a digital copy of the patient’s
dental and orofacial structures and the relation-
ship of the jaws [2]. There is also an option of a
pre-operative scan which is used for different
indications.

Multiple studies have compared the accuracy
of conventional impression techniques using
impression material with digital impressions.
The latest studies concluded that digital scans
have comparable accuracy [15] or are even supe-
rior [16] to physical impressions. Research find-
ings also show that CAD/CAM-fabricated dental
restorations are of excellent quality and accuracy
when compared to conventionally manufactured
dental restorations [1, 17-19]. However, it is
essential to note that there are differences in the
accuracy between scanners. Some scanners can
struggle with maintaining accuracy when scan-
ning more complicated structures such as edentu-
lous arches or when scanning for full-arch
prosthetics. Therefore, not all scanners are suit-
able for digital impression in full-arch implant-
supported fixed dental prostheses [20, 21].

There are many other benefits of digital
impressions, such as rarely provoking a gag

reflex and making the treatment more comfort-
able for patients [2, 22]. One of the most signifi-
cant advantages of digital impressions is
immediate feedback for the clinician. You can
examine the scans on your computer during the
procedure. These scans can be rotated and
enlarged, and some systems highlight seemingly
inadequate areas for your convenience, for exam-
ple, insufficient tooth reduction during crown
preparation. All this information is readily avail-
able immediately after scanning and has been
shown to improve the quality of tooth prepara-
tions [23]. Lastly, another advantage is that scans
and design data are stored on a computer and can
be easily reaccessed in the future, and are easily
transferred. The technique in which these digital
impressions are obtained differs significantly,
depending on whether your acquisition device is
for a chairside or laboratory use.

5.3.1 Laboratory Desktop Scanners
Laboratory scanners are desktop devices that
acquire digital impressions from conventionally
taken impressions or, more commonly, from
physical models of said impressions. Mechanical
scanners (e.g., NobelProcera by Nobel Biocare)
were used in the past, but now optical scanners
have quickly become an industry standard [23].
Impressions or models are placed on a scan-
ning holder or a plate and retained by a fixture or
adhesive putty. The construction of these labora-
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Fig. 5.2 A tabletop laboratory scanner, E4 by 3Shape.

(Source: Institute of Digital Dentistry Laboratory,
Wellington, New Zealand)
tory scanners varies in size, design, and

mechanics, but it has become common for the
holders to be attached to a mechanical arm that
moves on at least one axis. The holder itself also
rotates and tilts during operation. These simulta-
neous multi-axis movements allow the software
to capture as much data in as little time as possi-
ble. Nowadays, scanning a single model using a
latest generation laboratory scanner can be car-
ried out within seconds (Fig. 5.2).

Laboratory scanners are classified as optical
scanners as they use a static light that is projected
onto the object’s surface, which is then used to
create a digital impression. A digital sensor regis-
ters the change in depth of this projected light.
This data is calculated, analyzed and used by
software to create the 3D image [24]. In earlier
generations of desktop scanners, it was necessary
to coat surfaces in a spray powder. This spray
contained a fine powder that would render the
surface matte, limiting the light scattering and
making scanning process easier. Nowadays, this
is usually unnecessary and only reserved for
scanning exceptionally lustrous, transparent, or
pitch-black objects. This advancement also paved
the way for the development of desktop scanners
capable of capturing color.

The bite scan is usually obtained by scanning
the upper and lower models held together in cen-
tric occlusion. This is one of the reasons why it is
beneficial to provide a laboratory with full-arch
digital impressions—even if you provide a bite
registration, full-arch models make evaluating

the impressions’ accuracy more reliable. The
sign of correctly taken digital impressions or bite
registrations is when the models do not rock in
any direction while occluding, given the occlu-
sion is cleaned of any interferences (e.g., bubbles,
pulls). In the case of quad- or triple-tray impres-
sions, models often rock buccal-lingually as they
lack adequate occlusal stops from the opposing
half of the arch. This often makes evaluation,
mounting, and scanning of models more
difficult.

Narrow, undercut spots, especially in areas of
crown preparations, can be difficult to scan for
laboratory-based systems. For this reason, dental
laboratories can turn prepared teeth into remov-
able dies. These dies are similar to traditional
techniques and have the captured soft tissue
removed to reveal the finishing line of the prepa-
ration fully [24]. Modern scanner advancements
have led to the ability to capture these difficult
areas more predictably. Removable dies can lead
to an inaccurate vertical or horizontal position of
dies/preps within an arch resulting in tight or
open contacts. Although multiple model section-
ing systems have been developed in the past, e.g.,
“The Carrot model” by Willi Geller or Giroform
by Amann Girrbach, this issue prevails to some
degree [25]. For this reason, control, unseparated
models are often also poured to check the con-
tacts during a final seating of the restoration.

There are many benefits of scanners compared
to traditional techniques. Dental technicians often
faced issues, such as distortion, pulls, and bubbles
with conventional impressions. All these frustrat-
ing issues with traditional impressions do not exist
with digital scans [26]. Furthermore, the COVID-
19 pandemic has raised awareness of the cross-
infection risks that come with handling physical
impressions. Everyone in the dental team, from
dental assistants to technicians, who are handling
physical impressions, can be potentially exposed
to viruses or bacteria if they are not adequately dis-
infected. The harsh chemicals used in this disin-
fection process can also deteriorate the surfaces of
impressions or stone models if misused. These are
all issues that are completely avoided with digital
impressions fabricated with intraoral scanners
[27]. TIOS are designed to be safely wiped down,
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scanner tips, and carts included. Many scanners on
the market now also offer an option of removable
scanning heads, either single-use or reusable, the
latter type being capable of withstanding multiple
autoclave cycles. When using digital technologies,
there is no transfer of any physical impressions or
materials. This enables ideal cross-infection con-
trol [28]. Unfortunately, laboratory desktop scan-
ners are still prone to the risks of physical
impressions. They are not as effective for cross-
infection control as they still require handling of
impressions by multiple people or departments.
Proper disinfection of any impression and models
is paramount in these cases [29].

5.3.2 Chairside Intraoral Scanners

Unlike laboratory scanners, chairside or intraoral
scanners (I0S) have always been optical and they
are designed to obtain digital impressions directly
in a patient’s mouth. The shape of the oral cavity
has limited their design. The general appearance of
intraoral scanners across all the different compa-
nies does not vary as much as laboratory scanners.
For instance, all intraoral scanner heads are small
enough to fit in a mouth, long enough to capture the
last molar’s distal aspect, and light enough to allow
operation with one hand [30] (Fig. 5.3).

Fig. 5.3 Intraoral scanners (left to right): iTero Element
5D Plus (Align Technology), CEREC Primescan
(Dentsply Sirona), TRIOS 4 (3Shape), Emerald S
(Planmeca), TRIOS 3 (3Shape), CEREC Omnicam
(Dentsply Sirona), 1700 Wireless (Medit Corp), 1700
(Medit Corp), Heron IOS (Heron), i500 (Medit Corp),

Intraoral scanners have been through multiple
evolutions and improvements over the years [5].
Almost all modern IOS have some mechanism to
prevent condensation while scanning, e.g., an
external or in-built heater or an in-built fan. The
scanning tips are either wiped and disinfected for
cross-infection control, covered with a remov-
able single-use scanning head, or contain a
removable scanning head capable of withstand-
ing multiple autoclave cycles [31]. The market
trend seems to be moving toward wireless,
battery-powered scanners with removable scan-
ning heads, rather than traditional wired ones,
with fixed scanning heads that require cold
disinfection.

The intraoral scanner itself is connected either
to a personal desktop or laptop computer (e.g.,
1700 by Medit, CS3700 by Carestream, Emerald by
Planmeca) or comes with a custom build cart pur-
chased with the scanner (e.g., TRIOS MOVE by
3Shape, CEREC Primescan by Dentsply Sirona).
The laptop/desktop IOS tends to be a cheaper,
entry-level type of scanner. Companies that sell an
IOS with a cart also often offer a cheaper laptop/
mobile version, e.g., 3Shape’s TRIOS 4 “Pod” and
TRIOS 4 with a MOVE cart (Fig. 5.4).

When it comes to scanning, it is once again
recommended to scan arches in their entirety.
Although it is not as crucial as conventional

A

WOW (Biotech Dental), DL-206 (Launca), S6000
(DentaLink), Virtuo Vivo (Straumann Digital), Aoralscan
3 (Shining 3D), Helios 600 (Eighteeth), AS100
(Alliedstar). (Source: Institute of Digital Dentistry,
Wellington, New Zealand)
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Fig.5.4 Anexample of intraoral scanners integrated with
mobile computers/carts. Left to right: iTero Element 5D
Plus (Align Technology), CEREC Primescan (Dentsply
Sirona), TRIOS 3 (3Shape). (Source: Institute of Digital
Dentistry, Wellington, New Zealand)

Fig. 5.5 Commonly recommended scanning strategy for

dentate arches. (Source: Dr.

Wellington, New Zealand)

Ahmad Al-Hassiny,

impressions, it helps ensure an accurate evalua-
tion of the relationship between the jaws and
makes the virtual articulator function work more
reliably [32]. For a simple same-day crown pro-
cedure or quadrant dentistry using an in-house
digital workflow, simple quadrant scans can be
utilized with excellent results [33]. When using
an IOS, it is crucial to follow recommended
scanning protocols or scanning strategies set
out by the company [30]. The typical scanning
protocol is occlusion first, then the buccal sur-
faces, and finally scanning the lingual aspect of
the dental tissues (Fig. 5.5).

Following a scanning protocol is the most
efficient way to scan and minimizes the risk of

Fig. 5.6 An example of the bite or occlusion scans (in
gray) with mandibular and maxillary scans aligned
accordingly. Scanned with i700 (Medit), previewed in
MeditLink (Medit). (Source: Dr. Ahmad Al-Hassiny,
Wellington, New Zealand)

incorrect image stitching, resulting in a warped
scan. Following prescribed scanning protocols
also ensures optimum accuracy of the digital
image [30]. Bite registration is a scan of the
buccal aspect, often in centric occlusion. The
jaw scans are aligned to this mesh, and they are
assigned coordinates relative to each other,
meaning that even exported scans appear in
this position relative to each other (Fig. 5.6).

Like laboratory scanners, coating the oral
cavity in scanning powder is not necessary
with modern intraoral scanners. However, due
to the optical nature of the scanners, wet and
shiny surfaces may still be challenging to cap-
ture but are often managed inside the mouth,
for example, with adequate moisture control
[34]. When taking conventional impressions,
the quality of models depends on multiple fac-
tors within the workflow of an office, a labora-
tory, and anyone involved in processing the
models. Intraoral scanners give you complete
control and sole responsibility for the quality
of your impressions.

5.3.3 Scanning of Edentulous Jaws

Edentulous jaws are notoriously difficult to scan
due to the lack of teeth and the presence of mov-
ing soft tissues [35]. This results in fewer refer-
ence points for the scanner to stitch the captured
data correctly. Although relatively more chal-
lenging, it can be achieved with modern intraoral
scanners. The scanning protocol varies depend-
ing on the thickness, shape, and size of the resid-
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Fig.5.7 Anillustration of the edentulous maxillary scan-
ning strategy

ual ridge. It is crucial to follow scanning protocols
carefully when taking a digital impression of an
edentulous jaw to minimize any inaccuracies [36,
37] (Fig. 5.7).

The bite of an edentulous patient cannot be
registered using the same techniques as in the
case of patients with dentate arches. If your
patient has pre-existing dentures, scanning their
bite will not work either due to the lack of refer-
ence points shared with the jaw scans—the den-
tures cover the alveolar ridges and a palate and
only a small part of the movable soft tissue stays
exposed which provides insufficient data [38].
For this reason, multiple techniques were devel-
oped to achieve a bite scan for an edentulous
patient. These techniques can involve surgical
guides or CT scans for an entirely digitized
workflow, or alternatively scanning the fitting
surface of dentures. Other more common meth-
ods still require conventional impressions, e.g.,
bite registration with a facebow or a patient’s
occluding dentures [38, 39]. Stone models can
be mounted using the facebow information or
the dentures and then scanned using laboratory
desktop scanners. The base of the stone models
should provide enough reference points to align
jaw scans with the bite scan. Some scanners also
allow for the mounted models to be scanned with
the entire articulator. Alternatively, traditional
bite rims/blocks can also be used [40]. When
using a conventional impression technique, a
custom impression tray is made to fit the patient’s
anatomy precisely. The tray’s rim should be long

Fig. 5.8 Models aligned using patient’s occluding den-
tures (transparent). (Source: Institute of Digital Dentistry
Laboratory, Wellington, New Zealand)

enough to capture the entire length of the vesti-
bule, and before the material is fully set, the
patient is encouraged to move their tongue and
cheeks, so the full range of mucosa movement is
recorded. For these reasons, a completely
impression-free workflow for final full dentures
is still not perfect due to the static nature of IOS
images [41]. They fail to capture the functional
movements of the mouth which are typically
captured during border molding in the traditional
impression stage. Thus, fully digital dentures are
either relined in the mouth or are fabricated with
a combination of traditional and digital impres-
sions [42] (Fig. 5.8).

54  Computer-Aided Designing
(CAD) for Dental

Applications

All laboratory scanners come with integrated CAD
design software, but not every chairside
IOS. Scanners from 3Shape, Planmeca, and CEREC
all have their own dedicated chairside and labora-
tory CAD software available and are purchased
seperately. Multiple computer-aided design soft-
wares are available in the market, the most notable
being DentalCAD by exocad, Dental System by
3Shape, or CEREC software by Dentsply Sirona.
These programs are either integrated into a CAD/
CAM system purchased from the supplier or bought
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separately. Some programs can be either purchased
with a one-off payment, while others are
subscription-based. This specialized software can
be used to design all forms of dental prosthetics
such as veneers, crowns, inlays, onlays, short or
long-span bridges, both reduced (to make room for
porcelain) or full-contour (monolithic), and tooth-
borne or implant-supported. Most CAD software
also has modules for removable prostheses such as
full or partial dentures, including metal frameworks
or a bar design. Other indications can include clear
aligners, indirect bonding trays, surgical guides,
splints, or custom impression trays. CAD software
can accomplish almost everything that was achieved
with traditional techniques [43]. Always check with
your provider whether your particular software
package comes with modules (capabilities) you
require—just because the software can theoretically
do it, it does not mean that your CAD/CAM pro-
vider or license enables you to.

If the system is open, you can upload various
tooth libraries or, more importantly, implant
libraries, which allow you to design restorations
fitting on titanium bases of your choice. Even if
you are using a titanium base compatible with
another brand’s implant connection (e.g.,
Medentika Ti-base connecting to an original
Nobel implant), you need to make sure that you
are using a library compatible with that particular
Ti-base (using the same example, Medentika
library). Although the connective part is the
same, the portion of the Ti-base that is glued to
the restoration can differ from the original,
authentic Ti-base. Some implant libraries come
with dummy connections. This dummy library
provides your design with fake, unfunctional
design and effectively makes it useless for either
in-house or a third-party milling center.
Restorations designed using these libraries must
be sent to a designated milling center where the
dummy connection is replaced with genuine,
functional geometry and processed afterward.

In some clinical applications, such as digital
wax-ups, you can use 3D modeling software that
was not developed specifically for dentistry, e.g.,
by Pixologic or Meshmixer by Autodesk. Programs
like these tend to be cheaper, but they also tend to
be harder to use and are not as streamlined for den-

tal applications [44]. Programs that were devel-
oped for dentistry guide you through the workflow
to achieve a functional result. They focus on the
crucial dental aspects, such as finding the path of
insertion, blocking out the undercuts to make seat-
ing possible, providing tools for effective margin-
ation, or helping you respect a specific material’s
minimum thickness. It is also important to realize
that a non-specialized program does not offer
tooth templates, meaning that you must upload a
template or design the teeth from scratch. On the
other hand, dental CAD software comes with mul-
tiple templates, usually in the form of a catalog
that offers teeth of various morphologies, which
will make the designing process more accessible.
In the following sections, we will explore in detail
the most popular CAD software on the market.

5.4.1 Exocad
Exocad GmbH (stylized as exocad) is one of the
leading CAD/CAM companies on the market, with
its headquarters in Darmstadt, Germany. The com-
pany focuses solely on developing CAD/CAM
software that is hardware neutral, completely open,
and can be integrated with the CAD/CAM hard-
ware from any manufacturer. Nowadays, exocad
has been integrated with systems by Amann
Girrbach, Zirkonzahn, KaVo, and others. Exocad
allows third-party integrators to customize the soft-
ware to various extents—it can be as simple as a
color change of the graphic user interface or alter
the system’s capabilities. When you purchase the
software through a third-party CAD/CAM pro-
vider, you need to handle any exocad issues through
them exclusively as exocad itself does not provide
such customer service directly. Additionally, if the
system is purchased with an entire CAD/CAM sys-
tem through a provider, it can come with a perpet-
ual license or an annual fee, depending on the
arrangement. If you choose to purchase the system
separately, you have an option of either a perpetual
license or a subscription model (Fig. 5.9).
Exocad’s flagship software is the dental
designing software, often referred to as “exo-
cad,” althoughits proper name is Dental CAD. This
program allows for fabricating multiple types of
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Fig. 5.9 “Free-Form Merged Restoration” tools in the Expert Mode, Dental CAD by exocad integrated with Ceramill
CAD/CAM system by Amann Girrbach. (Source: Institute of Digital Dentistry Laboratory, Wellington, New Zealand)

fixed or removable prosthetics, both tooth- and
implant-supported. It consists of various modules
and add-ons that can be purchased separately.
These modules include the following:

e Partial CAD: a module add-on for designing
metal partial removable frameworks.

* Smile Creator: an extension to DentalCAD
for digital smile design. It enables a 2D design
to be created over patient’s photographs and
later adapted to 3D scans.

e Exoplan: for guided implant surgery and to
design surgical guides using CT or CBCT
data, intraoral and model scans, and digital
smile design.

¢ Exocad Ortho Archiver: for creating and
archiving orthodontic models. Exocad has
announced its plans to allow tooth setups and
bracket placement soon.

Dental CAD has been developed primarily for
use in dental laboratories, while ChairsideCAD
is a version of the software adapted for clini-
cians, focusing on chairside dentistry.
Dentalshare allows data transfer between dental
offices, dental laboratories, or milling centers.
Both DentalCAD and ChairsideCAD offer a

guided workflow, the Wizard Mode. It is a res-
toration design process separated into a step-by-
step workflow which is especially useful for
beginners. The exocad guided workflow is rigid,
with many capabilities and options of the soft-
ware being hidden. To reveal and enable all the
capabilities of the software, you need to switch
to the Expert Mode. Besides the dental design
software and its modules, exocad has also devel-
oped a project manager to create orders for any
laboratory work. This is essentially a laboratory
prescription form and is the part of the software
where you input case information, select teeth,
type of restoration, and material. From here, you
can either scan a case with a laboratory scanner
(not necessarily using exoscan by exocad) or
upload the scans from any intraoral scanner.
The company has also developed a CAM
manager for milling, called exocam. This soft-
ware adapts the program to each milling machine’s
requirements and capabilities. It allows for mate-
rial management, placement of the designs within
disks or blocks, calculation of tool paths, and
review of the milling simulation before the actual
production. Furthermore, for 3D printers, exo-
print software is also available. However, not all
CAD/CAM systems that use Dental CAD by exo-
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cad must use exocam or exoprint for production.
Some have their CAM managers that can be used
in combination with exocad. This software once
again is designed to be completely open. STL,
OBJ, and PLY files can be freely imported from
any desktop or intraoral scanner and exported to
be manufactured by any milling machine or 3D
printer, although this feature can be limited to a
certain extent by the CAD/CAM reseller.

Exocad was previously a privately held com-
pany until its recent acquisition by Align
Technology in March 2020. The original
co-founders (Tillmann Steinbrecher and Maik
Gerth) remain as the heads of the company, and it
is theorized that this new ownership may eventu-
ally lead to some changes in the digital dentistry
market, such as complete integration of exocad
with iTero scanners or perhaps closing the
Chairside CAD to iTero’s competitors.

5.4.2 3Shape

3Shape is another company with a primary focus
on the CAD aspect of the CAD/CAM workflow.
3Shape was established in Denmark in the year
2000. It started in the hearing aid industry by

developing a digital method to produce hearing aid
shells and take ear impressions. Their success in
this field disrupted the industry. In 2004, 3Shape
shifted its focus onto the dental industry after
many companies showed interest in their technol-
ogy. From the beginning, their goal was to achieve
a complete switch from analog to digital tech-
niques in dentistry, similar to their previous suc-
cesses in the field of audiology. 3Shape introduced
its first 3D dental laboratory scanner and CAD/
CAM software at the International Dental Show
(IDS) in 2005. After its success in the dental labo-
ratory sector, 3Shape moved to dental clinics,
intending to create a system with all the advan-
tages and none of the drawbacks of existing sys-
tems. They have since introduced multiple
laboratory desktop scanners (E series, D series),
intraoral scanners (TRIOS series), and a CBCT
scanner (X1). They have become a globally recog-
nized dental CAD/CAM company with headquar-
ters in Denmark and offices worldwide (Fig. 5.10).

The 3Shape Dental System software is
designed for laboratory use and can design any
fixed or removable restoration or framework,
tooth- or implant-supported. Similar to exocad, it
also offers multiple add-on modules, some nota-
ble examples being:
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Fig. 5.10 A bridge design in the Dental System by 3Shape. (Source: Institute of Digital Dentistry Laboratory,

Wellington, New Zealand)
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e Splint Studio: design of dental splints using a
virtual articulator.

e Implant Studio: to plan implant treatment
using intraoral or extraoral scans, CBCT
scan data, digital restoration design/mock-
up, and to design a surgical guide for guided
surgery.

* Smile Design: software for digital smile
design using photographs of the patient.

e Orthodontic Planner: treatment planning
software where you can design digital study
models and assess them using various analyz-
ing tools, with an option of uploading patient’s
CBCT scans or photographs.

e Indirect Bonding Studio: plan and design
trays for indirect bonding of brackets.

e Clear Aligner Studio: treatment planning
with clear aligners and their in-house
production.

Although they have developed scanners,
their software is also entirely open, compatible
with scans from any company. As they do not
manufacture milling machines or 3D printers,
their output data are also compatible with vari-
ous CAM systems. 3Shape users can even cus-
tomize the interface, designing process, design
parameters, and material requirements to a
great extent. 3Shape software can be purchased
either as a part of a whole CAD/CAM system
with third-party manufacturing units included
or separately (e.g., for remote design).
Mandatory subscription fees apply. 3Shape
chairside and laboratory software vary too.
While their laboratory software, Ortho System
Premium, does not differ as much from the
clinical Clear Aligner Studio, there is a signifi-
cant difference between the TRIOS Design
Studio and Dental System. The latter is mainly
for use in dental laboratories. It is generally
more complicated and has more tools and flex-
ibility within the software, and it is equipped to
handle and design even full-arch implant cases.
On the other hand, the chairside TRIOS Design
Studio is simplified, with fewer tools and
options, and is designed for a streamlined clini-
cal experience. Similar to exocad, CAD soft-
ware by 3Shape uses a guided workflow that is

separated into multiple steps, each including
different tools and functionalities.

5.4.3 CEREC Software and inLab
CAD Software

Sirona started developing its first CEREC system
in the early 1980s, and in 1985, the first CAD/
CAM crown was seated. The crown was milled
chairside from Vita Mark 1 (Vita Zahnfabrik), a
feldspathic ceramic, using the CEREC 1 proto-
type [5]. This achievement makes Sirona the lon-
gest operating provider of commercial chairside
CAD/CAM systems. In 2016, Dentsply
International and Sirona Dental Systems merged
into Dentsply Sirona. CEREC is one of two
CAD/CAM companies that offer an end-to-end
CAD/CAM workflow—acquisition, design, and
manufacturing without using any third-party
software or hardware. The other is Planmeca.
The part that makes the CEREC stand out is their
chairside milling machines and ceramic furnaces.
Once again, all these units vary depending on
their use chairside or in a laboratory. CEREC
Chairside Software is a CAD program that can be
purchased only with the CEREC intraoral scan-
ners, with or without a milling machine. Its work-
flow is divided into five steps:

1. Administration—input of case information.

2. Acquisition—intraoral scanning.

3. Model—trim the scans, draw margin, set
insertion axis, preparation analysis.

4. Design—design the restoration itself.

5. Manufacture—choose a material, nest it, and
commence milling.

You can design any single-unit restoration
(veneers, inlays, onlays, and crowns, full or par-
tial coverage) or a short-span bridge, both mono-
lithic or reduced, tooth- or implant-supported.
Besides this fixed restorative work, you can also
design short surgical guides for guided implanto-
logy. In most dental CAD programs, you are
prompted to pick the most appropriate tooth mor-
phology from the catalog, but CEREC software
uses what the company calls “biogeneric soft-
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Fig.5.11 Designing a crown in a design stage, CEREC Chairside software on CEREC Primescan. (Source: Dr. Ahmad

Al-Hassiny, Wellington, New Zealand)

ware.” At the beginning of the design phase, the
software assesses the morphology of the adjacent
teeth and generates an initial proposal based on
this data [45]. Before customizing the tooth fur-
ther, you can adjust the natural variation of this
proposal using the “biogeneric variation” func-
tionality. Alternatively, you can choose the
morphology from a tooth catalog just as you
would with any other dental CAD software
(Fig. 5.11).

After designing, you proceed to nest the res-
toration within the same program and in the
same workflow. The chairside milling machine
(e.g., CEREC MC X, MC XL, or Primemill)
processes single unit and bridge blocks exclu-
sively, either polymethyl methacrylate (PMMA)
or various ceramic materials for monolithic res-
torations (e.g., lithium disilicate and resin-based
hybrid ceramics). Since 2016, the chairside
CEREC system also started to mill zirconia and
the release of the induction furnace, the
SpeedFire, enabled same-day zirconia restora-
tions. Although the chairside software enables
the export of STL files, it is an otherwise closed
system and does not allow importing any non-
CEREC data.

The laboratory version of this software is
called CEREC inLab. The laboratory version of
CEREC comes with a desktop scanner (inEos
X5), a milling machine (inLab MC X5, inLab
MC XL), and an open system that can be inte-
grated with any third-party hardware, unlike the
somewhat closed chairside system. Laboratory
CEREC inLab software offers more indications
than the CEREC’s chairside CAD Software, and
the software is divided into more modules. With
the basic module, you can design any partial or
full-coverage crown, short- or long-span bridges,
reduced or full-contour, and models for 3D print-
ing. If you want to design implant-supported res-
torations and surgical guides, you need to
purchase the implantology module. The remov-
able module allows you to design partial and full
removable dentures, frameworks, attachment
prostheses, bars but also bite splints and custom
impression trays. Given this broader indication
list, the CEREC series laboratory milling machine
(inLab MC! X5) also processes material disks, as

'MC is an abbreviation for “Milling center” although
Dentsply Sirona refers to their milling machines as “mill-
ing and grinding” units nowadays.
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opposed to chairside blocks exclusively like the
chairside mills (MC X, MC XL, and Primemill).

5.4.4 Implant Planning Software

Implant surgical planning, surgical guide
design and fabrication is carried out using spe-
cialized programs or add-on modules, such as
exoplan by exocad, Implant Studio by 3Shape,
or Blue Sky Plan by Blue Sky Bio. These pro-
grams allow you to align computed tomography
(CT) or cone-beam computed tomography
(CBCT) scans with surface scans (model, IOS,
denture) and/or restoration mock-ups for surgi-
cal planning purposes (Fig. 5.12) [46]. The
most important part is the DICOM data from
your CT/CBCT. It allows you to properly exam-
ine the quality of the bone and space for sur-
gery. For instance, in any mandibular surgery

avoiding the inferior alveolar nerve is vital
[47]. Most implant planning software provides
you with tools to manually highlight the nerve
to make sure you keep an adequate distance
from it (Fig. 5.13). Additionally, CAD software
enables you to digitally remove existing teeth,
plan treatment, and design a temporary crown
for immediate placement within the same pro-
gram or workflow. The purpose of implant
planning software is to place a digital implant
in the ideal position for the patient to aid in
improving surgical outcomes.

Planning software generally comes with an
implant catalog from multiple manufacturers of
dental implants and various types and sizes, so
you can choose a size that fits you and your
patient’s needs. Visualization of the bone type in
contact with the implant (Fig. 5.14) is also a com-
monly seen feature in implant software to help
you assess the treatment better [46].

3D Scene

Fig. 5.12 DICOM data as visualized in Implant Studio
by 3Shape: panoramic view with an implant and a mock-
up crown (top left), CBCT, the implant and an intraoral
surface scan (top right), axial view of DICOM data, and

the implant (bottom left), alignment visualization of
CBCT data, the mock-up, the implant, and the surface
scan. (Source: Dr. Ahmad Al-Hassiny, Naenae Dental
Clinic, Wellington, New Zealand)
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Fig.5.13 Highlighting
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definition” step of
Implant Studio (3Shape)
workflow. (Source: Dr.
Ahmad Al-Hassiny,
Naenae Dental Clinic,
Wellington, New
Zealand)

Fig. 5.14 A tool visualizing what type of bone the
implant is in contact with (Implant Studio by 3Shape).
(Source: Dr. Ahmad Al-Hassiny, Naenae Dental Clinic,
Wellington, New Zealand)

These programs also enable you to design a
surgical guide corresponding with the implant
chosen. The design can be milled, or 3D printed,
ideally from a transparent material that can
autoclaved to minimize the risk of infection dur-
ing the surgery. A metal ring purchased from the
implant company is then typically inserted in
the guide hole post-manufacturing to reinforce
the guiding hole’s strength and guide the oste-
otomy. There are also digital libraries that do
not require the placement of such metal rings.
The benefit of surgical planning using digital
technology is the ability to determine the desired

prosthetic outcome and surgical requirements
before any surgical intervention has taken place
[48]. The use of digital technologies has
undoubtedly improved the precision and out-
comes of surgical placement [47].

5.4.5 Virtual Articulator

With conventional impressions (or 3D printed
models), models are mounted on an articulator,
either non-adjustable, semi-adjustable, or fully
adjustable. The articulator simulating the jaw
movements helps to eliminate any occlusal inter-
ferences during excursive movements and
ensures anterior guidance when necessary, mak-
ing restorations as functional as possible [49].
Designing a single posterior crown in a centric
occlusion is often sufficient. In contrast, more
significant cases, especially those requiring ante-
rior guidance, should always be designed using
an articulator to protect the temporomandibular
joint and ensure the longevity of the restorations
and remaining dentition since imbalanced
dynamic occlusion can have harmful conse-
quences [49]. Dental CAD software often fea-
tures virtual articulators as an alternative to
mechanical articulators, replicating the design
and functionality of various mechanical articular
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Fig. 5.15 Virtual articulators (left to right): Dental CAD by exocad, Dental system by 3Shape, CEREC Primescan by

Dentsply Sirona

models (e.g., Artex CR by Amann Girrbach) [50].
While some software imitates the movements as
performed by a mechanical articulator (maxillary
scan performing the motion), other programs
take advantage of the virtual reality and perform
the movements naturally—with the mandible
scan appearing in motion [32]. Virtual articula-
tors tend to be fully adjustable, giving you a
choice to customize the settings based on your
experience/preference or data you collected from
a patient. Some CAD software (exocad, CEREC
software, inLab) allows importing digitally
obtained jaw motion tracking data, usually in
XML or CSV format. This can be used to enhance
the virtual articulator further and make it as accu-
rate as possible. The main application of a virtual
articulator is individualized diagnostics and treat-
ment planning [50] (Fig. 5.15).

5.4.6 Jaw Motion Tracking

Jaw motion tracking (JMT) is an umbrella term for
various methods of capturing a patient’s mandibu-
lar and temporomandibular joint movements.
These movements can be recorded using tracking
sensors attached to a plate or a framework mounted
to the patient’s teeth [51]. This tracking device is
then connected to dedicated software that records
the movements in real-time. These movements
combined with DICOM data become a powerful

diagnostic tool for multiple disciplines, such as
prosthodontics, orthodontics, and periodontics.
Additionally, TMJ specialists and maxillofacial
surgeons may benefit from this information. The
tracking and visualizing systems, such as SICAT
Function (SICAT) or Romexis with Planmeca 4D
Jaw Motion (Planmeca), additionally allow align-
ment with intraoral or extraoral surface scans.
Systems such as ModJaw Tech in Motion
(ModJaw) focus on jaw movement tracking with-
out CBCT data using only intraoral or extraoral
scans, as its main focus is restorative dentistry
[51]. Programs that record JMT are rarely inte-
grated with CAD software. If you intend to design
a prosthetic case using patient’s individual jaw
movements, the most efficient way is to either
export the data (XML, CSV formats) to your den-
tal CAD software, given it is an open software and
you have all the necessary modules. In case you
cannot export/import the data, you can read the
measurements (e.g., sagittal angle, Bennett angle)
in the TMJ software and set up the parameters of
the virtual articulator manually [52].

5.4.7 Digital Smile Design

Dr. Christian Coachman developed the concept
of digital smile design (DSD) in the 2000s [53]
and, ever since then, has revolutionized dental
treatment planning, especially for cosmetic cases
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Fig. 5.16 Photographs necessary for digital smile design: smiling (left) and retracted (right). (Source: Dr. Ahmad
Al-Hassiny, Naenae Dental Clinic, Wellington, New Zealand)

[54]. DSD is a tool that is used to design the
smile of patients digitally. This digital mock-up
is presented to the patient before treatment phys-
ically starts. The DSD concept helps dental pro-
fessionals improve communication between
clinician and patient, allowing the patient to
understand the possible solutions, educating and
motivating them about the benefits of the treat-
ment, and increasing the case acceptance [55].
Since then, other companies have developed
software using similar methodology, e.g.,
Romexis by Planmeca, Smile Designer Pro, and
CEREC Smile Design [56].

The most basic DSD is strictly 2D, and it uses
at least two pictures of the patient: two frontal
shots, one with a wide smile and one retracted
(Fig. 5.16) [53]. In the software, these two pic-
tures are overlaid over each other, the inner lip
line is established, so the graphic simulation
stays within the natural smile line. Other pic-
tures such as the noon, smiling profile shot, and
occlusal pictures are optional and are not used

strictly for motivational purposes but rather for
treatment planning [57]. Next, the software is
used to establish several points or lines of the
patient’s facial features (Fig. 5.17). The plane of
occlusion is either set up by straightening the
picture or marking the middle of the patient’s
pupils and therefore establishing the bipupilar
line. The dentition midline is usually aligned
with columella or philtrum and may be deviated
from the facial midline. Another guideline is the
nasal wings or the inner corners of the eyes
(medial canthus)—these points often vertically
align with canines [54].

With this information established, the soft-
ware generates a proposal, which generally starts
as an outline that respects the golden ratio. The
golden ratio or golden proportion states that if the
lateral incisors are given a value of 1, central inci-
sors should be 1.6, and canines 0.8—this is how
much of each tooth’s proportion should be
observable from a direct frontal point of view.
Additionally, the perfect width of anterior teeth
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Fig. 5.17 An initial proposal of a digital smile design using facial features to establish guidelines (Smile Design by
3Shape). (Source: Dr. Ahmad Al-Hassiny, Naenae Dental Clinic, Wellington, New Zealand)

Fig. 5.18 Patient’s pre-op smile (left) and digital smile design overlaid (right) over the same photograph. (Source: Dr.
Ahmad Al-Hassiny, Naenae Dental Clinic, Wellington, New Zealand)

should be about 70% of their height [53, 54]. A
golden ratio is a theoretical tool that will help you
establish the perfect smile proposal, but you still
need to respect the patient’s dentition and make
the required adjustments.

Digital smile design is a relatively inexpensive
and efficient way of showing the patient what can

be achieved (Fig. 5.18). It is also a lot less skill-
demanding than traditional wax-ups. DSD opens
a discussion about the patient’s expectations
which are later forwarded to the laboratory. It
greatly improves case acceptance as most people
struggle to imagine themselves with a different
smile [54].



5 Fundamentals of Computer-Aided Design (CAD) in Dental Healthcare: From Basics to Beyond 1M

Fig.5.19 Digital smile
design using Smile
Creator (exocad).
(Source: Dr. Ahmad
Al-Hassiny, Naenae
Dental Clinic,
Wellington, New
Zealand)

Digital smile design is typically carried out
using photographs, but some software (e.g.,
DSD by Christian Coachman, Smile Creator by
exocad, or SmileFy by Smilefy Inc) integrates
the 2D smile design with 3D CAD software. The
2D proposal generates a 3D mock-up that can be
printed and transferred into the patient’s mouth
with a putty stent and temporary material
(Fig. 5.19).

5.4.8 Digital Orthodontics

Today digital technology has impacted every
aspect of orthodontic treatment. CAD/CAM
has applications in orthodontic treatment,
especially in clear aligners, one of the fastest
growing fields within the dental industry [58].
Nowadays, there are many different manufac-
turers of clear aligners that clinicians have
access to, e.g.,, ClearCorrect (Straumann
Group), SureSmile (Dentsply), and most nota-
bly Invisalign through their planning software
ClinCheck (Align Technology). These services
require sending multiple orthodontic pictures
of the patient’s face, dentition, and scans or
models of their teeth and bite. Based on the pre-
scription and directions you provide, a proposal
of a treatment plan is provided which you can
adjust to meet the patient’s expectations and
needs. Since 3D printing has become much
more affordable, planning orthodontic treat-

ment with clear aligners and manufacturing
these aligners in-house has become more popu-
lar [59]. Alternatively, instead of using one of
the aligner services mentioned above, you can
instead purchase treatment planning software
(e.g., 3Shape’s Clear Aligner Studio, eXceed by

Exceed Services, Maestro Ortho Studio
Software) and plan treatment yourself and
design the clear aligners for in-house produc-
tion [59, 60]. Planning and fabrication of in-
house aligners have been shown in the Fig. 5.20.
CAD/CAM can also be useful for conventional
orthodontics, thanks to indirect bonding. This
allows the clinician to bond all the brackets
simultaneously in a more reliable, accurate, and
faster way that is also more comfortable for the
patient. Traditionally, a laboratory process, but
with the help of specialized software (e.g.,
Indirect Bonding Studio by 3Shape, Ortho
Studio by Maestro3D) you can plan the place-
ment of the brackets and manufacture the trans-
fer tray in-house using a 3D printer [61].
Additionally, some software has been devel-
oped to help with the conventional orthodontic
treatments in general, e.g., SureSmile by
OraMetrix and OrthoCAD iQ by Align
Technology. By using this, the clinician can
convert intraoral scans into study models,
archive them, and help with patient monitoring.
You can also upload photographs, OPG, and
CBCT data to assess a patient’s situation better
and plan the treatment more predictably.
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Maxillary and
mandibular 3D
virtual models (STL
file format)

Non-invasive surface
scanning to obtain 3D
virtual models

3D printed model with

Finished Aligner
thermoformed aligner

Fig. 5.20 Planning and fabrication of in-house aligners
using the Maestro Orthostudio Software. (Source: Dr.
Prabhat Kumar Chaudhari, Division of Orthodontics and

5.4.9 Digital Denture Design

As explained in the previous section, intraoral
scanning faces certain limitations when used to
fabricate dentures. However, there are constant
improvements to this workflow. The complete
denture CAD/CAM workflow is a very relevant
concept, and many companies are investing heav-
ily into the development of software, hardware,
and materials. All laboratory CAD programs
offer a complete denture designing module, usu-
ally in their laboratory-based varieties. There are
now multiple ways to design digital dentures:

e Design both the base and teeth and fabricate
them separately (milling or 3D printing or a
combination of both).

e Design and fabricate a base only and use pre-
made acrylic teeth.

e Design a base and teeth as a one-piece design
and mill from a special, multicolored disk.

CAD programs enable you to design a denture
as separate elements (base and teeth) or as a one-
piece, depending on what kind of approach you
choose to fabricate the prosthetic and what soft-
ware you are using. The most significant advan-

Setup plane
alignment

Thermoforming of the
aligner

A g ;-«4
Segmentation, Virtual Planning/setup

3D Printed model

Dentofacial Deformities, Centre for Dental Education and
Research, All India Institute of Medical Sciences, New
Delhi, India)

tages of manufacturing both elements
separately come from the high level of custom-
ization. You can design unique teeth and even
copy a patient’s previous denture. The most sig-
nificant disadvantage of 3D printed teeth is the
relatively poorer aesthetics compared to conven-
tional acrylics [62]. The denture teeth are manu-
factured from one, relatively opaque material that
does not perfectly mimic natural tooth structures
and their various levels of translucency. PolyJet
printers allow printing from multiple materials at
the same time, but this technology has not been
widely popular in dentistry as it is relatively slow
and prone to technical issues. Milling teeth from
multilayer PMMA disks offers a more natural
look, although milling tends to take longer than
printing and involves a more significant invest-
ment in the appropriate milling machine. Both
milled or 3D printed materials can be manually
polished. In theory, you can do this with a hand-
piece and polishing kit, similar to polishing a fill-
ing, for example, but a bigger, desktop polisher is
typically used. The denture can be further custom-
ized with light-cured stain and glaze, e.g.,
OPTIGLAZE Color by GC. Staining allows you
to add characterization and imitate incisal translu-
cency, etc. Glazing (without staining) is generally
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much faster to do than manual polishing, but it
tends to wear off over time or even chip, which
eventually leads to staining in the area [63].
Glazing is generally only recommended for tem-
porary dentures, which will eventually be
replaced.

If you choose to design only the base and use
stock, premade acrylic teeth, you do not need
much polishing or glazing [64]. In your CAD
software’s tooth catalog, you pick the teeth you
want to use and place them within the base as you
wish, independent of each other. You cannot
change the teeth’ shape in any way as these digi-
tal teeth are just a placeholder to create room in
the denture base for the final teeth to be put in
these spots after the fully customized denture
base is fabricated. It is essential to make sure that
the type of teeth you order is the same as those
planned in the CAD software as otherwise they
might not fit (Fig. 5.21).

The third option is to design the base and
teeth as one piece [65], eliminating the issue of
teeth debonding from the denture base. This
allows you to fully customize the design, both
base and the teeth, and either mill or print the
design. Commonly used 3D printers (SLA and

] b 1 B o

Fig. 5.21 Designing a denture in Dental System by
3Shape. In this case, the base (pink) is fully customized
and ready to be 3D printed, while the digital teeth are a

DLP) use only one material at a time, so when
printing a one-piece denture, it is preferable to
do so from a material that matches the desired
tooth shade. The same applies if you choose to
mill the teeth from a PMMA disk (choose den-
tine shade, not gingival shade). The base would,
of course, look very unnatural if left with a den-
tine shade. While the teeth are designed full-
contour, the base’s buccal aspect can be reduced
to make room for the light-cured composite in a
more natural, gingiva-like color. Some disks
are multilayered and imitate incisal translu-
cency and the pink base (e.g., Full Denture
PMMA Disks by Polident) [65]. The CAM
manager indicates where the pink layer ends,
and the dentine layer starts to set up the denture
accordingly—you aim to place all teeth in the
tooth-colored half. In 2020, a new kind of mul-
tilayered disk was introduced by Ivoclar
Vivadent called Ivotion. This material system
comes with PMMA disks with a unique “shell
geometry” that divides the base and dentine
colors into two precise layers that imitate the
gingival scalloping [66]. In the CAD program
(Dental System by 3Shape exclusively), you
can customize both base and teeth, the mor-

GER o
!

=

placeholder to make room for the premade acrylic teeth
that will be bonded to the base. (Source: Institute of
Digital Dentistry Laboratory, Wellington, New Zealand)
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phology of the teeth, and the width and curva-
ture of the arch. The CAD program limits the
position of the teeth to some extent to ensure
precise scalloping between the denture base
and teeth colors is not breached [62, 64]. Due to
this internal geometry of the Ivotion disk, you
do not have an option of adjusting the denture’s
position within the disk in the CAM manager.
One disk can only fit one complete denture, and
it still requires post-processing (often polish-
ing). At the time of this publication, Ivotion is
only available for milling using PrograMill
System or Zenotec Select milling machines.
This arrangement can change or expand or for a
similar system to be developed by Ivoclar’s
competitors in the near future.

5.5 Computer-Aided
Manufacturing for Dental

Applications

Manufacturing, or the CAM part of the workflow,
is facilitated using either a milling machine or a
3D printer. They both use vastly different tech-
nologies with varying accuracy, detail, and speed.
Below, we will cover chairside and laboratory
CAM systems.

Fig. 5.22 Nesting into a block using a chairside CAM
(CEREC Primescan by Dentsply Sirona, right), nesting
into a disk using a laboratory CAM (exoCAM by exocad,

5.5.1 Chairside vs. Laboratory CAM

As we have established previously, most CAD/
CAM systems components differ depending on
whether they are meant for chairside use or in a
dental laboratory. This is again true in the case of
milling machines and 3D printers. Milling
machines, in particular, can vary wildly in their
size or capabilities. The most prominent example
of a chairside milling system would be CEREC
MC XL by Dentsply Sirona. Still, there are many
other chairside milling units available, such as
DWX-42W by Roland or PlanMill 40 S by
Planmeca. Chairside milling machines are
expected to be utilized chiefly for same-day
restorative dentistry, which usually means a sin-
gle monolithic restoration fabricated from
ceramic materials or PMMA. Chairside milling
machines process blocks that fit either a single
restoration or larger blocks for short-span
bridges, while laboratory milling machines pro-
cess mostly large disks that can fit about 20 units
[67] (Fig. 5.22).

Chairside milling machines also seem to
favor efficiency over detail [68]. Milling can
only produce concave details as fine as the
smallest bur, and since the smallest bur in chair-
side milling machines is often about 1 mm in

integrated with an Amann Girrbach CAD/CAM system,
left). (Source: Naenae Dental Clinic, Wellington, New
Zealand)
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diameter, it simply cannot compare with the
level of detail achieved with a 0.3 mm bur as
commonly used in laboratory milling machines
[67]. The CAD software anticipates these limits
and designs the intaglio surface accordingly.
The narrow spots of intaglio are purposefully
designed larger to fit the smallest bur and mill
the inside of the crown in a way that makes the
crown possible to seat down. Milling machines
have some limitations during production.
Although CAD software allows you to design
shapes that are difficult to mill, the areas that a
milling machine cannot produce will stay filled
in with the material and might require manual
enhancement post-milling using a handpiece
and an appropriate set of burs. In the case of
single-unit crown restorations, the most com-
monly undermilled areas are the fissures.
Alternatively, in the intaglio surfaces, over-
milling may occur around any sharp edges of
the preparation to enable seating of the restora-
tion. In regards to milling larger designs such as
bridges, all-on-x prostheses, or complete den-
tures, you will often find issues achieving the
same level of detail as what is designed in the
CAD software. Typical areas that may cause
problems are the gumline, interproximal areas
in bridges, screw channels in implant restora-
tions, and Ti-base cavities. In the case of these
larger designs, most of the undermilled areas are
a result of an insufficient bur size and the
machine’s physical limitations, as the spindle
might be unable to reach these areas (Fig. 5.23).

Milling machines are capable of milling in
three, four, or five axes. Three-axis milling oper-
ates on X-, Y-, and Z-axes, and it has been the
standard across the dental industry for decades
[67]. Recently, it has been shown to be insuffi-
cient when it comes to manufacturing narrow and
deep spaces, and for this reason, up to 5-axis
milling machines have been developed [69]. In
addition to the X-, Y-, and Z-axes, these machines
operate in A and B axes around which the tool or
the holder rotates, effectively making hard-to-
mill areas accessible from two more sides. Most
laboratory CAM software comes with toolpath
simulation, which can reveal the areas that cannot
be milled. Some parts such as horizontal concave

Fig. 5.23 An example of unmilled areas around the gin-
gival margin and interproximal (top) and these areas are
manually refined by a dental technician before sintering
(bottom picture). (Source: Olga Kadlecova, dental CAD/
CAM technician)

spots (gumline, perikymata) can be made acces-
sible for the milling tools by tilting the design
within the disk accordingly. When dealing with
larger designs, like an all-on-x restoration, tilting
the object in the nesting phase is not always pos-
sible due to limited space or the machine’s limita-
tions. If your machine is capable of 5-axis
milling, try to simulate with that strategy instead
of the 3-axis one. 3D printers do not face these
issues, as additive manufacturing creates the
object layer by layer, without tools reaching into
cavities [70].

5.5.2 Dryand Wet Milling

Milling processes can be either dry or wet,
which involves water with coolant. The choice of
the milling system depends on the material; e.g.,
zirconia is preferably milled dry, while lithium
disilicate materials require cooling to prevent
overheating the ceramic. Some materials can be
milled both wet or dry. The choice of milling
strategy for materials like that seems to depend
on a manufacturer’s preference, a machine’s abil-
ities, and preset milling strategies. For example,
PMMA can be milled both, wet or dry, depending
on the setup: If the cooling is sufficient and the
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speed of the milling tools is low enough, the
PMMA should not melt due to the temperature
increase during milling, but if you want faster
milling, then you might need to choose a wet
milling system. When switching between wet
and dry milling, you should prevent cross-
contamination, especially if you are switching to
zirconia, which can be prone to contamination
due to residual glass particles from other materi-
als. This involves making sure the milling cham-
ber is clean of any residual particles and having
separate “wet” and “dry” water tanks.

5.5.3 Material Processing

After fabrication all materials need some form of
post-processing. This may involve polishing,
characterisation with stains and glazes and/or
processing in a ceramic furnace. Many materials
can be milled, and 3D printed, but 3D printing
dental ceramics (e.g., zirconia or lithium disili-
cate) has proven very difficult and is currently in
a developmental/experimental stage [71]. If you
want to manufacture restorations from zirconia
or the majority of dental ceramics available, you
must opt for a milling machine. The most popular
3D printers in dentistry (stereolithography and
digital light processing) work best with photo-
sensitive resins. These materials come in a wide
range of colors, strengths, opacities, and translu-
cencies. Some materials can even be sterilized in
an autoclave, making them fit for use in oral sur-
gery as surgical guides and prosthodontics for
temporary crowns [72]. Metal alloys can also be
processed using multiple CAM systems, both by
milling and various 3D printers, although the
most reliable processing is milling. Milled metal
frameworks work well as they do not go through
any change of state (from liquid to solid), but
manufacturing them in this way is straining on
the milling equipment and industrial hardware is
required, which is outside the scope of most, if
not all, dental practices. If you do not intend to
mill metal frameworks on a daily basis, consider
having them sent to a milling center rather than
investing in the expensive machinery. During 3D
printing, the metal liquid material is cured and set
with a light source, effectively hardening it. The

change of material’s state during manufacturing
is when the object is most prone to warping [73].
It is at this point before the material is fully hard-
ened, war page can occur either due to shrinkage
or due to soft material’s collapse under its weight.
The collapse can be prevented by adding enough
supports in vulnerable spots (e.g., wide, flat
areas). In dentistry, 3D printing already has a
diverse range of applications, and we will only
see this grow with time. 3D printing has the
potential to enable many new and exciting treat-
ments and approaches to manufacturing dental
restorations.

5.6 Summary

Digital dentistry and CAD/CAM technologies are
significantly impacting all aspects of dentistry.
The history of computer-aided design and manu-
facturing in dentistry started decades ago, and
even though the initial concept was conceived in
the 1970s, it has fundamentally remained
unchanged. These days, CAD/CAM is increasing
in market penetration and is becoming more
widely popular in the dental office and in laborato-
ries. Compared to the adoption of innovative tech-
nology in any other industry, digital and especially
chairside dentistry took a relatively long time to
gain the profession’s trust. Perhaps it was limited
by the technology of its time and only the recent
technological breakthroughs that allowed faster
and broader market penetration. Nowadays, CAD/
CAM has established itself as a powerful tool for
dental technicians and dentists of any specialty
alike. A modern chairside system can help keep
the restorative work in-house or make communi-
cation with a laboratory more efficient. Dental sur-
geons, implant, and maxillofacial specialists can
use CAD/CAM to make surgical outcomes more
predictable by implementing digital treatment
planning and guided surgery into their workflow.
CAD/CAM manufacturing has improved all
aspects of restorative dentistry making it faster,
cleaner, more efficient, and predictable than con-
ventional. There are only a few disciplines where
current digital methods have not entirely replaced
traditional methods, such as scanning edentulous
jaws to manufacture complete dentures.
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Competition in the market is ever-growing, driv-
ing innovation forward and prices down, making it
easy for anyone to find a CAD/CAM system to fit
their needs and budget. Switching from conven-
tional techniques does not need to be abrupt or in
full right away, but instead can be a gradual transi-
tion. Either way, it is crucial to realize that CAD/
CAM and digital dentistry is not the future. It is
happening right now and it is the inevitable evolu-
tion of our procession. Therefore, it is vital to
embrace it and implement the digital workflow in
daily practice.
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6.1 Introduction

Advancements in computer science and allied
technologies have revolutionised every sphere of
our lives. Field of Medicine and Dentistry is not
left untouched by these advancements. With the
advent of sophisticated and high-resolution imag-
ing modalities like Magnetic resonance imaging,
Computed Tomography and Cone-Beam
Computed Tomography, it has become possible
to evaluate the diseased and deformed part in
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three dimensions. These have given us a possibil-
ity to look deeper into the disease process. One
such revolutionary technology is 3-dimensional
printing, also known as rapid prototyping. The
advancements in Imaging modalities, Computer-
processing powers, 3D printers and material sci-
ences have opened new doors to deliver more
personalised treatment to the patient in a safe and
predictable manner.

Three-dimensional (3D) printing, also known
as additive manufacturing or rapid prototyping,
refers to a process of creating a physical object
from a 3D digital model, typically by laying
down or solidifying a material layer by layer in
succession [1]. Standard terminology in the
field of Medical 3D-printing has been an impor-
tant goal and comprehensive analysis of litera-
ture has led to acceptance of ‘3D printing’ as an
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appropriate term [1]. Radiological society of
North America has brought the 3D-printing
terms to RadLex project, a radiological ontol-
ogy for use in reporting, decision support, data
mining, education and research [2]. There are
variety of materials that can be used in 3D print-
ing process. These materials can be plastic,
nylon or metals like titanium and cobalt chro-
mium. One can print any 3-dimensional object
based on its application and physical require-
ments, only your imagination is the limit!

3D-printed medical devices have recently
caught the attention of healthcare industry. The
use of 3D-printed bronchial splint saved a child’s
life, a 3D-printed cranial plate replaced part of
patient’s skull, a patient-specific artificial knee
transplant restores the patient’s mobility and all
of these were unimaginable previously. All of
these are 3D-printed medical devices having a
profound effect on the patient’s health. 3D print-
ing finds applications in multiple surgical
domains. Orthopedics has the largest share in the
number of publications in this field, followed by
maxillofacial surgery. This is followed by Cranial
surgery and Spinal surgery [3]. Here we have pre-
sented our experience gained through the various
cases performed with the aid of virtual surgical
planning and 3D printing in our unit.

Any discussion on applications of 3D printing
in maxillofacial surgery is absolutely incomplete
without discussion of Virtual Surgical Planning
techniques. Virtual Surgical Planning is also
known as Computer-Aided Surgical Simulation
(CASS), Digital Surgical Planning and Digital
Surgical Simulation. Virtual surgical planning is
the first step towards generating a file compatible
for 3D printing.

6.2  Virtual Surgical Planning

(VSP)

Virtual Surgical Planning is a computer-based
application to analyse the anatomy or deformity,
perform the surgery and simulate the outcome so
as to weigh the planned procedure in terms of
safety and predictability and to fabricate the nec-
essary tool and patient-specific armamentarium
to safely execute the procedure. VSP provides

surgeons with clear 3D visualisation of a patient’s
anatomy to develop a surgical plan prior to enter-
ing the operating room.

Virtual surgical planning requires an image
data set obtained through MRI/CTscan/CBCT
in the form of DICOM (Digital Imaging and
Communications in Medicine) images. The
image data set is than fed into surgical planning
software where the various operations like seg-
mentation and thresholding are performed to
obtain a patient-specific anatomic reconstruc-
tion model. This patient-specific anatomic
reconstruction can be exported as an STL file
for 3D printing or exported to Computer-Aided
Designing (CAD) software for designing of
cutting guides or patient-specific implants.
These cutting guides and patient-specific
implants can also be exported as STL file for
3D printing. A typical virtual surgical planning
software would include the following compo-
nents [2]:

. Data acquisition

. Medical image analysis

. 3D anthropometric analysis

. Surgical simulation

. Implant/template design via CAD software
. Implant/template fabrication

. On-line communication tool

. Management system

el e R\

There are numerous virtual surgical planning
software packages available. Few of them are FDA
approved. Few are open source and freely available
whereas others are expensive. Available softwares
and their salient features are listed in Table 6.1.

It is not necessary that every time a virtual sur-
gical planning should lead to 3D printing of mod-
els or guides. Every case should be planned
properly and if a virtual surgical planning soft-
ware is available, then it should be utilised to get
familiar with the anatomy and be prepared for the
possible intra-operative problems. Following are
the possible ways of how only virtual surgical
planning was useful in certain cases:

1. For making measurements that can be trans-
ferred intra-operatively without needing a sur-
gical guide. The CBCT/CT scan of the patient
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Table 6.1 List of available softwares for virtual surgical planning

Name of software

S. No package

1 Mimics Innovation Suite

2 3D systems VSP

3 Rhino3D Medical

4 inVesalius

5 3D slicer

6 ITK snap

7 Dolphin 3D-imaging
Software

8 Blue Sky Plan Bio

9 Osirix

10 Meshmixer/Blender

can be fed into the virtual planning software

Salient features

FDA approved

Has both Dicom to STI file conversion + CAD software
Very expensive

FDA approved

Has both Dicom to STI file conversion + CAD software
Expensive

Not FDA approved at present

Has both Dicom to STI file conversion + CAD software
Expensive

Not FDA approved at present

Has only Dicom to STI file conversion

Open source and free

Not FDA approved

Has only DICOM to STL file conversion

Open source and free

Powerful software with lot of functionality

Long learning curve is a drawback

Not FDA approved

Has only DICOM to STL file conversion

Open source and free

Comparatively easier to use than 3D slicer

FDA approved

Only dedicated for orthognathic surgical planning and simulation
Easy graphic user interface

Expensive

FDA approved

Only dedicated for digital implant planning and simulation and fabrication of
surgical guides for dental implant placement

Easy to use

Economical

FDA approved

Has only DICOM to STL File Conversion

Free to use. Available only for Macbook users

Not FDA approved

Have only computer-aided designing features

Have to be used in combination with DICOM to STL file converting
softwares

Open source and free

3. For planning incision location and length

to make certain measurements pertinent for
the surgical approach. This way, surgeon is
better acquainted with the patient’s anatomy
and prepared to avoid critical structures and
preventing any complications resulting from
the injury to these structures. It is well eluci-
dated through Fig. 6.1.

. For studying the anatomical deformity and the

possible measures needed to prevent compli-
cations (Fig. 6.2).

(Fig. 6.3). Various CAD tools in the virtual
planning software can be used to mark a vir-
tual incision. The length of the incision can be
measured.

. For planning the osteotomy or odentectomy

planes. The possible margins of the tumour
for resection can be marked and measure-
ments can be made from anatomical land-
marks to reproduce the same osteotomy in the
operating room. In case of impacted maxillary
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Fig. 6.1 (a) CT face showing ankylosis of left temporo-
mandibular joint. (b) The elongated coronoid process pro-
jecting beyond the zygomatic arch is visible. (¢) The
mesiodistal dimensions of the ankylotic bone that would

need to be removed are measured and are about 24 mm.
(d) Measurement of the ankylotic bone mass in anteropos-
terior dimension is about 22 mm

Fig. 6.2 (a) CT face showing ankylosis of left temporo-
mandibular joint with a defect in the temporal bone near
the skull base and a foreign body projecting into the brain.
(b) The defect in the skull base is well appreciable with a

canines, the sectioning of the tooth for its sub-
sequent removal can be planned (Fig. 6.4).
This also facilitates the patient education and
resident training.

vertically oriented silastic block projecting into the brain
through the skull base defect. (¢) The mesiodistal dimen-
sion of the skull base defect is about 21.60 mm

5. For accurate transfer of the virtual surgical
plan to the operating room, patient-specific
surgical guides and cutting jigs can be 3D
printed.
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Fig. 6.3 (a) 3D reconstruction of a computed tomogram
of the face showing multiple defects in parietal and tem-
poral bone following a decompressive craniectomy and
repair. There is ankylosis of right temporomandibular

joint also. (b) The possible incision is marked with the
available CAD tools in the software taking care of the
temporal extension of the incision ends on sound bone.
The length of this extension is measured to be 21.20 mm

Fig. 6.4 (a) Panoramic reconstruction showing an
impacted maxillary canine. (b) 3D reconstruction of the
CBCT shows angulation of the impacted canine and the
crown located palatal to the root of central incisor. (c)

Virtual surgical planning done using CAD tools in the
software to decide the tooth sectioning plan. (d) Post-
operative view. A buccal approach was taken for tooth
removal
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6.3 3 Dimensional Printing (3D

Printing)

3D printing is a rapid process of manufacturing
an object with less wastage of the raw material.
Opposite  to 3D printing is subtractive
manufacturing wherein an object is made out of
carving from a bigger piece of raw material, simi-
lar to how a sculpture is carved out of a rock.
Subtractive manufacturing is costly as a lot of
raw material is wasted.

There are various 3D-printing technologies
available based on the applications.

Four technologies that we have found useful
in oral and maxillofacial surgery with the salient
features are listed in Table 6.2.

Once the virtual surgical planning is com-
pleted and the desired surgical guides and
patients-specific implants have been designed in
the CAD software, the patient’s anatomic model,
surgical guides and implants are exported as STL
files for 3D printing. These STL files are fed into
a slicing software which converts it into a file
readable by the 3D printer.

Virtual Surgical Planning was followed by 3D
printing for transferring the plan to the patient in
the following ways:

Table 6.2 List of 3D-printing technologies useful in oral and maxillofacial surgery

Common
S. No. Technology materials Accuracy Cost
1 Fused deposition ~PLA + $
modelling ABS
plastics
2 Stereolithography Epoxy and  +++ $$
apparatus acrylic-
based
polymers
3 Selective laser Plastics, ++ $$$
sintering synthetic
polymers
like nylon,
metals
4 Selective laser Metals ++ $3$
melting

Advantages Disadvantages Possible uses

Low cost Lower accuracy  Study models
Strong, durable Model surfaces  fabrication
materials have prominent ~ Models for
stair stepping pre-operative
ridges plate bending
Not
biocompatible
Requires

post-processing

Good accuracy Brittle, moderate  Surgical guides

Biocompatible strength fabrication
(short-term) Models are single Dental implant
materials available material guides
Limited colour fabrication
options
Requires

post-processing
Models are single
material based
High cost

Diverse
mechanical
properties
Variety of
materials
Material strength
sufficient for
functional parts
Supports free
printing. Usually
does not require
any
post-processing
Long-term
implantable
biocompatible
materials available

Surgical guides
fabrication

High cost
Requires
post-processing

Patient-specific
implants and
metallic
surgical guides
fabrication
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Fig. 6.5 (a) CT face of a patient with bilateral temporo-
mandibular joint ankylosis. (b) 3D reconstruction of the
computed tomogram. (c¢) The green lines showing the
location of osteotomy planes on both sides. Note that the
superior osteotomy plane is well away from skull base and
inferior osteotomy plane is missing the inferior alveolar
neurovascular bundles. (d) 3D reconstruction of the com-
puted tomogram with the osteotomy planes jutting out.
This model along with the osteotomy planes was exported

1. For manual method of surgical guide fabrica-
tion for temporomandibular joint ankylosis
release (Fig. 6.5).

2. For Patient-specific total TMJ replacement
prosthesis in a case of bilateral TMJ ankylosis
(Figs. 6.6 and 6.7).

3. For bending of reconstruction plates for
reconstruction of mandible following tumour
resection (Fig. 6.8).

6.4  Types of 3D-Printed Models
Based on the various applications as shown above
through the examples, the 3D-printed models in
the oral and maxillofacial surgery speciality can
be classified into four types [4]:

1. Training models
2. Planning models

as STL file and 3D printed. (e) 3D-printed model fabri-
cated from ABS plastic using FDM technology. (f) The
surgical guides (pink colour) made from self-curing poly-
methyl methacrylate resin and were later sterilised. (g)
Intra-operative view of the guide in position and the oste-
otomy being performed using a piezo-surgical bone saw.
(h) A gap of 1.5 cm was made following osteoarthrec-
tomy. Same procedure was followed on the other side
using similar surgical guide

3. Simulation models
4. Patient-specific surgical guides

Each of these models have a specific property
requirement that should dictate the use of material
and technology to be used in fabricating them.

6.4.1 Training Models

A purpose of training model is to enhance the qual-
ity of teaching. The training model should accu-
rately reproduce the anatomy, should have similar
haptic feedback as that of natural bone and should
be economical [4]. Haptic feedback relates to the
sense of touch. The training model should feel sim-
ilar to the tissue when it is being cut or drilled.
Cadaver or animal models for training are often
difficult to obtain, lack specific pathologic features
and usually have a high cost. Several training mod-
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Fig. 6.6 (a) CT face showing bilateral TMJ ankylosis.
(b) The 3D reconstruction of the computed tomogram. (c)
The superimposition of osteotomy guides (red outline) on
to the CT data to verify the fit of the surgical guides. (d)
The cutting guides superimposed over the bilateral TM
joint region on 3D reconstruction. The cutting guides are
designed using CAD tools in the designing software. (e)
The outlines of the mandible and maxilla (red outline)
after the removal of ankylosed bony mass, superimposed

over the CT images to confirm the accuracy of superimpo-
sition. (f) The 3D reconstruction of the mandible and
maxilla will be used for designing of the patient-specific
TMJ replacement prosthesis. (g) The superimposition of
the ramus component (green) and the fossa component
(blue) over the mandible and skull base. (h) The fit of the
ramus component (green outline) and fossa component
(blue outline) on to the bone surface (red outline) is
evaluated

Fig. 6.7 (a) Sterilised study models for intra-operative
referencing. These models can be plasma sterilised. (b)
The surgical guides are in place and secured to the bones
with screws. (¢) Osteotomy planes are accurately trans-
ferred to the patient with the use of surgical guides. Now

the osteoarthrectomy is limited in between these two cuts.
(d) The ramus and fossa components are secured to the
bone with screws at the planned positions. (e) Post-
operative orthopantomogram showing the position of the
ramus components
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Fig. 6.8 (a) The tumour is exposed through the subman-
dibular approach. (b) The tumour is resected with disar-
ticulation of left TMJ. The 3D-printed model is modified
in way that the 2.4-mm reconstruction plate remains
undercontoured so as to prevent any exteriorisation of
plate. (¢) The 2.4-mm reconstruction plate is pre-bent on

els for temporomandibular joint replacement made
in ABS (acrylonitrile butadiene styrene) from fused
deposition modelling had been used at our Centre
during various total temporomandibular joint
replacement workshops (Fig. 6.9). Similar training
models for the orthognathic surgery training had
also been designed and produced at our institute
(Fig. 6.10). ABS has been found to have the haptic
feedback closest to natural bone when model was
cut with a piezo-surgical unit. The disadvantage of
these 3D-printed models is that the material tends
to stick to the drills while drilling. These models
have a near natural feel when the fixation screws
are screwed into the model. Additionally these
training models can be customised to facilitate easy
cutting of the models. Similar training models have
also been used for surgical correction of cleft lip
and palate training and rhinoplasty training.
Though these models can accurately reproduce the
anatomy, but the haptic feedback is always below
the expectations. In future with availability of more
innovative materials, these models may accurately
reproduce the natural haptic feedback.

the 3D-printed model to achieve good facial symmetry at
the same time keeping the plate undercontoured to prevent
exteriorisation. (d) The pre-contoured plate is being
secured to the mandible. (e) Orthopantomogram showing
the reconstruction plate in place with complete removal of
the tumour mass

Fig. 6.9 3D-printed training model for concomitant
orthognathic surgery with total temporomandibular joint
replacement. The model is printed in acrylonitrile butadi-
ene styrene (ABS) plastic. The model has been weakened
at the LeFort 1 osteotomy level and TMJ ankylosis level to
facilitate easy cutting of the models
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Fig.6.10 (a) 3D-printed training model for orthognathic
surgery training. The model is printed in acrylonitrile
butadiene styrene (ABS) plastic. The model has been
weakened at the Lefort 1 osteotomy level and bilateral
sagittal split osteotomy in mandible to facilitate easy cut-

6.4.2 Planning Models

The purpose of a planning model is to com-
pletely understand the patient’s anatomy in a
complex surgery. These models are also referred
to as anatomical models [3], biomodels [5].
Biomodels can be translucent or coloured to
help in identification of margins in case of jaw
tumours, for implant trial implantation and pre-
operative sizing. Currently the 3D printing is
most widely used for making biomodels. Cost-
benefit analysis of biomodels shows that bio-
models can potentially reduce the cost to
healthcare providers if operating room time is
reduced by 14 min or more [5]. Some authors
have found saving of an average of 0.4 h by pre-
operative bending of reconstruction plates on a
3D-printed model [6]. The time required for
bending of the reconstruction plate also depends
on the location and dimension of the surgical

ting of the models. (b) 3D-printed training model for
orthognathic surgery training. The maxilla and mandible
are repositioned and fixed with plates and screws in their
final desired position

defect. These models can also be used for
orthognathic surgeries and reconstructive sur-
geries. Various measurements can be made on
these models. A planning model should be
highly accurate. Sometimes a virtual surgical
planning software is enough to understand the
anatomy but a sterilised 3D-printed model is
useful in the operating room where the surgical
planning software might not be accessible or
impractical to handle. The technology and mate-
rial used for these models should result in an
accurate and sterilisable product. It should not
leave any frills or residues on the gloves when it
is handled. Selective laser sintering and stereo-
lithography are highly accurate, cost-effective
and residue-free technologies which can be used
for manufacturing planning models. These mod-
els have been used for total alloplastic TMJ
replacement cases for planning and intra-
operative referencing (Fig. 6.11).
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Fig. 6.11 (a) This is 3D-printed model of a patient with
TMJ ankylosis. Note the measurement being made of the
ankylotic bony mass. (b) The available ramal length being

6.4.3 Simulation Models

A simulation model is used to perform a mock
surgery before it is done on the patient. It helps
to plan the procedure, foresee the hurdles and
plan out techniques to circumvent them, also to
evaluate the safety and predictability. These
models should be accurate with a patient like
haptic feedback. In our unit, simulating models
are used in complex total temporomandibular
joint replacement (Fig. 6.12) cases and for cor-
rection of post-traumatic residual deformity
cases (Fig. 6.13). Such models are also useful
in cases where Lefort III osteotomy is planned
in syndromic craniosynostosis patients for
treatment of midface retrusion. Sometimes
these simulation models may also be carried to
operation theatre. In such cases, the simulation
models should be made from a sterilisable
material and should not leave any residue on
the gloves while handling.

measured after the ankylotic bone mass has been removed.
This measurement is important to decide the size of con-
dylar component for total TMJ replacement

Fig. 6.12 A 3D-printed model used for simulating con-
comitant orthognathic surgery with alloplastic total tem-
poromandibular joint replacement
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Fig. 6.13 (a) 3D-printed model of a patient with
increased bizygomatic width due to malunited zygomati-
comaxillary complex. You can appreciate the gap between

The haptic feedback of these models depends
on the mechanical properties of the material used
for making the model. The elastic modulus and
stiffness of material are few of the parameters
which effect the haptic feedback.

6.4.4 Patient-Specific Surgical
Guides

Surgical guides are the most popular medical
application of 3D printing. Earlier anatomical
models/biomodels were the most common
3D-printed models but now the growing impor-
tance of 3D-printed guides is noticeable. Patient-
specific surgical guides are now gaining
momentum as these are now the most commonly
reported type of 3D-printed application [1].
These are patient-specific instruments used for
making accurate osteotomies or to allow accurate
placement of a device. These guides are made
from a biocompatible, autoclavable material with
a high accuracy. These guides should accurately
conform to the structure to which they will be

the spheno-zygomatic suture. (b) 3D-printed model after
repositioning the malunited zygomatic bone. Note the clo-
sure of spheno-zygomatic suture

anchored. These can be made from nylon or tita-
nium depending on the site of placement. In cases
where a wide surgical exposure is possible and
there is no major anatomical structure a nylon
guide can be used, like in case of a free fibula
osteomyocutaneous graft harvesting procedure.
The nylon is weak in thin sections and so need
bulk to be sufficiently rigid. In cases of temporo-
mandibular joint replacements, the surgical
access available is small and also have trunk of
facial nerve in vicinity, this situation demands a
surgical guide which is thin and small yet suffi-
ciently rigid to allow its accurate placement. The
surgical guides should not leave any residue on
coming in contact with the bone saw or drills nor
should it deform due to heat generated while
drilling. The patient-specific surgical guides are
widely used in guided dental implantology cases.
These guides can also be used for bone graft har-
vesting from ramus of mandible (Fig. 6.14).

It is a good idea to keep two sets of these sur-
gical guides ready for surgery in case a guide
breaks or deforms on coming in contact with the
saw or drills.
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Fig. 6.14 (a) Patient-specific surgical guide (black
coloured) to harvest cortical bone graft from ramus of
mandible fixed on the planning model (white coloured).

6.5 Patient-Specific Implants

(Custom Implants)

Reconstruction of the craniofacial skeleton can
be extremely challenging for the most experi-
enced and astute surgeon. Some factors that make
such reconstructive procedures challenging are
complex anatomy, vital structures in the vicinity,
size of defect and chances of infection.
Restoration of aesthetics and function is always
the primary goal of any reconstructive procedure
performed in the craniofacial region. Post-
traumatic defects, congenital malformations,
defects created due to tumour ablative surgery
need precise pre-surgical planning for accurate
reconstruction. Auto grafts are usually consid-
ered the gold standard for such reconstructions.
Their use is limited due to limited availability of
donor sites for, donor site morbidity, additional
patient discomfort and additional surgical proce-
dure and time. This has led to search for alloplas-
tic reconstructive options. Virtual surgical
planning, 3D printing and CAD/CAM coupled
with newer biocompatible materials have led to
increased use of patient-specific implants in the
craniofacial region. The success of these implants
depend on material characteristics, design of
implant and surgeon’s skill. Patient-specific
implants have gained popularity over the stock

(b) Intra-operative view of the surgical guide secured to
the ramus with a single titanium screw

counterparts due to their better adaptation to the
region of implantation, reduced surgical time,
faster recovery and better cosmesis. Selective
Laser Sintering (SLS), Selective Laser Melting
(SLM) and Electron Beam Melting (EBM) have
enabled the direct manufacturing of the custom
implants from biocompatible implantable materi-
als like titanium, Ti6Al4V, chrome cobalt and
polyetheretherketone (PEEK).

Limitations and Areas
of Research

6.6

The process of conversion of Dicom Data to a 3D
model is a manual, time-consuming process vul-
nerable to human error. The incorporation of
Al-based segmentation of the DICOM data to
extract the meaningful, desired and accurate 3D
model is the area of current research in the field of
virtual surgical planning. In the field of 3D print-
ing, the research is focussed on developing cost-
effective biocompatible materials and 3D printers
for small-scale printing. The focus is also on reduc-
ing the printing time so that the emergency cases
can benefit from this technology. The 3D printing
of patient-specific implants and the incorporation
of its complete workflow in an inhouse 3D-printing
facility is another exciting field of research.
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6.7 Future Perspectives

and Summary

The automation and Al script-based workflow
will reduce the human error and the time to
print. The print quality can be optimised to be
biomechanically acceptable yet requiring the
minimum raw material for 3D printing. The
automatic generation of patient-specific
implants based on the patient’s normal side or
from the bank of pooled data will help to
reduce the time to production of patient-spe-
cific implant.

3D printing is a new and exciting field. Its use
in oral and maxillofacial surgery has been
recently introduced. Virtual surgical planning
and 3D printing have opened vast areas of possi-
bilities and have allowed surgeon to perform
more complex procedure with a higher degree of
predictability and safety. It is a great tool for
training and education of residents. However, it
needs to be understood that the virtual surgical
software does not suggest a treatment plan, but
only shows the possible outcome of the planned
treatment to some extent. Not everything that is
planned on the software is practically possible on
the patient due to the biological limits of the tis-
sues. Virtual surgical planning and 3D printing
are just an adjunct and not a substitute to sound
biological and surgical principles. A high degree
of surgical experience is required to foresee the

possible problems and incorporate the necessary
changes in the virtual planning level to circum-
vent this problem.

With further improvements in the materials
and technology, the dream to make life like
3D-printed models could be realised. Till then we
need to understand the limitations of this technol-
ogy and use it judiciously for patient care and
resident training.

References

1. Tack P, Victor J, Gemmel P, Annemans L. 3D-printing
techniques in a medical setting: a systematic literature
review. Biomed Eng Online. 2016;15(1):115.

2. Zhao L, Patel PK, Cohen M. Application of virtual
surgical planning with computer assisted design and
manufacturing technology to cranio-maxillofacial sur-
gery. Arch Plast Surg. 2012;39(4):309-16.

3. Alexander AE, Wake N, Chepelev L, Brantner P, Ryan
J, Wang KC. A guideline for 3D printing terminology
in biomedical research utilizing ISO/ASTM standards.
3D Print Med. 2021;7(1):8.

4. Meglioli M, Naveau A, Macaluso GM, Catros S. 3D
printed bone models in oral and cranio-maxillofacial sur-
gery: a systematic review. 3D Print Med. 2020;6(1):30.

5. Parr WCH, Burnard JL, Wilson PJ, Mobbs RJ. 3D
printed anatomical (bio)models in spine surgery: clini-
cal benefits and value to healthcare providers. J Spine
Surg. 2019;5(4):549-60.

6. Lethaus B, Poort L, Bockmann R, Smeets R, Tolba
R, Kessler P. Additive manufacturing for microvas-
cular reconstruction of the mandible in 20 patients. J
Craniomaxillofac Surg. 2012;40(1):43-6.



®

Check for
updates

Applications of 3D Printing
in Periodontal Tissue Regeneration

Kunaal Dhingra, Kanika Makker, Flora Verma,

and Bhumika Gumber

Contents

7.1 Introduction................

7.2 Methodology ..................
7.3 Results.......cccooveeevrennennne
7.4 Discussion .......................

References.............cccceenennnee.

7.1 Introduction

The periodontium is a highly organized, three-
dimensional, complex structure composed of
four specialized tissues viz., alveolar bone,
cementum, periodontal ligament, and gingiva
that function synergistically to support the teeth,
transmit mechanical forces, and prevent micro-
bial invasion. Periodontal disease causes irrevers-
ible loss of these supporting tissues and affects
20-50% of the global population [1]. It is a lead-
ing cause of tooth loss, which in turn causes com-
promised function and esthetics, and poor quality
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of life. The ultimate aim of periodontal treatment
is to predictably restore the prediseased state of
anatomically and functionally intact periodon-
tium. This necessitates accurate spatiotemporal
orchestration of healing in the different compart-
ments and guided multiple tissue formations
within 500-pum interfaces [2]. Conventional peri-
odontal therapies have neither precisely nor pre-
dictably achieved this objective. The development
of newer technology and the advent of 3D print-
ing offer a possible solution to this persistent
problem.

3D printing has enabled the creation of bio-
compatible scaffolds that facilitate the regenera-
tion of the missing tissue. It also includes the
printing of three-dimensional functional tissues
consisting of living cells and their supporting
elements. The latter process, known as “bio-
printing”, utilizes “bioink™ which is a biocom-
patible hydrogel with high water content, living
cells, and modifiable chemical and mechanical
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properties [3-5]. This enables the 3D-printing
technology to customize and fit the tissue defect
morphology and architecture [6, 7].

Hixon et al. [8] have utilized 3D-printed molds
for customized bone regeneration in cleft-
craniofacial defects in children. Furthermore, in a
pilot study, Xu et al. [9] fabricated customized
polyglycolic acid (PGA)/polylactic acid mandib-
ular condylar scaffolds for cartilage and bone
regeneration. The use of these biomaterials not
only allows customization of design but also
manipulation of porosity and surface texture
[10]. It can address variability in thickness,
mechanics, and function associated with different
areas of the oral cavity.

Unlike the above studies where single tissue
regeneration was achieved, regeneration of the
periodontium requires simultaneous regeneration
of hard and soft tissues. Novel approaches like
the use of multiphasic biomaterials represent a
significant leap in this regard. Park et al. [11]
demonstrated the design and fabrication of com-
posite scaffolds for in-vivo regeneration of
human tooth dentin-ligament-bone complexes.
These tissue complexes showed obliquely and
parallel-oriented fibers within the polycaprolac-
tone (PCL)-PGA-designed constructs forming
periodontal ligament, cementum-like tissue, and
bone structures.

The use of 3D printing for periodontal regen-
eration is still in its infancy. Thorough knowledge
of the biological mechanisms and 3D-printing
systems and materials is necessary to effectively
translate this technology into treatment. This sys-
tematic review summarizes evidence from pub-
lished animal and human studies that have
assessed the application of 3D printing for peri-
odontal regeneration.

7.2  Methodology

7.2.1 Protocol

The present systematic review was conducted
according to the Cochrane Handbook for
Systematic Reviews of Interventions Version
6.2 [12] published in the year 2021 and followed

the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guide-
lines [13].

7.2.2 Literature Search Strategy

The literature search was conducted in the
PubMed database from inception till 30th April
2021. References of systematic reviews on 3D
printing in periodontal regeneration were
searched. Hand searching through relevant jour-
nals and the web was also undertaken.
Combinations of the following keywords were
used to search the PubMed database: three-
dimensional printing, 3D printing, 3-D printing,
3D printed, rapid prototyping, selective laser sin-
tering, additive manufacturing, fused deposition
modeling, bioprinted, bioprinting, scaffold, peri-
odontal repair, periodontal regeneration, alveolar
bone, cementum, periodontal ligament, and gin-
giva. Articles were included without restriction
on the language, year of publication, or status of
the publication.

7.2.3 Selection Criteria
for Inclusion/Exclusion
of Studies

The studies were chosen to be eligible based on a
priori participant-intervention-comparison-
outcome-study (PICOS) criteria (Table 7.1).
Initially, studies were checked for duplicates, fol-
lowed by the title, and abstract screening. Finally,
full texts were retrieved and checked indepen-
dently by the authors.

7.2.4 DataExtraction

Data extraction was performed independently by
the authors. The following data were extracted:

Study characteristics such as author, publica-
tion year, and study design

1. Type of intervention
2. Study outcomes



7 Applications of 3D Printing in Periodontal Tissue Regeneration 137

Table 7.1 Participant-intervention-comparison-outcome-study (PICOS) criteria

Category Inclusion criteria
Participant

periodontal disease

Studies on adult human participants, irrespective of gender, with

Exclusion criteria

Animal interventional studies with orthotopic or ectopically

created defects
Intervention
biomolecules and cell cultures

Periodontal regeneration using 3D-printed scaffold with/without

3D printing used only for
preoperative analysis

3D printing used only for
fabrication of simulation model

Unsupported expert opinions

Comparison Studies assessing regeneration after using 3D-printed =
biomaterials
With/without control group
Outcome Evaluation of regeneration of any/all periodontal tissue(s) by -
histological or radiographic methods
Evaluation of intraoperative or postoperative complications
Study Experimental (randomized/nonrandomized clinical trials) and
design descriptive studies (case reports and case series)

In animal studies, the following data were
extracted:

. Type of animal

. Number of subjects

. Objective

. Printing technology used

. Scaffold

. Biomolecules or cell seeding (if used)
. Observation period

. Outcome

. Complications (if any)

O 0 1 O\ L W~

In human studies, the following characteris-
tics were recorded:

Sample size

Objective

Printing technology
Scaffold
Biomolecules (if any)
Follow-up period
Complications (if any)

Nk LD =

7.2.5 Quality Assessment of Animal
Studies

The SYRCLE’s risk of bias tool containing ten
entries was used to assess the risk of bias in the

Letters to editor
Analytical studies
Reviews
Systematic reviews

included animal studies. Six types of bias, i.e.,
detection bias, selection bias, performance bias,
attrition bias, reporting bias, and other biases
were assessed and classified as:

1. Low
2. Unclear
3. High

7.2.6 Outcomes Evaluation

The outcome assessment was based on the selec-
tion criteria for the included studies. Periodontal
regeneration was assessed by radiographic or his-
tological evaluation. Presence of treatment-
related complications that may affect the success
of the intervention were also considered.

7.3  Results

A total of 164 articles were obtained using the
above search strategy, out of which 160 were
from the databases and 4 from other sources.
Amongst these, duplicate articles were elimi-
nated and the remaining abstracts were scanned
for inclusion. Full text of 22 articles was retrieved.
Twelve articles fulfilled the inclusion criteria and
were, therefore, included in the present system-
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Records removed before screening:
Duplicate records removed (n = 9)

Records excluded (n= 133)

* Review articles: n= 30

¢ In-vitro studies: n= 20

* Not dealing with periodontal

regeneration: n= 58

* Not dealing with 3D printing:
n=24

* Retracted: n=1

Reports not retrieved
(n=0)

Reports excluded: n=10
* Not dealing with 3D printing:
n=3

* Not dealing with periodontal
regeneration: n=7
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Fig. 7.1 PRISMA flow (=)
diagram for the literature 2 Records identified from:
search ¥
E PubMed Database (n= 160)
é Hand-searching (n= 4)
-
)
Records screened
(n=155)
o
=
c
()
2
[
(2] Reports sought for retrieval
(n=22)
Reports assessed for eligibility
(n=22)
—r
)
3
= Studies included in review
© (n=12)
=
~—

atic review. These included 11 animal studies and
1 human study. The PRISMA flow diagram for
the literature search is presented in Fig. 7.1.

7.3.1 Animal Studies

7.3.1.1 Study Selection

Data of the 11 animal studies published between
2010 and 2021 are presented in Table 7.2.

7.3.1.2 Study Characteristics

In all, 233 animal subjects were used in the 11
studies. The number of animals used in each
study ranged from 3 to 64. One study, however,
did not report the number of animals used [23].
It was observed that rats were most often used
[14-18, 22] followed by mice [11, 19, 20].

There was only one study each on rabbits [23]
and dogs [21].

The vast majority were ectopic defects [11,
16, 18-20, 22, 23] followed by orthotopic defects
[15, 17, 21]. One study included both surgically
created ectopic and orthotopic defects [14].

Fused deposition modeling (FDM) was the
most used printing technology [2, 16, 18, 19] fol-
lowed by microextrusion [14, 21, 23]. All studies
used PCL scaffolds, some in combination with
PLGA [11] and some with HA. Enhancement of
the scaffold using biomolecules/cell cultures was
also done in all but one study [21]. Observation
time ranged from 3 to 12 weeks.

7.3.1.3 Risk of Bias
The risk of bias in animal studies was evaluated
using the SYRCLE's tool (Table 7.3). Only one
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study by Kim et al. [14] reported a low risk of
bias in investigator blinding and attrition bias
parameters. All studies except Shim et al. [21]
reported maintaining similar baseline character-
istics for the animals used in the study. The
remaining parameters were the same across the
included studies.

7.3.2 Human Studies

One human study fulfilled the inclusion criteria
and was included in this systematic review. In
this study, a large periodontal osseous defect was
treated with a 3D-printed polymer scaffold with
good short-term but poor long-term results
(Table 7.4).

7.4 Discussion

7.4.1 Overview of Reported Studies
3D printing is an ever-growing and ever-evolving
field where new innovations are first tested using
in-vitro studies. Owing to their speed, accuracy,
and cost-effectiveness, in-vitro studies are a pow-
erful tool that drives new developments. However,
better insights regarding the clinical application
and long-term effects of 3D-printed scaffolds for
periodontal regeneration can be deduced from
preclinical (animal) and clinical (human)
research. Thus, the present systematic review
included both preclinical (animal) and clinical
(human) to better understand the developments
that have cleared preliminary testing and
advanced closer to actual clinical applications for
periodontal regeneration.

The 11 animal studies reported favorable clin-
ical outcomes and limited serious complications.
None of the studies used random sequence gen-
eration, allocation concealment for animals, ran-
dom housing of animals, or random selection of
animals for outcome assessment. Most studies
had a low risk of bias in terms of maintaining
homogeneity in baseline characteristics and the
selective reporting parameter (Fig. 7.2). The only
human study reported unsuccessful long-term

results. Nonetheless, these studies provide impor-
tant data for the efficacy of 3D-printing technol-
ogy and lay the foundation for further innovation
and investigation.

7.4.2 Scaffold Materials and Design

The constituent materials and design of a scaffold
influence its biological and mechanical proper-
ties. Numerous types of scaffold materials are
available. They can be classified into natural and
synthetic polymers, and ceramics. Synthetic
polymers are the most commonly used as they
can be produced in large quantities at low costs.
Further, PCL, a synthetic polymer, is the best
known and the most widely used material for 3D
printing, particularly for craniofacial biostruc-
tures [24]. All studies included in this review
used PCL, alone or in combination, for scaffold
fabrication. PCL has been approved by Food and
Drug Administration (FDA) for clinical use and
shows good biocompatibility, miscibility, and
mechanical strength [25]. Its thermal stability
and a low melting point of ~60 °C make it a good
candidate for temperature-based printing tech-
niques [26].

Park et al. [15], Pilipchuk et al. [20], and
Dubey et al. [22] used PCL alone. However,
Pilipchuk et al. [20] integrated 250-pm high pil-
lars at varying depths into the design of the scaf-
fold to function as microscale cues for guiding
tissue alignment. The remaining studies used
PCL in combination to overcome its
shortcomings  of low  biodegradability
(3-4 years) and low cell adhesion [25, 27].
Vaquette et al. [16] fabricated a biphasic scaf-
fold with PCL and TCP (high rate of resorp-
tion), which was also used by Costa et al. [18]
with a modification of calcium phosphate coat-
ing to increase bone-related gene expression.
Park et al. [11] used PCL with PLGA, as this
improves not only osteoconductivity but also,
printing resolution [28, 29]. A combination of
PCL and HA was used by Kim et al. [14], Lee
et al. [19], and Rasperini et al. [30] as HA
improves osteoblast cell adhesion and prolifera-
tion. However, since HA is also slowly resorbed,
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Fig.7.2 Assessment of

risk of bias in animal
studies using the

SYRCLE's tool Sequence

Baseline

Allocation

Random housing

Blinding

Random outcome

Blinding (Detection)

Attrition bias

Reporting bias

the scaffold used by Rasperini et al. [30] was
exposed at 13 months with subsequent micro-
bial contamination of the graft.

7.4.3 Biomolecules

A majority of studies reported the use of cells,
growth factors, or both. Cell seeding into the
scaffold may be static or dynamic. In the former,
acellular scaffolds are printed first and cells are
incorporated using a chemical binder. In the lat-
ter, cells are printed along with the scaffold mate-
rial. While this leads to greater uniformity in cell
distribution, it decreases the mechanical strength
of the scaffold [31]. The most commonly used
cell for seeding was hPDLC (Park et al. [15],
Pilipchuk et al. [20], and Park et al. [11]). It was
seeded statically using fibronectin or phosphoric
acid. hPDLCs express Cementum Protein-1,
which is a specific marker for cementoblasts and
their progenitors. Thus, cell seeding with hPDLC
initiates cementum formation and promotes peri-
odontal regeneration [32]. Vaquette et al. [16] and
Costa et al. [18] used OB while Lee et al. [19]
used a combination of DPSC, PDLSC, and
ABSC. DPSC can differentiate into odontoblasts,
a property that makes their use favorable even in
pulpal regeneration. PDLSCs are multipotent
cells and may differentiate into cementoblasts,
fibroblasts, and osteoblasts. They can be used in
combination with a scaffold or even alone for
periodontal regeneration [27].

SYRCLE Risk of Bias

Unclear Low

Cell-free constructs, based on scaffolds loaded
with growth factors only, eliminate the need for
cell procurement and culture. Kim et al. [14] used
SDF-1 and BMP-7 in their study and compared
growth-factor-laden scaffolds with growth-
factor-free scaffolds. Greater angiogenesis and
more cell recruitment to the site of periodontal
regeneration were seen in the scaffolds with
growth factors. BMP-7 is an FDA-approved bio-
molecule that demonstrates rapid chondrogene-
sis, followed by osteogenesis and cementogenesis.
Thus, a synergistic interaction exists between the
biomolecules and the scaffold wherein bone for-
mation is stimulated by both, osteoconductivity
of the scaffold and osteoinductivity of the seed-
ing biomolecules.

7.4.4 Printing Technologies

Extrusion-based printing technology including
FDM was most commonly reported in animal
studies. It utilizes a mechanical extruder and
stage with three-directional movement. In FDM,
the material is extruded as filament at high tem-
peratures and deposited on the substrate [33].
Multiphasic scaffold can be constructed using
this technology [11, 16, 18]; however, the high
temperature used in FDM eliminates the possibil-
ity of direct cell printing (bioprinting).

The only reported human clinical study used
selective laser sintering (SLS) for scaffold fabri-
cation in which a high-powered laser is used to
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“sinter” powdered material. It is superior to FDM
as it is self-supporting thereby allowing greater
design freedom. However, SLS-printed scaffolds
are porous and brittle and show considerable
cooling shrinkage [34].

7.4.5 Periodontal Tissue
Regeneration

The regeneration of the periodontal complex
requires the re-establishment of its typical “sand-
wich structure”. Costa et al. [18] modified the
biphasic scaffold used by Vaquette et al. [16] and
demonstrated increased mineralization and bone
formation. Better penetration of blood vessels
and some degree of tissue orientation were also
evident. Next, Lee et al. [19] developed a highly
compartmentalized and seamless triphasic scaf-
fold that achieved the formation of all three sup-
porting structures. These studies recapitulated
the “sandwich structure” but achieving precise
PDL orientation remained elusive.

Attempts to achieve proper collagen bundle
formation and alignment have been made by Park
et al. [11, 15, 17]. In the first study, parallel and
obliquely oriented fibers were formed by using a
composite scaffold. In the latest, the regenerated
collagen bundles were perpendicularly oriented
to the root surface.

To the best of our knowledge, 3D printing for
regeneration of gingival tissue in vivo has not
been reported yet. Rasperini et al. [30] reported
partial root coverage and 3 mm gain in clinical
attachment level; however, these results were
short-lived.

7.4.6 Merits and Demerits

The merits of this systematic review include an
extensive literature search that was conducted
without limitations of language, publication sta-
tus, or year to ensure maximal data collection.
Secondly, SYRCLE's risk of bias tool, an adapta-
tion of the Cochrane risk of bias tool was used for
animal studies unlike arbitrary, self-generated
tools used in many systematic reviews pertaining

to animal studies. With these merits, there are
also some limitations of the study. Due to the
novelty of this technology and therefore, scarcity
of randomized trials, case reports were also
included. Another limitation is the number and
type of animals used, and the observation period
varied greatly between the studies giving rise to
heterogeneity in these spheres.

7.4.7 Summary and Future
Prospects

Challenges to greater acceptability and more
extensive use of 3D printing include optimization
of the printing process and development of suit-
able biomaterials that allow good resolution
printing at high speed and low cost. These chal-
lenges call for strengthening the collaboration
between experts in the fields of medicine, engi-
neering, and materials science. Also, clinical
studies applying new developments should be
undertaken to assess their benefit over conven-
tional methods of treatment.
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Table 8.1 Sequence of events in AM manufacturing

Step 1  Preparation of a 3D CAD model (computer-
aided designing) (from a digital scan or after
virtual designing of object to be printed)

Step2  Creation of .STL (standard tessellation)/.OBJ
(object) file

Step3  Slicing software to break up the CAD model
into layers

Step 4  Transfer of files and determination of the path
of the tool to print the object

Step5  AM process/3D Printing

Step 6  Post-processing of 3D printed object

of layers of the material as determined by the
computer design. The creation of this tangible
object is made possible through different tech-
nologies including stereolithography (SLA),
selective laser sintering (SLS), fused deposition
modeling (FDM), and digital light processing
(DLP) [1, 2]. Regardless of the technology imple-
mented, there are a series of steps involved in the
fabrication of an additionally manufactured pros-
thesis and the same have been enumerated in
Table 8.1.

In such mosaic availability of technologies,
the impending selection of a method of fabrica-
tion of prosthesis can befuddle the dentist.
Factors to consider when utilizing the 3D print-
ing are numerous and have been shown in
Table 8.2 [3, 4].

The versatility of 3D printing in its applica-
tions in the field of prosthodontics is overarching
which is evident in its widespread utility in all the
domains. However, while a definitive 3D printing
solution is provided in some conditions, in other
applications the solution may only be partial (as
seen in Table 8.3). This distinction is largely
dependent on the post-processing/post-printing
treatment required, which in turn is dependent on
the material used for printing. Minimal post-
processing steps are involved in direct applica-
tion, while elaborate steps of post-processing/
post-printing are involved in partial solutions.

The broad range of services offered by 3D
printing in fabrication of a prosthesis can be
accomplished as in office or with assistance from
a dental laboratory. For example, smaller restora-
tions with minimal throughput such as splints,
provisional restorations, and surgical guides can

Table 8.2 Factors to consider while selecting AM ser-
vices [3, 4]
Type of prosthesis to be printed
Accuracy (trueness and precision of printed object)
Speed of printing
Value outcome in terms of cost of investment vs. output
return
Characteristics (mechanical, surface, esthetic) and
quality of prosthesis to be printed
Compliance of materials used for each method with
regulatory requirements of the region of service
delivery
Patient satisfaction

Table 8.3 Applications of AM in prosthodontics
Direct application
Surgical guides
Splints and overlay

Partial applications
Complete denture
Removable partial denture

prosthesis
Molds for MFP Metal frameworks for fixed or
prosthesis implant prosthesis

Wax patterns
Provisional fixed
dental prosthesis
Study cast/dies

Ceramic printing

be efficiently accomplished by using in-office
printers. Restorations with an elaborate process,
requiring multiaction procedures, and elaborate
post-processing are better handled by laboratory
printers. Professionals (dentists and laboratory
personnel) should clearly know their needs and
expected outcomes before they embark to pur-
chase printers (either bench-top/office-based
printers which are used preferably in clinics or
laboratory-based printers). General consider-
ations include what needs to be printed (purpose
of printing), how many prints are expected per
day, the upfront cost and recurring budget (per
unit material cost, service cost, and maintenance
cost) that can be allocated for the printer and the
associated products, size of printer, and service
availability. Some printers may be needed for
education and training purpose only. These print-
ers can belong to any resin printer category, unre-
lated to biocompatibility. However, if a
biocompatible 3D printed object is desired, one
has to ensure agreeability of printer infrastructure
with the available biomaterials (polymer-based,
metals, or ceramics). A range of brands offer
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multiple solutions, with a wide spectrum of
choice in printer size and application. Logically
speaking, a printer having chairside operation
should preferentially be lightweight, compact,
and work with minimum noise production,
besides having enhanced speed of operation.
Laboratory printers on the other hand should be
able to fulfill high printing volumes requirements
in order to support the large scale service to a
number of dental clinics.

While a discussion on direct comparison
among these options is beyond the scope of this
textbook, nevertheless this chapter shall lay down
the premise of 3D printing in prosthodontic
applications enumerating the technical specifica-
tions and details for each application.

8.2 3D Printing for Complete

Denture Fabrication

Complete dentures have an expanded role in
prosthodontic service. Traditional methods, how-
ever, involve numerous time-consuming and
arduous, technique-sensitive procedures, involv-
ing numerous clinical visits and long haul labora-
tory support. It has been estimated (in the year
2019) that nearly 50 million dentures are pro-
duced every year, globally [2, 5-7].

Retaining its status of chosen form of treat-
ment especially in middle- and lower-income
countries like India, and the depreciating number
of skilled removable denture laboratory techni-
cians world over, the struggle to make ends meet

M)

PRIMARY
IMPRESSION

FINAL
IMPRESSION

RECORD o

BASE*

RELATION

RECORD #

by conventional, time drawn procedures of com-
plete denture fabrication due to lack of labor and
manual skills is evident. 3D printed dentures can
be a game changer in times to come by simplify-
ing the procedures of technical laboratory
aspects, which are often the rate-limiting steps in
complete denture fabrication. The philosophy,
principles, and clinical steps of conventional
complete dentures are same in digital denture
fabrication. The difference predominantly exists
in the execution of laboratory procedures, which
are imparted a digital spin. The utilization of the
keen interest of the younger generation in digital
tools, computer, and graphics can be put to ben-
efit for the purpose of fabrication of dentures by
AM [8, 9]. This section shall review the technical
details that a clinician and technical staff should
familiarize before embarking on digital denture
practice (as seen in Fig. 8.1).

Procedural Details of 3D
Printing in Removable
Complete Dental
Prosthodontics

8.2.1

8.2.1.1 Clinical Visit I: Impression

Making (Two-Staged or Single-

Staged) and Bite Registration
After a thorough patient examination, the impres-
sion making procedure can be conventional two-
staged procedures (primary and final impression)
or a single-staged procedure incorporating a
wash impression in the same visit. The discretion

PRINTING
OF DENTURE
BASE AND
TEETH**

# OR DENTURE
PROCESSING
#

TEETH
SELECTION &
ARRANGEMENT
@

TRY IN
VERIFICATION

DENTURE
PLACEMENT &
FOLLOW UP #

$: PREFERABLY MANUAL
* ADDITIVE MANUFACTURING OR
MANUAL METHOD OF FABRICATION

# ONLY MANUAL
@ DIGITAL DESIGNING OR MANUAL ASSEMBLY
** ONLY ADDITIVE MANUFACTURING

Fig. 8.1 Throughput of dentures (manual and additive manufacturing)
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Table 8.4 Options of intraoral scanners. The operators
are encouraged to verify the compatibility of output of the
scanner with the designing software

Manufacturer and name

of intraoral scanner Light source used

TRIOS from 3Shape, Confocal microscopy

Denmark

CEREC Primescan/ Structured light (optical

OMNI scan triangulation and confocal
microscopy)

Carestream Structured light

Blue laser—Multiscan
Imaging™ technology
Red, green, and blue
lasers—Projected Pattern
Triangulation™
Confocal laser scanning
using a laser beam (red)

Dental Wings, Montreal,
Quebec, Canada
Emerald®Planmeca,
Helsinki, Finland

iTero Align Technologies

of the operator has a role to play in the success of
the outcome. Recent reports have also suggested
use of stereolithography (by using UV sensitive
liquid resin) to print custom trays for the second
stage of impression [1, 10, 11]. Although initial
strides have been made toward intraoral scanning
of the edentulous arches [1, 12] (Table 8.4) and
the comfort associated with the procedure of
scanning is beneficial, the outcome of such
attempts has been questionable primarily due to
lack of possibility to attain border seal and diffi-
culty to stitch the images due to lack of clear ana-
tomic landmarks [1, 10-14]. Additionally, the
presence of fluids in the oral cavity may impose
difficulties in attaining the scan [15].

For bite/occlusal registration record, anatomi-
cal devices such as central bearing device [16],
an anatomic measuring device [17], or nobeli-
um’s intraoral tracers can be wused [18].
Conventional bite/occlusal record in wax on a
physiologically extended record base on a physi-
cal model can also be used. Relevant details in
the bite/occlusal registration record must be reg-
istered such as lip line, smile line, midline, canine
line, and occlusal plane. Recent literature also
suggests use of 3D facial scanning in natural rest
position with Frankfurt’s plane parallel to floor
and in exaggerated smile position [19]. This has
been documented to help create a virtual patient
analog for 3D evaluation of trial in subsequent
steps. It must be borne in mind that the facial

scanning is not mandatory and that the intraoral
scanners and facial scanners are not a part of the
3D printing system and need to be assembled
separately from a third party.

Laboratory Procedure |

Step 1: Preparation of Virtual Study Models

This can be accomplished by laboratory scanning
of the stone model prepared from the impression
and transfer of the digital data. Alternatively, lab-
oratory scanning of the impression for digitiza-
tion of data can also be done (as seen in Fig. 8.2).
It is also highlighted that the laboratory scanners
are also not a part of the 3D printing system and
need to be acquired separately from the third
party (Table 8.5).

The laboratory scanner captures the point
cloud data of the cast model or impression by
using a two or more camera system and move-
ment of the platform on which the cast or impres-
sion rests along a specific number of axes [20].
The data, as collected by the scanner, are stored
in a 3D file format that can be read and modified
by a 3D processing software. The information in
the 3D file format can be either in binary text for
instance in STL (tessellation format) or plain text
such as OBJ (Wavefront OBJect) or ASC (ASCII:
American Standard Code for Information
Interchange), depending on the digitizing system.
The STL format is simpler and more popular. It is
also the native file format to printing, and it
encodes the surface of the object into a triangular
mesh. The smaller the size of the triangle is, the
greater the resolution is. The main limitation of

Fig. 8.2 Preparation of virtual maxillary and mandibular
models and landmark identification
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Table 8.5 Options of laboratory scanners. The operators
are encouraged to verify the compatibility of output of the
scanner with the designing software

Manufacturer and name of
laboratory scanner
Generation RED E Scanner

Light source used
Redline laser

from 3Shape Copenhagen,

Denmark

Ceramill Amann Girrbach, Blue light technology

Germany

Everest Scan from KaVo White light fringe

Dental, Germany projection

Lava Scan ST, 3M ESPE White light fringe
projection

Zeno Scan S100 from Red laser

Wieland, Germany

Zfx™ Evolution plus by LED GreenLight

Zimmer Biomet Technology

Medit T710 LED blue light with
phase-shifting
triangulation

inEos X5 by Dentsply Sirona Digital stripe light

projection with blue
light

7 Series Dental Wings Blue laser illumination

scanner

the STL file format is that it contains information
of only the geometry (size and shape), and the
details of color and texture are missing. The OBJ
file format is more universal format but more
complex. It creates the encoding by using poly-
gons such as hexagons or quadrilaterals, thereby
creating a smoother mesh, which is more precise,
and contains information about the geometry as
well as texture.

Step 2: Designing of Denture
The digital file of the scanned edentulous arches
is then sent to CAD software (Table 8.6) in order
to proceed with the denture designing [1, 2, 11,
19-21].

In a nutshell, designing of complete denture
includes the following procedures:

1. Identification of Landmarks in the
Macxillary and Mandibular Arches. For the
maxillary arch, this includes identification of
incisive papilla, corner of the arch related to
canine eminence, and prominent part of tuber-
osity (Fig. 8.2). In the mandibular arch, the
retromolar pad (prominent part, buccal extent,

Table 8.6 Options of CAD software for digital
prosthesis
Full Denture Module by inLab SW 20.0 by Dentsply
Exocad Sirona
Pala Design Studioby =~ DWOS by Dental Wings
Kulzer
Full Denture Design by  The denture module by Blue
3Shape Sky Plan

BDCreator® PLUS by Zfx (Zimmer Biomet)

7
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Fig. 8.4 Undercuts relieved in mandibular virtual model

and lingual extent), center of arch (to generate
the midline plane), and canine eminence or
cornerstone of the arch are located (Fig. 8.2).

2. Elimination of Gross Undercuts. Gross
undercuts that need to be relieved are elimi-
nated or blocked out by the virtual block-out
tool based on the path of insertion (Figs. 8.3
and 8.4). The software allows for control of
extent and amount of the block out. The need
to block out should be verified by the operator
based on clinical assessment of the undercut.
It is not required in all the cases, and caution
must be borne that excess block out can pre-
dispose to loss of intimate adaptation of den-
ture base to the tissue, potentially resulting in
loss of retention.
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3. Delineation of Denture Base Area. Outline
of denture bearing area is marked on the max-
illary and mandibular cast (Figs. 8.5 and 8.6).
The principle of physiological coverage of

[ —— Tl

Fibcun

ashapet

Fig. 8.7 Easy delineation of boundary of denture bearing
area

Fig. 8.8 Customizing
the ridge lap area of the
teeth to be printed

denture bearing area must be followed. The
thickness of denture base is also determined,
and for non-load-bearing regions, such as the
facial surface of denture dictated by esthetics,
the thickness can be reduced. The ease of
computer graphics allows for ease of adjust-
ment of the border extensions (Fig. 8.7).

Simultaneously, sockets for printed teeth
are created in the denture base (Fig. 8.8).
Since unlike a traditional denture, long root of
the ridge lap region of artificial teeth does not
guarantee a stronger bond, excessive depth of
the recess of teeth socket should be avoided.
Also, with excessive root length, the
translucency of the tooth can make it appear
unnatural. Hence, conventionally a recess is
cut at | mm depth and with 15°-30° bevel to
accommodate the teeth.

. Virtual Articulation. The bite/occlusal regis-

tration record is scanned in the laboratory
scanner and superimposed on the virtual mod-
els (Fig. 8.9a, b). For the same, the wax bite
(occlusal rim) can be sprayed with a matting
spray to reduce the reflection of the light and
enable complete registration of the details.
Commercial options of the spray include
CEREC Optispray; Programil by Ivoclar;
Scanspray by Renfert; high-resolution scan-
ning spray by Midmark if suggested by the
scanner manufacturer.

. Establishing the Occlusal Plane. The posi-

tion of the occlusal plane is established by
using three landmarks on the bite record (mid-
line and anterior one-third of retromolar pad).
The accuracy of bite/occlusal registration
record in this aspect cannot be more overem-
phasized. Midline, as registered in the occlu-

@) Recess cut in denture base to
| accommodate ridge lap of teeth

“.~ Design of Denture base

Design of Teeth
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Fig.8.9 Scanned bite/occlusal registration is superimposed on virtual models. (a) Occlusal plane is established (lateral

view). (b) Occlusal plane is established (frontal view)

sal record, is made to coincide with the y-axis
of the virtual plane analyzer. The occlusal
plane can be rotated to establish a favorable
plane of orientation.

6. Teeth Selection. Denture teeth can be
selected from the tooth library [2, 11, 20, 21].
Interarch distance can be measured to further
help in teeth selection (Fig. 8.10). It is perti-
nent to point out that denture teeth library
supported by CAD software may vary. An
operator must check the compatibility of the
software used for designing with the library
available. For instance, 3Shape CAD soft-
ware supports the teeth library provided by
Ivoclar Vivadent, Candulor, Kulzer, Vertex,
and Vita. Additionally, the output supported
by the CAD software in terms of assembly
type may also vary. The output may be either
a monoblock assembly type (usually avail-
able with the entire digital teeth library as
seen with all the earlier mentioned commer-
cial options, except Vita), or stand-alone
assembly of teeth may also be possible as
enabled by Kulzer, Vertex Dental, and Ivoclar
digital libraries. It is also emphasized that
operators must consistently verify the digital
library support as it can evolve with time.

7. Teeth Arrangement. Teeth are aligned on the
virtual models according to the occlusal plane
(Fig. 8.11a, b). Adjustments to the ridge lap,
proximal surface, axial surface, and occlusal

X5

2 z B
—— . INTERARCH DISTANCE

MARCS. [

L]

nRapet

Fig. 8.10 Selection of teeth from the library and use of
interarch distance

surface can be done by using the specific tools
of designing software (Fig. 8.12a—c).

8. Establishing the Cameo Surface. Soft tissue
can then be simulated by using the virtual tool
as shown in Fig. 8.13a. Minor additions and
deletions can also enhance the final outcome
by using the virtual tools as shown in
Fig. 8.13b. The entire teeth arrangement is
then completed as shown in Fig. 8.14a—d.

Step 3: Nesting and Incorporation of Supports

The files created by the denture design software
are exported from design software and imported
into the software that nests the files for printing
in the printer. The mesh of designed denture base
and teeth is then interpreted by the slicing soft-
ware, thereby preparing the object (division of
the virtual digital structure into individual, hori-
zontal print layers) for the 3D printer by using
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Fig. 8.11 (a) Adjustment of teeth according to occlusal plane (frontal view). (b) Adjustment of teeth according to
occlusal plane (lateral view)

Fig. 8.12 (a) Adjustment of width of individual tooth. (b) Adjustment of length of individual tooth. (¢) Adjustment of

angulation of individual tooth

Fireasn sanr sLusacs

Fig. 8.13 (a) Selection and sculpting of gingival wax up. (b) Individual areas can be sculpted by use of virtual tools
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Fig.8.14 (a) Completion of arrangement (frontal view). (b) Completion of arrangement (lingual view). (¢) Completion
of arrangement (lateral view). (d) Completion of arrangement

the numerical control (CNC) programming lan-
guage (such as *.gcode files). Thus, the slicing
software (Table 8.7) commands the 3D printer
on the specific action to perform, including
direction of movement, speed of use, and tem-
perature settings.

It is important to discuss a few details of the
printer in this context. It is obvious that the
first layer of the print is extremely important.
The first layer of the print is built upon the
build plate or build platform, and it needs to
adhere correctly without any movement. In
case of movement of the first layer, the subse-
quent layers do not align as per plan and the
print does not conform to the recommended
geometric details required. The build plate or
platform characteristics are important to affect
the crucial first step of buildup. The orientation
or arrangement of the denture base to be printed
(nesting) and the placement of the supports are
also crucial in this aspect (Figs. 8.15 and 8.16).
Nesting is the layout strategy that helps to
arrange the 3D files by maximizing the space
in 3D printer without compromising the accu-
racy [22].

Due to its contour, numerous overhangs and
undercuts are present in prosthesis. Consequently,
during printing, there may not be any layer pres-
ent directly beneath the printed portion. The pur-
pose of the support is to provide a temporary hold
to this overhang portion of the prosthesis during
the printing, thereby holding the prosthesis in the
selected alignment throughout the printing pro-
cess. Supports in turn consist of three compo-
nents, namely the rafts, scaffolding, and touch
points. The raft forms a base (attachment layer)
that adheres to the build platform. Scaffolding is
the emerging stems from the raft that have the
purpose of securing the object as it prints. Touch
points are areas of contact where the scaffolding
meets the prosthesis. Supports are planned both
for the denture base and for the teeth, individu-
ally, unless it is for a monolithic trial placement.
The supports touch points must be avoided at the
area of junction of teeth and the denture base and
must be planned on the arch, cusp tips, and inci-
sal edges of teeth facing the build platform.
Supports have to be printed in a low density of
the selected material so as to enable easy removal
after fabrication [5].
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https://sprintray.com/moonray-desktop-3d-printer/technical-specifications/
https://sprintray.com/moonray-desktop-3d-printer/technical-specifications/
https://sprintray.com/moonray-desktop-3d-printer/technical-specifications/
https://www.carbon3d.com/products/m2-3d-printer/
https://www.carbon3d.com/products/m2-3d-printer/
https://www.rapidshape.de/images/dental/datasheet/RASH_Datasheet_D20.pdf
https://www.rapidshape.de/images/dental/datasheet/RASH_Datasheet_D20.pdf
https://www.rapidshape.de/images/dental/datasheet/RASH_Datasheet_D20.pdf
https://pdf.medicalexpo.com/pdf/rapidshape-gmbh/d30-d40/102944-151175.html
https://pdf.medicalexpo.com/pdf/rapidshape-gmbh/d30-d40/102944-151175.html
https://pdf.medicalexpo.com/pdf/rapidshape-gmbh/d30-d40/102944-151175.html
https://www.asiga.com/products/printers/max_series/max_lcd/
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https://www.3dsystems.com/3d-printers/nextdent-5100
https://www.3dsystems.com/3d-printers/nextdent-5100
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https://www.kulzer.com/en/en/products/cara-print-4-0.html
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Fig. 8.15 Nesting and addition of supports (for denture
base)

Fig. 8.16 Nesting and addition of supports (for teeth)

Step 4: Printing

The printing process is initiated after inserting
the build platform or build plate, resin cartridge,
and resin tank or tray. It is important to shake the
resin cartridge thoroughly, and for this, a special
equipment such as a roller/tilting stirring device
for mixing 3D printing materials may be recom-
mended by some manufacturers before pouring
in the resin tray of the printer by the specific
printer manufacturer.

Step 5: Post-processing

The printed denture base and teeth are removed
from the build platform (by a specially recom-
mended tool). The printed objects have to be
washed in isopropyl alcohol (96% for about
10 min) to dissolve any uncured resin. An ultra-
sonic bath can be used for the same. Compressed
air can be used to remove alcohol from the
objects. The supports have to be removed in a
stepwise manner. The raft is removed first fol-
lowed by the entire scaffolding. The area after
removal of the support has to be smoothened out.

If the teeth have been printed together, the embra-
sures may have to be widened in order to create a
more esthetic and natural appearance. The den-
ture base and teeth should be washed in isopropyl
alcohol one last time to ensure complete removal
of debris.

Step 6: Assembly

The printed denture teeth (Figs. 8.17 and 8.18)
are inserted into the denture base (Figs. 8.19 and
8.20) to verify the fit. The unpolymerized denture
base resin is painted in the sockets for the teeth in
the denture base. The teeth are inserted in the
socket and held in position by applying firm pres-
sure. Any excess resin must be removed by a fine
brush. Light cure unit can be used to cure the
junction of the teeth and denture base. Any defi-
ciencies can be corrected by re-addition of resin
and subsequent repolymerizing.

Fig.8.18 3D printed teeth (by DLP)
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Fig. 8.20 3D printed denture base (DLP)

Step 9: Post-cure

Finally, immersion of the denture is done in glyc-
erin at about 80 °C for a final cure in a dedicated
post-cure unit for about 30 min. The unit has a
temperature control, with a full light spectrum
(usually within the range of 300-550 nm) for
completion of polymerization and must ensure
illumination from all sides. The denture should
be flipped to complete polymerization of oppo-
site side. Traditional polishing can be completed
by using a wool buff and pumice.

8.2.1.2 Clinical Visit Il

Most of the commercial systems supporting den-
ture printing allow the printing of a try-in base in
monolithic resin (Fig. 8.21). This step holds tre-
mendous value just like it does in conventional or

Fig. 8.21 3D printed monolithic try-in base before
removal of supports and post-curing

Fig.8.22 Verification of esthetics, vertical dimension

traditional denture fabrication procedure. The trial
base can be verified for fit, extension, and adapta-
tion of the denture base on denture bearing area.
Verification of jaw relation (Fig. 8.22), visibility of
teeth, esthetics, and general alignment of teeth is
also possible and is strongly recommended.
However, in contrast to conventional dentures,
only minor alterations in tooth length adjustment
(Fig. 8.23) or tooth shape (Fig. 8.24) is possible
with the monolithic trial. The corrections are then
scanned by laboratory scanner to improvise on the
existing design. Some authors have also suggested
a completely virtual try-in by using a face scan,



164

A.Nandaetal.

Fig. 8.23 Minor adjustments in trial base can be accom-
plished and scanned before printing

Fig. 8.24 Alteration of length of teeth by addition of
composite

intraoral scan, and the designed denture data,
although the success of the same has been docu-
mented to be limited [21, 23]. Certain other authors
have quantitatively evaluated tissue adaptation of a
CAD and printed denture by using wax and found
it comparable to compression-molded, manual
denture base fabrication technique. However, a
successful method of try-in is still not established
in an infallible manner with AM dentures [24].

Laboratory Procedure Il

In case, modifications have been done to the
monolithic trial denture, the denture is scanned,
and design is rectified. For final denture base to be
printed nesting, addition of supports, printing pro-
cess per se, post-processing wash, removal of sup-
ports, assembly, and post-cure are performed as
discussed earlier.

8.2.1.3 Clinical Visit 11l

The completed denture (Fig. 8.25a—c) can be
placed in the patient following guidelines in con-
ventional denture placement.

Take-Home Points Regarding 3D Printed
Removable Complete Denture

When compared with traditional or digitally
milled dentures, 3D printed dentures provide a
plethora of features that are bound to change the

Fig. 8.25 (a) 3D printed dentures (intaglio surface). (b) 3D printed dentures (polished and occlusal surface). (¢) 3D
printed denture (intraoral)
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prosthodontic landscape in future [22-37]. The
throughput takes less time when compared to
conventional denture fabrication protocol
(Fig. 8.1). The cost of inventory and material
wastage is less when compared to milled com-
plete dentures. The resin substrate that is unused
in 3D printing can be recycled for the subsequent
prosthesis. This is a more sustainable form of
prosthesis fabrication that helps in conservation
of resources, adds to economic benefits in long
run, and has minimum environmental concern
[25, 26]. Patient satisfaction has been reported to
be higher when compared to conventional den-
tures in a few studies, probably due to reduced
chairside time and reduced number of patient
visits [8, 27, 28]. Substantially improved fit has
been observed in digitally printed bases when
compared with denture bases fabricated by mill-
ing or traditional compression molding [29]. 3D
printed dentures allow for use of truly custom-
ized teeth when compared with traditional den-
tures where pre-manufactured denture teeth have
to be adjusted to fit within the arch specifics of
the patient. Regarding the properties of the
printed teeth such as resistance to chipping, ten-
sile fracture resistance, and wear resistance,
reports suggest an outcome comparable to that of
the prefabricated denture teeth [30, 31].
Additionally, accurate, consistent, and high-
quality results with intuitive adaptable tools are a
feature that assures a strong foothold of digitally
printed dentures in times to come [5, 25].
Archiving of electronic records, creation of
patient repositories, and drastically reduced gen-
eration of biohazard waste is a win—win with 3D
printed dentures. The applicability of digital den-
tures is widespread, encompassing maxillary and
mandibular removable complete dentures, single
arch dentures, denture duplication, immediate
dentures, and implant overdentures [1, 2, 11].
However, 3D printing for dentures still has a
few miles to cover mainly due to the associated
shortcomings. Much skepticism has been associ-
ated with the bond strength of the printed teeth
adhered to the printed base [1, 32]. Contradictory
findings have been reported for fit accuracy and
dimensional accuracy of 3D printed dentures

when compared to milled denture base in a few
studies, leading to a lack of robust unanimous
consensus [25, 33]. Divergent observations have
also been made for mechanical properties of the
materials used for 3D printing especially in rela-
tion to flexural properties and surface hardness
through the in vitro studies. Although these val-
ues have been found to be within clinical limits,
much needs to be achieved in terms of upgrading
the materials for 3D printed denture [34-36].
Much has been also been discussed in the litera-
ture regarding the effect of build direction or ori-
entation of the layers during printing on the
mechanical properties, particularly compressive
strength. Many studies favor printing in a direc-
tion such that the direction of load is perpendicu-
lar to direction of printing (vertical direction)
[37]. High initial cost of equipment and the need
to train staff and develop a strong collaboration
between the dentist, technician, and research and
development industry for a successful competi-
tive advantage are also strongly urged to enable a
deeper percolation of 3D printed denture fabrica-
tion in prosthodontic treatment options [8, 38].
The inherent risk of microbial colonization, par-
ticularly Candida species, is still associated with
the material used for 3D printing of dentures.
Attempts to overcome the same have been made
by incorporation of titanium oxide and its corre-
sponding nanoparticles in the literature [39—42].
The inability to acquire aesthetic gradations and
hence a vital tone in the teeth due to their mono-
chromatic appearance in AM is evident. This is in
contrast to the cross-linked, layered teeth used
for conventional methods of denture fabrication
or the teeth milled out of layered pucks for CAD
CAM dentures. Observing the pros and cons of
AM manufactured dentures, one can also con-
sider a hybrid approach of digital denture fabrica-
tion by using milled resin teeth with printed base
for attaining the desired outcome. Also, despite
the attempts to improvise the materials, water
absorption and color changes of the resins have
also been observed. Conclusively, 3D printing of
complete dentures is a work in progress, having a
growth curve of its own. Leveraging on numer-
ous advantages, it can prove to have a monumen-
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tal role in transforming the operations and
strategies of dentists, especially in sub-developed
regions of the world.

8.3  Fixed Prosthodontics
Reconstitution of integrity of dental arch, lost
either due to congenital or acquired causes, by
fixed dental prosthesis (FDP) has profound
improvements on the quality of life of the patients
[43]. Much of the recent practice has been
focused on optimization of technology to provide
contemporary rehabilitation methods and facili-
tate the otherwise technically intensive manual
procedures [1]. Among these methods, AM has
been considered to impart superior-quality, cir-
cumvent laborious procedures, eliminate the pos-
sibility of human error, and reduce the cost and
overall treatment time [44—47]. The current sec-
tion shall discuss the available AM technologies
as applied in assembly line of FDP fabrication.

8.3.1 3D Printed Casts and Dies

There are three common ways of fabricating
tooth-borne FDPs by additive manufacturing
technique. The first is complete, anatomic digital
designing and printing of the prosthesis (in metal
or ceramic). The second is to digitally design and
print the metal framework. On the printed frame-
work, ceramic is veneered to create external sur-
face form and establish proximal and occlusal
contact points. The third method is to digitally
design and print a castable pattern (in 3D printed
wax or resin) and use this pattern for traditional
method of prosthesis fabrication. Complete vir-
tual designing is possible for the first option.
However, for the second and third options, fabri-
cation of the prosthesis requires creation of an
accurate analog. The traditional gypsum-based
casts are prone to fracture and abrasion [48]. The
3D printed casts or dies are resistant to deforma-
tion as they are materialized in nylon or styrene
(Fig. 8.26) after obtaining digital impressions or
digitization of the physical impression [49]. They
overcome the shortcomings of gypsum cast and

Fig.8.26 Resin-based dies made by DLP

also provide the possibility of fabrication of mul-
tiple replicas simultaneously [48].

Consequently, for the fabrication of the defini-
tive restoration, a realistic analog or a cast is
important if the framework is printed. 3D printing
for dental casts or dies can be done by using
material jetting (MJ) or by digital light process-
ing (DLP) printers. The material jet printers
deposit tiny drops of supporting as well as build-
ing materials. These printers provide good accu-
racy to the die or casts. They are, however, unable
to reproduce detail and have inferior mechanical
properties. The DLP (UV or light-emitting
diodes) as in complete dentures fabrication pho-
topolymerizes resin, providing fast production of
dies, although the choice of material used is
restricted [49-53]. It has been supported that the
volumetric changes in 3D printed casts are well
within clinical acceptable limits for diagnosis as
well as prosthesis fabrication. Among the options
of 3D printers, DLP using UV light shows the
least volumetric change of the casts and dies [49,
54, 55].

8.3.2 Metal Frameworks of
Tooth-Supported and
Implant-Borne FDPs

Metal frameworks can either be fabricated by
direct metal printing or by burnout and casting of
the 3D printed wax/plastic pattern. While the 3D
printed pattern used for burnout and casting is
prepared by SLA/DLP (Table 8.8), the metal
framework is fabricated by employing powder
bed fusion (PBF) technology, which includes
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direct metal laser sintering (DMLS), selective
laser melting (SLM), and electron beam melting
(EBM) (Table 8.8). In a generic way, the impres-
sion is scanned using the laboratory scanner or an
intraoral impression of the abutment teeth is
made (Tables 8.4 and 8.5). The prosthesis is
designed by using the CAD software (Table 8.6
and Fig. 8.27a—c). The nesting or orientation of
the prosthesis to be printed is done (Fig. 8.27d),
and supports are virtually added (Fig. 8.27e). The
data are then transferred in the universal language
(for instance STL) to the printer where the slicing
software is used and 3D printing is completed
(Fig. 8.28a, b) by DMLS or EBM.

The method of fusing the metal is different in
all the three techniques. Post-print processing,
such as hardening, heat treatment, or hot isostatic
pressing (HIP), is performed so as to make the

components’ properties suited to meet specific
requirements. The final outcome of the printed
and processed metal is largely dependent on the
technology used, the grain size of metal powder
(3—14 pm), the orientation of build platform, use
of vacuum/argon/nitrogen/helium atmosphere,
speed and size of beam for printing, energy power
(100-500 W to 7 kW), and energy source (fiber
lasers, Nd:YAG, or electron beam), and layer
thickness (10-50 mm) [56, 57].

It is noteworthy that the current AM technolo-
gies use either chrome cobalt (SLS) or titanium
alloys (EBM) for metal framework fabrication.
Nickel-based alloys have not gained popularity
due to possibility of allergic reactions. As both
titanium and cobalt are highly reactive with oxy-
gen, strict control of non-oxidative atmosphere is
ensured when the metal undergoes AM. Besides

Fig. 8.27 (a) Determination of margin and spacer. (b) Designing of restoration. (¢) Designing of restoration. (d)

Nesting of the virtual prosthesis. (e) Addition of supports

Fig.8.28 (a, b) 3D printed frameworks prior to post-print processing
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the principal elements, the minor elements in the
metal powders to be printed have defined roles.
Molybdenum in metal powder reduces suscepti-
bility to pitting corrosion by influencing the grain
size. Tungsten causes solid solution strengthen-
ing. Silicone and manganese enhance the alloy
fluidity. Niobium influences intermetallic phase
formation and solution strengthening [58-61].
Current studies suggest mechanical properties of
metal frameworks fabricated using AM proce-
dures are comparable to those that are milled and
better than those that are fabricated through con-
ventional casting techniques [59, 62—65].

3D printing of metals offers reduced fabrica-
tion cost and time and enhanced product density,
overcomes the casting defects, and minimizes
human intervention. It has, however, been pointed
out that a rougher surface microstructure
(34 pm) is observed with metal 3D printing
when compared to conventional casting (2-3 pm)
which may be clinically relevant. An upside asso-
ciated with AM of metal prosthesis is that the
bond strength between veneering ceramic and 3D
printed alloys is comparable to cast metals,
although failure types need further analysis [58,
66]. Literature search also reveals favorable and
clinically acceptable marginal gap and fit of pros-
theses (single and multiunit) fabricated by using
3D printing, which is smaller when compared to
the prosthesis fabricated by burnout and casting
procedures [4, 58, 60].

8.3.2.1 Direct Metal Laser Sintering
(DMLS)

DMLS is a manufacturing process for producing
complex 3D components directly from 3D CAD
data by using laser without using any machining
(Table 8.8). DMLS completely melts the powder
at a higher temperature, rather than heating and
then using pressure to agglomerate the powder,
as seen in SLS. The complete melting of metal
ensures that the metal is liquefied long enough to
coalesce powder grains into a homogenous mass
ensuring minimum porosity, thereby controlling
the grain structure and minimizing the risk of
failure. A laser beam is focused onto a layer of
powdered metal, these areas fuse into thin solid
layer, and another layer of powder is then laid

down over this. The slices of framework are pro-
duced and fused with the previous ones until
framework or coping is finished. The metal pow-
ders used in conjunction with AM technologies
are a mixture of particles with sizes ranging
between 3 and 14 pm [59, 67, 68]. The chrome
cobalt (CoCr) alloy used in DMLS technique has
comparatively less molybdenum, while nickel
and beryllium are not present in the composition
anymore when compared to the alloy used for
casting. The alloys are provided by numerous
manufacturers with minor variation in composi-
tions (EOS SP2 Cobalt Chrome, GmbH, Munich,
Germany; 3D systems Dent Wise, Rock Hill
South Carolina; Concept Laser, Germany, BEGO
Wirobond C+, Germany; SLM Solutions
MediDent).

The technique of producing copings by DMLS
technique has many advantages, such as com-
plete control over the framework and coping
designing, highly reduced manufacturing time
and costs, improved product density, and elimi-
nation of casting defects as seen with traditional
casting procedures [60, 69]. DMLS has been
documented to allow high precision (approxi-
mately 25 pm) and good mechanical strength
[67]. The challenges associated with casting
(such as shrinkage) and milling (such as high
hardness of chrome cobalt alloy) are circum-
vented by using direct metal laser sintering
(DMLYS) that assures uniform quality [70].

8.3.2.2 Electron Beam Melting

This is similar to DMLS in the concept, except
that the working beam that is used to melt the
metal is an electron beam of over 3000 W
(Table 8.8). The metal melting is conducted in
vacuum in both the procedures. Its use had been
first developed by Arcam (taken over by GE in
the year 2016) for designing aircrafts, in Sweden,
in 1997. The advantages of EBM is that it has
significantly high manufacturing speed process
as it can separately heat the powder at several
places simultaneously, as against the laser which
must scan the surface point by point. Additionally,
the higher temperature of heating and preheating
the powder limits the deformations due to mini-
mal residual stresses and creation of a martensitic-
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free microstructure. However, with EBM, the
beam is wider when compared to the laser beam,
thus reducing the accuracy. The minimum z-axis
resolution or layer thickness achievable is
50-70 pm with EBM, which is higher than in
DMLS (25 pm). It is more commonly employed
for use with titanium family of powders encom-
passes the Ti6Al4V, Ti64ELI, and TiCP alloys.
Both Ti6Al4V and Ti6AL4AVELI are light alloys
(have high strength to weight ratio), character-
ized by excellent mechanical properties and cor-
rosion resistance combined with low specific
weight and biocompatibility. Due to the high oxi-
dation potential of titanium, vacuum is used to
minimize contamination due to oxidation and
maintain the chemical composition of printed
metal. Vacuum also helps to minimize air colli-
sions of electrons, which can otherwise result in
loss of energy [66-70].

8.3.3 Prosthesis Fabricated
in Ceramics and Zirconia

With outstanding characteristics such as corro-
sion resistance, esthetics, and biocompatibility,
ceramics have been versatile for numerous pros-
thesis including indirect restorations and implant
components. The additive manufacturing tech-
niques used for fabrication of ceramic structures
are still in the phase of nascency. One potential
technique is the lithography-based ceramic man-
ufacturing (LCM) technology or vat photopoly-
merization, also known as stereolithography,
based on building the structure layer by layer, by
using selective light to cure photosensitive
ceramic suspension (Table 8.9). The ceramic sus-
pension contains photocurable resin (an organic
binder based on acrylate and methacrylate chem-
istry) and homogenously dispersed ceramic par-
ticles of inorganic nonmetallic compounds
[71-75].

In this technology, after the CAD information
is digitally transferred to the 3D printer, the
ceramic-loaded liquid or slurry is dispensed in
the rotating vat. The movable build platform is
dipped into the material, which is then selectively
exposed to visible light through light-emitting

diodes (LED) and a digital mirror device (DMD)
to generate a 3D green part or green bodies in a
layer by layer manner. Depending on the geome-
try of the green part to be printed, the slurry sys-
tems can vary in filler content and crosslink
density of the organic matrix so that the green
part attains sufficient mechanical strength. The
next step is debinding where the organic binder is
burned out. Following this, the green parts are
cleaned to remove the non-cured suspension with
compressed air and cleaning fluid for about
5 min. An excessive cleaning can introduce
defects. Lastly, sintering (thermal treatment) is
done, resulting in densification of ceramic parts
in various predesigned geometries with improved
mechanical properties. Thus, this is an indirect
printing process where in the shaping is done by
the printer, but the final properties of the material
are obtained in the sintering furnace (Fig. 8.29).

The LCM technology is particularly useful in
fabrication of thin occlusal veneers when com-
pared to subtractive milling process. LCM tech-
nology imparts high accuracy and greater internal
adaptation, especially in regions of thin borders
and feather edges, which can get chipped during
manual or milling process that can adversely lead
to a discrepancy between the design and the fab-
ricated part. This shortcoming is circumvented in
AM [76-79].

Through an in vitro study, it has been reported
that the microstructure of lithography-based sin-
tered alumina is homogenous and dense.
Nevertheless, due to the micro-porosities present,
the mechanical properties such as strength and
fracture toughness have been reported to be less
as compared to CAD/CAM zirconia. Although a
favorable outcome with lithography-based sin-
tered alumina has been observed, the further
improvements have been simultaneously recom-
mended [78, 80]. Successful outcome has also
been attained for stereolithography-based AM of
lithium disilicate glass-ceramic with high preci-
sion and dimensional accuracy [81, 82]. Favorable
outcomes have been reported in relation to
strength, especially when compared to milled zir-
conia crowns [83-85]. Conflicting outcomes
have been reported regarding internal and mar-
ginal adaptation for 3D printing zirconia crowns
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Fig. 8.29 Sequence of events for LCM

with some studies suggesting less than ideal
internal and marginal adaptation for clinical
application [83]. Contrary outcomes have been
made for trueness of zirconia crowns by some
other authors [86]. Thus, it has been concluded
that the reliability of 3D printed zirconia depends
largely on the volume fraction of zirconia in the
slurry used for printing. As the volume fraction
increases, the flowability of zirconia-based sus-
pensions decreases resulting in less reliable 3D
print [87]. Conclusively, numerous studies are
skeptical about 3D printing in ceramics from
reaching the full potential primarily due to per-
sistent technical barriers.

8.3.4 Provisional Crowns/Bridges
Fabrication by 3D Printing

Interim restorations or provisional prosthesis is
integral for eventual success of the prosthodontic
treatment. They are required for a shorter period
until the definitive restoration has been fabricated
or for a longer duration in patients undergoing
full mouth rehabilitation and multiple endodontic
and orthodontic treatments. Besides protecting
the pulp and promoting periodontal health, these
restorations also have esthetic utility in rehabili-
tation of anterior teeth. They must also permit
easy plaque removal and must possess suitable
mechanical properties like flexural strength and
fracture toughness. Consequently, interim resto-
rations have an important purpose in the success
of the eventual outcome of the prosthodontic
treatment. DLP and SLA are two commonly
employed 3D printing methods by which provi-
sional restorations are fabricated in resin.
Clinically acceptable flexural strength of 3D
printed micro-hybrid filled light-cured resin has

been reported in the literature, although the
strength reported is less than that of the milled
provisional material [88, 89]. The hardness of
3D printed provisional restorations has been
found to be acceptable and higher than the
milled provisional restorations [88]. The dimen-
sional accuracy and surface roughness of 3D
printed provisional restorations have been found
to have clinically satisfactory values, although
printer settings, polymer properties, nesting,
and build direction immensely influence the
outcome [90]. Similar or better marginal fit has
been documented in 3D printed polymer crowns
when compared to CAD CAM milled crowns
[4, 91-93]. In fact, the satisfactory outcome as
observed with the polymer printed provisional
restorations has encouraged its use in 4 unit pro-
visional and full mouth provisional fabrication
[89, 90, 94]. An important property of provi-
sional materials is obtaining and maintaining
color stability to impart satisfactory esthetic
outcome. Results of studies, however, reveal
that color matching with AM provisional mate-
rials is difficult as the materials used are differ-
ent from the ones used conventional manually
fabricated interim restorations. The authors also
suggest use of custom shade guides in order to
obtain desired shades in interim restorations
with 3D printed materials predictably [60]. An
analysis of the documented literature in relation
to 3D printed interim prosthesis reveals that
most of the studies pertain to laboratory studies
and there is dearth of data from clinical out-
comes. It may then be concluded that although
3D printed interim materials are strongly mak-
ing a foothold in prosthodontics, yet full poten-
tial of these restorations can be released only
with sustained improvement in materials sci-
ence per se.
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8.4 3D Printing in Implant

Dentistry

The impact of 3D printing in implant dentistry is
monumental. The use of additive manufacturing
in dental implant planning has improved the
treatment results with minimal complications by
offering tailor-made solutions to numerous clini-
cally challenging problems. Models for surgical
planning, single piece surgical guides, stackable
surgical guides, dental implants, implant abut-
ments, and osteotomy cutting guides are the
numerous applications in which 3D printing has
successfully made inroads in implant dentistry.
Despite the versatility of 3D printing in terms of
materials, machines, and eventual outcome, the
application can be reliably embraced only after
understanding the technology including the engi-
neering and material science.

8.4.1 Surgical Guide/Template

and Models

The digital data workflow includes deriving the
DICOM (digital information for communications
in medicine data) data from the CT scans and
translating these data into the prosthetically
driven dental implant placement by using surgi-
cal guides and models. 3D printed mock surgical
models (Fig. 8.30) and guides (Figs. 8.31, 8.32,
8.33, and 8.34) enhance the outcome of the treat-

9 ‘

-

Fig. 8.30 Surgical model for treatment planning fabri-
cated by AM

ment in terms of implant placement, biomechani-
cal loading, esthetics, and longevity.

Surgical guide and models can be prepared by
stereolithography (SLA), fused deposition model
(FDM), binder jetting (BJ) with the use of
polymer-like poly(methyl methacrylate)
(PMMA), thermoplastic polymers such as
poly(lactic acid) (PLA), acrylonitrile butadiene
styrene (ABS), PEEK (poly ethyl ether ketone),
and DMLS by using titanium alloy, cobalt
chrome. Many authors have suggested the superi-
ority of the 3D printed method over the milling or
subtractive method [95, 96]. Among the different
options, PolyJet technique fabricated surgical
guides have been documented to be more accu-
rate and reproducible even after 1 month when
compared to DMLS printed guides [97]. The
accuracy of fit of a surgical guide will directly
influence the accuracy of implant surgery. With
the use of 3D planning software (like Blue Sky
Bio, 3Shape, Simplant virtual implant placement,
coDiagnostiX™, Dental Wings, Simplant Pro™;
Smop™; NobelClinician™; Implant Studio), the
location, optimal dimension, and angulations of
implant placement can be decided (Fig. 8.31a—d)
[98]. In conditions requiring bone reduction prior
to implant placement, fabrication of stackable
guides (aligned multilayered guides) by using
digital planning and AM is proving to impart effi-
cient and predictable outcomes (Fig. 8.34a—e).

The digital imaging and communications in
medicine (DICOM) data created from the cone
beam computed tomography (CT) scan and the
data from the laboratory scan of the dental cast
are overlapped and used to determine the most
ideal implant positions. The surgical guide is vir-
tually designed, and the STL file created is sent to
the printer for fabrication of the 3D printed surgi-
cal guide (Figs. 8.32 and 8.33). Sleeves when
incorporated in surgical guides further add to the
purpose of positioning of implants. These sleeves
may be prefabricated or stock metal sleeves.
Alternately, their information is incorporated in
the designing software and printed as metal
sleeve-free guide [99—-103]. It has been stated in
the literature that SLA-produced surgical guides
provide substantial accuracy in terms of angula-



176

A.Nandaetal.

Fig.8.31 (a—c) Prosthodontically driven planning for immediate implant placement on a virtual model. (d) Designing
of prosthodontically driven implant surgical guide and creation of STL files for 3D printing of guide

Fig.8.32 3D printed guide in resin

tion and apical positioning of dental implants
[104, 105]. This particularly holds true when
compared to manual thermoplastic guides.
Significant accuracy has been noted in implant
head and apex position when 3D printed guides
are used [106]. The same holds true even for
mucosa-based guides, where the resiliency of
mucosa may otherwise be thought to have a nega-
tive effect [107].

Among the various printers, PolyJet and SLA
3D printers have been reported to meet the
required accuracy for clinical applications in
dentistry [108, 109]. FDM printed surgical guides
made of lignin and PLA have been documented

Fig.8.33 Surgical placement of implant by using the 3D
printed guide

as proof of concept and recommended to be a
cost-effective, easy to sterilize, and
environmental-friendly  alternative to SLA
printed surgical guides [103], although the accu-
racy of surgical guides fabricated by FDM is
questionable [110]. Regarding the sleeves, angu-
lar deviation of the implants has been more with
metal sleeve-incorporated 3D printed surgical
guides when compared to metal sleeve-free 3D
printed guides [100, 111]. In fact, luting of metal
sleeves has been reported to increase production
time and error due to variability of luting of
sleeve in the slot. The same can thus induce errors
in implant positioning [103, 112]. When com-
pared to milled guides, 3D printed guides have
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Fig. 8.34 (a, b) Foundation guide (first part of stackable
guide system) for the purpose of guiding the bone reduc-
tion secured in position before fixation. The position of
the guide is verified by approximation of occlusal splint
(second part of the guide system) with opposing arch. The
occlusal splint is aligned and connected to the foundation
guide by a locking mechanism that permits easy assembly

been found to be similar in accuracy. Considering
the ease of fabrication, high accuracy, reduced
wastage of material resources, and laboratory
time, 3D printed guides have been stated to be
more effective in execution of predictable implant
surgery [113]. It is, however, emphasized that
steam sterilization is strongly discouraged for the
surgical guides due to linear expansion of the

and removal. (¢, d) Implant placement guide (third part of
the stackable guide system) aligned and connected to the
fixed foundation guide by locking mechanism after bone
reduction. (e) After implant placement and connection of
multiunit abutments, the foundation guide is retained to
orient the prefabricated prosthesis

photo-polymeric resin material used in the fabri-
cation of these guides resulting in increase in
outer dimensions and a decrease in inner dimen-
sions that can cause inaccurate implant place-
ment [114].

A preliminary model can also be printed by
using the DICOM data (Fig. 8.30). This model
can be used for mock surgical steps in order to
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plan the surgery on patient more precisely [115].
Literature, however, suggests that the 3D printed
models, although deemed clinically acceptable
for orthodontic purposes (with an acceptable
range of error of <100 to 500 pm) may not neces-
sarily be acceptable for prosthodontic workflow
where high accuracy of 59-150 pm is required.
This is even more relevant in context of binder
jetting printers where the discrepancy of more
than 500 pm has been reported. One can conclu-
sively recommend that the choice of printer
largely depends on the workflow for a specific
application [55, 115-121]. In a generic way, SLA
and DLP models have been the most suitable in
terms of accuracy for full arch models. Caution is
warranted for printers using binder jetting and
those using thermal technologies (like CLIP by
Carbon M2). It has also been suggested that opti-
mal accuracy and reduced printing time can be
attained if the layer thickness (selection of z-axis)
is restricted to 100 pm for both SLA and DLP. A
lesser layer thickness may improve accuracy but
will take excessive amount of time to complete
printing. Additionally, if the filling pattern of the
model is hollow instead of solid, one can mini-
mize material wastage, time of build, and cost as
well [118]. Regarding the design of the base of
the model, horseshoe base, although conserves a
large amount of material, has been associated
with changes in transverse direction that render
the models clinically unacceptable [122]. Lastly,
the post-processing and storage of the 3D printed
models can also affect the dimensional accuracy
of the models created, and one must keep that
into consideration.

8.4.2 Implant Abutments

and Subperiosteal Implants

Implant abutments have an important role in pre-
dictably affecting the clinical outcome including
longevity and esthetics of the treatment [123,
124]. In some clinically challenging conditions,
the abutments provided by manufacturers may
not be able to restore in an optimal manner due to
limitations of available prosthetic space and
angulations. A prosthesis fabricated on an inap-

propriately selected abutment can jeopardize the
overall success by deflecting the force vectors
unfavorably, compromising hygiene, or esthetics.
In such conditions, customizing the abutments is
the solution to meet the clinical demand and
bring about clinical success. The biggest chal-
lenge in customizing the abutments is to attain
accuracy, passivity of fit, a biologically sound,
and mechanically equilibrated implant-abutment
junction [125, 126]. To that effect, 3D printing
has been a game changer in providing options of
customized healing abutments, provisional abut-
ments, or definitive abutments and bringing about
esthetic and functional benefits to patients
[127-129].

Among the wide choice of materials, metals
(chrome cobalt and titanium alloy) and polyether
ether ketone (PEEK) have gained immense popu-
larity for the fabrication of customized abutment
by using 3D printing. Intraoral implant position
can be recorded directly from the oral cavity by
implant scan body or indirectly from the working
models. With the use of implant prosthesis design
software, the size and shape together with the
contours of the emergence can be determined for
the abutment. Additive manufacturing of chrome
cobalt and titanium alloy with DMLS results in
passive prosthesis without wastage of material
which is otherwise witnessed in milling tech-
nique. Additionally, complex implant prosthesis
superstructures are easily fabricated by metal
printing technology as compared to conventional
lost wax technique. DMLS enables fabrication of
framework and superstructures with marginal fit
and accuracy comparable to milled (CAM) tech-
nology. In a study comparing 3-unit implant-
supported  screw-retained = chrome  cobalt
frameworks fabricated by conventional casting,
CAD CAM milling, and DMLS, least marginal
gap has been reported by selective laser printing
(35 pm) [130]. However, certain other studies
have reported higher vertical marginal discrepan-
cies (2.5, 11.3, 11.83 pm) with 3D laser-sintered
chrome cobalt abutments at implant-abutment
junction [131-133]. The chief problems encoun-
tered with laser sintering according to literature
is roughness of mating surfaces inducing the
microgap and hindering passive fit [13, 126, 132—
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134]. Nevertheless, the misfit value of laser-
sintered chrome cobalt abutments is within
clinically acceptable limits. Additionally, the
possibility of manufacturing the abutment eco-
nomically can be beneficial, especially in low-
income group of countries [60, 131, 133].

Another aspect that needs deliberation is
deformation associated in 3D printed metal
framework due to ceramic veneering [135].
Literature reports suggest that in cases where one
piece abutment-crown is considered, post-
ceramic veneering of 3D printed chrome cobalt is
associated with higher linear and angular dis-
crepancies (38.9 = 16.6 pm) than in the milled
conditions (36.9 + 15.6 pm) although the discrep-
ancy is clinically acceptable [136]. Similar con-
siderations have been raised by other studies
including those comparing 3D printed titanium
and chrome cobalt with milled frameworks. The
possible reason for the same is contraction during
the heating and cooling firing cycle or differences
between the thermal coefficients of the ceramic
and the alloy. These changes are reported to be
greatest during the oxidizing and glaze cycles.
Additionally, these disparities may also be attrib-
uted to different metal alloy composition used to
print the frameworks [137]. Regarding 3D printed
titanium frameworks for complete arch implant-
supported prosthesis, both SLM and EBM have
shown clinically acceptable discrepancy in x-, y-,
and z-axis [138].

Another material that has been making inroads
in implant dentistry is polyether ether ketone
(PEEK). FDM technology is conventionally used
for fabrication of prosthesis by using PEEK
material [139-141]. PEEK can be used for the
fabrication of customized implants as the mate-
rial is durable, is lightweight, and has excellent
biocompatibility. As a high-performance poly-
mer with high strength to weight ratio, the versa-
tility of PEEK has been attempted widely as 3D
printed implant components and 3D printed
implants as well.

Fabrication of subperiosteal implants to
replace missing teeth is an alternative option to
circumvent advanced regenerative surgical pro-
cedures in numerous anatomically challenging
clinical conditions with severely reduced bone

volume. Amalgamation of the traditional sub-
periosteal implant methods with contemporary
3D printing techniques now provides tailor-made
solutions with good accuracy. The main advan-
tage of using 3D printing for subperiosteal
implants is the single surgical intervention for
insertion of implants. DMLS or EBM have
proven to be clinically viable methods for fabri-
cating accurate subperiosteal implants, with sat-
isfactory clinical outcomes [142, 143]. For
nonmetal subperiosteal implant fabrication,
PEEK is a viable option, and to that effect
research to improve its elastic modulus and bio-
activity at nanoscale is underway [144, 145].

Maxillofacial Prosthesis
Fabricated by 3D Printing

8.5

Maxillofacial prosthodontics is a specialty of
dentistry that deals with the rehabilitation of
patients with acquired and congenital defects of
the head and neck region. The conventional
method is laborious and time-consuming, associ-
ated with a large deal of unpredictability. The
introduction of digital technology with additive
manufacturing for intraoral and extraoral defects
has made the fabrication of maxillofacial pros-
thesis more predictable requiring reduced time
and thus helps improve quality of life with
enhanced post-treatment outcomes. Geomagic
and Mimics are the two most commonly used
software to predictably design the maxillofacial
prosthesis [146, 147].

8.5.1 Extraoral Defects (Facial
Prosthesis and Cranial

Implants)

Rehabilitation of missing facial structure ear,
nose, eye, and cranial defects caused due to con-
genital malformation, disease, surgery, or trauma
is accomplished by the use of an extraoral pros-
thesis. The steps of digital workflow in extraoral
prosthesis require facial scanning with the use of
a structured light facial scanner such as Artec
3D. The scanned image records the extent of the
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defect, undercuts, and associated anatomical
details. The scanned data are then imported to
CAD software like MIMICS (Materialise inter-
active medical image control system from
Materialise) or ZBrush (pixologic) software. The
missing structures are designed by using virtual
anatomical sculpting tool, and the edges of the
prosthesis are modified according to soft tissue
adjacent to the defects. Contralateral non-
aberrant organ (like ear or orbit) or preoperative
photograph (for midfacial defect) can be used to
accomplish the anatomic virtual sculpting [148].

A prototype can be printed in wax by material
jetting (for instance, VisiJet M3 Hi-Cast wax by
using a printer specific for the purpose such as
ProJet 3510 CPXPlus from 3D systems). This
prototype can be tried on the patients to preview
the gross morphology as well as finer details such
as marginal adaptability. Minor alterations can be
done to this wax prototype, and the same can be
directly invested for fabrication of definitive
prosthesis [148].

An alternative method is to follow a complete
digital route for investing by creating a negative
mold of the prosthesis virtually. This will require
designing the negative mold around the previ-
ously designed virtual prototype. This mold can
be prepared in durable polyamide (nylon) mate-
rial by using SLS compatible printer. Once the
mold is printed, silicone can be packed tradition-
ally, within the mold, and fabrication of the pros-
thesis is proceeded in the conventional manner
[148, 149].

It is noteworthy that exclusive digital printing
of prosthesis is sparsely documented in the litera-
ture [150]. Although 3D printed polylactic acid
(printed by FDM), polyamide (printed by SLS),
and polycarbonate (printed by stereolithography)
have been documented to have good dimensional
detail, shortcomings have been noted in inade-
quate skin texture reproduction. Among the three
options, however, FDM has been identified as the
most efficient in reproducing skin details [151].

The reports on direct printing of silicone pros-
thesis are recent and document restricted clinical
application [152-155]. Unkovskiy et al. pre-
sented a complete digital throughput for the man-
ufacture of a nasal prosthesis from a pure,

solvent-free silicone (ACEO Silicone General
Purpose; Wacker Chemie AG) printed by ejection
technique. In its basic formulation, the 3D print-
able silicone (ACEO Silicone General Purpose;
Wacker Chemie AG) has been reported to be free
from acrylates or urethanes and is reinforced
with a filler, cross-linker, and addition-cure plati-
num catalyst (activated by UV light). The Si-H
groups of the cross-linking agent react with the
vinyl groups of the polymer to form a 3D net-
work. The high viscosity and low surface energy
of the silicone are a challenge to consistently
enable ejection of the silicone through the printer.
To overcome this, the compatible 3D printer
(ACEO IMAGINE printer) has a dosing valve to
formulate the droplets according to the STL mesh
by shearing the silicone material and ejecting at
high frequency (drop on demand technology).
UV curing of each layer helps to attain a layer
thickness (resolution in z-axis) of 0.3-0.4 mm.
The support material is easily washed off with
water, and the post-cure treatment includes heat-
ing at 200 °C for 4 h [155, 156].

Despite advancements, 3D printing of silicone
is still associated with limitations due to staircase
effect (which need to be eliminated by manual
finishing) and the necessity to extrinsically apply
colorants to enable esthetic shade match. The
authors have also reported compromised margin
adaptation probably due to a high z-axis or layer
thickness of 0.3-0.4 mm when compared to con-
ventional process which yields a thickness of
0.1 mm only. Lastly, it has been emphasized that
the documented silicone used by the authors is
not medical grade. Conclusively, with much
scope for improvement, our wait for a definite 3D
printed silicone prosthesis is far from over, even
now [155, 156].

3D printing has also been used in the fabrica-
tion of implant surgical guide for the extraoral
implant placement for ear, nose, or orbital pros-
thesis. The DICOM file from the computer
tomography scans is used to design the implant
surgical guide within the confinement of pros-
thetic design as determined by using contralateral
mirror images or by freehand sculpting. The vir-
tual designing software is used to design the
guide which can be printed in the aforementioned
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Fig. 8.35 (a) Integration of the STL file of the planned
prosthesis (mirror image of contralateral ear) with the
Digital Imaging and Communications in Medicine
(DICOM) file (obtained from Computer tomography

Fig.8.36 3D printed surgical guide for auricular implant
insertion

polymers (FDM, SLA, DMP) (Figs. 8.35a—d and
8.36) [157, 158].

Similarly, for rehabilitation of cranial defects
by cranioplast, the data are imported from the
DICOM computer tomography file of the patients
and virtual planning can be done in designing
software (Fig. 8.37a). An alternate method

scan) in the planning software (for instance, Blue Sky
Plan, Blue Sky Bio, LLC) (Frontal view); (b) transverse
view; (c): sagittal view; (d) complete design of surgical
guide

involves printing the skull analog (Fig. 8.37b)
and use of that analog for manual method of
prosthesis fabrication.

8.5.2 Intraoral Defects (Mandibular

and Mandibular)

Patients planned for mandibulectomy or maxil-
lectomy can be greatly benefitted by AM. The
use of virtually preplanned and 3D printed oste-
otomy guides for harvesting microvascular (fib-
ula) graft of the resected arch enables precise
transfer and accurate position of the graft in the
dental arch for the purpose of restoring the conti-
nuity of the arch and subsequent rehabilitation
within the realms of prosthodontic consider-
ations. This promises optimal functional and
esthetic outcome [159-162]. While some authors
recommend simultaneous implant placement in
the grafted bone, subsequent implant insertion is
still a popular approach for many clinical condi-
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Fig. 8.38 (a) Use of DICOM data for implant planning. (b) Designing of the surgical guide. (¢) AM model fabricated
in nylon by using SLS. (d) Tooth-supported surgical guide fabricated by using SLS on the surgical model

tions. In case implant rehabilitation is planned
after grafting, the CBCT data of the reconstructed
mandible with radiopaque marker stent prosthe-
sis are used to obtain DICOM data. These data
are then used in implant planning software (such
as Blue Sky Bio, Simplant) (Fig. 8.38a). Virtual
planning of implant location corresponding to

prospective occlusion is designed. The surgical
guide is then designed (as shown in Fig. 8.38b).
These data are then sent to the 3D printer. Surgical
guides and surgical models (Fig. 8.38c, d) can be
printed in polymer by using additive
manufacturing techniques. The surgical guide
helps dental implant placement with precision in
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the grafted bone, abridging the length of the sur-
gery. This helps to attain the functional occlusion
promising longevity of treatment.

After the osseointegration of implants, the
digital technology can again be used for implant
rehabilitation as has been discussed in the section
of fixed prosthesis or by implant-supported over-
denture (the overdenture fabrication can be done
by using 3D printing as discussed in section of
complete denture).

In maxillectomy patients, the surgical guide
fabrication for placement of zygoma implants or
conventional intraoral implants can be done simi-
larly as has been explained for mandibulectomy.
The fabrication of obturators by using the CT
data of the patients can be done by following
indirect or direct techniques. In the indirect tech-
nique, the 3D printed model of the maxillary
defect is obtained in polymer by using SLA or
FDM techniques. The obturator prosthesis can be
fabricated on the 3D printed models [163, 164].
In direct technique, the digital planning of obtu-
rator plate prosthesis can be done followed by
printing in biocompatible PMMA resin, in wax
printing, or in PEEK. The wax-printed plate can
be converted into conventional obturator prosthe-
sis by using resin and silicones. The advantage of
this technique is tremendous in fabrication of sur-
gical obturator or interim obturator where one
can proceed directly with the CT scan data of the
patient before surgical resection [165-168].

Role of 3D printed appliances is also observed
in patient-specific brachytherapy appliance
which is used to curtail the amount of radiation
dose to the patient particularly in the IMRT
(intensity-modulated radiotherapy technique)
[169]. The use of 3D printing is tremendous espe-
cially in anatomically challenging regions com-
plicated by irregular tissue contours such as the
orbit [170, 171] or in deep vaults of palatal
regions [172]. One must, however, be wary that
most 3D printing materials have not been well
characterized, in terms of their radiologic tissue
equivalence. There is belief that different printers
and print materials may, in fact, have different
densities, ushering a variability of Hounsfield-to-
density relationship. This puts a question on the
consistency and radiologic suitability of 3D

printed materials. Conclusively, there is a strong
recommendation to standardize the materials for
brachytherapy appliance in terms of the radio-
graphic densities in order to use 3D printing
safely and without loss of benefits of radiother-
apy [173].

8.6 Metal-Based Partial

Dentures

A shift toward rising proportion of partially eden-
tulous patients has been witnessed all across the
globe. Concurrent to the option of implant reha-
bilitation, an alternate option includes well
designed removable partial dentures in such con-
ditions, particularly in cases where economic
challenges are co-existent. In light of the prevail-
ing scenario, the impending need to advance the
technologies associated with removable partial
denture fabrication procedure has been empha-
sized in the literature [174].

Traditional lost wax technique and investment
casting have now been annexed by contemporary
methods such as computer-aided designing and
manufacturing (subtractive or additive). The
computer-aided subtractive manufacturing has a
few shortcomings that have been circumvented
by the additive manufacturing process. This
includes reduced wastage of the raw materials,
possibility to print varied shapes, and multiple
frameworks simultaneously [175]. Additionally,
in the fabrication of milled frameworks, the accu-
racy of final product is adversely affected by pro-
gressive blunting of cutting tool (due to use),
which is not an issue of concern in printed
frameworks.

When AM is used for partial denture frame-
work fabrication, two options of fabrication are
possible. Either a RPD framework can be
designed, printed in resin, and used for casting
(indirect printing or hybrid method) or a direct
method is used where RPD framework is printed
in metal [176-178]. The printed resin frame-
work provides the advantage of clinical trial and
modification before casting, a possibility not
available for metal printed frameworks [179]. In
both the options, virtual planning and designing
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Fig. 8.39 (a) Virtual planning of partial denture; (b)
printed partial denture framework before sintering; (c)
printed partial denture framework after sintering; (d)

can be done for geometric analysis and place-
ment of components of partial denture frame-
work with high level of accuracy (Fig. 8.39a—d)
[177, 179, 180].

Stereolithography or DLP is used for printing
the resin framework of partial dentures. Powder
bed fusion (PBF) including selective laser sinter-
ing (SLS), selective laser melting (SLM), or
electron beam melting (EBM) is used for printing
the metal-based frameworks. SLS uses carbon
dioxide laser energy for sintering and consolida-
tion of the metal particles layer by layer. The
drawback with SLS is that melting of particles is
not achieved in the process, which is critical for
achieving the desired mechanical properties.
SLM and EBM completely accomplish the pro-
cedure of melting either by using ytterbium high-
power laser or electron beam in an atmosphere of
argon, nitrogen, or helium [9, 10, 24, 175, 179,
181-183].

The features that make SLM more favorable
than conventional casting are fewer steps of fab-

printed partial denture framework. (Images curtsey: Dr.
Majed Altoman: graduate student, School of Dentistry,
Loma Linda University, California, USA)

rication, conservation of labor and time, superior
homogeneity in microstructure amounting to
improved mechanical properties, clinically
acceptable accuracy, increased resistance to dis-
tortion resulting in favorable distribution of
forces to remaining teeth and supporting struc-
tures, and possibility to save digital data for
future use [174, 178, 181-191]. Although pre-
liminary data indicate a favorable outcome in
terms of fit and esthetic improvement when com-
pared with the conventional technique, the litera-
tuare on 3D printed removable prosthesis
frameworks is still varied [181].

8.6.1 Accuracy of Metal Printed

Partial Dentures

Fit of a prosthesis refers to the degree of discrep-
ancy evident between any part of the prosthesis
and oral tissues, manifesting either as a gap or as
an indentation into the tissues due to excessive
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tissue contact [192]. It is an important parameter
for longevity, as fit is directly related to health of
abutment teeth and the residual bone [193]. Fit of
a prosthesis has been documented to be the most
commonly reported source of dissatisfaction
(76%) contributing to discomfort, movement, or
damage to the associated tissues tantamounting
to lack of function, plaque retention, and poor
aesthetics. In fact, improper fit has been sug-
gested to be the primary cause patients avoid
wearing the RPD [176, 192, 194]. Reports for fit-
ness accuracy of printed frameworks vary greatly
because of the variability of the methods used to
evaluate fit. While some methods may be too sub-
jective such as clinical visual assessment or
assessment on a definitive cast (analog methods),
other methods may be more objective as they use
digital assessment and color mapping [176].
Clinically acceptable accuracy of fit (a gap of
50-311 pm) has been observed with conventional
SLS printed frameworks [181]. The accuracy of
fit of CAD printed RPD (discrepancy of 0.2 mm)
has been documented to be less when compared
with conventional cast partial denture (discrep-
ancy of 0.04 mm) [181]. Distinct better fitness
accuracy of conventional framework over printed
RPD framework has been documented in other
literature reports as well [174, 179, 194-196]. In
a FEA study followed by in vitro tests, it was
deduced that printed RPD frameworks achieve a
peak pressure on the tissues lower than clinical
pressure pain thresholds (PPT) and ensure a more
evenly distributed contact pressure. This can
promise less pressure-induced mucosa lesions,
minimized pain and discomfort, and potentially
reduced long-term residual ridge resorption by
using printed RPD frameworks [197].

It is recommended to consider the accuracy of
fit for specific structural components in printed
RPD framework [196]. In a printed RPD frame-
work, maximum discrepancy in fit has been noted
in the anterior strap region probably due to inac-
curacy during scanning of complete arch and the
concavity in the palate. For the same reasons, in
the region of the lingual bar, discrepancy has
been observed at the center of the lingual bar of
SLS framework. Additionally, in general, the
documented internal discrepancy in printed RPD

frameworks has been reported to be less at the
periphery than at the center [198]. Contradictory
findings of fit have been reported for adaptation
of rests on the intended surface [196]. In a clini-
cal study, it was concluded that nearly 76% of
rests of AM printed cast partial frameworks did
not contact the intended surface and thus did not
fulfill the intended function [194]. Conversely, in
a separate study, it has been suggested that among
the components of the RPD, best fit has been
observed in the region of rests and reciprocal
plates (50 pm) [179, 196]. Lastly, although the
accuracy of claps is satisfactory for SLS frame-
work, the time of RPD placement [196] concerns
about loss of adaptation of claps to the abutment
tooth, with a nearly 60% misfit between clasps
and abutment teeth has been documented after
nearly 8 years of use for printed RPD [199].

When the accuracy is compared between
printed resin used for casting of RPD framework
and printed metal RPD framework (SLS), a
noticeable difference is observed. The overall
discrepancy is smaller for SLS framework prom-
ising a superior accuracy and reproducibility of
fabrication of metal RPD framework printed with
SLS [196].

It has also been suggested that the method of
preparation of analog to fabricate the RPD can
tremendously affect the fit of the printed denture.
Printable resin casts for RPD fabrication are less
accurate than the stone casts probably due to
errors in resin printing process [179]. Completely
digital fabrication (intraoral digital scan and
SLM) had significantly better fitness than did the
traditional analog (physical impression and cast)
[200].

8.6.2 Retentive Force of AM Printed
Clasps

The retentive force of AM clasps has been docu-
mented to be less than the cast clasps [201, 202].
The documented mean retentive force value of
cast clap is 13.6 N, while for the AM claps is
15.7 N. Additionally, a significant decrease in
retentive force has been observed with cast clasps
when compared with AM printed clasps. The
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consistency of retentive force in the clasps may
have an impact on the longevity of the treatment
[202].

8.6.3 Internal Porosity and Surface

Roughness

Size, shape, and melting temperature of particles
largely determine the surface quality of the
printed RPD. Preheating the particles close to
melting temperature enables curtailing the energy
required for AM and thus promises a smooth sur-
face texture [203]. It has been documented that
although both SLM and EBM exhibit favorable
results and excellent properties, EBM structures
have a significantly rougher finish, lesser strength,
and greater hardness as compared to SLM struc-
tures [204].

8.6.4 Patient Satisfaction

Laser-sintered RPDs have been associated with
better outcome than conventional cast RPD in
regards to general satisfaction, ability to speak,
ability to clean, comfort, ability to masticate,
masticatory efficiency, and maintenance of oral
health status [177, 205]. The possible reason
quoted by some authors for this is that laser-
sintered cobalt chromium alloy is harder and
denser and has better microstructural organiza-
tion and higher strength than cast alloys, thus
resulting in better stability and retention of the

prosthesis [59, 206]. In a study comparing
three different methods of RPD fabrication,
including the analog method (physical impres-
sion and cast), analog and digital (laboratory
scanner to scan stone cast and SLM), and digi-
tal (intraoral digital scan and SLM) by using a
dichotomous questionnaire, the completely
digital method of fabrication of RPD was
found to yield maximum perception of fitness
[200].

It would be safe to conclude that though
printed partial denture frameworks are making
inroads into prosthodontic practice, literature
providing a robust support to the same is scarce.
Clinical studies and in vitro research on design-
ing and 3D printed removable prosthesis frame-
works are largely inconclusive. However,
preliminary data do not dismiss the 3D printing
technique of removable partial framework fabri-
cation as reports are confined well in clinically
acceptable limits.

8.7  Occlusal Splints
and Miscellaneous

Appliances

The use of AM to fabricate splints or splint like
appliances for several applications such as man-
agement of temporomandibular joint disorder,
obstructive sleep apnea, interim prosthesis in full
mouth rehabilitation procedures (Fig. 8.40a, b),
and appliance for brachytherapy has been gain-
ing popularity [70, 207-217].

3 g

Fig. 8.40 (a, b) Full-coverage interim prosthesis fabricated by AM for evaluation during full mouth rehabilitation
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Stereolithography using laser or digital light
processing is most commonly employed for
solidifying the polymer used in fabrication of
these appliances [212]. Offering the advantage of
consistent quality control and speed, simultane-
ously circumventing the limitations imposed by
manual methods and shortcomings of materials
like gypsum, wax, and resin for compression
molding, the utility of 3D printing in fabrication
of these appliances is tremendous. The process of
fabrication of such appliances by 3D printing can
be either completely digital or a hybrid (amalga-
mation of digital and analog approach). A purely
digital approach uses intraoral data (digital
impression of arches and bite/occlusal registra-
tion record) obtained from intraoral scanning for
designing (Table 8.4). Hybrid approach uses con-
ventional impression making and bite recording
techniques in order to procure a model which is
scanned by a desktop scanner (Table 8.5). The
protocol subsequent to designing stays same for
both the approaches. Designing of the appliance
as per requirements is done by using the specific
software (Table 8.6).

8.7.1 Fabrication of Splints,
Overlays, and Interim

Appliances by AM

The virtual analog of the patients is mounted on
the virtual articulator by using the bite record
obtained. The condylar guidance and incisal
guide table are set on the virtual articulator as per
the records obtained from the patient in order to
attain the occlusal scheme desired. For design-
ing, it is recommended to determine path of
insertion followed by delineating retentive under-
cuts and blocking out the interferences. The
boundary of the appliance is marked. A shell of
about 1.5-2 mm thickness is designed on the
demarcated area of the appliance. The occlusal
surface of the shell is modified in order to estab-
lish the occlusal contact points as per the occlusal
scheme desired. The data are exported to a com-
patible printer. The slicer software prepares the
data for printing. Printing is eventually accom-
plished by digital light processing/SLA of resin.

8.7.2 Appraisal of Properties
of Appliances Fabricated
by AM

The overall outcome of the appliance fabricated
by AM depends on the accuracy of fabrication
procedure together with quality, long-term stabil-
ity, and biocompatibility of material. There is
lack of availability of long-term clinical outcome
with AM splints [212, 218]. Regarding accuracy,
while a high degree of precision has been reported
in printed splints when compared to milled splints
[219], the trueness of 3D printed splints has been
found to be inferior to the CAD CAM milled
occlusal splint appliance. When compared to
conventional heat polymerized appliances, better
internal fit and equivalent number of occlusal
adjustments have been observed in 3D printed
splints [218].

Regarding the mechanical properties of the
printed appliances, it had been suggested that
these properties depend more on the material
than technique of fabrication [36]. For instance,
material considerations are extremely important
in context of the property of wear. Contradictory
findings have been reported for wear of printed
splints. A higher material wear and less favorable
material properties have been documented with
printed occlusal splints in some studies [219,
220-222], and lower values have been docu-
mented in others [223]. Lower surface hardness,
but higher flexural strength in printed occlusal
splint materials when compared to other poly-
methyl methacrylate acrylic (PMMA) resins, has
been documented in the literature [36, 224].
When compared to milled resins, 3D printed res-
ins have been documented to have lower flexural
strength and hardness values [221].

It is again highlighted that when evaluating
the outcome of properties of printed objects, the
anisotropic behavior of printed specimens with
regard to build orientation and positioning has
been observed [225]. The working angle on the
build platform and, hence, the direction of the
layers seem to be of particular importance [212].
In this context, 90° specimens with layer orien-
tation parallel to the axial load show the supe-
rior flexural strength and flexural modulus [225,
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226]. It has also been suggested that highest
hardness, elastic modulus, and lowest surface
roughness have been found when printing is
done at 45° [227]. Also, objects printed on the
edges of build platform are more prone to inac-
curacies than those in the center [225]. Among
the technical aspects determining the outcome,
post-print processing has an important role. The
time of post-processing is critical as a high
degree of conversion enhances mechanical
properties. However, caution must be taken not
to exceed the recommended time of post-pro-
cessing, as more than the recommended time
can cause a reduction in flexural strength
[228-230].

3D printed resins have high water sorption and
solubility when compared to pressed and milled
resins [221, 226]. This property is of consider-
able importance as the method of storage in water
can have a considerable effect on mechanical
properties, especially flexural properties. In fact,
water storage has been documented to have a
greater effect on flexural properties than different
printing directions [226, 230].

The effect of printing layer thickness has also
been found to determine the mechanical proper-
ties of printed splints largely. Literature reports
suggest that reduced print surface layer thickness
enhances the flexural strength and hardness of the
3D printed splint [186, 190, 195].

Microbial adhesion to oral splints can be a
concern for medically compromised patients
due to occurrence of Candida, periodontitis, or
caries. It has been observed that AM of oral
splints has been associated with increased
adhesion of Candida albicans when compared
to conventionally fabricated splints. This may
be attributed to higher water sorption and solu-
bility when compared to pressed and milled
resins [231].

Advantages of using 3D printing for miscel-
laneous appliance fabrication include reproduc-
ibility, accuracy by elimination of errors
associated with conventional steps, abridged fab-
rication time, the possibility to archive data, and
reprint additional appliances for the patient as the
need arises.

8.8 Summary

Sustainable development goals carry a big
promise for all living beings on the planet. 3D
printing is a part of the massive change that can
help achieve this goal. Dentistry in general and
prosthodontics in particular have adopted this
change positively, as are witnessed in the
diverse applications of 3D printing. The reduced
overhead costs, impressive speed of fabrication
of a prosthesis resulting in faster turnaround
time, conservation of resources and man-hours,
archiving of the data enabling replication, and
generation of complex architectures with
greater interior detailing accounting for greater
accuracy and fit are among the many credible
factors bound appeal even those who are cur-
rently lagging in embracing the of this technol-
ogy. Maturing the prosthodontic practice with
tailor-made AM solutions requires a thorough
understanding of the related mechanics and
materials aspects related to 3D printing. In
order to excel in applications of AM, one also
needs to be very proficient in conventional
prosthodontic protocols. It requires a sound
understanding of basic foundation principles of
prosthodontics. This technology is a tool or an
adjunct that can enhance the outcome and is a
work in progress. With expansion of techno-
logical advancements we can deliver better
products in times to come.

Along those lines, it is emphasized that opera-
tors must ally with manufactures specializing in
dental printers and choose among their services
diligently. Investing in any type of printer requires
integration of numerous events such as acquiring
the hardware, software, ensuring a steady supply
of consumables materials, discerning the tech-
niques, understanding the material properties,
and overall process. This requires exclusive train-
ing and support services dedicated toward the
same. A compromise at any level in the chain of
fabrication can jeopardize the overall outcome.
For instance, while designing, operators are
encouraged to choose a program that befits their
skills and yet allows a technically sound design.
In this context, it will be hard to miss the neces-
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sity to have a thorough understanding of the post-
processing procedures and execute them in the
prescribed manner in order to ensure a high-
quality product.

Specific considerations when comparing dif-
ferent brands include size of printer, accuracy,
resolution, speed, quality of materials, and rage
of use of materials. For instance, razor-thin mar-
gins, a requirement of direct restorative and
implant prosthesis, require high resolution of the
printer. Speed of printing is undoubtedly an
important consideration especially when the pur-
pose is for early clinical utilization of the product
(such as surgical guides) or where high volume of
laboratory printing is desired.

Consumers are also encouraged to be aware of
range of materials that can be printed and whether
the printer offers use of open system (open
parameters) or proprietary materials only. An
open system printer supporting numerous materi-
als from varied manufacturer globally provides
maximum flexibility and productivity. Operators
must, however, ensure that when using third-
party materials, clinically acceptable quality and
accuracy are achievable.

AM is one of the most dynamic development
of science requiring consistent progressive out-
look to move ahead. The overall performance
gains and potential efficiencies of a well-
orchestrated AM are redefining prosthodontics
today and can be foreseen to evolve more in the
future!
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9.1 Introduction
Oculo—auriculo—vertebral spectrum according to
Gorlin et al. [1] is related to a variety of develop-
mental anomalies stemming from disorders in the
first and second pharyngeal arches, during the
first 6 weeks of gestation. The common condi-
tion, hemifacial microsomia (HFM), affects pri-
mary aural, oral, and mandibular development.
The more complex and heterogeneous condition,
Goldenhar syndrome, also affects vertebral
development. The children affected by this spec-
trum often present a variety of underdevelopment
of facial structures such as the mandible, maxilla,
ear, facial soft tissue and muscles, and the facial
nerve [2]. They are associated with notable defor-
mities, including facial asymmetry, chin devia-
tion, occlusal abnormalities, and potential
compromise of the airway [3]. The resulting
functional disorders may include alterations in
breathing, feeding, hearing, and speech, which
are best treated by a multidisciplinary craniofa-
cial team to provide specialized coordinated
treatment [2].

Pruzansky/Kaban classification [4, 5] refers to
three types of clinical categories based on the
structure and function of the affected mandible
and temporomandibular joint (TMJ), which
determines the surgical plan accordingly
(Fig. 9.1). Type I: mild hypoplasia of glenoid,
ramus, and condyle. Type IIA: moderate hypo-
plasia of glenoid, ramus, and condyle, where
good function of TMJ is preserved. Type IIB:
mild-to-moderate hypoplasia of glenoid, ramus,
and condyle, where TMJ is markedly abnormally
placed inferiorly, medially, and anteriorly. Type
III: totally absent mandibular ramus, condyle,
and TMI [2].

Young children associated with the spectrum
present Pruzansky/Kaban type IIB or type III
HFM, that often manifests severely hypoplastic
mandible and severe adjunct malfunctions which
include mal-breathing and mal-nutrition.
Consequently, mandatory early age surgical
intervention is indicated. However, insufficient
mandibular bone mass in the predevelopmental
age prevents the preferred condylar reconstruc-
tion procedures of autogenous bone grafts, dis-

traction osteogenesis, and prosthesis implantation
[6, 7]. Alternately, a variety of autogenous grafts
such as clavicle and sternoclavicular joint [8, 9],
fibula [10], iliac bone [11], and metatarsal bone
[12] have been suggested for condylar recon-
struction in young children. Costochondral grafts
(CCQ) are considered the best donor site for con-
dylar reconstruction techniques in young chil-
dren with type IIB and type III HFM [13].

CCG incorporates a cartilage-bone junction,
which is considered a growth center that includes
considerable growth potential that may improve
mandibular function, facial appearance, and nor-
mal growth induction of the affected maxilla
[14]. The involved growth center cartilage is con-
trolled by intrinsic and extrinsic factors [15].
According to Moss and Rankow’s functional
matrix theory [16], the downward and forward
mandibular growth is a secondary response to the
attached organs and tissues. Thus, condylar carti-
lage growth is secondary, affected by the mandi-
ble function and development. According to this
functional concept, optimal rib growth of the
CCG may eliminate the hypoplastic mandible
negative influence on the normal maxillary
growth. Therefore, CCG surgical application in
young children with type IIB and type III HFM
may result in reduced secondary midface defor-

Type | Type lIA
Type lIB Type lll

Fig. 9.1 Kaban’s modification of the Pruzansky classifi-
cation system of the mandible in craniofacial microsomia

(]
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mation and less skeletal asymmetry [17].
Consequently CCG may improve malocclusion,
occlusal cant, and malfunction before primary
school age [18].

The ideal surgical outcome and the future
growth of the CCG are related to adequate car-
tilage size (approximately 7 mm), preservation
of the periosteal and perichondrial sleeve, blunt
dissection and technique, brief immobilization,
and early joint loading [18]. Furthermore, pre-
cise position and direction of costochondral rib
graft might be crucial factors that influence the
growth. However, CCG precise surgical posi-
tioning is a challenge in patients with Pruzansky/
Kaban type IIB and type III mandibular hypo-
plasia when the glenoid fossa is difficult to
identify or in some cases where it might be
absent [18]. This chapter describes 3D-printed
jig aimed to manage the precise suitable place-
ment position and fixation of the costochondral
rib graft in relation to the contralateral unaf-
fected temporomandibular joint and soft tis-
sues. The jig may preserve the rib’s cartilage
cap and prevent fracture at the costochondral
junction and decrease the risk of interference of
cartilage growth.

9.2 Three-Dimensional Planning

and Printing

3D printers and digital imaging software plat-
forms have leveraged the evolution of the com-
bined orthodontic-surgical management of
cranio-maxillofacial disorders. These advanced
technologies have culminated the two-
dimensional standard of care planning, into
3D-personalized planning of large craniofacial
bone defect repairs [19]. The workflow used for
3D virtual planning and printing provides in-
house manufactured, sterilizable patient-spe-
cific surgical guides to maximize the implant
placement position combined with ideal fixation
[19-21]. These evolved advancements in orth-
odontic-surgical planning allow better control
over the process of craniofacial reconstruction.
The software platform includes computer-
assisted design (CAD) software used for bone

segmentation (Philips IntelliSpace Portal 11).
This software allows the extraction of the ana-
tomical structures of interest from the digital
images. In addition, a different CAD software is
used for patient-specific surgical guide designs
(Geomagic Freeform, 3D systems) [20, 21].

The workflow begins with 2D sections
obtained from the computed tomography (CT).
Highly accurate image acquisition is required for
the process. Next, 3D rendering of the 2D slices
is performed using the segmentation software
(Philips IntelliSpace Portal 11). In the process, a
standard tessellation language (STL) file is cre-
ated from the DICOM files. The STL file is uti-
lized for the 3D design software (Geomagic
Freeform, 3D systems), facilitating advanced
computer-assisted design (CAD) for the virtual
planning of the operation.

The 3D reconstruction in the segmentation
software (Philips IntelliSpace Portal 11) allows
the surgeon to perform a complete overview of
the recipient site, in the case presented herein of
Pruzansky/Kaban type IIB, the facial bones
architecture (Fig. 9.2) and the donor site, the rib
cage (Fig. 9.3).

This exploration of the anatomical structure
is extensive and crucial for proper surgical
planning. For example, the patient described in
Figs. 9.2 and 9.3 was virtually diagnosed with
bicipital rib anomaly. After proper evaluation of
the potential donor site for grafted bone and the
morphology of the cranio-maxillofacial defects,
the recipient site, the planning stage
commences.

Pruzansky/Kaban type 1IB and type III HFM
virtual design of mandibular ramus and condyle
reconstruction require several measurements.
These are taken by means of the 3D design soft-
ware. The ramus-condyle length is measured
from the gonial angle to the condyle’s most supe-
rior edge on the unaffected side. This measure-
ment represents the required CCG harvested
length.

The 3D models of the donor rib and the facial
bones (including the maxillomandibular com-
plex) are printed, and the location of the planned
osteotomies is marked, for the specific CCG har-
vesting procedure (Fig. 9.4).
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Fig. 9.2 A 4-year-old representative case of Pruzansky/ early due to adjunct severe mal-functions which included
Kaban type III malformation with moderate hypoplasia of ~ mal-breathing
glenoid, ramus, and condyle. The child was intubated

Fig.9.3 Right and left view of the rib cage (CCG donor site), of the Pruzansky/Kaban type III malformation case. Note
the bicipital rib anomaly (red arrow) accidentally revealed

Solutions M, ; -
AT _TeasUrement dayi. AN

Fig.9.4 The 3D models of the donor rib and the recipient ~ ramus, and condyle. (d) Printed jig aimed to manage the
mandible: (a) Printed model of the donor rib. (b) Real precise suitable position placement and fixation of the
donor rib harvested. (c) Printed model of the Pruzansky/  costochondral rib graft in relation to the contralateral
Kaban type III malformed mandible with hypoplasia  unaffected ramus and condyle angulation
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The models allow validation of the virtual
design and further adjustments prior to the actual
surgery. These virtual models allow an advanced
level of educating the patient about the surgery,
surgical rehearsal for residents, and experienced
surgeons’ training. During performance of the
surgical procedure, the models allow accurate
real-time planning while directly visualizing the
surgically exposed anatomical structures. At this
stage, the optimized position of the grafted rib is
considered and dictated. In order to replicate this
planned position in the real surgical field during
the procedure, a surgical guide (Jig) is designed.
The surgical guide carries the donor grafted rib
from one side to precisely fit it in the craniofacial
recipient location over the hypoplastic defected
mandible on the other side.

Thus, the surgical guide serves as an accurate
key for the surgeon to properly position the grafted

rib in order to maximize the outcome and mini-
mize unwanted side effects. Furthermore, during
this stage of virtual planning, the location of the
fixation screws of the CCG is planned while taking
into consideration the location of the tooth buds.
The mirroring tool of the software is used to
maximize accuracy of the virtual surgical design.
Because the human skull is considered symmetri-
cal, a mirror image of the unaffected mandibular
side is first depicted. Thereafter, the harvested indi-
vidualized CCG can be virtually positioned over
the missing area and the specific vector is ideally
selected (Fig. 9.5a, b). Using the transparent tool of
the software, the tooth buds’ location inside the
alveolar ridges can be identified over the transpar-
ent bone (Fig. 9.5c). This information allows pre-
cise placement of the CCG and accurate planning
of the positional screws or the fixation miniplate
holes, while protecting the tooth buds (Fig. 9.6).

Fig. 9.5 (a) 3D CT imaging of left Pruzansky/Kaban
type III HFM presenting a malformed left mandible lack-
ing ramus, and condyle. (b) 3D CT imaging using the
software mirroring tool. The unaffected mandibular right
side was superimposed over the defected left side. The

Fig. 9.6 Presurgical accurate planning of the jig (from
different views) embracing the defected mandible and the
donor rib. The positional screws were precisely planned

harvested CCG can be virtually positioned over the miss-
ing left area according to the ideal symmetric position of
the mirror picture of the right unaffected side. (¢) 3D CT
imaging using software to identify the location of the
tooth buds in the alveolar ridge

considering the anatomical landmarks, the CCG, and the
tooth buds’ location
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Collectively, based on the ideal virtual plan-
ning of the CCG position and the precise location
of the fixation holes, a surgical guide (jig) is
planned and printed. This jig allows the individu-
alized ideal positioning of the CCG which: (a)
Symmetrically restores the ramus and condyle
structure; (b) Surgically precisely guides the con-
dyle into the glenoid fossa through the predeter-
mined accurate CCG length, preventing
overloaded bone contacts and unwanted stress
inside the joint capsule, which may lead to graft
resorption; (c) Accurate graft fixation while prop-
erly maintaining tooth buds intact.

9.3 The Surgical Technique
The CCG surgical procedure involves teamwork.
One team concentrates on the type 1IB/type III
HFM anomaly and prepares the recipient site of
the face according to a standard sterile method. A
4-5-mm length skin incision is performed
according to the Risdon approach [22] namely
1.5 cm below the inferior border of the mandible,
exposing the mandibular angle of the affected
side. A blunt dissection is then performed by pre-
serving the marginal mandibular branch of the
facial nerve. The periosteum is incised along the
inferior border of the mandible to expose the
margin of the malformed mandible. Decortication
of the posterior border and lower border of the
mandible is carried out. A pocket is then created
in the direction of the glenoid fossa.
Simultaneously, the second team focuses on
the CCG harvesting procedure. A local anesthetic
of 1% lidocaine with 1:100,000 epinephrine is
injected into the subcutaneous layer, through the
depth of the rib, along the planned incision. Next,
a 4-cm incision in the skin is performed over the
fourth or fifth rib, using a #15-blade scalpel.
Electrocautery is used to dissect the underlying
subcutaneous tissue. The rectus abdominis mus-
cle is identified, running vertically through the
surgical field. It is horizontally separated and
retracted superiorly and inferiorly. The underly-
ing rib and osseocartilaginous junction are identi-
fied and bluntly dissected from the surrounding
tissue. Special consideration is given to avoid

perforation of the chest wall and subsequent
pneumothorax. A horizontal incision is made
through the periosteum over the midline of the
rib carefully preserving the cartilaginous cap. A
standard #9 molt periosteal elevator is used to
dissect the subperiosteal plane around the rib to
be harvested. Attention is focused on maintaining
the periosteum over the osseocartilaginous junc-
tion and gently pulling and reconstituting it by
proper suturing after removal of the rib, allowing
regeneration of the rib. A transection is then per-
formed through the cartilage by leaving 3 mm of
the cartilage margin over the rib. Once the accu-
rate length of the CCG segment is reflected based
on the virtual planning, the rib segment is cut and
delivered as a graft. The chest cavity is filled with
saline and a Valsalva maneuver is performed to
rule out pleural perforation. Accurate suturing of
the periosteum and rectus muscle in layers is car-
ried out by using 3.0 vicryl sutures. Subcutaneous
tissues are then approximated using 4.0 vicryl
sutures and intracuticular 4.0 biocin is applied to
the chest skin.

The CCG is first positioned on the prefabri-
cated 3D-printed jig and fixated by using the first
fixation hole (Fig. 9.7a). An orthodontic splint is
preliminarily planned, fabricated, and cemented
to stabilize the displaced mandible, in order to fit
the donor rib. Then the deviated mandible is
moved forward and downward toward the unaf-
fected side according to the virtual plan. The
mandible position is maintained and stabilized by
using the predesigned orthodontic splint creating
an ipsilateral open bite (Fig. 9.7b, c¢). The man-
dibular cant that appears toward the affected side
is leveled and the chin point is aligned with the
facial midsagittal plane. Next the jig is placed on
the hypoplastic mandibular margins allowing
accurate positioning of the rib graft as planned.
The graft is then secured to the mandibular angle
using the second fixation hole (Fig. 9.7b, c).
Finally, the first screw which secures the graft to
the positional jig is removed and replaced by a
long screw that secures the CCG to the mandible
as planned (Fig. 9.7b, c).

The surgical field is then copiously irrigated
with normal saline and sutured in a routine fash-
ion by using 3.0 vicryl and 5.0 nylon sutures.
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Fig. 9.7 (a) Initially, the donor rib graft is positioned
over the printed surgical jig using the first fixation hole.
(b) After cementing the intraoral orthodontic splint (red
arrow), the jig is placed on the hypoplastic mandibular
margins allowing accurate positioning of the rib graft as

Before

planned and it is secured to the mandibular angle using the
second fixation hole. Thereafter, the first screw which
secures the graft to the surgical jig is replaced by a longer
screw that secures the rib graft to the mandibular body. (¢)
Postoperative posteroanterior cephalogram view

After

Fig. 9.8 Preoperative and 2-year postoperative 3D CT imaging of CCG implantation in left Pruzansky/Kaban type II1
HFM

Upon completion, the patient is transferred to the
Pediatric Intensive Care Unit for 24-h observa-
tion. The child is placed on a soft diet for 2 weeks
and a regimen of postoperative physiotherapy to
improve mouth opening and lateral jaw move-
ment. A radiographic follow-up is conducted
using panoramic radiographs and posteroanterior
cephalogram (Fig. 9.7¢). 3D CT imaging is per-
formed 2 years postoperatively to reveal optimal
rib growth of the CCG, which eliminates the

hypoplastic mandible and skeletal asymmetric
with reduced secondary midface deformation
(Fig. 9.8).

9.4 The Orthodontic Technique

Young children with Pruzansky/Kaban type IIB
and type III HFM often present with primary
dentition or early mixed dentition. Permanent
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first molar eruption is delayed or blocked due to
hypoplastic mandible and missing posterior per-
manent molar tooth buds (Figs. 9.2 and 9.5a, c).
Mouth opening is limited as a result of the unilat-
eral hypoplastic mandible and partial or complete
absence of the TMJ structure in the affected side.
The general objectives of the treatment in these
cases include correction of the skeletal asymme-
try and improvement of the oral malfunctions,
which are accomplished by means of the follow-
ing specific treatment procedures: (1) elimination
of the secondary midface deformation and level-
ing of the maxillary dentition, (2) mandibular
advancement through affected TMJ reconstruc-
tion, (3) overjet and overbite correction, and (4)
soft tissue balancing.

A CCG is a common method used to recon-
struct the ramus-condyle unit, because it has
growth potential. At this early age of surgical rib
graft intervention, in the presence of primary
dentition or early mixed dentition phase, a rou-
tine presurgical orthodontic preparation stage
with a fixed orthodontic appliance is not appli-
cable. However, a routine preoperatively com-
bined orthodontic-surgical evaluation can be
performed. This includes multidisciplinary clini-
cal measurements and radiographic analysis
using orthopantograms, lateral and P-A cephalo-
grams, and CBCT. In such cases, the defected

mandible-deviated position is recorded along
with the amount of mandible asymmetry related
to the facial midsagittal plane, chin deviation, the
canting effect of the occlusal plane, and the reac-
tive skeletal and dentoalveolar maxillary defi-
ciency involvement of the affected side.
Accordingly, the downward and forward amount
of mandibular repositioning is clinically assessed
in reference to the surrounding soft and hard tis-
sue. Thus, the 3D dimensions of the CCG are dic-
tated depending on the required correction of the
vertical height of the ramus as reflected in the
clinical examination and radiographic analyses,
in order to design the optimal mandibular posi-
tion (Fig. 9.9a). Using these advanced technolo-
gies, the positional surgical jig is then collectively
planned and printed in advance as described
(Figs. 9.5a— and 9.6).

The occlusal relationship of the deviated man-
dible is analyzed by means of intraoral scans and
the printed dental models or alternately by plaster
dental models. The future postsurgical posterior
open bite is established on the affected side
according to mandibular downward and forward
repositioning toward the midsagittal plane, while
the 3D CCG implantation is planned. Maxillary
and mandibular orthodontic-surgery splints are
designed to stabilize the mandible in its new
position. The splints are used to level the man-

Fig. 9.9 (a) 3D imaging of CCG planning. The reposi-
tioned mandible is anteriorly and vertically displaced. The
implanted donor rib is placed over the affected side (right),
according to the mirror image of the unaffected side (left;
in green). (b) Postoperative posteroanterior cephalogram
view. (¢) Working model of the upper orthodontic-surgery
splint with ball clasps for intraoral elastics and a metal
wire banded as a platform aimed to incorporate acrylic

resins (red arrow). (d) Working model of the lower
orthodontic-surgery splint with ball clasps for intraoral
elastics and a metal wire banded as a platform aimed to
incorporate acrylic (red arrow). (e) Intraoral elastics con-
nected to upper and lower ball clasps of the splints postop-
eratively, aimed to stabilize the displaced mandible in
order to reduce pressure from the implanted rib
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dibular cant and align the chin point with the
midsagittal plane. A specific retention is prepared
on a banded metal wire platform on the splint
(Fig. 9.9b—d—red arrows) to incorporate acrylic
resins. The acrylic is built during the surgical rib
implantation procedure. The newly positioned
mandible creates a posterior open bite and a ver-
tical space. The acrylic resins are incorporated
over the splint platform into this vertical space.
The acrylic resins help stabilize the displaced
mandible by occlusal contacts and teeth
indentations. In addition, in order to support the
displaced mandible in its new position and to
reduce stress on the implanted donor rib created
by masticatory muscles, intraoral elastics are
used as well. The elastics are connected to ball
clasps on the upper and lower splints, which help
stabilize the mandible by counteracting the vec-
tor and the force of the masticatory muscles.

9.5 Discussion
The optimal treatment approach and the optimal
timeline for individuals with HFM vary widely.
Each patient requires an individualized treatment
plan, specifically tailored to his or her specific
needs. These are dependent on the clinical mani-
festations presented by the individual patient and
on the severity of the craniofacial abnormalities.
Other considerations may include the motivation
of the patient and the family for treatment, the
availability of psychosocial support, and the
availability of the multidisciplinary team of
experts required to coordinate the treatment pro-
tocol [2]. However, comprehensive monitoring of
weight gain, feeding, growth, and airway patency
is essential in this population to indicate whether
immediate intervention is required.
Pruzansky/Kaban HFEM type I and IIA surgi-
cal interventions aim to achieve ramus lengthen-
ing through vertical mandibular osteotomy with
or without bone graft, typically performed after
skeletal maturity. Nonetheless, Pruzansky/Kaban
type 1IB and III, which include severely hypo-
plastic mandible, indicate early intervention of
condylar reconstruction [6—13]. Condylar recon-
struction can be applied by means of autogenous

grafts or alternately by distraction osteogenesis
and prosthesis implantation [7]. However, young
children who present type IIB and type III defor-
mities often manifest insufficient bone for dis-
traction osteogenesis. The prosthesis implantation
treatment alternative is not applicable for these
growing patients due to the lack of potential
growth [18]. Therefore, the classical protocol
includes costochondral rib bone graft of the
ramus and condyle with reconstruction of the
glenoid fossa to create a functioning temporo-
mandibular joint [13]. This surgical intervention
is designed to restore the patient’s craniofacial
form and function and must take into account the
expected facial growth pattern [2]. CCG has been
suggested as the ideal implant of choice not only
because of its growth capabilities, similar to that
of the condylar cartilage, but also because it was
proved both histologically and physiologically to
be well suited for the function of replacement of
the mandibular condyle [23]. However, CCG-
reported complications may include unpredict-
able growth, lack of regional soft tissue, and
decreased vascularity that contribute to advanced
resorption [24-26]. The ideal timing of interven-
tion is when the occlusal cant is initially evi-
denced, which generally correlates with dental
eruption in children aged 2-5 years [5]. Therefore,
high success rate and functional improvement of
80% have been reported when CCG is performed
in children aged 3-9 years. Nevertheless, the suc-
cess rate decreases to 50% for patients older than
14 years [13, 27]. Furthermore, the quality of the
rib graft has been reported to be suboptimal in
patients older than 5 years [3]. Other advantages
that have been reported for early surgery in chil-
dren with type IIB and type III mandibular hypo-
plasia include a relatively easy surgical
intervention in the sense of the donor and the
recipient sites both from the perspective of the
surgeon and of the patient, as well as psychologic
benefits for these young patients and their fami-
lies [5, 13].

This chapter describes the 3D-advanced tech-
nologies of planning and printing a surgical
positioning rib jig for accurate condylar recon-
struction using CCG. The digital imaging soft-
ware platforms enable preplanning of the
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orthodontic and surgical procedures for accurate
CCG positioning. The virtual planning com-
bined with the orthodontic and surgical tech-
niques which are described in detail is aimed to
reduce facial deformity and achieve the best
facial symmetry. By increasing facial height and
shifting the midline of the face to normal, a sig-
nificant improvement is expected in the mandib-
ular function, facial appearance, and occlusal
patterns restoring its altered biomechanics.
Because of the early CCG intervention in grow-
ing children, reduced facial deformity is expected
over time as normal growth potential of the man-
dible is induced by means of the CCG implant
[16]. The accurate position and direction of the
costochondral rib graft are considered major fac-
tors that influence the growth of CCG [18].
Hence, the printed surgical positioning rib graft
jig is essential to dictate absolute CCG position-
ing to restore mandibular function, facial esthet-
ics, and proper CCG growth. This jig is of
exceptional importance in cases where glenoid
fossa is difficult to identify. In these cases, the
mirror image of the contralateral unaffected side
aids in determining the most suitable position
and proper orientation of the rib graft placement
while taking into consideration the contralateral
temporomandibular joint and the soft tissues of
the affected side.

Finally, it is noteworthy that further changes
may occur upon growth and development of the
children given that the growth of CCG is unpre-
dictable. Combined orthodontic and surgical
treatments are used based on the situation of the
patients until completion of growth and as neces-
sary to attain a long-term effect. In this chapter,
CCG is used only to reconstruct condyle. There is
no doubt that future investigations concerning the
use of CCG will focus on the secondary deformi-
ties of the maxilla and the soft tissues as well.

9.6 Summary

In patients with Pruzansky/Kaban type 1IB and
Il HFM, orthodontic-surgical intervention to
restore the height of the ramus with CCG leads to

an immediate correction of facial asymmetry.
The advantages of the 3D-printed surgical posi-
tioning rib graft jig technique include preplan-
ning of the orthodontic and surgical procedures
for accurate CCG positioning. The virtual plan-
ning results in full control of the surgery, accurate
osteotomies orientation, and precise rib graft fix-
ation screws. These may contribute to a signifi-
cant reduction in price, reduction in duration of
the surgery, superior performance, and highly
accurate results. The limitations include the need
to master the CAD programs.
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10.1 Introduction

Three-dimensional (3D) bioprinting technology
has progressed at a rapid pace since its invention
in the 1980s. Charles W. Hull (Chuck Hull) had
first described the 3D printing technique under
the name of stereolithography. Since then, mul-
tiple different techniques and methods have
emerged. These techniques all aim for the same
objective: to create 3D structures that mimic the
external and internal structures of the anatomic
sites, to provide scaffolds for cell attachment and
migration, and to initiate tissue regeneration.
This concept of 3D bioprinting, combined with
the advancement of tissue engineering, has been
proposed as a promising strategy to reconstruct
and replace damaged tissues and diseased organs
in many areas of medicine and dentistry, includ-
ing craniofacial tissue regeneration [1]. In par-
ticular, 3D bioprinting technology allows for
precise manufacturing of biocompatible scaf-
folds with complex 3D architectures using cell
sources and other biomaterials [2].

Craniofacial tissues have highly complex 3D
architectures with sophisticated multicellular
interactions. Due to this complexity, complete
regeneration of craniofacial structures from con-
genital malformations, trauma, and resective sur-
geries is extremely challenging. Despite the
advances in the field of craniofacial reconstruc-
tion, conventional regenerative strategies still have
difficulty mimicking the complex architectures
and the biological interactions of this anatomical
site [2]. To date, the development and advance-
ment of 3D bioprinting technology are still in its
early phase. In fact, 3D bioprinting is mainly used
in research settings, and its clinical application has
been limited by its ability to mostly fabricate sim-
ple homogeneous tissues as opposed to heteroge-
neous tissues in clinical settings [3].

Currently, reconstruction of extensive or
complex craniofacial defects requires local or
regional flap, or sometimes microvascular trans-
fer of free flaps as the gold standard treatment
[4]. These reconstructive procedures have sig-
nificant limitations including donor site morbid-
ity as well as size mismatch to the recipient site,
leading to compromised aesthetics and function

[5]. Therefore, 3D bioprinting technology in
combination with tissue engineering strategies
presents a promising alternative to the current
reconstruction techniques. The aim of this chap-
ter is to provide a comprehensive overview of
major concepts in 3D bioprinting including the
bioprinting process, armamentarium, types of
bioprinters, clinical application in craniofacial
regenerative medicine, limitations, and future
perspectives.

10.2 3D Bioprinting Process

The basic process of 3D bioprinting in craniofa-
cial regeneration can be classified into three
phases including pre-bioprinting phase, bioprint-
ing phase, and post-bioprinting phase (Fig. 10.1).

10.2.1 Pre-bioprinting Phase

The pre-bioprinting phase involves (1) digital
imaging and computer-assisted design; (2) bio-
material selection and bioink preparation; and (3)
cell selection, isolation, culture, and preparation
[6].

First, digital imaging of the defect or structure
to be replaced is acquired via cone beam com-
puted tomography (CBCT), computed tomogra-
phy (CT), or magnetic resonance imaging (MRI).
These imaging modalities are the most com-
monly used for medical and dental application of
3D bioprinting [7]. After imaging, the Digital
Imaging and Communications in Medicine
(DICOM) files are processed with computer-
assisted design (CAD) softwares. In addition,
tomographic reconstruction is performed to
achieve segmented 2D images for the layer-by-
layer 3D bioprinting process. Subsequently,
Standard Triangle/Tesselation Language (STL)
files are generated and sent to the bioprinter [3].

Biomaterial and bioink selection is another
crucial part of the pre-bioprinting phase and is
determined by the type of 3D printer used as well
as specific mechanical, rheological, and biologi-
cal requirements of the final tissue construct or
organ discussed in Sect. 10.4 [8].
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Fig. 10.1 3D bioprinting process: The basic process of
3D bioprinting in craniofacial regeneration can be classi-
fied into three phases including (1) pre-bioprinting phase,
(2) bioprinting phase, and (3) post-bioprinting phase. The
pre-bioprinting phase involves (1) 3D digital imaging and

Prior to the bioprinting phase, isolation,
expansion, and quality assessment of the desired
cells represent another important step. The dif-
ferent types of cells including their sources,
characteristics, and advantages are described in
Sect. 10.3.1. It is important to ensure that cells
have adequate viability, proliferative, differen-
tiation, and extracellular matrix production
potential. In addition, cells can be supplemented
with biologics and growth factors-enriched cul-
ture media to enhance cell viability, prolifera-
tion, and differentiation. Currently, only two
growth factors are approved by the Food and
Drug Administration (FDA) for clinical applica-
tions in craniofacial regeneration including
human recombinant platelet-derived growth
factor-BB (rhPDGF-BB) and human recombi-
nant bone morphogenetic protein-2 (rhBMP-2).
Additional biologics include fibroblast growth
factor (FGF), insulin-like growth factor (IGF),
transforming growth factor beta (TGF-B), and
vascular endothelial growth factor (VEGF).
Finally, other culture medium supplements can
be used to potentiate cell viability and growth
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Phase 2 - Bioprinting Phase 3 - Post Bioprinting
Phase 2

3D Bioprinting

\

®

ke ol ol

Tissue Construct Maturation
In Vivo Transplantation

Phase 3

computer-assisted design; (2) biomaterial selection and
bioink preparation; (3) cell selection, isolation, culture,
and preparation [6]. The post-bioprinting phase involves
tissue construct maturation in a bioreactor, and in vivo
transplantation [6]

including vitamins, hormones, and other macro-
nutrients (Fig. 10.2) [9].

10.2.2 Bioprinting Phase

The bioprinting phase involves the deposition of
bioink, cells, and signaling molecules with a bio-
printer to form a tissue construct. Bioink and
cells are prepared and transferred to their respec-
tive cartridges, installed in the printer, and the
bioprinting process is initiated to print 3D struc-
tures with specific microarchitecture. The main
types of bioprinters, their advantages, and respec-
tive mechanisms of action are reviewed in Sect.
10.4.

10.2.3 Post-bioprinting Phase

The post-bioprinting phase is key to ensuring the
manufacturing of reliable 3D tissue constructs
with appropriate structural integrity and biologi-
cal function [7]. One important component of this
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Growth Factors

Biomaterial

Cell Source

Growth Medium

Vitamins

Fig. 10.2 Cell preparation for 3D bioprinting: Key com-
ponents of cellular preparation for 3D bioprinting include
(1) growth factors (2) biomaterials (3) cell source (4)
growth medium (5) vitamins. Achieving an optimal com-

phase is tissue maturation. The transfer of 3D bio-
printed tissue constructs into an incubator or bio-
reactor allows for enhanced survival, maturation,
vascularization, and remodeling prior to in vivo
implantation [3]. Recent advances in bioreactor
design enable convective nutrient transport, cre-
ation of microgravity environment, and compres-
sion for dynamic mechanical stimulation [6].
Once the tissue construct or bioprinted organ is
ready to be used, a surgical team will perform the
surgical implantation or transplantation in ani-
mals or patients to address the clinical problem.

10.3 3D Bioprinting
Armamentarium

Tissue engineering combines the field of biology
and engineering to develop functional substitutes
for damaged tissues. The creation of functional
tissue engineered constructs requires three main
components termed “Tissue Engineering Triad,”
which includes (1) cells, (2) scaffold, and (3)
regulators [10]. 3D bioprinting utilizes the prin-
ciples of tissue engineering and combines these
three key tissue building blocks with spatial pre-

r _

Desired Differentiated Cells

* Main source of nutrients, often

. supplemented with macronutrients (e.g.

' lipids and glucose), minerals, trace elements,
 and anti-microbials !

or composite scaffolds that vehicles the cells,

Natural, synthetic, bioactive ceramic, metal,
hormones, growth factors, and nutrients

bination of the above elements allow desired cells to pro-
liferate, differentiate, and synthesize extracellular matrix
to enhance the quality of the 3D bioprinted tissue con-
struct or organ

cision to enhance tissue structure, architecture,
and functionality.

10.3.1 Cellular Component

The first and most important component of the tis-
sue engineering triad is the cells [10]. They are the
fundamental building blocks that reconstitute the
3D bioprinted tissue construct and/or organ. Many
factors must be considered during cell selection
for 3D bioprinting. Ideally, the user should be able
to control the proliferative properties of the cells
as excessive or insufficient proliferation can lead
to complications. This is commonly evident in
multicellular constructs that overgrow and
develop a necrotic core due to hypoxia.
Additionally, researchers should be able to predict
or control the timing for cell proliferation [6].
Also, cells must be able to withstand the mechani-
cal and physiological stresses associated with 3D
bioprinting as cell viability can be affected by
stresses such as sheer forces, changes in tempera-
ture and pH, and the presence of chemicals, tox-
ins, and enzymes [6, 11]. Finally, cell viability
may also be greatly altered by the bioprinting
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technique and properties of the scaffold material
selected to contain and support the cells.

Due to their complexity and intricacy, more
than one type of cells is required to adequately
reconstruct the desired tissue and/or organ. For
example, in alveolar bone regeneration, osteo-
blasts, osteoclasts, and osteocytes are required for
bone repair and remodeling; epithelial cells and
fibroblasts provide structural and barrier func-
tions; and endothelial cells form vasculature to
support osteogenesis [6, 12, 13]. In addition, stem
cells and progenitor cells are required to provide
the tissue construct with self-renewing abilities.
Stem cells are undifferentiated cells that have the
potential to divide indefinitely and give rise to
various cell lineages. In contrast, progenitor cells
have limited proliferative capabilities and deter-
mined set of cell fates and thus can only differen-
tiate into certain cell types. One particularly
important type of stem cells is the mesenchymal
stem cells (MSCs). As many craniofacial struc-
tures are derived from MSCs, they are an integral
component to craniofacial regeneration [14].

Cells may be categorized based on their dif-
ferentiation potential or source. Firstly, cells
may be selected based on their differentiation
capabilities: undifferentiated stem cells {totipo-
tent, pluripotent [e.g., embryonic stem cells
(ESCs) and induced pluripotent stem cells
(iPSCs)], multipotent stem cells (e.g., MSCs,
oligopotent, or omnipotent stem cells)}, and dif-
ferentiated somatic cells [15]. Secondly, cells
may also be selected based on their sources:
endogenous cells from the donor or exogenous
cells from another organism. Exogenous cells
may pose immunogenicity challenges [16].
Lastly, in light of 3D bioprinting, cells may also
be selected as single cells or larger clusters of
cells termed spheroids and organoids. This sub-
section will explore the use of single cells and
multicellular constructs for 3D bioprinting of
craniofacial tissue.

10.3.1.1 Single Cells

Single cells are particularly useful in 3D bio-
printing to creating vascular channels and capil-
laries that are composed of a single layer of
endothelial cells. In addition, stem cells and pro-

genitor cells from various sources are used in 3D
bioprinting. The most common source of stem
cells and progenitor cells for craniofacial regen-
eration come from the bone marrow. Although
bone marrow-derived stem and progenitor cells
have been extensively used in tissue engineering
and regenerative medicine, their harvest is rather
invasive and involves bone marrow aspiration
from long bones or iliac crests, which may lead to
patient discomfort and morbidity.

Since the discovery and characterization of
multipotent mesenchymal stem cells (MSCs)
from the bone marrow, MSCs from other tissues
have been identified and characterized including
umbilical cord blood, adipose tissues, and dental
tissues. These MSCs are capable of differentiat-
ing into cell lineages including osteogenic, chon-
drogenic, myogenic, and adipogenic [17]. From
the early 2000s, significant progress has been
made toward identifying different human MSC-
like stem/progenitor cells from dental and oral
sources. These cells include periodontal ligament
stem cells (PDLSCs), dental pulp stem cells
(DPSCs), stem cells from exfoliated deciduous
teeth (SHED), stem cells from apical papilla
(SCAP), dental follicle progenitor cells (DFPCs),
and gingiva-derived MSCs (GMSCs) [18-23].
Dental stem cells have the advantage of being
easily accessible, thus avoiding the need for inva-
sive harvest in comparison to BM-derived MSCs.
Together, this group of cells represents a promis-
ing cell source for 3D bioprinting for craniofacial
regeneration.

Other cell types are useful in 3D bioprinting
of functional craniofacial tissue and structures
including salivary glands, nerves, and vascula-
ture; three examples are highlighted in this sec-
tion. To begin with, exogenous salivary gland
stem cells may be used in 3D bioprinting as a
building block for functional salivary organoids
[24, 25]. In addition, in a preclinical animal
study, Zhang et al. demonstrated that human
gingiva-derived MSCs (GMSCs) can be differen-
tiated into both neuronal and Schwann-like cells
and be used in 3D bioprinting to generate nerve
constructs that promoted nerve regeneration and
functional recovery in bridge segmental defects
in rat facial nerves [26]. Finally, human umbilical
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vein endothelial cells (HUVECs) may be used in
combination with MSCs to induce the formation
of pre-vascular networks leading to improved
cell viability and proliferation [27].

10.3.1.2 Multicellular Constructs
Fabricating 3D multicellular constructs grown
in suspension is an alternative to growing cells
in a monolayer fashion. In fact, cells tend to
aggregate in clusters and form 3D constructs
termed spheroids and organoids. While both
spheroids and organoids are well-organized
multicellular structures, there are a few defining
features that differentiate the two types of con-
structs. On one hand, spheroids are derived from
cell line monoculture, have transient cell organi-
zation, and only represent a component of tis-
sue. They are difficult to maintain long term and
depend on cell-cell and cell-environment inter-
actions to proliferate and survive. On the other
hand, organoids are heterogeneous multilineage
constructs derived from stem cells and/or pro-
genitor cells, which possess the ability to dif-
ferentiate and  self-renew. Consequently,
organoids can better recapitulate organ physio-
logical parameters and can be maintained in cul-
ture for a longer period of time [28, 29].
Ultimately, cells grown in 3D cultures will have
increased cell-cell and cell-extracellular matrix
(cell-ECM) interactions compared to cells cul-
tured in a monoplane orientation [28]. Thus, 3D
cellular models are more physiologically rele-
vant and biologically applicable to 3D bioprint-
ing tissue engineered constructs.

Another advantage of using spheroids and
organoids in 3D bioprinting is that they require
fewer amount of scaffolding material to support
the cells, thus applicable to “scaffold-free print-
ing.” More specifically, spheroids and organoids
can synthesize and secrete their native ECM; thus,
only a minimal amount of scaffold is required
their initial formation and subsequent bioprinting.
The benefits of multicellular constructs include
reduced costs and efforts associated with the fab-
rication of cell-laden hydrogels, enhanced bio-
compatibility, and physiological relevance as the
cell construct secretes native ECM; thus, the use
of exogenous materials is reduced [2, 28, 29].

Craniofacial structures pose challenges in tis-
sue reconstruction due its various multicellular
interactions and complex anatomical features [2].
By harnessing the power of spheroids and organ-
oids in 3D bioprinting, researchers have the abil-
ity to print homotypic and heterotypic multicellular
constructs with higher spatial resolution and den-
sity and, thus, may be able to recreate complex
tissues such as vascularized bone, cartilage, peri-
odontium, and whole teeth. Specific clinical
applications of 3D bioprinting are reviewed in
detail in Sect. 10.5 [2].

10.3.2 Biomaterials

The next component to the tissue engineering
triad is the biomaterial scaffolds. This component
encompasses all natural and synthetic biomateri-
als, or a combination of both, used to provide
structural support and a favorable microenviron-
ment for cells. Biomaterials can be engineered
for tunable release of regulators such as growth
factors (GF).

Biomaterials used during the bioprinting pro-
cess to encapsulate cells are termed bioink [3].
Bioinks can serve as cell encapsulation material
to provide cells with protection. In addition, bio-
inks can be printed onto acellular biomaterial ink
scaffolds with higher rigidity, which provides the
construct with higher structural integrity. Bioinks
are typically composed of cell-laden hydrogels
consisting of natural or synthetic materials. In
contrast, acellular biomaterial ink scaffolds can
be composed of a wider selection of materials
depending on desired properties and its intended
use [30, 31]. Researchers and clinicians may
select a biomaterial based on its rheological,
mechanical, chemical, and biological properties,
which should ultimately reflect the target organ
or tissue’s native physiological environment.
These properties may include pH levels, biocom-
patibility, immunogenicity, cytotoxicity, degra-
dation rate, inductivity, stiffness, viscoelasticity,
and strength. Other properties that may be con-
sidered include the material’s tunability, repro-
ducibility, cost, availability, printability, and
complexity of use [32, 33].
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The main advantage of 3D bioprinted scaf-
folds compared to 3D printed scaffolds is its
micron-level precision of cell positioning
throughout the scaffold. This characteristic
enables researchers and clinicians to create a
more desirable and viable scaffold for tissue
reconstruction [1]. However, in comparison to
the traditional acellular 3D printing method, 3D
bioprinting requires additional considerations
due to the presence of cells. These considerations
include cell positioning, the degree of heat gener-
ated, sheering forces, maximum compressive
moduli of the biomaterial, and their respective
impact on cell viability. Additional printing
parameters may affect cell viability and prolifera-
tion such as vibrating frequencies, voltage, and
mechanical impact during the printing process [1,
31-34]. As aresult, some printing techniques and
materials may not be suitable for 3D bioprinting
of living tissue constructs.

It is suggested that bioinks should have mini-
mal incorporation of synthetic biopolymers to
minimize unwanted changes and effects on cells
[31]. However, natural biomaterials often have
significantly lower mechanical strength com-
pared to synthetic biomaterials and thus cannot
be used to create certain craniofacial tissues with
high mechanical strength requirements. For
example, craniofacial bone has a compressive
moduli between 100 MPa and 20 GPa. While
alginate is highly biocompatible and fibrin is
highly biologically active, both materials have
very low compressive moduli (~5 kPa).
Comparatively, while the use of synthetic materi-
als such as polyethylene glycol (PEG) with cells
may be less favorable, PEG confers higher physi-
cal and mechanical strength (~300-350 kPa)
needed for harder tissues or areas of high stress
such as bone and teeth. These obstacles can be
overcome by using natural-synthetic composite
bioink and/or simultaneously using 3D printing
and bioprinting techniques together [1].

The various biomaterials used in 3D bioprint-
ing have been categorized into the following five
categories: natural materials, synthetic materi-
als, bioactive ceramics and cements, metals, and
hybrids and composites. It is important to note
that there are hundreds of biomaterials being

researched, and even more when considering the
possible combinations of materials used to cre-
ate composite gels and scaffolds. Thus, this sec-
tion will provide an overview of the most
commonly used materials and notable compos-
ites (Table 10.1).

10.3.2.1 Natural Materials

The main advantage of natural material is its bio-
activity and ability to induce cellular activity. For
instance, researchers have used protein-based
natural biomaterials such as collagen, elastin,
laminin, fibrin, fibronectin, and gelatin as scaf-
folds to mimic the cell’s native ECM, which can
enhance cell differentiation, proliferation, and
migration. Previous studies on the use of ECM-
like scaffolds and 3D bioprinting have demon-
strated, both in vitro and in vivo, the successful
fabrication of various tissue engineered con-
structs including skin, bone, and cartilage, car-
diovascular tissue, hepatic tissue, neuronal tissue,
and cornea tissue [46]. Furthermore, there is
increasing interest in the use of more complex
protein scaffolds containing more than one type
of protein substrate such as decellularized ECM
(dECM) and decellularized bone matrix (DBM).
These materials are natural ECM that have been
cleared of native cells, debris, and other immuno-
genic components leaving intact structure and
microarchitectures composed of collagen, adhe-
sive proteins, growth factors, proteoglycans, and
glycosaminoglycans (GAGs). Subsequently,
dECM can be reseeded with desired cells. In the
case of 3D bioprinting, dECM can be further pro-
cessed into bioinks to be bioprinted [47, 48].
Other protein-based natural materials used in 3D
bioprinting include albumin, keratin, and silk
fibers.

Natural biomaterials can also be carbohydrate-
based (alginate, chitin, chitosan, cellulose,
starch, glycosaminoglycans (GAGs), and hyal-
uronic acid) as shown in Table 10.1 [3, 35, 39,
49]. While some natural carbohydrate-based
materials are not found in the human body (e.g.,
alginate, cellulose, and chitin), their unique
properties including biocompatibility, afford-
ability, and accessibility make them excellent
biomaterial scaffold candidates for research [50,
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Table 10.1 Biomaterial scaffolds used in 3D bioprinting

Key properties

Cost Degradation rate
Biomaterial (low-high) Bioactivity (low-high)
Natural
Carbohydrate-based Low-high High bioactivity =~ Low-high
E.g., alginate, agarose, e Cost of HA,
dextran, chitin, and chitosan, GAGs,
cellulose, starch, chitin and
glycosaminoglycans (GAGs), chitosan are
and hyaluronic acid (HA) med-high
[35-37]
Protein-based Med High bioactivity =~ Med-high
E.g., keratin, collagen, gelatin, * Cost of
laminin, elastin, fibrin, recombinant
fibronectin, albumin, silk human
fibers, decellularized proteins are
extracellular matrix (dECM), typically
decellularized bone matrix high
(DBM)
[35, 37, 38]

Synthetics

Biodegradable Low Bioinert Low

E.g., polylactic acid (PLA), * PGA and PLA
polyglycolic acid (PGA), have high
polylactic-co-glycolic acid degradation
(PLGA), poly-g-caprolactone rates
(PCL), polyether urethane

(PU), polyvinyl alcohol

(PVA), polymerization of

methyl methacrylate (PMMA)

[35, 37, 39]

Nonbiodegradable Low Bioinert Nondegradable
E.g., polyethylene glycol

(PEG), polyethylene glycol

dimethacrylate (PEGDMA),

porous polyethylene (PPE),

polyetherketoneketone

(PEKK)#*,

polyetheretherketone (PEEK)

[38, 39]

Bioactive ceramics and cements

Calcium phosphate-based Low High bioactivity ~ Med

E.g., calcium phosphate, e B-TCP has a
biphasic calcium phosphate low

(BCP), B-tricalcium phosphate degradation
(B-TCP), hydroxyapatite (HA) rate

[35, 40-42]

Unique features

Antibacterial properties;
very low mechanical
properties; tunable

High biocompatibility; very
low mechanical properties;
osteoconductive;
osteoinductive; low
compressive strength; low
reproducibility

dECM and DBM have
variable results due to
processing method/
technique

Silk fibers have high
mechanical property

Hydrophobic; poor cell
adhesion; poor
osteoinduction; highly
tunable; highly reproducible;
acidic degradation
byproducts; high printing
resolution; porous; moderate
mechanical properties
* PLA has osteoconductivity
* PGA has low compressive
strength
Highly resembles bone; high
biocompatibility; durable;
risk of bacterial infections;
moderate mechanical
properties

Highly resembles bone;
osteoinductive;
osteoconductive;
osteointegrative; high
mechanical properties; risk
of infections; little
injectability in bulk; brittle;
reproducible; porous
structure
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Table 10.1 (continued)

Key properties
Cost Degradation rate
Biomaterial (low-high) Bioactivity (low-high) Unique features
Others Low High bioactivity =~ Nondegradable = High hardness; high wear
E.g., calcium carbonate, ¢ Aluminum ¢ Akermanite resistance; osteoinductive;
calcium sulfate, aluminum oxide and has a brittle
oxide, calcium silicate, silicon, zirconia are controllable * Bioactive glass has low
bioactive glass, zirconia, bioinert degradation fracture resistance,
akermanite, diopside rate mechanical strength,
[32, 36, 38, 40-42] brittle, and porous
nanostructures which
allows for cell adhesion
e Silicon has some evidence
of angiogenesis and
osteogenesis effect
* Diopside is capable of
thermal expansion
Metals
Nonbiodegradable Low-med Bioinert Nondegradable  High wear resistance;
Gold, stainless steel, zinc ¢ Titanium has ductile; high mechanic
oxide, titanium alloy, cobalt osteointegrative strength; risk of stress
alloy, tantalum properties shielding; biomolecules
[32, 36, 38, 39, 41, 43, 44] ¢ Tantalum has cannot be added into
bioactive scaffold; thermostability
properties e Titanium has high
compatibility and
strength-to-weight ratio,
similar strength modulus
to bone, lower risk of
stress shielding
Biodegradable Low Med bioactivity ~ Med-high Osteoconductive; porous;
Magnesium, magnesium alloy, * Magnesium moderate-high mechanical
iron alloy alloys degrade properties; lower risk of
[38, 43-45] faster than stress shielding than

Composites and hybrids
Can be any combination of
biomaterial previously
mentioned

researcher

51]. However, a major drawback of using natu-
rally occurring materials is the variability in
material composition depending on its source.
Consequently, this can affect reproducibility and
reliability, thus the quality of the research [51].

10.3.2.2 Synthetic Materials
Synthetic materials unlike natural materials are
much more reproducible due to its controlled

iron-alloys nonbiodegradable metals;
ductile; degradation
byproduct can cause local
acidic environment and form
gas pockets; biomolecules
cannot be added into

scaffold

Characteristics will vary based on the composite composition, as desired by the

manufacturing conditions. As a result, their use in
biomedical research provides more consistent
and reliable data [32]. Another advantage of syn-
thetic materials is their superior physical proper-
ties such as higher mechanical strength,
compressive moduli, and stress-bearing capabili-
ties. Furthermore, many synthetic materials such
as polylactic acid (PLA), polyglycolic acid
(PGA), and polylactic-co-glycolic acid (PLGA)
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are thermoplastic and thus can be easily manipu-
lated into desired shapes and microstructures
[52]. However, the main concern of synthetic
materials is its degradation byproducts. For
example, PLA and PGA produce carbon dioxide
as they degrade and thus can lead to hypercapnia,
an acidic environment, and consequently necro-
sis of proximal tissue. Another concern with syn-
thetic material stems from its common bioinert
property, which can result in rejection of the
material in vivo [34].

Other synthetic materials commonly used for
3D bioprinting include poly-e-caprolactone
(PCL), polyethylene glycol (PEG), polyethylene
glycol dimethacrylate (PEGDMA), porous poly-
ethylene (PPE), polymerization of methyl meth-
acrylate (PMMA), polyether urethane (PU),
polyetherketoneketone (PEKK), and poly-
etheretherketone (PEEK) [3, 35, 39, 49]. Here,
we will further classify synthetic materials into
two subgroups, biodegradable and nonbiode-
gradable (Table 10.1).

10.3.2.3 Bioactive Ceramics
and Cements

Bioactive ceramics and cements are great candi-
dates for use in 3D bioprinting due to their
chemical properties resembling the mineral
components of natural bone. Typically, this
group of biomaterials exhibits excellent biocom-
patibility, high mechanical stiffness, brittleness,
low elasticity, and slow degradation rate.
However, its most notable advantage is its osteo-
inductive property, hence its popular use in bone
regeneration [32, 34]. The most commonly used
bioactive ceramics are those with a mineral
phase composed of calcium and phosphate, such
as hydroxyapatite (HA), pB-tricalcium phosphate
(B-TCP), biphasic calcium phosphate (BCP),
and calcium phosphate. Other types of ceramics
or cements include calcium carbonates, calcium
sulfates, calcium silicate, silicon, bioactive
glasses, zirconia, and aluminum oxide [3, 35,
53-55]. Some ceramics such as bioactive glass
or HA can be further improved with the incorpo-
ration of silicone which can promote angiogen-
esis and bone ingrowth. Other researchers have
explored the addition of metallic ions such as

copper and/or cobalt into bioactive glass which
has been shown to induce angiogenesis [3]. The
major drawbacks to using bioactive ceramics are
its brittleness and porous property which makes
it difficult to sustain high mechanical loading
required for bone remodeling [34]. Here we sub-
categorize bioactive ceramics and cements into
two groups: calcium phosphate-based and non-
calcium phosphate-based.

10.3.2.4 Metals

Metals are the last group of materials being used
in tissue engineering. Metals are generally incor-
porated into bioinks to increase its stiffness, pro-
cessability, and printability [56]. Metals used in
bioprinting include gold, zinc oxide, iron, stain-
less steel, titanium alloys, and cobalt alloys.
Advantages that metals have to offer are its supe-
rior mechanical properties, bioinert, and nonde-
gradable which allow for it to last a long time,
even in high-stress areas such as bone and teeth
[3, 32, 53-55]. While most metals are nondegrad-
able, there is increasing research on biodegrad-
able metals such as magnesium alloys and iron
alloys [43].

It has been suggested that metal-based scaf-
folds can cause stress shielding due to its higher
relatively higher elastic modulus which can result
in bone resorption and therefore leaving subjects
prone to implant failures [3, 54]. To date,
titanium-based constructs are the most widely
used metal for craniofacial reconstruction due to
its biocompatibility, high strength-to-weight
ratio, elastic modulus, nonabsorbable character-
istic, and potential for bone ingrowth [36].

10.3.2.5 Hybrids and Composites

Due to each type of material having their own
unique set of advantages and disadvantages, there
is increasing interest in exploring and using
hybrid or composite scaffolds, which are bioma-
terials comprised of multiple phases and materi-
als [34]. In general, composites have higher
biological capacity because it is comprised of
two or more materials, where one material’s
weakness is supported by the strength of another
material. Depending on the intended use or
desired properties, researchers may combine bio-
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active ceramics with synthetic or natural bioma-
terials, or more commonly, they may combine
synthetic biomaterials with natural biomaterials.
Researchers may even combine materials of the
same category, such as a protein phase with a car-
bohydrate phase from the natural biomaterial cat-
egory. This allows researchers to create ideal
bioinks or scaffolds that would otherwise be not
viable when used alone. For example, synthetic
materials may often create local acidity through
its byproducts as it degrades, in addition to being
bioinert. Conversely, natural materials have
excellent bioactivity, though it lacks mechanical
properties. By combining a synthetic material
such as PEG with a natural material such as col-
lagen, a cell-inductive scaffold with improved
mechanical properties can be created [35].

10.3.3 Regulators

The third and final component to the tissue engi-
neering triad is the regulators, which consists of
signaling molecules, notably growth factors
(GFs). These biological molecules signal cells to
undergo proliferation, morphogenesis, differen-
tiation, migration, and survival [57]. While GFs
exist naturally in the human body, for the purpose
of tissue engineering, an exogenous source is
also required. They are typically incorporated
into scaffolds and are released as the material
degrades. The release of GFs should be con-
trolled spatiotemporally to adequately guide
proper cellular growth, differentiation, morphol-
ogy, and function. The release of GFs should also
be steady as to prevent unwanted diffusion and
therefore unwanted outcomes [57, 58]. A gradi-
ent of GF diffusion in conjunction with physical
contact of ECM and other inductive cues estab-
lishes the microenvironment necessary to induce
these effects on the embedded cells.

There are several types of GFs that are being
used in craniofacial regeneration research. These
include transforming growth factor beta (TGF-f3),
fibroblast growth factor (FGF), vascular endothe-
lial growth factor (VEGF), platelet-derived
growth factor (PDGF), insulin-like growth factor
(IGF), and bone morphogenic proteins (BMP-

2,4,6,7) [35, 59]. While many GFs show promis-
ing results in vivo and in vitro, there are currently
only two GFs that are FDA-approved for clinical
use: recombinant human PDGF-BB (thPDGF-BB)
and recombinant human BMP-2 (thBMP-2).

PDGF has several isoforms (PDGF-A,
PDGEF-B, PDGF-C, and PDGF-D) and becomes
active when it dimerizes. These dimeric isoforms
include PDGF-AA, PDGF-BB, PDGF-AB,
PDGF-CC, and PDGF-DD. PDGF-BB has the
highest activity as it is capable of binding all der-
mic forms of PDGF receptors and thus is the iso-
form that has translated into clinical use. In 2005,
Nevins et al. reported in a pivotal randomized
control trial study involving 180 subjects the
clinical application of thPDGF-BB in periodon-
tal tissue regeneration, more specifically, its
effectiveness in inducing radiographic bone fill,
and clinical attachment level gain, and reduction
in probing depth when used in conjunction with
B-TCP [59-61].

BMPs are the second FDA-approved GF for
clinical use. Currently, the only BMP isoform
approved by the FDA for clinical use is thBMP-2
(InFUSE Bone Graft®, Medtronic and Wyeth).
rhBMP-2 is infused in an absorbable collagen
scaffold and is capable of guiding bone regenera-
tion via inducing MSCs to differentiate into osteo-
blasts. thFGF-2 is also noteworthy as it currently
used for periodontal regeneration in Japan, and
has shown to have beneficial outcomes in patients
with lower limb ischemia [55, 59].

10.4 3D Bioprinter Technology
10.4.1 Inkjet 3D Bioprinting

Inkjet bioprinting uses thermal or piezoelectric
processes in the nozzle head to dispense droplets
of bioink (Fig. 10.3a). The thermal induced ink-
jet nozzles pass a current through a resistor to
create a bubble by vaporizing the nearby fluid,
and therefore building up pressure in the nozzle
head resulting in droplet ejection. The piezoelec-
tric inkjet nozzles apply voltage to the piezo ele-
ment to create a pulse, which produces
volumetric changes in the nozzle head resulting
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Fig. 10.3 Types of 3D bioprinting technologies: (a)
Inkjet 3D bioprinting. Droplets dispensed by thermal or
piezoelectric processes in the nozzle head. (b) Extrusion
3D bioprinting. The bioink is extruded through a nozzle
due to pneumatic or mechanical (piston/screw driven)

in droplet ejection. The droplet ejection process
from the piezoelectric nozzle head allows for
more control of the droplet shape and size and
has a greater tolerability for heat-sensitive mate-
rials (such as cells) when compared to the ther-
mal induced nozzle head, but the vibrational
frequencies from the piezoelectric process can
cause cell membrane damage [31, 62]. Thermal
inkjet printers have advantages in availability,
higher print speed, and lower cost of parts fabri-
cation [62]. When compared to other bioprinting
technologies, inkjet bioprinting has advantages
in high print speeds, low cost, and wide avail-
ability [11, 63].

Several considerations must be made with
regard to cell viability when choosing to use
inkjet-based bioprinters. While a wide range of
bioinks can be used with inkjet bioprinting
(including various combinations of cells, ceram-
ics, polymers, and proteins), a limitation how-
ever in the type of bioink used is the viscosity
requirement: to prevent the continuous flow of
the material once a droplet is ejected and to pre-
vent high ejection pressures (which can damage
the cells), a low viscosity fluid between 3.5 and
12 mPa s is required [64]. This limitation is
achieved by using low concentration solutions,
which can increase the possibilities of cells dry-
ing and dying, and a low viscosity fluid will have
greater difficulty in forming larger 3D structures
[11, 31, 65]. The mechanical impact of the cells
leaving the nozzle head and hitting the collector
surface also affects cell viability. Another limita-

gnnoo°
ae

pressure. (¢) Laser-assisted 3D bioprinting. A laser is
focused on an absorbing substrate to generate pressure
that propel cell-containing bioink onto a collector sub-
strate. (Reproduced with permission from Murphy and
Atala, 2014 [6])

tion is that cell aggregation within the bioink can
affect droplet formation and trajectory, resulting
in the poor precision of bioink droplet placement
and potentially affecting the distribution of cells
in the final construct [65]. Despite these consid-
erations, observations of inkjet-based bioprint-
ing have reported good cell viabilities (over
90%), and a resolution of greater than 50 pm
[11, 31, 65].

10.4.2 Light-Assisted 3D Bioprinting

Light-assisted 3D bioprinting includes stereo-
lithography (SLA) and laser-induced forward
transfer (LIFT). While selective laser sintering
(SLS) is another light-based 3D printing technol-
ogy, it is not compatible for bioprinting due to its
methodology of melting the polymer (and
subjecting cells to high temperatures) to create a
3D construct [2]. Light-assisted 3D printing is
noncontact and nozzle free and therefore has the
advantage that materials with higher viscosities
can be used (1-300 mPa s) without the issue of
nozzle clogging [64].

SLA, more specifically, consists of direct-
ing a light source (UV or visible light) over a
photopolymerizable fluid (Fig. 10.3b). Once
a layer of the polymer is completed, the print-
ing platform is lowered to allow for photopoly-
merization of a new layer. An advantage of SLA
printing is its high fabrication accuracy and low
printing time [66]. The resolution and cell via-
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bility are >50 pm and >85%, respectively [65].
The materials that are used for SLA consist of
photocrosslinkable hydrogels such as those con-
taining an acryloyl or alkenyl functional group,
or a photoinitiator such as lithium phenyl-2.,4,6-
trimethylbenzoylphosphinate (LAP) or the benzo-
phenone/tertiary amine system [67]. A major cell
viability consideration for SLA bioprinting is the
exposure to laser energy, which can be harmful
to cells [65, 66]. Regardless, the specific mate-
rial requirements of being photocrosslinkable are
a disadvantage of the SLA methodology due to
a lack of compatible materials, and the potential
cytotoxicity to cells due to the photoinitiators that
are added to the hydrogels [63].

LIFT consists of three main components: a
light source, a ribbon (transparent glass, metal,
and bioink), and a collection plate. The light
source vaporizes the metal layer and creates a
high-pressure bubble resulting in the production
of bioink droplets that are deposited onto the col-
lection plate (Fig. 10.3¢c). As with inkjet printing,
LIFT is droplet-based and has similar consider-
ations for cell viability such as the mechanical
impact of the bioink hitting the collector surface,
and the less accurate positioning of cells [31]. An
advantage of LIFT is high precision and resolu-
tion (>20 pm) with high cell viability (>95%);
however, LIFT 1is often costly and time-
consuming due to the use of high viscosity mate-
rials which are required to obtain a highly precise
shape [64, 66, 68]. The materials that have been
used with LIFT include polymers, ceramics, pro-
teins, and cells of varying viscosities (in contrast
to the low viscosity requirement of inkjet print-
ing) [69].

10.4.3 Extrusion 3D Bioprinting

Extrusion 3D printing is the most commonly
used 3D bioprinting technique and is a pressure-
driven system. The bioink is continuously
extruded (in contrast to the droplet-based system
in inkjet and LIFT) through a nozzle due to pneu-
matic or mechanical (piston/screw driven) pres-

sure. A more complex construct can be created
by using multiple nozzles, each carrying different
a bioink [70]. Fused deposition modeling is a
type of extrusion printing that heats and melts the
material as it is extruded through the nozzle. It
can be used to create scaffolds for tissue engi-
neering. However, this technique is unable to bio-
print cells due to high temperatures reached
during the printing process.

The considerations for cell viability when
choosing to use extrusion-based bioprinters
include dispensing pressure and shear stress.
While the pressure-assisted system in extrusion
printing allows for the printing of very high cell
densities, higher viscosity fluids, and more
homogenous cell distributions, shear stress is a
factor that can affect cell viability and is increased
as the viscosity of the fluid is increased [31].
Furthermore, as the dispensing pressure
increases, there is greater cellular distortion, all
of which can result in low cell viability (>40%)
[66]. In addition, the absence of droplet control
(compared to inkjet and LIFT) results in a lower
resolution (>100 pm) [65]. The higher viscosity
bioinks used in extrusion printing can include
natural polymers such as collagen, gelatin, algi-
nate, hyaluronic acid, as well as synthetic poly-
mers such as polyvinyl alcohol (PVA) and
polyethylene glycol (PEG) [71].

The types of 3D bioprinting technologies are
summarized in Table 10.2.

10.5 3D Bioprinting Clinical
Applications

Although various 3D printing methods are widely
applied to the manufacturing of biocompatible
scaffolds and constructs to support complex
functional living tissue in clinical trials, the use
of 3D bioprinting to generate functional craniofa-
cial tissues remains at an experimental stage.
This section reviews key areas for clinical appli-
cation of 3D bioprinting at the tooth level, peri-
odontal support tissue level, craniofacial, and
maxillofacial tissue level.
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Table 10.2 Types of 3D bioprinting technologies

Light-assisted [65, 68]

Inkjet [72] Stereolithography (SLA)

Description Uses thermal or A light source is directed
piezoelectric layer by layer over a
processes in the photopolymerizable fluid
nozzle head to
dispense droplets of
bioink

Materials * Low viscosity * Photocrosslinkable

hydrogels, hydrogels
ceramics,
proteins, and cells

Considerations
for cell viability

Mechanical
impact of bioink
hitting surface C

Potential cytotoxicity
of photoinitiators
Laser energy exposure

Laser-induced forward
transfer (LIFT)
A light source is
directed over a ribbon
to create a high-
pressure bubble
resulting in bioink
droplets that are
received onto the
collection plate
* Varying viscosities of
hydrogels, ceramics,
proteins, and cells

bioink hitting surface
Less accurate

Mechanical impact of

Extrusion [31, 73]

The bioink is extruded
through a nozzle due to
pneumatic or
mechanical (piston/
screw driven) pressure

Higher viscosity
hydrogels, polymers,
ceramics, proteins,
and cells

Shear stress
Dispensing pressure

Heat energy
(thermal)
Vibrating
frequencies
(piezoelectric)
Less accurate
positioning of
cells

Higher possibility
of cell aggregate

positioning of cells

formation
Advantages » High print speeds ¢ Nozzle-free e Nozzle-free * Homogeneous
* Low cost » Highest fabrication * High precision distribution of cells
* Wide availability accuracy * High resolution  Can print high cell
e Low print time * High cell viabilities density
* Can use high

viscosity fluid

Disadvantages ¢ Poor precision in * Lack of compatible e Costly * Low resolution
droplet placement  materials * Ribbon preparation is * Low cell viability
* Low viscosity time-consuming
bioink
requirements
Resolution/cell  >50 pm >50 pm >20 pm >100 pm
viability >90% >85% >95% >40%

10.5.1 Dental Pulp and Whole-Tooth
Regeneration

The dental pulp is a highly vascularized and
innervated tissue enclosed within the root canal
that plays a crucial role in providing sensation,
nutrition, and innervation to the tooth [74]. After
trauma, dental caries, and iatrogenic exposure of
the pulp, there is an unmet clinical need to regen-
erate the pulp and reestablish innervation and
vascularization. The ultimate goal of dental pulp

regeneration is the formation of reparative dentin,
vascular supply, and pulp neurotization [75].
Current strategies in pulp regeneration have
been largely unsuccessful, although researchers
are exploring the use of hydrogels to support den-
tal pulp stem cells (DPSCs), mimic the native
pulp chamber microenvironment, and recapitu-
late cell proliferation and differentiation into
functional tissue [76]. However, the main limita-
tion of this strategy, consisting of simple scaf-
folds loaded with cells and growth factors, is the
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inability to control multicellular spatial orienta-
tion, and subsequent cellular interactions and
function [77].

With 3D bioprinting, researchers can achieve
enhanced spatial control by printing cells to spe-
cific locations in the tissue-engineered construct to
achieve desired cellular interactions. In addition,
the use of bioink with tunable mechanical proper-
ties, optimized rheological properties to enhance
printability, and inclusion of growth factors may
further potentiate cell function. For the generation
of vascularized constructs mimicking the human
dental pulp, extrusion-based bioprinting is the pre-
ferred method. In these methods, sacrificial tem-
plate material composed of dissolvable or removal
material can be extruded and subsequently
replaced with a cell-laden hydrogel or aggregate of
cells to create vascular channels [74].

Currently, there is a lack of evidence support-
ing the use of 3D bioprinting for regenerative
endodontics in patients [75]. Several in vitro
studies have made progress toward developing
biomaterials and bioinks that allow for control of
stem cells and endothelial cells to promote pulp
regeneration. For instance, Khayat et al. (2017)
developed a photocrosslinkable GeIMA hydrogel
to encapsulate hDPSCs/HUVECs to promote
revascularization and regenerate human dental
pulp tissue [78]. Similarly, Yu et al. (2019) dem-
onstrated that alginate/gelatin scaffold hydrogel
is suitable for growth of hDPSCs [79].
Researchers have also combined extracellular
matrix-derived scaffolds with natural polymers to
develop a novel bioink with cytocompatibility
and natural odontogenic capacity. The hydrogel
consisting of alginate and dentin matrix was
shown to have the ability to enhance odontogenic
differentiation of stem cells from the apical
papilla. In addition, 3D bioprinting was used to
induce odontoblast at specific positions by local-
izing growth factors between the pulp tissue and
wall of the pulp cavity [80]. To further enhance
cell differentiation, growth factors can be conju-
gated to the biomaterial scaffold. Park et al.
(2020) demonstrate that a bone morphogenetic
protein (BMP) peptide-tethered GelMA-based
bioink formulation can accelerate the differentia-
tion of hDPCs in a 3D bioprinted dental construct

[81]. Together, development of 3D bioprinting
technology and its main components, including
the bioprinters and bioinks, will enable predict-
able dental pulp regeneration and accelerate its
clinical translation to ultimately help treating
patients [74].

When it comes to whole-tooth regeneration,
two strategies have been proposed: (1) recon-
struction of tooth germ and autologous transplan-
tation and (2) 3D printing of tooth mimicking
tissue-engineered constructs [75]. 3D printing
has been applied to fabricating anatomically
mimicking human molar and rat incisal scaffolds
with PCL and HA with interconnecting micro-
channels. Upon stimulation with stromal-derived
factor 1 (SDF-1) and bone morphogenetic pro-
tein 7 (BMP-7), PDL and new bone regeneration
were demonstrated in the rat model [82]. In the
future, 3D bioprinting technology will boost the
precise and controlled manufacturing of bioengi-
neered teeth to one day benefit patients in the
clinical arena as a biomimetic dental implant.

10.5.2 Periodontal Regeneration

Periodontal regeneration is the regeneration of
tooth supporting structures including periodontal
ligament (PDL), cementum, and alveolar bone,
lost due to periodontal disease. Notably, key
advances in the field of periodontal tissue engi-
neering in developing biomaterial scaffolds,
enhancing growth factor delivery systems, and
optimizing cell delivery systems paved the road
for these elements to be integrated with 3D bio-
printing [75, 82-84].

Previously, 3D printing has been demon-
strated to be an effective approach in periodontal
tissue engineering due to its ability to manufac-
ture scaffolds with precision. Polyphasic bioma-
terial scaffolds composed of three distinct
compartments were developed using 3D printing
to guide various periodontal ligament fiber orien-
tations to mimic native periodontal attachment
apparatus [85-89]. In addition, growth factors
release from polymeric scaffolds can be tuned
spatially and temporally to promote the optimal
growth of cementum, PDL, and bone [90].
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When it comes to clinical application,
Rasperini et al. (2015) pioneered the first in
human use of a 3D-printed bioresorbable poly-
caprolactone (PCL) scaffold adapted to the
patient’s periodontal defect in combination with
human platelet growth-derived growth factor (rh-
PDGF-BB) to stimulate periodontal regenera-
tion. Although the long-term follow-up showed
graft failure, this study contributed significantly
toward the clinical translation of 3D printing for
periodontal tissue engineering. The authors pro-
posed areas of improvement including the use of
fast resorbing material with highly porous struc-
ture, which may contribute to improved tissue
ingrowth and vascularization [91].

The main drawback of 3D printing is that it
only allows control over the external properties of
the scaffolds, and macroarchitecture of the printer
construct, but does not allow precise distribution
of individual cells. More specifically, stem and
progenitor cells may be seeded onto the scaffold
but cannot penetrate the scaffold uniformly [75].

Although 3D bioprinting technology is not
currently used clinically for periodontal regener-
ation, it offers several advantages worth investi-
gating. 3D bioprinting allows deposition of single
cells or multicellular constructs to precise loca-
tions and enables the use of a wide range of bio-
material and bioinks that can be functionalized
with growth factors.

Recent progress has been made to utilize 3D
bioprinting for periodontal tissue engineering.
Notably, several bioinks were optimized for 3D
bioprinting of constructs with PDLSCs includ-
ing gelatin-methacryloyl (GelMA), GelMA/
PEG, and sodium alginate (SA)/gelatin (Gel)/
nano-hydroxyapatite (na-HA) to ensure cell
viability, proliferation, and differentiation [92—
94]. In addition, the influence of bioprinting
parameters including photoinitiator concentra-
tion, UV exposure, pressure, and dispensing
needle diameter were fine-tuned [93]. The next
step in periodontal tissue engineering research
would be to explore the use of 3D bioprinting to
fabricate biomimetic polyphasic scaffolds with
various cells deposited precisely into each com-
partment and stimulated with specific growth
factors [95, 96].

10.5.3 Craniofacial and Maxillofacial
Regeneration

10.5.3.1 Craniomaxillofacial Bone
Craniomaxillofacial bone defects are common
and result from trauma, tumor resection, infec-
tion, or congenital malformation. In addition,
alveolar bone resorption after tooth loss may
result in atrophic maxillary and mandibular
ridge and maxillary sinus pneumatization that
require reconstructive surgery [97].
Regeneration of craniofacial bone defect is
challenging due to the complexity of the ana-
tomical structures, bone biomechanics, and
microenvironment. 3D bioprinting has been
used to generate heterogeneous tissue-engi-
neered bone constructs with customized archi-
tecture, cellular composition, and growth factor
incorporation [98, 99].

Currently, the implementation of personalized
scaffolding technologies for craniofacial bone
regeneration shows promise for clinical transla-
tion. With advances in 3D bioprinting to allow
for fabrication of personalized biomaterial matri-
ces functionalized with biologics or genes with
precise and spatially controlled delivery of cells,
patients with debilitating bone defects will bene-
fit from this transformative technology.
Additional preclinical animal studies and human
clinical trials with long-term results are needed to
ensure safety and efficacy of this technology for
routine use in clinical practice [100].

10.5.3.2 Cartilage

Cartilaginous tissues in the craniofacial area pri-
marily consist of the temporomandibular joint
(TMJ) disc, the auricular cartilage, and the nasal
cartilage [101]. 3D printing has been used to
mimic the 3D architecture of these cartilages.
Previous studies have used extrusion 3D printing
to fabricate cell-laden hydrogels using various
natural and synthetic polymers to encapsulate
chondrocytes and MSCs capable of synthesizing
native cartilaginous ECM [102].

Several biomaterials have been studied as bio-
ink to regenerate cartilaginous tissue including
GelMA, alginate, collagen, and PCL [103-106].
For instance, GelMA in combination with hyal-
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uronic acid and co-deposition with thermoplas-
tics such as PCL may allow engineered constructs
to match native human cartilage mechanical and
geometrical properties [103].

Although 3D printing technology is not cur-
rently used clinically, it has been applied to
regenerate TMJ discs in animal models. Using a
micro-precise spatiotemporal delivery system
with heterogeneous fibrocartilaginous matrix and
region-dependent viscoelastic properties,
Taradfer et al. (2016) have demonstrated signifi-
cant healing of perforated TMJ discs in a rabbit
model [107, 108]. In addition, 3D printing and
sacrificial layer technology were applied to
regenerate both the auricular cartilage and adi-
pose tissue using PCL and cell-laden hydrogel.
This study showcases that the aforementioned
technique can be used to regenerate tissues and
organs with complex morphology and multiple
types of cells in addition to enhancing cartilage
growth with chondrocyte adipose-derived stem
cell co-culture [70, 109].

Several key challenges remain in the field of
cartilage regeneration, which may be addressed
using 3D bioprinting. Future research aimed at
mimicking structural and biomechanical proper-
ties of cartilage combined with precise deposi-
tion of bioink, and cells will enhance integration
of native cartilage to the tissue engineered
cartilage.

10.5.3.3 Salivary Gland

Salivary gland hypofunction with subjective
xerostomia is a clinical condition caused by
radiotherapy for head and neck cancers and other
systemic conditions such as Sjogren’s syndrome.
Consequently, saliva output is greatly reduced
putting patients at risk of rampant dental caries,
impaired speech, mastication, and swallowing.
Despite various therapeutic strategies to repair
and regeneration salivary glands and regain sali-
vary flow, this remains an unmet clinical need.
Recently, 3D bioprinting has been used to fabri-
cate an innervated salivary gland (SG) like organ-
oid from hDPSC and implanted into an ex vivo
model. After implantation, the SG-like organoid
significantly stimulated epithelial and neuronal
growth in the damaged SG. This is an important

step toward the regeneration of salivary gland to
treat patients with radiotherapy-induced and
Sjogren syndrome-induced xerostomia [25].

10.5.3.4 Nerve

Peripheral facial nerve injuries lead to dysfunc-
tion of facial muscles, impaired sensation, and
painful neuropathies. Reconstruction of these
nerve defects has been commonly performed
using autologous nerve graft, which may be hin-
dered by donor site morbidity and limited avail-
ability of donor nerves [110]. Recently, a novel
scaffold-free 3D bioprinting approach was suc-
cessfully used to fabricate nerve constructs by
using GMSC spheroids, which were implanted
and promoted the repair and regeneration of rat
facial nerve defects [26]. This is a promising step
toward using an easily accessible, minimally
invasive source of stem cells that can be used in
conjunction with 3D bioprinting to address the
increasing clinical demand for nerve repair and
regeneration.

10.6 Limitations and Areas
of Research

Despite considerable advances in the recent
years, the field of 3D bioprinting remains in the
early stages of development. Most studies have
been performed in vitro followed by a limited
amount of in vivo animal studies. Significant
work remains before 3D bioprinting technology
can be predictably applied to address unmet clin-
ical needs in craniofacial regenerative medicine
and enter the clinical arena.

Several key areas of improvement and future
research are critical at the level of the bioprinters,
bioinks, and cell sources to ensure the scalability
and clinical application of 3D bioprinting
(Table 10.3). First, faster printing speed must be
achieved in order to manufacture tissues and
organs of clinically relevant size in a time effi-
cient manner. Second, printing resolution must
be enhanced to better biomimic the native tissue
microarchitecture, which promotes the function-
ality of the printed tissue. Third, the ability to
predictably print microvasculature must be devel-
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Table 10.3 Areas of future research for 3D bioprinting

Areas of
research [6] Focus and priorities [6]
Bioprinter ¢ Increase compatibility with
technology physiologically and clinically
relevant biomaterials and cells
* Enhance printing resolution and
speed
* Scale up for commercial and
industrial manufacturing
Biomaterials * Enhance mechanical properties of
and bioink materials to support tissue

constructs of clinically relevant
sizes

Development of smart and
programmable materials to allow
for spatiotemporal control
Improve understanding of required
cell types to mimic native
heterogeneous tissue

Minimally invasive, reproducible,
and viable cell sources

Enhance control over cell
proliferation and differentiation
with biologics and small molecules
Enhance resolution to print
microvasculature that withstands
physiological hydrostatic and
osmotic pressures

Develop new methods to print
vascular networks with structural
integrity to allow surgical
anastomosis

Cell sources

Tissue
vascularization

Tissue
innervation

Ability to print heterogeneous
tissues with integrated innervation
Generate inducible innervation
after transplantation with biologics
signaling

Create bioreactors that allow for
rapid tissue maturation

Develop quality control
assessment protocol
preimplantation

Tissue
maturation

oped in order to maintain high cell viability of
printed tissues over a long period of time allow-
ing the construct to be integrated in vivo. Finally,
new generations of bioinks with tunable mechan-
ical, rheological, and biological properties must
be formulated in order to achieve a fine balance
between tissue printability, structure, and func-
tion to support larger 3D printer organs for clini-
cal use [6, 111].

However, significant progress must be made
in preclinical animal studies and human clinical
trials before widespread adoption to address

unmet medical needs in the clinical arena. For 3D
bioprinting to be approved by regulatory authori-
ties (i.e., FDA), large animal preclinical studies
demonstrating safety and efficacy combined with
human clinical studies with long-term follow-up
are required.

10.7 Future Perspectives
and Summary

With rapid advances in 3D bioprinting, interdis-
ciplinary collaboration between biologists, engi-
neers, and clinicians is crucial to spearhead this
powerful technology to overcome clinical chal-
lenges and resolve unmet clinical needs in cra-
niofacial regeneration.

In summary, 3D bioprinting has the potential
to limit the use of animals in drug discovery and
testing; reduce the need to harvest autologous tis-
sues to repair and regenerate craniofacial, oral,
and dental defects; decrease the risk of rejection;
and enhance the generation of artificial craniofa-
cial tissues and organs such as salivary glands.
With the emergence of novel techniques includ-
ing 4D bioprinting using smart and programma-
ble materials to guide tissue regeneration, the
future of craniofacial regenerative medicine is
promising for both patients and clinicians.
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11.1 Maxillofacial and Orbital

Restoration

More than 200,000 maxillofacial and orbital
reconstruction surgeries were performed glob-
ally in the year 2019 [1]. The increasing need
for such surgeries is driven by complex trau-
matic injuries in high-velocity accidents that
result in the mutilation of the facial and orbital
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skeleton. In addition, these surgeries are aes-
thetically demanding. Any implants used to
meet these requirements must ensure good fit-
ment and restore the original contour of the
affected region. Moreover, they need to have
superior quality and reliability. At the same
time, they should be economical and can be
made available within reasonable time. The cur-
rent techniques for maxillofacial and orbital res-
torations are briefly discussed here.

11.1.1 Introduction

The use of bone graft continues to be the most
common method for handling complex maxillo-
facial defects. Based on the source, graft materi-
als are classified as autografts, allografts, and
xenografts. These serve as scaffolds for hard tis-
sue regeneration and ensure good quality, size,
and bone shape after healing.
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Autografts are considered the “gold stan-
dard” due to the absence of adverse immuno-
logical response [2]. The bone of the desired
size can be harvested from a donor site and
grafted at the recipient site after manually after
reshaping the same. It provides support, rigidity,
and stability at the grafted site, promoting new
bone formation and uneventful wound healing.
The primary graft harvesting sites of maxillofa-
cial region are chin, lateral ramus, maxillary
tuberosity, and anterior palate [3]; other com-
mon sites include fibula, iliac crest, calvarial,
and rib [4].

The main drawbacks of bone grafting are
additional iatrogenic trauma to the patient and
associated donor site morbidity. Mismatch of
bone porosity and strength with that at the graft-
ing site also influences the outcome during and
after the reconstruction surgery [5]. Bony substi-
tutes from other individuals of the same species
(allograft) and other species (xenograft) have
biocompatibility issues, risk of cross-infection,
and ultimately rejection. To overcome these limi-
tations, synthetic substitutes with alloplastic
materials have increasingly found a place in bony
reconstructions.

The alternative approach to bone grafting is
using standard metal plates of different shapes,
sizes, and thicknesses. These usually need to be
cut, bent, and twisted to conform to the bone’s
topology at the implantation site; however, per-
fect conformity is rarely achieved [6]. Many a
time these implants are weakened due to residual
stresses, and its fatigue life is usually compro-
mised due to bending and unbending a few times
during or before surgery (Fig. 11.1a, b). Further,
the hospitals need to maintain an inventory of
such implant system to match the diverse require-
ments of patients.

These limitations can be overcome by leverag-
ing the latest advancements in medical imaging,
computer-aided design, biocompatible materials,
and additive manufacturing technologies to cre-
ate patient-customized implants. Since these
implant systems are customized as per the need
of the patient, there are fewer chances of post-
surgery loosening, breaking, exposure, or infec-
tion [7, 8].

11.1.2 Maxillofacial Restoration

Maxillofacial bone restorations using bone grafts
or implants help to regain the original structure,
function, and aesthetics of the defected facial
skeleton. The defects can be caused by infec-
tions, tumors, wounds, congenital deformities, or
acquired defects [9].

The degree of comminution, displacement,
and amount of bone loss determines the type of
surgery. Maxillofacial fractures are classified as
Le Fort, naso-orbito-ethmoid, zygomaticomaxil-
lary complex, mandibular, frontal sinus, alveolar
process, and nasal bone fractures [10]. Bone
tumors in this region can be malignant or benign
maxillofacial bone tumors, odontogenic tumors,
odontogenic cysts, fibro-osseous and osteo-
chondromatous lesions, giant bone lesions, sim-
ple bone cysts, and hematolymphoid tumors [11].
Congenital deformities of the maxillofacial
region include craniofacial stenosis, facial clefts,
as well as Treacher Collins, oto-mandibular, and
craniofacial stenosis. Growth-related deforma-
tions include prognathism, hemimandibular
hyperplasias, and maxillary hypoplasia [12].
These conditions might arise due to maxillofacial
trauma, craniofacial pathologies, and congenital
malformation of the head and neck region.

During the surgery, the bone grafts or implants
are placed and positioned at the defect and held in
place by reconstruction plates anchored by screws
onto the residual native bone on either side of the
defect (Fig. 11.1c, d). A bone plate used for resto-
ration must have adequate length, width, and
thickness. Ideally it should be symmetrically
loaded from both sides with the fracture/defect at
the center. Their contour should match the topol-
ogy of bone and must neutralize bending, shear-
ing, twisting, and compressive loads on the bone
during static and dynamic stages of function [13].

11.1.3 Orbital Reconstruction
and Restoration

Orbital fractures result from physical impacts,
primarily due to road accidents and sports. The
primary objective of orbital bone restoration is to
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Fig.11.1 (a) Mandibular plate being bent on a double barrel fibula graft model, (b) mandibular plate made conformal
to single barrel fibula graft model by manually bending operations

keep the eye globe at the right place and restore
the orbital volume necessary for the proper func-
tioning of the eye [14].

Orbital bone defects are usually treated using
meshes and plates. The plates are primarily used
to fix broken bone pieces and meshes to restore
the orbital floor and volume. Titanium orbital
meshes are available as stock implants and pre-
formed meshes with one, two, and three wall
extensions. The bone plates are available in vari-
ous thicknesses, shapes, and sizes. The selection
of appropriate bone plate of mesh is based on the
type and location of the defect, then cut, bend,
and twist them to match the topology during the
preoperative planning and/or during actual sur-

gery [15].

11.1.4 Current Challenges

There are several challenges in maxillofacial and
orbital reconstruction surgeries depending on the
implants and the surgical methods along with the
longevity of restorations. Implant-related issues
rely on the material, design, manufacturing, and
usability of the implants under consideration.

The anatomical complexity of the maxillofa-
cial and orbital region makes it difficult to restore
the original aesthetics and functionality. Any dis-
placement and resorption of the implants can
cause infection, which may require revision
surgeries.

As mentioned earlier, 3D-printed patient-
customized implants can overcome the above
challenge. However, they require a high level of
expertise and coordination between medical and
engineering teams [16]. Compared to standard
implants, 3D-printed implants are associated
with longer lead time and higher costs [17]. It is
not easy to capture the fine details required for
designing these implants from computed tomog-
raphy (CT), scans, which can cause dimensional
inaccuracy in the manufactured implant [18].
This can potentially lead to improper restoration
and volumetric mismatch, resulting in impaired
vision [19]. Most of these implants are metallic,
causing artifacts in CT imaging required for fol-
low-up [20]. Some of these challenges can be
addressed by evolving a scientific approach and
the best practices for implant design and manu-
facturing, which are described next sections.

11.2 Design of Patient-
Customized Maxillofacial
Implants

Customized implants are designed based on the
medical image data of a particular patient. First,
the image data is segmented to obtain the region
of interest (ROI) and is converted into a 3D CAD
model using suitable medical modeling software.
The model is used for designing the implant,
keeping in mind manufacturability and other
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considerations. This is followed by design verifi-
cation and validation before manufacturing. The
key steps involved are described here.

11.2.1 Maxillofacial Imaging
and Modeling

Medical images are commonly acquired using
CT, since it is more suitable for bone than mag-
netic resonance imaging (MRI) and saved in
DICOM (Digital Imaging and Communications
in Medicine) format. The quality of CT images
depends on the detector configuration, tube cur-
rent, tube potential, reconstruction algorithm,
patient positioning, scan range, slice thickness,
and pitch [21].

For imaging maxillofacial and orbital regions,
special expertise is required considering thin
walls and underlying air spaces. In addition, it
involves a trade-off between image quality and
radiation dose to patients [22]. The latter can
cause radiation-induced tissue damage such as
skin erythema, baldness, and even tissue death;
and stochastic effects such as mutations lead to
cancer.

The DICOM files are 2D images (pixels),
which are converted into 3D images (voxels)
using suitable medical modeling software. The
region of interest (ROI) is obtained by segment-
ing out unwanted regions and using region-
growing algorithms. The thresholding uses the
Hounsfield value of the type of tissue under con-
sideration [23]. Each boundary pixel is examined
during region growing; if no edges are detected,
the pixel is added to the central region [24]. All
unwanted anatomical features that are not in con-
tact with the ROI are removed by creating a
mask. The masks can be edited to join unattached
regions to ROI and separate regions that are not
required.

The 3D voxel model is converted into stereo-
lithography (STL) file and transferred to medical
CAD software. The STL file is first repaired
(such as closing open faces); then the number of
triangles is optimized (to reduce the file size),
and the surface is smoothened (Fig. 11.2).

11.2.2 Implant Design
Considerations

The implant is expected to provide the desired
function, comfort, durability, and aesthetics. The
relevant design considerations, which are based
on mechanical, biological, and biomaterial fac-
tors and manufacturability, are mentioned below.

¢ Mechanical Factors: Maxillofacial implants
must have the adequate load-bearing capabil-
ity and yet prevent stress shielding of the adja-
cent bone; this requires the Young’s modulus
of the implant to be close to that of the bone
[25]. The type, magnitude, direction, and
duration of loading should be considered
while designing an implant [26]. Stretch-
dominated failure is considered better than
bend-dominated failures of implants [27].
Their design should minimize osteolysis and
implant loosening [28]. Articulating load-
bearing implants such as the temporomandib-
ular joint should have enough fatigue strength
to overcome cyclic forces due to masticating
actions [29], and resistance to wear of rubbing
surfaces between mandible condyle and man-
dibular fossa in the temporal bone [30]. The
joint motion range should be similar to that of
the natural joint and replicate all the degrees
of freedom exhibiting by it [31].

¢ Biological Factors: An implant is expected to
perform its intended function for a long time,
ideally the patient’s remaining life. It should be
designed for osteointegration, which helps in
preventing loosening, necrosis, and infection.
The suitable coating enables this and surface
treatments such as grit blasting, acid etching,
and anodizing [32], and inducing porosity in
design. Porous implants should have permea-
bility [32], tortuosity [33], topology [34], and
interconnectivity [35] to replicate the physical,
biological, and structural properties of bone.
These can be achieved by varying the relative
density, pore size, strut size, and lattice unit
structure of the implant [36].

e Biomaterial Factors: The implant material
must be biocompatible—it should not be toxic
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Fig. 11.2 (a) CAD model of defective anatomy with  right orbit (region of interest), (e, f) extracted orbital floor
right orbital fracture, (b) left-side healthy orbit superim-  on which implant is to be developed, (g) design of implant
posed over the right orbit by mirroring about the midsagit- ~ with geometry matching that of the extracted orbital floor,
tal plane using cephalometric method, (c) left and right  (h) final model of customized orbital implant

halves merged to obtain the original facial structure, (d)

or cause any systemic effect while simultane-
ously getting readily accepted by the body and
promoting osteointegration [37]. It has to be
resistant to corrosion during sterilization and
while inside the human body. Various types of
biomimetic and biocompatible coatings such
as hydroxyapatite [38], alumina, calcium
phosphate [39], and titanium oxide [40], as
well as surface texture alterations [41],
enhance the above properties of implants.
Implants can also be made of biodegradable
materials that have gradual solubility [42].
While bone does not generally bond with
metal, its attachment can be enhanced by
inducing porosity into implants [43]. This can

be easily achieved using additive manufactur-
ing techniques.

Manufacturability Factors: A well-designed
implant is useless unless it is produced with
the desired quality at an affordable cost. While
additive manufacturing provides great free-
dom in terms of the external shape and inter-
nal topology, it also imposes certain constraints
such as the need for support structures (for
overhanging features) that have to be removed
later. These can be avoided by designing
overhanging portions with an inclination
angle greater than 45° [44]. Porous implants
need to have provision to remove unmelted
powder particles from the pores. The design of
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orbital implants that have thin and delicate
features must be compatible with the dimen-
sional accuracy that the selected manufactur-
ing process can achieve and enable
post-processing operations such as heat treat-
ment, bead blasting, grinding, and grinding
polishing and machining [45]. Other design
constraints (considering additive manufactur-
ing) include overall size limits, surface qual-
ity, fabrication time, and total cost.

11.2.3 Design Verification
and Validation

Design review coupled with verification and val-
idation enables early identification and mitiga-
tion of potential flaws that could affect implant
quality and reliability (Fig. 11.3). This is appli-
cable and useful for standard implants, as per
FDA. In 3D-printed customized implants, it is
difficult to standardize the design process since
the implant geometry varies from patient to
patient. Hence, design verification and valida-
tion become even more important [46].

Design verification is a process of checking
each stage (during the design process) whether

the design output is compatible with input
requirements within an acceptable range [46].
The design verification for 3D-printed implants
can include the following steps.

e Virtual Assembly: The 3D CAD model of the
implant is superimposed over the anatomical
model of the patient to check the geometric fit
(shape and size). Software tools such as
3-Matic (Materialise, Belgium) show the posi-
tive and negative deviation between the two
models. The implant design is then corrected
to minimize discrepancy [46]. Figure 11.4
illustrates this for a customized orbital
implant.

e Finite Element Analysis (FEA): Tt is a proven
tool to reduce design cycle time and is per-
formed using commercially available software
such as Abaqus, Ansys, and Comsol. It
involves preprocessing of implant model
(mesh generation, imposing loads, boundary
conditions, and material properties), computa-
tion of strains and stresses, and post-process-
ing to view the results. The results can be
improved by the coarse meshing of noncritical
regions and finer meshing of critical areas
[47]. The FEA has been successfully employed

Design Review

Design
Input E>

User [>
Requirement

Design
Process E>

Design

Medical
Output [>

Device

| -

Design Verification

pu—

Design Validation

Fig. 11.3 Design control model for developing a medical device
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to design customized mandibular implants
under chewing conditions [48].

* Rapid Prototyping (RP): This involves fabri-
cating plastic prototypes of the implant and
the anatomical model of the patient, using
3D printing techniques such as fused deposi-

Fig. 11.4 Virtual assembly of an orbital implant on the
anatomical model

tion modeling [47]. The models are assem-
bled to verify the function and fit. They also
aid clinicians in visualizing the defects and
rehearsing the surgery. The implant design is
revised, if needed, to achieve the desired
results [48]. Figure 11.5a, b show the plastic
orbital implant and assembly on the orbital
model.

For design validation, the manufactured
implant is 3D scanned, and the scanned model is
superimposed on the original CAD model to
check that any deviations are within the accept-
able range [49]. Further validation can include
mechanical testing of the implant prototype and
checking the postoperative CT images of the
patient [47]. Figure 11.6 shows the postoperative
CT images of orbital floor reconstruction surgery,
which indicate good conformance of the implant
with the orbital floor.

Fig. 11.6 Postoperative CT images showing the position of orbital implant in (a) coronal plane and (b) sagittal plane
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11.3 Fabrication of Customized
Implants

Customized maxillofacial and orbital implants
having complex geometries can be fabricated in
metallic materials using 3D printing techniques,
followed by post-processing (such as machining
and heat treatment) and quality checks (inspec-
tion and testing). The relevant materials, pro-
cesses, and equipment are briefly described in
this section.

11.3.1 Biocompatible Materials

Some of the biocompatible metallic materials are
suitable for fabricating orthopedic implants.
Stainless steel (S.S. 316L), cobalt-chromium
(Co-Cr), commercially pure titanium (CP-Ti),
and titanium-6 aluminum-4 vanadium extra low
interstitial (Ti-6Al-4V ELI) are among the most
widely used metallic materials for maxillofacial
and orbital implants [50]. Table 11.1 compares
these biocompatible metallic materials for use in
maxillofacial and orbital implants [50-53].

Table 11.1 Comparison of S.S. 316L, Co-Cr, and
Ti-6Al-4V ELI as biocompatible materials

Material Advantages Challenges
S.S.316L  Oldest and most Medium
used biocompatibility
Easily available High Young’s
High machinability modulus
Low cost Stress shielding
Medium corrosion
and wear resistance
Co-Cr High High Young’s
biocompatibility modulus
Load-bearing Stress shielding
ability Poor
Corrosion and wear osteointegration
resistance
Ti-6Al-4V  High Presence of
JELII biocompatibility aluminum and
Corrosion vanadium
resistance Poor machinability

Low Young’s
modulus (in metals)
High
osteointegration

11.3.2 Metal 3D Printing of Implants

Additive manufacturing, more popularly known
as 3D printing, allows rapid fabrication of com-
plex and organic shaped components in small
order quantities, making it an attractive route for
customized devices. For metal implants, powder
bed 3D printing technologies such as selective
laser sintering (SLS), selective laser melting
(SLM), direct metal laser sintering (DMLS), and
electron beam melting (EBM) can be used [54].
The energy source (laser or electron beam) melts
a layer of metal powder up to a small depth (typi-
cally 20-100 pm). Once the layer solidifies, sub-
sequent layers are spread and melted till the
entire part is built up (Fig. 11.7). These technolo-
gies are briefly described here.

e Laser-Based 3D Printing: In these pro-

cesses, the energy density influences the melt
pool quality, which affects the mechanical
and physical properties of the fabricated part
[55]. The energy density is directly propor-
tional to laser power; it is inversely propor-
tional to laser velocity, laser diameter, hatch
distance, and layer thickness. Pressurized
inert gas flows over the melt pool and low
substrate temperature (below 200 °C); the
resulting martensite («') makes the implants
hard and brittle. Fast cooling rates, up to
10 K s~! [56], also result in thermal stresses
and warpage [57]. This makes it difficult to
fabricate thin implants such as orbital floors,
requiring optimal orientation and process
parameters.
EBM-Based 3D Printing: In these processes,
energy density is directly proportional to the
beam current and cathode voltage; it is
inversely proportional to scanning velocity,
spacing, and layer thickness [58]. The build-
ing chamber’s preheating up to 700 °C causes
slow cooling of the printed implants, resulting
in alpha (a) and beta () microstructures, low
residual stresses, and high elastic properties.
The metal powder used for EBM is coarser
compared to that used for laser-based tech-
nologies, leading to rougher surfaces [59].
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Fig. 11.7 Working principle of powder bed fusion technology

In general, the selection of a 3D printing tech-
nique can be made based on raw material to be
used, physical form of the raw material, surface
quality, accuracy of printing, cost, and lead time.
The post-processing techniques and equipment
also may need to be considered [60], described
next.

11.3.3 Post-processing of Implants

The 3D-printed implants usually need to be pro-
cessed further to achieve the desired surface
roughness, density, hardness, strength, micro-
structure, etc., to meet the specific functional
requirements of maxillofacial and orbital cases.
These processes include the following.

e Heat Treatment: It is primarily meant for
stress-relieving thermally stressed implants
and annealing for microstructure improve-

Powder Dispenser

ment [61]. Implants made using laser-based
technologies always have o’ microstructure,
which has to be converted to o + 3 form before
using in any patient [62]. A vacuum furnace or
a muffle furnace is employed for the heat
treatment operations, in which the thermal
cycles for stress relieving and annealing are
determined as per the standards [63].
Support Removal: Implants are removed
from the substrate (on which they are built)
using the wire EDM process. The remaining
support structures on the implant are removed
using bench vice, pliers, nibblers, hammer,
chisel, files, etc. This must be done carefully,
without scratching or damaging the implant.
Surface Smoothening: The 3D-printed
implants possess varying surface roughnesses,
with side surfaces rougher than top ones [64].
To make all surfaces uniformly smooth, abra-
sive blasting, tumbling, and grinding opera-
tions are performed [45]. The abrasive
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particles used operations must be biocompati-
ble and non-reacting with the implant
material.

e Polishing/Buffing: The implants that need to
be very smooth (such as articulating surfaces
in TMJ and hip joint) to prevent wear, metal
debris, and ions that cause harmful effects to
tissues [65] are polished and buffed to obtain
the required surface finish.

¢ Pickling and Anodizing: The above opera-
tions result in surface contamination with
shop floor grease, dust, inorganic and organic
fluids, abrasive particles, and oxidation and
corrosion. Pickling thoroughly cleans the sur-
faces by dissolving the impurities. This is
immediately followed by anodizing to
improve the aesthetics, make passive surfaces,
redefine the oxide layer, or impart nanotubes
on the surface [66]. It is also useful for color-
coding of implants to indicate different sizes
and thicknesses.

¢ Cleaning and Packaging: A multistage ultra-
sonic cleaner with distilled water, isopropyl
alcohol, and other cleaning agents at elevated
or room temperatures removes dirt from the
outer surfaces of the implants and even from
deep holes and cracks using cavitation action
[67]. This is immediately followed by steril-
izing and packaging in a 10,000-class clean-
room or equivalent as per standards and
relevant guidelines.

11.3.4 Inspection and Testing

Inspection 3D-printed implants, being class III
devices, pose a high risk to human safety. Hence
their quality and reliability need to be assured
through various inspection and testing protocols.
Furthermore, since these implants are made one-
off (customized for a single patient), nondestruc-
tive techniques (NDT) are employed for the
purpose.

Inspection of 3D-printed implants includes
visual, internal, and external testing and surface
roughness tests. Some limitations are imposed
due to part complexity, thin layer build, and high

surface roughness. The roughness makes the flu-
orescent liquid penetrant test, electromagnetic
test, and ultrasonic test very difficult. In addition,
the textured surfaces are often mistakenly identi-
fied as cracks. This makes visual inspection
subjective.

Due to the above limitations, implant manu-
facturers rely on digital radiography (DR) and
computed tomography (CT) to inspect 3D-printed
implants. These techniques are useful for gross
defect detection and geometry validation.
However, layer-level defects are difficult to detect
due to the low resolution of both methods.

Another method to check the integrity of
3D-printed parts is Process Compensated
Resonance Testing (PCRT). Its mass, stiffness,
and geometry determine the resonant frequency
of a part. In the presence of a structural defect,
the paralysis of a part changes, changing its reso-
nant frequencies. In some studies, PCRT has
been used to detect unacceptable levels of cracks,
porosity, lack of fusion, and suboptimal heat
treatment in additively manufactured parts [68,
69]. In addition, it is a relatively fast process,
requires no chemicals, and produces no waste.

Testing As suggested by US-FDA, perfor-
mance tests conducted on 3D-printed medical
devices must be the same as the devices made
using a conventional manufacturing process.
The testing may involve checking the material
properties such as yield strength, ultimate
strength, creep, fatigue, and abrasive wear. For
orthopedic implants, fatigue life (the number of
loading cycles until failure) and how the
implant influences the adjacent tissue are also
important [70].

In general, additive manufacturing produces
anisotropy in part depending on the build direc-
tion and location within the build space. This
should be considered in mechanical testing of
the device since the properties will change based
on the orientation and build location. For exam-
ple, in powder bed fusion systems, the distance
between the energy source and different loca-
tions within the build space (i.e., center vs. cor-
ner) can cause variation in the mechanical
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properties of devices built in those locations. A
baseline study should be carried out to deter-
mine the effect of process parameters on
mechanical testing. If found significant, the
worst-case samples must be identified for
mechanical testing.

Ideally, the implants should undergo perfor-
mance testing. It is however difficult to replicate
body forces on the implants considering their
complex geometry. Since destructive testing of
customized implants is not economically feasi-
ble, FDA suggests using test coupons or repre-
sentative test samples of the device. An adequate
justification should be provided as to how a cou-
pon represents the final device in terms of critical
design elements and post-printing processes. The
test coupons or samples are also useful for pro-
cess validation and identifying the worst-case
conditions, including orientation and build loca-
tion [71].

11.4 Case Studies

One maxillofacial and one orbital restoration
case study are presented here to illustrate the
design, fabrication, and testing procedures

described earlier. The maxillofacial case study
covers presurgery steps, and the orbital case
study covers the implantation and post-surgery
steps.

11.4.1 Maxillofacial Restoration

* Background: A female patient, aged 34 years,
had deformed mandible bone and was suffer-
ing from a benign tumor for which she had
undergone multiple surgeries. The CT scan at
the time of the study showed that mandibular
reconstruction had been carried out using an
iliac crest graft. The CT scanning had a pixel
size of 0.32 mm; the slice thickness as well as
slice increment were 0.67 mm each. A cus-
tomized implant was developed for this
patient, as described here.

* Segmenting: The region of interest was
obtained by segmenting the DICOM file of
CT scanning, creating a 3D model of the
region, and exporting as an STL file. For this
purpose, a medical modeling software
(Mimics 15.0, Materialise, Belgium) was
employed, and the steps mentioned in Sect.
11.2.2 were followed (Fig. 11.8). As a result,
the fractured segment of the reconstructed
bone (iliac crest) on the left side and the
healthy native mandible on the right side can
be seen in the figure.

e Surgery Planning and Implant Design:
The STL file was imported into a design soft-
ware (3-matic 7.0, Materialise, Belgium) for
virtual surgery planning (Fig. 11.9). The sur-
geon marked the boundary lines for mandib-
ular resection. The healthy right side

Fig. 11.8 (a) Coronal view of the CT scan, (b) 3D model of the segmented region of interest showing the defect in the

left region of the mandible
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Fig. 11.9 (a) Markings by the surgeon to decide the
resection area of the mandible, (b) region of interest (ROI)
after the resection, (¢) mirroring of the right side of the
mandible on the left side, (d) conversion of the mirrored

mandible was mirrored and superimposed on
the diseased left side to achieve anatomical
symmetry and aesthetics. The model thus
generated acted as a framework to design a
customized implant for mandible restoration.
Screw holes were incorporated in the implant
for fixing it to the mandible. The implant is
expected to reduce operation time and asso-
ciated complications.

e Stress Analysis: The CAD files of the man-
dible framework and the implant were
imported into the FEA software Ansys
Workbench 2020 (Ansys Inc, Pennsylvania,
USA) for stress analysis (Fig. 11.10a). The
models were assigned the cortical bone and
Ti6Al4V ELI alloy properties, respectively
(Table 11.2). For approximating the screw
connection between bone and implant, the
contacts between them were defined as
bonded, and other boundary conditions were
applied [48]. Table 11.3 shows the magnitude
and direction of muscular forces (involving
masseter, medial pterygoid, and temporalis)
used in the analysis to simulate the chewing
operation. Both condyles were fixed to simu-

portion into the implant body, (e) ROI with virtual
implant, (f) provision of screws for proper positioning and
fixing the implant on the mandible

late the biting conditions, and the molar
movement was constrained in Z-direction,
allowing displacement in X and Y directions
(Fig. 11.10b). The FEA results (Fig. 11.10c)
showed that the maximum von Mises stress
(383 MPa) was in the implant region, but it
was significantly less than the yield strength
(790 MPa) of the implant material.
Furthermore, the maximum strain value
(0.0042) in the model was found to be away
from the screw holes (Fig. 11.10d), indicat-
ing safe transfer of load through the screws,
indicating a low probability of screw loosen-
ing and implant instability. A mesh conver-
gence study was carried out on five element
sizes (Fig. 11.11a), based on which a mesh
size of 1.6 mm was selected to optimize the
computational time and error (Fig. 11.11b).

3D Printing and Post-processing: The
implant was 3D-printed in Ti64-ELI alloy
using DMLS technology (model M280, EOS
GmbH, Germany), using the default printing
parameters as described in Sect. 11.3.2. The
as-built implant after removal from the build
chamberis showninFig. 11.12a. Figure 11.12b
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Fig. 11.10 (a) CAD files of mandible and implant imported in Ansys Workbence software, (b) boundary conditions
and forces applied on the assembly, (c¢) stress distribution, (d) strain distribution

Table 11.2 Material properties used in FEA [48] ing and polishing, followed by ultrasonic

Young’s Yield cleaning, pickling, and anodizing the implant,
modulus Poisson’s  strength as shown in Fig. 11.12d.

Material (MPa) ratio (MPa)

Ti-6A1-4V ELI 113,800 0.342 790

(Grade 23)

Cortical bone 13,700 03 122 11.4.2 Orbital Restoration

Table 11.3 Magnitude and direction of muscle forces in
Newton [48]

e Background: This case involved a 34-year-
old male patient with a complex orbital floor
fracture on the right side. The CT scanning

Muscle forces X-direction Y-direction Z-direction

Masseter 50 =50 200 was carried out with a pixel size of 0.5 mm,
Temporalis 0 100 200 and both slice thickness and slice increment
Medial pterygoid 0 =50 100

had values of 0.625 mm. The medical model
segmentation, virtual surgery planning,

shows the implant after removing it from the
build platform using wire EDM and manual
support removal as described in Sect. 11.3.3.
The implant was checked for fitment on a
3D-printed mandibular anatomical model
(Fig. 11.12¢) to validate the design. A similar
model was also supplied to the surgeon for
preoperative planning. Finishing operations
included grinding, centrifugal tumbling, buff-

implant design, stress analysis, 3D printing,
and post-processing steps were similar to the
maxillofacial case study described earlier and
are omitted here for brevity. However, the
implantation and post-surgery follow-up are
described here.

Surgery Planning and Implantation: The
surgeon used the 3D-printed anatomical
model and orbital implant for preoperative
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Fig. 11.11 (a) Mesh convergence study, (b) model meshing (11,857 nodes, 39,718 elements)

surgery planning as discussed in Sect. 11.2.3
and Fig. 11.5. The orbital implant was surgi-
cally placed into the patient’s eye to support
the eye globe and restore the orbital volume.
The actual surgery was performed using a
trans-conjunctival approach to reach the
orbital floor. After exposure to the floor, the
globe was gently retracted up to expose the

Fig.11.12 (a) 3D-printed implant on the build plate along with support structure, (b) semifinished implant, (c¢) design
validation of the implant, (d) final device ready for implantation

fracture of the rim and defect in the floor. The
orbital implant was then placed in the correct
position as planned earlier and fastened to
the rim using titanium screws (Fig. 11.13). It
was also ensured that the implant edges were
seated on a sound bone to avoid the prolapse
of the implant into the underlying airspace
and cantilevering. Finally, the operated area
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SR

Fig. 11.13 Surgical implantation of the patient-

customized orbital implant

was covered back with the soft tissues and
stitched.

Post-surgery Follow-Up: The restoration
surgery was followed up to ascertain the
outcome and track the condition of the
patient. Figure 11.14 shows the pre- and
post-surgery photographs of the patient. It is
clear that the sunken eye globe was restored
in terms of position and projection. A post-
operative CT scan was performed to check
the position of the implant and track the
condition of the construct (Fig. 11.15).
The images confirm the correct placement
of the customized orbital implant at the
intended location, aligning the affected eye
with the normal one.

Fig. 11.14 Photographs of the patient, (a) presurgery with sunken eye globe and, (b) post-surgery with the eye globe

raised back to the original level
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Fig.11.15 Postoperative CT images showing the orbital implant position in (a) coronal plane and (b) sagittal plane for
validation. The implant is conformal to the bone and is supporting the eye globe as required

11.5 Regulations and Future

All medical devices are regulated, certified, and
licensed by the regulatory bodies of the respec-
tive countries. They allow developers to manu-
facture, import, export, store, and sell the devices
in the local market. While most countries have
their own regulatory agencies and procedures,
some also recognize or follow the relevant guide-
lines laid out by US-FDA for medical devices
[72]. The regulatory landscape in the context of
customized 3D-printed maxillofacial and orbital
implants is briefly described here, followed by
new trends in this field.

11.5.1 Regulatory Landscape

As per US-FDA, medical devices are categorized
as Class I (low risk), Class II (moderate risk), and
Class III (high risk), based on the intended use
and potential level of risk to the life of patients.
Most implantable devices, including maxillofa-
cial and orbital implants, come under Class III,
requiring premarket approvals and stringent con-
trol by regulatory bodies [73].

The above requirements apply to mass-
produced standard implants. While patient-
specific customized implants are exempted from
regulations, they are expected to comply with
standard practices to ensure the safety of the
patients. The standard practices include good

manufacturing practices (GMP) along with qual-
ity management system (QMS), good clinical
practices (GCP), and good laboratory practices
(GLP).

The manufacture of customized 3D-printed
orthopedic implants is required to be carried out
in accordance with relevant international stan-
dards [62, 74—80]. Therefore, the device develop-
ers need to maintain a “medical device file” or
dossier. It includes signed records of product
description, intended use, market need assess-
ment, ideas and proofs-of-concept, project feasi-
bility assessment, prototypes and final product
designs, safety and efficacy analysis, and risk
analysis [81]. In addition, design verification and
validation, design reviews, quality system assess-
ment, technology transfer, etc. also need to be
maintained so that they can be presented to the
regulatory body as and when required [82].

The dossier should also contain the proce-
dures, equipment, and results of mechanical,
electrical (not required for passive implants), and
biological tests. Mechanical testing ascertains the
suitability of a medical device to bear all kinds of
mechanical loads as per international standards.
In the case of 3D-printed implants, the testing of
its porosity, density, hardness, and microstructure
ensures that it has properties close to the wrought
material used in standard implants [83, 84].
Maxillofacial and orbital implants are Class III
medical devices required to undergo biological
evaluation through in vivo and in vitro tests. This
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ensures that the raw material, manufacturing pro-
cess, and post-processing operations do not
adversely affect the living cells.

To prove that an implant is free of side effects
and is safe for the patients, human clinical trials
are performed on a controlled number of volun-
teer patients after obtaining approvals from the
institution ethics committee and regulatory bod-
ies. These results are also recorded in the medical
device dossier to support the reliability of the
implant. In addition, a medical device quality
management system as per ISO 13485 adds sig-
nificant weight to the application submitted by
the device developer to the region’s regulatory
body.

11.5.2 Future Trends

Clinicians are always looking for innovative
medical devices with improved accuracy, effi-
cacy, quality, reliability, usability, and affordabil-
ity. For this purpose, they are increasingly
collaborating with scientists and engineers, and
such teams are leveraging the technologies and
advancements in medical imaging, computer-
aided design, additive manufacturing, virtual
reality (VR), augmented reality (AR), tissue
engineering, and regenerative medicine. Some of
these developments and practical applications are
already underway.

In particular, VR and AR are becoming popu-
lar for diagnosis, preoperative planning, surgery,
and training through real-time navigation. They
enable creating a virtual, augmented, haptic, and
supportive environment for performing surgery
in less time with improved outcome quality.
Hospitals and clinical setups are adopting these
technologies for dental implantology, orthogna-
thic surgeries, orbital floor restorations (in case
of blowout fractures), mandibular and maxillary
restoration after tumor, and other bone deformi-
ties resections [85, 86]. The use of virtual surgi-
cal planning and 3D printing for patient-specific
implants is becoming the gold standard in orbital
reconstruction to restore pupillary level, orbital
volume, aesthetics, and function. Intraoperative

CT scans and real-time navigation enable precise
surgical guides and implants, leading to better
surgical outcomes. However, many of these tech-
nologies are still evolving and yet to reach the
majority of hospitals, especially those in small
towns [87]. Their affordability for patients in
economically weaker sections of society is also a
challenge that needs to be addressed.

Among the biomaterials available today for
orthopedic implants, it is difficult to find one that
fulfills all the biomechanical requirements of
natural bone. Research trends in new biomateri-
als include 3D-printed metal-polymer-based
porous maxillofacial implants having the same
structure and mechanical properties as the origi-
nal bone, capable of withstanding deglutition and
masticatory stresses [87]. More biomaterials are
also being continuously developed, although
proving their biocompatibility is a long and ardu-
ous task.

In this context, tissue engineering and regen-
erative medicine hold much promise. These are
driven by the development of new biomaterials
coupled with new processing equipment to grow,
heal, and replace damaged tissues. The new tis-
sues are grown at the defective sites using scaf-
folds, cell culture (such as mesenchymal stem
cells and bone marrow-derived mesenchymal
stem cells), and growth factors, leading to bone
regeneration similar to the parent bone at that site
[88]. This is expected to significantly change the
treatment protocols in the domain of maxillofa-
cial and orbital restorations [89]. In the future, in
situ 3D bioprinting technology may enable direct
deposition of biomaterials at the implantation site
to create the desired constructs [90]. This opens a
wide door for research collaborations, innovative
solutions, and clinical applications.
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12.1 Introduction

Visualising and comprehending the internal root
structure and tooth shape are critical for success-
ful endodontic treatment [1]. As a result, the
emergence of 3D imaging, 3D virtual planning,
and 3D printing has generated considerable atten-
tion. The surface scanner and cone-beam com-
puted tomography (CBCT) are used to acquire
the digital data. Following that, the data is pro-
cessed and designed using a software tool.
Finally, the object is fabricated utilising additive
manufacturing processes, which entail selective
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curing or binding of material in consecutive ver-
tical layers that fuse together. It is possible to
manufacture identical objects with geometrically
complex shapes and varying cross-sectional
form, density, colour, or mechanical properties
[2]. Endodontics has benefited from the accep-
tance and application of 3D printing in treatment,
education, and research [3]. A total of 73 articles
were extracted following a full-text reading
utilising the following phrases and Boolean oper-
ators in a PubMed literature search until August
31, 2021: (((3d printing) or (rapid prototyping))
or (directed)) or (targeted)) and (endodontics).
Five of them were reviews focusing on endodon-
tics (Table 12.1). The remaining articles contain
case reports, clinical research and in vitro experi-
ments (Tables 12.2, 12.3, 12.4 and 12.5) about
the following applications mentioned in Fig. 12.1.
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Table 12.1 PubMed-based review articles on 3D printing in endodontics
Serial
number Authors Year Journal Title
1. van der Meer W.J. 2016 Journal of Dentistry 3D Computer-aided treatment planning in
etal. [51] endodontics
2. Anderson J. etal. 2018 [International Endodontic applications of 3D printing
[1] Endodontic Journal
3. Shah P. and Chong 2018 Clinical Oral 3D imaging, 3D printing and 3D virtual planning
B.S. [2] Investigation in endodontics
4. Cheng Q. and Xia 2019 Zhonghua Kou Qiang Yi Research and application of three-dimensional
W.W. [52] Xue Za Zhi printed template in endodontics
5. C. Moreno-Rabi¢ 2020 [International Clinical applications, accuracy and limitations of
[53] Endodontic Journal guided endodontics: a systematic review
6. Lio F. et al. [54] 2021 J Biol Regul Homeost ~ Guided endodontic microsurgery in apicoectomy:
Agents a review

12.2 Guided Endodontic Access

Luxation injuries account for 15-61% of trau-
matic dental injuries and most frequently involve
the anterior maxillary teeth [4]. It has an effect on
the periodontium as well as the pulp. The fate of
the pulp tissue is determined by the severity of
the trauma and the developmental status of the
injured tooth’s root [5]. Pulp necrosis occurs as a
result of severe injuries and a closed apex [6].
Mild injuries or immature teeth result in the sur-
vival of the pulp and subsequent revascularisa-
tion or healing of the pulp. As a result, dentin
deposition is accelerated, and pulp canal calcifi-
cation (PCC) or obliteration occurs (PCO) [7].
PCC occurs at an incidence rate of 10% follow-
ing a dental trauma and is most frequently seen in
lateral luxations (71%), followed by extrusions
(61%) [7]. It can also occur due to chronic caries,
restorations, orthodontic treatment, ageing, and
procedures involving vital pulp therapy. PCC
(pulp space narrowing or obliteration) is most
severe coronally and decreases towards the root
apex [8]. It is a sign of pulp healing and, with the
exception of discoloration, is asymptomatic.
Endodontic treatment is necessary only when
clinical or radiographic evidence of pulp necrosis
exists which is a late complication of PCC that
occurs several years after the initial diagnosis [9].
Locating and negotiating such canals require a
specialist with anatomical knowledge, mental
visualisation in three dimensions, and a steady
hand to drill in the anticipated canal opening

direction. According to the AAE case difficulty
assessment criteria, this becomes quite difficult
and is classified as a high difficulty category [10].
The access opening may cause significant tooth
destruction, perforations, canal deviation, and
instrument separation [11]. It is recommended to
use a surgical operating microscope and cone-
beam computed tomography (CBCT). CBCT
assists the operator in visualising the affected
tooth in three dimensions and is a reliable method
of detecting root canal anatomy. However, the
operator must interpret and create a mental 3D
map to perform the practical task free hand. It all
comes back to the operator’s ability to locate the
canal without causing iatrogenic errors. This pro-
longs the duration of the treatment and still
results in overpreparation. As a result, a novel
channeled technique was developed for apically
extended access cavity preparations based on the
design and principles of guided implant surgeries
[12]. It uses 3D printing technology to create cus-
tomised guides and is referred to as guided or tar-
geted endodontics (Fig. 12.2).

The procedure is simple and begins with
acquiring a limited field CBCT image set to the
smallest voxel size specified by the planning pro-
gramme. The parameters chosen should result in
the least amount of radiation exposure possible to
the patient while still obtaining the best imaging
result possible to facilitate optimal planning. The
CBCT images are stored as Digital Imaging and
Communication (DICOM) files. The surface
scans are performed using a 3D intraoral (direct)
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Table 12.2 PubMed articles on guided endodontic access

Serial

number Authors

1.

10.

11.

12.

13.

14.

15.

16.

Alvaro
Zubizarreta
Macho et al.
[55]

Krastl G. et al.
[13]

M.S. Zehnder
et al. [18]

J. Buchgreitz
et al. [56]

Wicher J. van
der Meer et al.
[51]

Thomas
Connert et al.
[20]

Jesus Mena-
Alvarez et al.
[57]

J. Buchgreitz
et al. [58]

Warley Luciano
Fonseca Tavares
et al. [59]

Sonia T. de

O. Lara-Mendes
et al. [60]

Sonia T. O.
Lara-Mendes
etal. [61]

Ankit Nayak

et al. [62]

A. Torres et al.

[63]

J. Buchgreitz
et al. [64]
Bruna de
Athayde
Casadei et al.
[65]

Thomas
Connert et al.
[19]

Year

2015 The Journal of the
American Dental

2016

2016

2016

2016

2017

2017

2018

2018

2018

2018

2018

2018

2019

2019

2019

Journal

Association

Dental
Traumatology
International
Endodontic
Journal
International
Endodontic
Journal
Journal of
Dentistry

Journal of
Endodontics

Journal of
Esthetic and
Restorative
Dentistry
International
Endodontic
Journal
Journal of
Endodontics

Journal of
Endodontics

Journal of
Endodontics

Journal of
Engineering in
Medicine
International
Endodontic
Journal
Journal of
Endodontics
Australian
Endodontic
Journal

Journal of
Endodontics

Type of study
Case report

Case report

In vitro study

Ex vivo study

Case report

Ex vivo study

Case report

Observational

study

Case report

Case report

Case report

In vitro study

Case report

Case report

Case report

In vitro study

Tooth involved
Macxillary
lateral incisor

Maxillary
central incisor
Single-rooted
teeth

Multiple teeth

Anterior teeth

Mandibular
anterior teeth

Maxillary
central incisor

Multiple teeth

Anterior teeth

Maxillary

molars

Maxillary
central incisor

Single-rooted
teeth

Maxillary
lateral incisor

Maxillary first
molar
Maxillary right
second
premolar

Incisors

Drill used
Diamond burr surface (882
314 012, Komet Medical)

Straumann drill for
tempimplants
Straumann drill for
tempimplants

Spiral Bur

Munce bur number 2

Specially designed bur had a
total length of 28 mm with a
working length of 20 mm,
and the diameter was

0.85 mm

A dental diamond bur
featuring a 1.2 mm diameter
and length of 14 mm

Modified Spiral Bur
Neodent drill for
tempimplants
Prototyped guide
Neodent drill for
tempimplants

Spiral bur

Size 1 Munce Discovery bur

Spiral Bur

Neodent drill for

tempimplants

Muller bur

(continued)
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Table 12.2 (continued)

Serial

number Authors

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Jana Kostunov
et al. [66]

Lucas Moreira
Maia et al. [67]
Cyril Perez

et al. [68]

Jorg Philipp
Tchorz et al.
[69]

Marco Anténio
Z. Loureiro
et al. [70]

Ralf Krug et al.
[71]

Amanda
Stephanie Silva
etal. [72]

Ralf Krug et al.
[15]

Warley Luciano
et al. [73]

Wadim
Leontiev et al.
[74]

Marc Llaquet
Pujol et al. [75]

Jacob C. Simon
etal. [76]
Randolph Todd
et al. [77]

Andres Torres
etal. [17]

Year
2019

2019

2019

2019

2020

2020

2020

2020

2020

2021

2021

2021

2021

2021

Journal

Journal of
Endodontics

Journal of
Endodontics
Australian
Endodontic
Journal

International
Journal of
Computerized
Dentistry
Journal of
Endodontics

International
Journal of
Computerized
Dentistry
Journal of
Esthetic and
Restorative
Dentistry
Head and Face
Medicine

Photodiagnosis
and
Photodynamic
Therapy
Journal of
Endodontics

Journal of
Endodontics

Journal of
Endodontics

The Journal of the

American Dental
Association
Journal of
Endodontics

Type of study
In vitro pilot
study

Case report

Case report

Case report

Ex vivo study

In vitro study

Case report

Case report

Case report

In vitro study

Case report

Pilot study

Case report

Case report

Tooth involved
Acrylic
typodont teeth
(incisors,
premolars, and
molars)

Molar and
premolars
Maxillary first
molar

Mandibular
central incisor

Mandibular
incisors and
maxillary
molars
Incisors

Left upper
lateral Incisor

Multiple teeth

Maxillary
anterior

Anteriors and
premolars
Maxillary
anteriors
Posterior teeth

Maxillary
lateral incisor

Maxillary
second
premolar

Drill used

Special guided endodontic
burs

Neodent drill for
tempimplants

Drill 0.75 mm in diameter
and 22 mm in length
(FFDM-Pneumat®, Bourges,
France)

Carbide bur with a diameter
of 1.2 mm

Milling cutter 1.3 mm in
diameter and 20-mm long

3D-printed template and bur

Drill with a diameter of
1.3 mm and a length of
20 mm

Customized drill
(diameter = 1.0 mm,
steco-system-technik
GmbH)

Not mentioned

Carbide bur (Endoseal drill)

Customized

(Iength =21 mm and
diameter = 1 mm)
cylindrical diamond bur
Laser at 100 Hz

A 24 mm bur

Size 2 Munce discovery bur
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Table 12.3 PubMed articles on 3D-printed surgical guides

Serial Article
number  Author Year Journal type Tooth involved
1. Harold M. Pinsky 2007 Journal of Endodontics In vitro Multiple teeth
etal. [78] study
2. James K. Bahcall [79] 2014 Compendium of Continuing Not known Not known
Education in Dentistry
3. S. Patel et al. [26] 2017 International Endodontic Case report Soft tissue retraction for
Journal maxillary central incisor
4. Georg D. Strbac et al. 2017 Journal of Endodontics Case Maxillary first molar and
[22] reports second premolar
5. C. Michelle 2018 Journal of Endodontics Case Multiple teeth
Giacomino et al. [23] reports
6. Shangzu Ye et al. [80] 2018 BMC Oral Health Case Maxillary lateral incisor
reports and canine
7. So-Yeon Ahn et al. 2018 Journal of Endodontics Case report Mandibular first molar
[81]
8. L. Peng et al. [82] 2018 Journal of Peking University In vitro Upper anterior tooth
study
9. Kim J.E. [25] 2019 Restorative Dentistry and Case report Maxillary central incisor
Endodontics
10. Shira Ackerman et al. 2019 Journal of Endodontics In vitro Multiple teeth
[83] study 48 roots
11. Eveline Sutter et al. 2019 International Journal of Case report Mandibular first molar
[84] Computerized Dentistry
12. Yuehong Fan et al. 2019 Journal of Endodontics In vitro Multiple teeth
[85] study 42 roots
13. P. Avantaggiato et al. 2020 Journal of Biological Case report Maxillary first molar
[86] Regulators and Homeostatic
Agents
14. Roy George et al. [87] 2020 Australian Endodontic Journal Case report Mandibular second
premolar
15. Warley Luciano et al. 2020 Journal of Oral and Case report Maxillary second
[88] Maxillofacial Surgery premolar
16. Hawkins T.K. [89] 2020 International Endodontic Original Surgical simulation model
Journal article
17. Gary Benjamin et al. 2021 Journal of Endodontics Case Multiple teeth
[90] reports
18. Arianne Galino etal. 2021 Journal of Endodontics Clinical Multiple teeth
[24] research

or laboratory (indirect) surface scanner, and the
data is saved as surface tessellation language
(STL) files. Since the planning process requires a
three-dimensional model of the teeth’s roots (the
CBCT dataset) and a three-dimensional model of
the teeth’s crowns (the digital imprint), these two
models are combined and superimposed. The
planning software enables the creation of a vir-
tual drill path leading to the target position in the
root where the canal is first visible. Additionally,
a virtual sleeve is created for guidance with a
slightly larger internal diameter, and a length

determined by the patient’s mouth opening (about
5-7 mm) [12]. After superimposing the virtual
bur on the tooth, direct access to the root canal’s
apical third is gained. Finally, a virtual template
is created and printed using 3D software. The
guide utilises the dentition to provide stable ana-
tomical fixation (Fig. 12.3).

This technology has been mentioned in
numerous case reports where it has been used
to treat pulp canal obliteration and anatomical
variations in permanent anterior teeth [13—15].
Anterior teeth are easily accessible and provide


https://pubmed.ncbi.nlm.nih.gov/?term=Ahn+SY&cauthor_id=29358006
https://www.sciencedirect.com/topics/medicine-and-dentistry/maxillary-second-premolar
https://www.sciencedirect.com/topics/medicine-and-dentistry/maxillary-second-premolar
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Table 12.4 PubMed articles of 3D-printed tooth model

Serial
number  Author Year Journal Article type Tooth involved
1. Ronald Ordinola- 2014 Journal of Applied In vitro study Two mandibular molars
Zapata et al. [91] Oral Science
2. Chanhee Byun 2015 Journal of Case report Maxillary central incisor
et al. [36] Endodontics
3. Saif Alarab 2016 Dental Materials In vitro study 40 root canal models
Mohmmed et al.
[92]
4. Rahmi Eken etal. 2016 Journal of A finite Mandibular second premolar
[33] Endodontics element
analysis study
5. L. Robberecht 2016 European Journal of In vitro study Multiple teeth
et al. [93] Dental Education
6. Tuba Gok et al. 2017 Journal of Case report Mandibular molar with a C1 root
[39] Endodontics canal configuration
7. David Christofzik 2018 PLOS ONE In vitro study 30 specimens of the 9 different
et al. [32] simulated root canal anatomies
8. Xiao Liang et al. 2018 Journal of Biomedical In vitro study Premolars with a single root canal
[94] Nanotechnology
9. M. Reymus etal. 2018 International Original Multiple teeth
[27] Endodontic Journal  scientific
article
10. Christian Hohne 2019 Journal of Dental In vitro study  First permanent molar
et al. [95] Education
11. Anil Ozgiin 2019 PLOS ONE Research Mandibular molars which had fused
Karatekin et al. article roots and a longitudinal groove on
[96] lingual or buccal surface of the root
12. Przemystaw Kustra 2020 European Journal of In vitro study Mandibular central incisor, maxillary
et al. [97] Dental Education second premolar and maxillary first

space for guide templates to be placed. Similar
procedures, with some modifications, have
been documented in posterior teeth. In 2018,
Shi et al. reported on a case of pulp canal oblit-
eration in a mandibular molar [16]. A three-
dimensional printed template was created for
this patient using the CBCT dataset. The coro-
nal and apical portion of the root canal was pen-
etrated with ultrasonic tip ET20 and ET2S5,
respectively. The treatment was successful, and
at a 6-month follow-up, the patient was asymp-
tomatic. Torres et al. (2021) used a sleeveless
guide to manage calcified maxillary first pre-
molar [17]. The open system used guiding rails
consisting of two cylinders placed against each
other on the sides of the tooth to guide the
handpiece head. Additionally, a leg system or
adapter was firmly attached to the handpiece
head, which fitted on the rails and guided the

molar

handpiece during treatment. The absence of
sleeves allowed working with shorter burs,
water cooling during drilling and improved
visibility.

Zehnder et al. [18] demonstrated that the tech-
nique is accurate, with deviations of planned and
prepared access cavities ranging from 0.16 to
0.21 mm for various aspects at the bur’s base and
0.17-0.47 mm at the bur’s tip. Angle deviations,
on average, were 1.81°. As a result, they con-
cluded that ‘Guided Endodontics’ enabled pre-
cise access cavity preparation up to the apical
third of the root. Connert et al. [19] conducted an
in vitro investigation in which they compared a
guided endodontic technique to conventional
access preparation employing three operators
with varying levels of experience. They con-
cluded that guided therapy enabled operators to
locate 92% of canals regardless of their skill
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Table 12.5 Articles on autotransplantation using 3D printing in PubMed-indexed endodontic journals

Serial
number  Authors Year Journal
1. Park Y.S. 2012 Journal of
et al. [98] Endodontics
2. Lee S.J.etal. 2012 Restorative Dentistry
[46] and Endodontics
3. Jang J.H. 2013 Journal of
et al. [99] Endodontics
4. Lee Y.S.etal. 2014 International
[43] Endodontic Journal
5. Strbac G.D. 2016 Journal of
et al. [100] Endodontics
6. Abella F. 2018 Journal of
etal. [101] Endodontics
7. Oh S. et al. 2018 Journal of
[102] Endodontics
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Title
Autotransplantation with simultaneous sinus floor elevation

Minimizing the extra-oral time in autogenous tooth
transplantation: use of computer-aided rapid prototyping
(CARP) as a duplicate model tooth

Autotransplantation of immature third molars using a
computer-aided rapid prototyping model: a report of four
cases

Autotransplantation of mesiodens for missing maxillary
lateral incisor with cone-beam CT-fabricated model and
orthodontics

Guided autotransplantation of teeth: a novel method using
virtually planned three-dimensional templates

Outcome of autotransplantation of mature third molars
using three-dimensional-printed guiding templates and
donor tooth replicas

Virtual simulation of autotransplantation using three-
dimensional printing prototyping model and computer-
assisted design program

Clinical application of 3D technology for tooth
autotransplantation: a case report

Guided osteotomy and guided autotransplantation for
treatment of severely impacted teeth: a proof-of-concept
report

Fully guided tooth autotransplantation using a multidrilling
axis surgical stent: proof of concept

Use of three-dimensional-printed guide in hemisection and
autotransplantation of a fusion tooth: a case report

3D printing in
endodontics

Guided
endodontics

l - L

Fig. 12.1 Applications of 3D printing in endodontics

level, a statistically significant increase over the
conventional technique (42%). Thus, guided end-
odontics is a promising approach that provides a
highly predictable outcome while reducing the
danger of iatrogenic harm and chairside time.
However, it does have some drawbacks. The

(Education, training
and research)

Normal anatomy

|
Tooth models

Autotransplantation Scaffolds

Complex or
atypical
anatomy

approach is only effective on straight canals and
patients with adequate mouth opening [20]. The
lack of dedicated long shank endodontic burs, the
development of heat and the possibility of devel-
oping cracks in the tooth are all challenges that
must be resolved.
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Acquiring
preoperative
records (CBCT

Planning
software used
for designing

customized drill

Superimposition
of CBCT and
Intraoral scan

and Intra oral
scans saved as
DICOM or STL
files)

Fig. 12.2 Steps of guided endodontic access preparation

Designing a
template with
sleeve for the

passage of drill
(according to the

planned depth
and angulation)

3D printing of
the drill and
template using
suitable material

Performing
access cavity
preparation

Fig. 12.3 Representative case. (a, b) Pulp canal calcification; (¢) CBCT scan; (d) surface scan; (e) merging; (f) virtual
drill planning; (g) guide designing; (h—j) 3D printing; (k) drilling; (1) post-obturation radiographs

12.3 Guided Endodontic
Microsurgery

Endodontic microsurgery (EMS) is a procedure
to treat persistent and recurrent apical periodonti-
tis when the orthograde approach to the apical
portion of the root canal is not possible.
Incorporating the preoperative 3D scan, dental
operating microscope, miniature instruments,
ultrasonic root-end preparation tips and calcium
silicate materials has made EMS’s success rate
comparable to nonsurgical endodontic retreat-
ment [21]. However, the direct intraoral localisa-
tion of root apex based on the CBCT scans is
challenging, and a significant amount of bone
removal is inevitable with freehand surgical pro-
cedures. Moreover, the gingival flap elevation

and cortical bone removal increase the surgery
duration, which further increases the trauma.
Further surgical procedures in the mandibular
posterior region are challenging due to the prox-
imity of the neurovascular structure. Taking a cue
from guided implant surgeries, a 3D-printed sur-
gical guide was introduced, allowing the operator
to create a small targeted wound in otherwise
complex areas of the oral cavity to execute the
entire surgical procedure. This method is known
as guided or targeted EMS [22, 23]. It ensures
precise and conservative bone removal and root
resection and reduces surgical time and postop-
erative healing issues.

The procedure begins with obtaining the intra-
oral scans of the region of interest. The study cast
is made by taking alginate impression. The
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CBCT scan is acquired, and the data is over-
lapped with digital data obtained from the
patient’s intraoral scan, which is exported to the
planning software. The surgical template is
designed such that it covers two teeth on either
side. An appropriate guide drill (e.g. trephine
bur) is selected targeting the root apex. The tem-
plate is designed such that it has sleeves to
accommodate the drill. The position and direc-
tion of the sleeve are determined based on the
angulation of the drill. It should allow accessibil-
ity for a minimum of 3 mm of preparation depth
[24, 25]. The drill should be designed so that it
accurately targets the target root while avoiding
damage to nearby roots or essential structures.
The created guide template is exported as an STL
file and then fabricated using a 3D printer.

3D printing has also been utilised for flap
retraction by Patel et al. in 2017 [26]. The authors
performed endodontic microsurgery for maxil-
lary left central incisor using a custom-made
retractor based on diagnostic CBCT scans. The
3D printed retractor enhanced visualisation and
soft tissue handling during the surgery.

12.4 Tooth Models for Education,
Training and Research

Pre-clinical training constitutes an integral part
of the endodontic postgraduate curriculum. It
helps the residents to acquire knowledge and
develop fine motor hand skills, which will subse-
quently translate into their clinical practice and
reduce iatrogenic errors. The extracted natural
tooth remains the mainstay of pre-clinical exer-
cise in restorative dentistry and endodontics. The
advantages include low cost and actual simula-
tion of natural conditions like the hardness of
enamel/dentin and the intricacies of the root
canal system. However, the extracted tooth has its
limitations. It includes restricted availability, the
possibility of cross-infection and variability in
the root canal morphology that hampers stan-
dardised teaching and learning. Resin blocks
have also been utilised for pre-clinical training.
Being transparent, they allow the individual treat-
ment steps to be visualised. However, they simu-

late a single root canal and do not accurately
represent the complex root canal morphology.
Hence, it provides oversimplified training [27].
In recent years, rapid prototyping has been
used to quickly fabricate a scale model of a phys-
ical part or assembly using three-dimensional
computer-aided design (CAD) data. Construction
of the part or assembly is usually done using 3D
printing or ‘additive layer manufacturing’ tech-
nology [28]. Similarly, the digitisation of human
teeth based on a cone-beam computed tomogra-
phy (CBCT) or micro-computed tomography
(HCT) scan and the subsequent reproduction by a
3D printer facilitate the manufacturing of the arti-
ficial tooth model (Fig. 12.4). The 3D models can
be printed to illustrate only the external features
of the tooth, or by using the same technique, a
tooth model with a hollow interior can be printed.
Space can be filled with red ink to visualise the
shape of the pulp. Such a 3D-printed model is
gaining acceptance for pre-clinical education
globally. The advantage includes ease of avail-
ability, visualisation of internal anatomy, ability
to standardise the morphology and realistic simu-
lation of the actual root canal configuration [29].
Several studies in the literature have compared
extracted teeth to artificial teeth in endodontic skills
training. A systematic review by Decurcio et al.
concluded that the use of artificial 3D printed teeth
for pre-clinical endodontic training achieved simi-
lar educational outcomes compared to extracted
teeth [30]. Numerous manufacturers have devel-
oped tooth models using 3D printing. Examples
include DEPT (Instituto Tecnologico de Producto
Infantily Ocio, Alicante, Spain), DRSK (DRSK
Group, Hassleholm, Sweden), Nissin (Nissin
Dental Products Inc., Kyoto, Japan), TrueTooth
(Dental Engineering Laboratories, Santa Barbara,
CA, USA), DENTALIKE (Dentsply Sirona,
Ballaigues, Switzerland), Real-T Endo (Acadental
Inc., Kansas, USA), etc. [29]. The digitisation of
teeth by a micro-CT is regarded as the reference
standard in dental 3D imaging due to its ability to
produce high-resolution images. However, the lim-
ited access to micro CTs and the requirement of an
extracted tooth for scanning restrict its usage [27].
Al-Rawi et al. compared the accuracy of CBCT-
and micro CT-based 3D-printed models of human
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-

3D image selection and
retrieval in DICOM format

Fig. 12.4 Process of making 3D-printed tooth models

teeth. They reported that CBCT did produce realis-
tic three-dimensional reconstructions of the teeth at
a resolution of 133 m voxels, but only when a lim-
ited field of view was used [31]. Routine CBCT
scans suffice for STL data in 3D printing of models
negating the use of extracted tooth, which is a pre-
requisite for micro CT-based printing.

The applications of 3D printed models
include:

Normal Tooth Anatomy

e To scale the teeth for teaching purposes

e In pre-clinical research to study the shaping
ability [32] and stress values [33] of different
rotary file systems

e To print an in vitro model to evaluate irriga-
tion techniques [34, 35]

e To mass manufacture teeth for destructive
analysis

e 3D-printed models can be developed to simu-
late the clinical experience for students:

Image segmentation using MIMICS
software (Materialise, Leuven, Belgium)

Acrylic-based photopolymers

STL file imported into the 3matic
software (Materialise, Leuven,
Belgium)

| y ¥ |
STL file transferred to
3D printer

— Pulpotomy model

— Revitalisation model

— Complex anatomy tooth model for a root
canal treatment

— Instrument separation model

Atypical Tooth Anatomy

e To compile a database of 3D tooth models
exhibiting anomalies

e To reconstruct challenging clinical cases such
as:

Dilacerated root [36]

External invasive resorption

— Molar with three distal roots [37]

Type 3 dens invaginatus [38]

* In pre-clinical research to study different obtu-
ration techniques for C-shaped canals [39]

Dental Trauma
e Pre-clinical study model simulating dental
trauma [40]
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12.5 Autotransplantation

Autotransplantation of teeth is a viable option for
replacing a single tooth in young patients [41].
The transplanted teeth have been documented to
have a favourable long-term prognosis. Third
molar autotransplantation is an excellent treat-
ment option for severely damaged teeth caused
by trauma or caries, particularly in young
patients. First molars are the most vulnerable
teeth since they are the first permanent teeth to
erupt, whereas third molars are the last teeth to
develop and are typically nonfunctional. As a
result, they are an ideal donor tooth until patients
reach the age of about 18 years. The procedure is
timed so that the donor tooth’s root development
is approximately 50-75% complete [42]. Because
routine extraction of malpositioned wisdom teeth
is common, third molars are an excellent source
of suitable donor teeth. It is also possible to auto-
transplant teeth with complete root formation if
endodontic treatment is performed before or
within 2  weeks of the procedure.
Autotransplantation is contraindicated in medi-
cally compromised patients, those with poor den-
tal hygiene and periodontitis, without a suitable
donor tooth, and with insufficient bone at the
receptor site. When there is an insufficient bone
at the receptor location, augmentation of the
alveolar process may assist autotransplantation.
The effectiveness of the treatment is dependent
upon the preservation of periodontal ligament
(PDL) cells and an acceptable adaptation of the
donor tooth to the recipient site. Extra-oral time
and trauma to the PDL during the procedure have
a significant impact on the outcome. Traditionally,
the transplanted tooth is used to prepare the
recipient site, requiring multiple attempts at ‘fit-
ting’. Adjustments to the alveolar bone socket
lengthen the extra-oral time and increase the risk
of PDL cell damage [1].

The addition of three-dimensional planning
has increased the predictability of existing auto-
transplantation techniques. It incorporates CBCT
and rapid prototyping, allowing for preoperative
planning and fabrication of a replica of the donor
tooth. The replica is then used to prepare the
alveolar socket at the recipient site before extract-

ing the donor tooth, reducing extra-alveolar time
and improving donor tooth fit. The procedure
begins with a preoperative evaluation of the treat-
ment’s prognosis. If autotransplantation is deter-
mined to be a viable treatment option, a CBCT
scan is performed with the occlusal plane parallel
to the floor, as recommended by the manufac-
turer. The DICOM-formatted scan volumes are
exported and imported into an image analysis
software to segment the donor tooth. The donor
tooth’s root and crown are separated from the
surrounding bone using a local greyscale thresh-
old value and an image gradient. A manual selec-
tion of the root’s most apical portion is required
to complete the segmentation process based on
the sagittal slides. Additional processing may be
necessary to remove artefacts from the images.
The donor tooth’s 3D surface mesh is created,
stored, and exported as an STL file. The replica
of the donor tooth is created using 3D printing
and a biocompatible resin material. The recipient
site is prepared by inserting the printed replica of
the donor tooth into the alveolar socket until it fits
perfectly. Additionally, the 3D-printed tooth is
used to check the occlusion and make necessary
adjustments. After obtaining complete satisfac-
tion, the donor tooth is extracted gently to avoid
damaging the cementum, periodontal ligament,
or apex of the tooth. To avoid postoperative
forces, the donor tooth is placed in a slight infra-
occlusion. With minimal extra-oral time, an
immediate good fit of the donor tooth is achieved.
Sutures across the occlusal surface are required
to secure the donor tooth in its new location.
This technique has been utilised exhaus-
tively in both anterior and posterior teeth. The
case report by Lee in 2014 used a mesiodens as
a donor tooth to replace the lateral incisor [43].
The ectopic premolar was used by Cahuana-
Bartra in 2020 [44], while Shahbazian et al.
placed a premolar in the alveolar socket of the
maxillary central incisor [45]. There are multi-
ple reports of replacing first and second molars
with a wisdom tooth. Materials used to print
donor teeth varied from biocompatible resins to
cobalt chrome prototypes. This technique has
brought down the extra-oral time of donor tooth
to less than a minute, causing exponential rise
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in the success of the treatment. More prospec-
tive studies similar to Lee and Kim in 2012
with 182 patients [46] were to be conducted to
establish rapid prototyping as an integral part of
autotransplantation.

12.6 Regenerative Endodontics

In endodontics, the 3D printing principle can be
used to deliver stem cells, pulp scaffolds, inject-
able calcium phosphates, growth factors, and
gene therapy [47]. Scaffolds used in regenera-
tive dental pulp applications must replicate the
milieu found in the root canal and provide
mechanical support; therefore, they must be
optimised both temporally and spatially for
optimal cell attachment and proliferation. The
use of conventional scaffolds presents a number
of difficult-to-solve issues, including constraints
imposed by the scaffold shape and low repro-
ducibility. Three-dimensional (3D) bioprinting,
a rapid prototyping technique that uses com-
puter-aided design blueprints to construct a
complex tissue model rapidly, can be utilised.
This technology enables precise control over
scaffolds’ surface morphology and internal
microstructure, facilitates cell distribution and
extension regulation and promotes cell growth
in the 3D space of simulated tissue in vivo. Yu
et al. compared the growth of human dental pulp
stem cells on Alg-Gel versus 3D-printed Alg-
Gel scaffolds and discovered that the 3D-printed
Alg-Gel scaffolds were more conducive to cell
adhesion and proliferation [48]. The technique
of 3D cell printing can be used to replace pulp
tissue. The pulp tissue structure can be recreated
by dispensing layers of suspended cells in the
hydrogel. This enables the cells to be precisely
positioned to mimic natural pulp tissue, with
odontoblast-like cells on the periphery and
fibroblasts in the centre, surrounded by a net-
work of vascular and neural cells. Athirasala
et al. used a 3D printing-inspired method to
engineer pre-vascularised, cell-laden hydrogel
pulp-like tissue constructs in full-length root
canals for dental pulp regeneration [49]. Using a
bioprintable bioink suitable for hand-held in

situ bioprinting, Duarte Campos et al. demon-
strated strong vasculogenesis [50]. Future
research should focus on dental pulp regenera-
tion in vivo.

12,7 Summary

3D printing technology has a vast application in
endodontic teaching, patient care and research.
It has made endodontic treatment faster, predict-
able and safer. It allows for virtual planning that
improves the preparedness of the operator
before attempting complex procedures. The
chances of human error are minimal with this
technology, as proper planning guarantees accu-
rate execution. The endodontist should be well
versed with this technological advancement to
harness its full potential and improve the stan-
dard of patient care.
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13.1 Introduction

3D printing, also known as additive manufactur-
ing, was reported by “The Economist” as the
technology of the fourth industrial revolution. It
is one of the most well-known technologies in
digital dentistry since the twentieth century.
Comparing to the conventional fabrication meth-
ods, additive manufacturing takes the advantage
of making complex and irregular morphology to
be able produced precisely. In addition to the
automation subtractive manufacturing, 3D print-
ing can overcome some limitations of machining
for inwardly chamfering with varieties of mate-
rial. Moreover, additive manufacturing has a
spectacular potential to economically and
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efficiently reduce the whole design process to a
final product. This technology allows dentists to
fabricate in situ without sending a design to a
dental workshop and shortens the lead time for
patient [1, 2].

History reveals that the first industrial revolu-
tion began in Britain in the late eighteenth cen-
tury, with the mechanization of the textile
industry. With the help of nature power generated
by cotton mill and water wheel, the factory can
therefore complete some tasks with less manual
work. The second industrial revolution came in
the early twentieth century, when Henry Ford
mastered the moving assembly line and ushered
in the age of mass production. The third revolu-
tion is a combination of mechanical and analogue
electronic technology to become digital electron-
ics, which leads to a computed processor and fur-
thermore the automation. The first three industrial
revolutions made people less manual work but
large production. Comparatively, the fourth revo-
lution creates personalization and variety rather
than do large-scale production of the same prod-
ucts [3]. That is exactly how 3D printing has been
applied in the state of oral health science.

13.1.1 Role of 3D Printing in Digital
Dentistry Workflow

Currently, oral health science moves toward auto-
mation, precision, patient-oriented, and cloud
digitalization. The importance of digital dentistry
provides the opportunity for the public to share
the equally good-quality treatment and upon effi-
ciency. When the patient walks into the outpa-
tient, a quick diagnosis can be done via equipment
like intraoral, desktop, and face scanners [4],
cone beam computed tomography (CBCT). The
diagnosis creates a data flow of the personalized
information, followed by software for computer-
aided design/computer-aided manufacturing
(CAD/CAM) and fabrication procedures like
milling and 3D printing. A cloud-based dental
workflow also shortens the distance of shipping,
delivery, and design houses in the world, every-
where the dental workshops can deal with the
cases and dentists can discuss the treatment with-

out the barrier of information. The digital revolu-
tion is changing the world: computers and digital
devices are making what were previously manual
tasks easier, faster, cheaper, and more predictable
[5, 6].

From Fig. 13.1, it is obvious that 3D printing
saves more time than traditional procedure. It
only takes four steps to finish the framework in
comparison with six steps of traditional
technique.

There are many factors that affect the quality
of 3D-printed products. Type of a printer, mate-
rial property, automation, and cost all will affect
the quality of finished products. Table 13.1 lists
dental applications for three different typical
materials manufactured by a 3D printing
process.

13.1.2 Emergence of 3D Printing
Technologies and Its
Procedure

3D printing plays an important role in digital
dentistry. The method can be referred to rapid
prototyping technologies long time ago, but the
variety of material and machines have been dra-
matically improved upon over the recent years
due to the open-source society [7]. The concept is
to accumulate layer by layer with a specific mate-
rial, performing 2D patterns to become a 3D
model [8, 9]. Many 3D printers can be purchased
at a reasonable price for a clinic. The rapid popu-
larity impacts various medical fields, including
oral health science. In oral health science, every-
one has different teeth morphology; thus, in spe-
cialties such as prosthodontics and orthodontics,
3D printing can easily accommodate for these
varying dental features. Table 13.2 lists the most
popular 3D printing methods, such as Fused
Deposition Modeling (FDM), Stereolithography,
Digital Light Processing (DLP), Poly lJet,
Selective Laser Sintering (SLS), Selective Laser
Melting (SLM), Electron Beam Melting (EBM),
Bio-printing, etc. 3D printing methods are often
categorized by the types of material. For exam-
ple, FDM is typically using thermoplastic poly-
mer and can be seen as the most popularly used.
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Fig. 13.1 Comparison between traditional procedure and 3D printing procedure to fabricate partial framework

Table 13.1 Dental applications for different 3D printing process

Applied Printed Equipment configuration

Material technology Type of printer products considerations Scene

Photopolymer  Stereolithography SLA/DLP Dental Ventilation, post-processing, cost,  Dental
Mold automation, fast, benefit Clinic

Metallic SLM/EBM 3D Denture Clean room, powder handling, GMP

powder Printer—Metal mass customization Factory

Ceramic SLM/EBM 3D Crowns Clean room, powder handling, GMP

powder Printer— Veneers mass customization Factory

Ceramics

SLA stereolithography, DLP digital light processing, SLM selective laser melting, EBM electronic beam melting

Stereolithography, DLP and Poly Jet are all using
photon resin sensitive to the specific spectrum
light. Metal material can consider SLS, SLM,
and EBM. There are many materials still under
development with their specialties and uses.

13.1.3 Clinical Applications of 3D
Printing in Oral Health Science

13.1.3.1 3D-Printed Devices

in Prosthodontics

One of the main uses of 3D printing in oral health

science is in prosthodontics, applications such as

interim crowns, bridges, partial denture, and

complete denture [11]. Especially in all over the

world which is entering an aging society, the age-

related issue of oral health would gradually lead
the problem of food intake and nutrition absorp-
tion. With the skills of 3D printing and recon-
struction technology, prosthesis can be more
easily fitted intraorally and produced directly in
the clinic. If there is a need of temporary crown,
it can be provided in less than 10 min. This tech-
nology can replace the heavy labor workflow as
well as satisfy the requirement of precision to
avoid patient’s illness. Currently, the interim
crowns are often printed using stereolithography
or SLM that depends on the requirement of reso-
lution or strength. Loads of printers based on the
same technologies are present in the market but
differ in the machine strength, automation, and
software, and therefore the prices varied. The
popular brands are Formlabs [11], Micraft,
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Table 13.2 A comparison of popular 3D printing methods [10]

Material

Continuous filaments of
thermoplastic polymers
Continuous fiber-reinforced
polymers

A resin with photoactive
monomers [11-14]

3D printing method
Fused Deposition
Modeling (FDM)

Stereolithography

Digital Light
Processing (DLP)
Poly Jet

Selective Laser
Sintering (SLS)
Selective Laser

Compacted fine powders
Metals, alloys, and limited
polymers (SLS or SLM)

Melting (SLS) ceramic and polymers (3DP)
Electron Beam

Melting (EBM)

Bioprinting Bio-ink

NextDent, 3D systems [12], Envision TEC, and
3D Stratasys.

To verify the quality of printed crown and
denture as compared to the conventional meth-
ods, many studies demonstrated that the accuracy
is as good as the current subtractive manufactur-
ing like the computer-aided milling [13, 15, 16].
Some additive manufacturing procedures such as
stereolithography, laser sintering, or printing of
materials like wax, resins, or metals have shown
to be even more precise than the subtractive man-
ufacturing [17]. In fact, the results can be divided
into system errors and random errors. Influences
generated by the digital workflow such as 3D
intraoral optical scanners, stone casts, design
software, and machine parameters can all result
in the system errors [18-20]. Apart from the
workflow, material, post-process, and printed
geometry may also affect the dimensional accu-
racy and cause random errors [21-23]. Currently,
this mainly relies on the veteran experience of
technicians and cases [24].

13.1.3.2 Orthodontics and Invisible
Aligner

With the prevalence of correct oral health con-

cepts and raised medical aesthetics, orthodontics

has become very popular, especially in younger

generations. In fabrication using directly 3D

printing or thermoforming upon 3D-printed mod-

Cell culture

Advantages Disadvantages Resolution
Cheap, easy Rough surface 50—
manipulation 200 pm
Smooth surface, high  Restrictions of 10—
resolution material 200 pm
Faster Restrictions of
material
Smooth surface, high  Expansive
resolution, large
production
High strength and Slow printing 80—
duration Expensive 250 pm
High porosity in the
binder method (3DP)
Even higher strength 250 pm

Difficult in cell living N/A

els, clear aligner is definitely the spokesperson of
recent development in orthodontic care [25, 26].
3D printing-assisted fabrication of clear aligners
is commonly known under the brand name
“Invisalign.” These thermoformed clear aligners
on sequential 3D-printed dental models (molds)
are normally transparent, thin, comfortable, and
precise to fit in individual patients, as shown in
Fig. 13.2. In some places, patient can place the
order of an orthodontic treatment online, and the
dental workshop will deliver a scanner or mold-
ing toolkit for patients to assess by themselves
and send the results back [27]. The orthodontist
can then digitally align your teeth in a sequential
order and 3D print the molds. A series of aligners
is then made, with each aligner moving patient’s
teeth ever so slightly per aligner. The entire pro-
cess does not require necessity of frequent recall
or follow-up visits at the clinic or hospital as
compared to the conventional fixed orthodontic
treatment.

13.1.3.3 Periodontal Tissue
Constructs: Scaffolds

Bioprinting is one of the fascinating technologies
that would be considered as an important
treatment for the next generation in many medi-
cal fields. Bioprinting involves the usage of addi-
tive manufacturing technology to create structures
made up of organic materials to replace or self-
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Fig. 13.2 Clear aligner
with a thermoformed
process after the printed
dental model

repair wounds, also known as tissue engineering.
This already has the innate need for biocompati-
bility as bioprinting almost always has the pur-
pose of fabricating materials that can be implanted
inside the human body. Bioprinting in dentistry
usually involves the scaffolds or other structures
that may be inserted into the gums of the teeth
[28, 29].

3D printing enables one to accommodate
defects of complex geometries and structures.
This technology is ongoing the clinical studies of
3D-printed scaffolds [30]. After scanning the
patient defect by cone-beam CT, the clinicians
can use the data to create biodegradable polycap-
rolactone (PCL) scaffolds with high adaptability
for cells to live in. This gives a promising future
for the utilization of 3D printing for fabricating
complicated and unpredictable geometries.

13.2 Limitations of 3D Printing
in Dentistry

From the printer’s point of view, influencing fac-
tors cover a wide range from the nature of the
printing material to the optimized process param-
eters. Printing materials have a concern of their
storage conditions and valid period. As for print-
ers, users generally do not calibrate on their own
but outsource maintenance to a third-party ser-
vice company. In addition, the stability and suc-
cessful rate of each printer are very important to
purchase considerations.

Any printing service center needs to be GMP
certified to provide separate manufacturing activ-
ities for dental clinics. The dentist must scan
patient’s teeth and send out a 3D data file.
According to the dentist’s treatment require-

ments, a dental technician then start to design and
next select a printer that meets the required prod-
uct characteristics. The supporting structure of
the printing product must also be designed cor-
rectly to improve the printing success rate. The
higher the precision degree, the longer the print-
ing time.

Design software related to a clinical indication
could be considered as a medical device. The
maintenance fee of the software becomes higher.
For printing dental crowns, the design time for an
experienced technician is basically within a few
minutes. Only after accumulating a large amount
of design data, machine learning algorithms are
used to model and learn the experience of
humans. Thus, automatic design then can be car-
ried out in a 3D printing workflow.

From the above description, it can be seen that
digital printing is only a one-step manufacturing
process to obtain its final product. Simple prod-
ucts such as dental models can be directly
obtained through a digital 3D model obtained
from an intraoral scanner. To obtain dental prod-
ucts requires professional or technical personnel
to design, operate, and maintain the overall pro-
duction process.

13.3 Pros and Cons of 3D Printing
in Dentistry

13.3.1 Pros of 3D Printing
in Dentistry

Benefits of the 3D printing technology include
being efficient in both time and expenses.
Hospitalization and operation times can be
reduced through the use of 3D-printed templates
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and models in surgery planning, and the peri-
odontal tissue constructs make surgical opera-
tions more efficient and accurate. Drill and
cutting guides fabricated using 3D printing are
another beneficial laboratory technology for
improving surgical operations.

Dentists receive a variety of patients in their
work period. Commonly, not one patient has the
same jaw, tooth, or implant, so each procedure
done would be unique to each patient. Precision
would then be required to execute reproduction
and reconstruction of convoluted geometries for
reconstruction or restoration. The rapid prototyp-
ing nature of 3D printing gives a definite advan-
tage in this sense, as compared to the slow and
wasteful milling processes [31]. The possibility
of high-quality restoration without the compro-
mise of having a very difficult process places 3D
printing operations on top of conventional CAD/
CAM processes [32].

For the longest time, dentists require the assis-
tance of technicians to create the models used for
their operation and education. This complicates
the process of surgery planning and only adds
additional steps which take up more time in an
operation schedule. Additive manufacturing
offers a way for dentists to quickly customize and
fabricate the needed models. This saves up the
expenses for either acquiring the tools and mate-
rials needed for handmade models or simplifies
the logistics in giving an order to a dental techni-
cian. This technology does not endanger the
employment of the said technicians as they them-
selves need to be the ones that are educated and
updated to provide better service to their
industry.
13.3.1.1 Comfortable Experience
for Patients
3D printing is a component of the digital dental
process, which has grown in popularity in recent
years. The technique normally starts with a digi-
tal impression taken via oral scanning rather than
the traditional approach of physical impression
with impression material. This prevents the
patient from uncomfortable, even painful experi-
ences with conventional physical impressions
such as vomiting when the material overflows too

deeply into the palate or the compressive force
damages the mucosa. Thorsten Grunheid et al.
[33] conducted a study to evaluate oral scanning
technique took (using direct chairside oral scan-
ners (Lava COS; 3M ESPE, St Paul, Minn)).
They compared “digital impressions” taken by
oral scanners to alginate impressions in terms of
accuracy, time-savings, and patient acceptance
and found that although both methods were accu-
rate, oral scanning required less chairside time as
well as reduced uncomfortable feeling for
patients.

Furthermore, while physical impressions may
require retaking in some circumstances, digital
impressions can be saved and used at any time,
saving time, money, and effort.

13.3.1.2 Time-Saving

The principle of saving time can be applied to
dentists, dental technicians, and, most impor-
tantly, patients.

There are several phases in the traditional
method, and none of them can be bypassed. To
make a porcelain crown, for example, the dentist
grinds the teeth crown in the patient’s mouth
before taking an impression. This impression is
sent to the dental lab for further processing.
Before the porcelain teeth can be finalized and
returned to the dentist, they must go through four
to five steps in the dental laboratory. In some situ-
ations, an intermediate stage of crown try-in in
the patient’s mouth is required, requiring the
patient to return to the clinic one more time. Even
the shipment time should be considered.

The digital process is much simpler when
starting with taking digital impressions by oral
scanning; the impression file will be rapidly
delivered to the dental laboratory with just one
mouse click for prosthetic design (CAD). The
CAD file is then transferred to the 3D printer to
complete the restoration. The printing, in
instance, is totally automated, allowing the dental
technician to accomplish other tasks while wait-
ing, resulting in increased productivity.

Today, an increasing number of dentists are
investing in 3D printers to create chairside mod-
els, and this trend will continue in the future. As
a result of this tendency, restorations are being
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produced at a faster rate than ever before.
Patients don’t have to travel or wait for restora-
tions because they can acquire prosthesis in one
visit.

13.3.1.3 Cost-Effective
As previously said, 3D printing and digital den-
tistry reduce time, which in turn saves money.

Furthermore, the digital method with 3D
printing eliminates many intermediate processes
that require a variety of expensive machines and
materials, particularly the metal casting or plastic
injection of dentures molding process. The labo-
ratories can save money on this expense by using
3D printing.

This also reduces the amount of discarded
materials, helping to safeguard the environment
and providing a clean working environment for
dental professionals, as there is no gypsum dust
or grinding dust to worry about.

13.3.1.4 Accuracy and Precision

It is an indisputable fact that traditional dental
prostheses, like many other handicrafts, rely
heavily on the talents and knowledge of dentists
and dental technicians in terms of aesthetics and
functionality, especially in the tiniest of details.

When all of these subjective aspects are digi-
tized by particular parameters set on dental soft-
ware and machines, the digital process with 3D
printing will help to minimize them.

Furthermore, by taking a digital impression,
errors caused by materials such as alginate dis-
tortion due to weather will be reduced.

There is a number of factors that contribute to
the survival of a fixed restoration and in which
marginal and internal fit of fixed prosthetic con-
structions will play a vital role [34]. Marginal fit
is a term to mention about the measured gap
between the margin of the restoration and the fin-
ish line of the prepared tooth on patient’s mouth
[35]. Because any gap between them creates an
excellent environment for biofilm deposition,
which leads to the development of caries and
periodontal disease, the measured number of the
most perfect marginal fit will be zero. According
to the American Dental Association, the optimal
fit for a margin will be between 25 and 40 pm.

However, with present production technology,
achieving these numbers is very challenging [36].
The marginal fit resulted from various factors
including the materials used, the type of finish
line used, and the manufacturing process used.
The procedure for fabricating the prosthesis will
be discussed in this chapter. Saurabh Chaturvedy
et al. [37] studied the marginal fit of fixed con-
struction created using the most prevalent tech-
nologies at the time: the traditional method, 3D
printing, and milling. The findings of this study
revealed that 3D current printed crowns had a
better marginal and internal fit than milled and
molded crowns. Other research conducted by
Nawal Alharbi et al. [38] with the marginal fit of
3D-printed contemporary crown ranged from 28
to 40 pm compared to 38 to 56 pm of those were
manufactured by milling.

13.3.1.5 Superior Aesthetics
The excellent aesthetic value of 3D printing is an
indisputable benefit.

First and foremost, as previously stated,
3D-printed restorations are extremely rapid,
which means that the patient will not experience
the no-teeth phenomena or be forced to wear a
temporary prosthesis for an extended period time
while awaiting permanent restorations. This is
especially important for patients who are con-
cerned about their looks or who engage in com-
municative activities.

The goal of an aesthetic makeover is to develop a

peaceful and stable masticatory system, where the

teeth, tissues, muscles, skeletal structures and
joints all function in harmony (Peter Dawson) [39].

In order to assess a prosthesis in terms of func-
tioning and aesthetics, it must be considered in
conjunction with other elements such as lips,
cheeks, and motions. The grin is one of the most
important actions in prosthesis aesthetics. To test
this in the past, we had to make a restoration and
trial it in the patient’s mouth, which took a long
time and cost a lot of money. Today’s dental res-
torations may accomplish this harmonious aes-
thetic in the most effective and cost-efficient way,
thanks to the advent of Smile Design at the treat-
ment planning stage. Smile design is only the
beginning; to communicate the dentist’s, techni-
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cian’s, and patient’s expectations from the design
files to the final restoration, 3D printing is the
best option.

13.3.2 Cons of 3D Printing
in Dentistry

3D printing technology is expensive because it
has the ability to produce extremely precise out-
comes. Hardware and software, like scanners and
dental design software, are required throughout
the procedure. Furthermore, processes like ste-
reolithography and selective laser melting neces-
sitate the use of expensive materials and energy.
These costs will be added to the original estimate.
These costs will increase the original price, which
may be out of reach for some patients.

The types of materials that can be used by
various 3D printing processes are likewise lim-
ited. Light curable liquid polymers containing
resins, for example, are commonly employed in
stereolithography and can cause skin irritation
and inflammation when inhaled or touched [40].
Tissue engineering necessitates the use of spe-
cialized machines, which adds to the printing
costs [41].

Post-processing is a time-consuming opera-
tion, which reduces the likelihood of 3D printing
being used. Fine metal powders, and much finer
nanoparticle trash, pose major health and safety
risks. As a result, post-production equipment is
required, which takes up space and adds to the
costs.
13.3.2.1 Environmental Impacts
and Occupational Health
This aspect of 3D printing was covered in a study
by the National Science Foundation in October
2014 [42]. This study examined the effects of 3D
printing on the environment based on three fac-
tors: energy consumptions, waste management,
and air pollution.

To compare the total energy consumption of
the three most common manufacturing methods:
bulk-forming, subtractive, and additive pro-
cesses, Hae-Sung Yoon et al. did a very complete
review as well as a reasonably detailed case study

[43]. These three approaches are examined and
measured with various techniques for each to
ensure fair and accurate findings (e.g., SLA, SLS
for 3D printing; injection molding and metal
casting for conventional method and milling,
grinding, turning of subtractive process).
Furthermore, the energy consumed for each stage
of each procedure is thoroughly measured before
an aggregate value is given. The energy con-
sumption of the three techniques stated above is
summarized in Table 13.3, and it is clear that 3D
spends the most energy.

We can easily recognize that 3D technology
requires a significant amount of energy to oper-
ate, much more than that used for milling and
drilling machines. Despite the fact that different
fabrication processes exist, a study (Atkins
Project) [44] conducted at Loughborough
University in the United Kingdom found that
some 3D printing processes require 50—100 times
more electrical energy than injection molding
machines to produce the same object of the same
weight.

Another stumbling block when it comes to
environmental issues is that 3D printing is overly
reliant on plastic, which is not ecologically
friendly. In some circumstances, an intermediary
function template is necessary, and these function
templates are not recyclable and are dumped into
the environment after usage.

The printer will release ultrafine particles
(UFPs) and volatile organic compounds (VOCs)
during operation, which will contaminate the
environment and endanger human health [45].
According to Morawska et al. [46], ultrafine par-

Table 13.3 Energy consumption of conventional tech-
niques as well as additive and subtractive processes in
manufacturing (adapted from [43])

Specific energy
consumption (kWh

Process kg™

Additive processes: SLA, 14.5-346.4

SLS, FDM

Subtractive processes: 6.8-188

milling, turning, grinding

Conventional technique: 0.19-7.78

metal casting, injection
molding
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ticles (UFPs) are those with an aerodynamic
diameter of less than 0.1 m and are produced by
the 3D printing process, with typical emission
rates ranging from 2 x 103 to 2 x 102 min~! [47-
52]. It will be deposited in the alveoli of the lungs
and then travel into the intracellular space, caus-
ing inflammatory reactions throughout the body.
Exposure to particulate matter causes chronic
inflammation, which leads to lung fibrosis, epi-
thelial cell proliferation, tumor formation, and
finally cancer, according to Orberdorster mouse
model (1996) [53].

In addition to the respiratory system, UFPs
can affect the cardiovascular system, causing
symptoms such as elevated heart rate, sympa-
thetic imbalance, altered hemostasis, and so
on [46].

Aside from UFPs, volatile organic chemicals
emitted by 3D printers include styrene from ABS
and HIPS (10-110 g min~"), lactide from poly-
lactide PLA (4-5 g min™"), and polylactide from
ABS and HIPS (10-110 g min~"). VOCs (volatile
organic compounds) are organic chemical mole-
cules that quickly exasperate at ambient tempera-
ture [54].

VOCs can have a variety of detrimental
health impacts on those who are exposed to
them, ranging from simple skin sensitivities to
severe inflammatory reactions and even cancer
[55-57].

For a long time (the early 1990s), a robust link
between sensory complaints and VOC exposure
was discovered in Berglind’s study [58]. In addi-
tion, Boeglin et al. [59] undertook a large-scale
epidemiological analysis (92 counties in Indiana,
USA) into the occurrence of various malignan-
cies, including brain, skin, and endocrine system
tumors, among others. According to study find-
ings, VOC exposure can be considered one of the
direct causes of cancer, even in tumors that are
not directly exposed to organs.

13.3.2.2 Limit Options of 3D Printing
Materials

Polymers and metals are the two most often uti-

lized material categories in dental 3D printing at

the moment. Table 13.4 [60] discusses the most

prevalent 3D printing materials used in dentistry

for the creation of restorations, jaw models, guide
troughs, and other dental applications. Dental
porcelain, on the other hand, is the ultimate hope
of 3D printing. Due to its similar features to
actual teeth, such as compressive strength, ther-
mal conductivity, color durability, and high aes-
thetic value, dental porcelain is currently a top
priority material in dentistry, particularly in aes-
thetic dentistry [61]. However, because it is too
hard, it makes it difficult to manipulate [62], and
that is also a challenge for 3D printing with por-
celain [63] when compared to the same sort of
restoration created by traditional or milling tech-
nologies; 3D-printed porcelain restorations often
have low mechanical characteristics, and the sur-
face is not as fine [64]. The main reason for this
is that dental porcelain has a high processing
temperature (ranging from 800 to 1400 °C) [65]
which requires complicated processing and
cracks formation during product cooling after
conduction, increasing the intraluminal porosity
of the final restoration and thereby lowering its
quality [33]. However, a new study by Hongyu
Xing et al. [66] reveals that SLA technology can
print porcelain, resulting in crowns with the same
aesthetic and toughness as milled crowns (800—
1000 MPa) [64].

3D printing technology will likely overcome
present constraints in printing porcelain materials
in the future, allowing for the production of rapid,
beautiful, and high-quality porcelain restorations.

Furthermore, another aspect of materials to
consider is the investment in machinery for
various material lines, as we cannot print with a
single machine system for all material lines.

13.3.2.3 Changing the Role of Dental
Technician in Dentistry
Workflow

Many authors are concerned that the advance-

ment of digital dentistry in general, and 3D print-

ing in particular, as well as the tendency of

producing chairside models at clinics, would

eventually supplant the work of dental techni-

cians, resulting in the “disappearance” of dental

laboratories.

A study [67] on the impact of digital technolo-
gies such as CAD/CAM and 3D printing has
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Table 13.4 Materials used for 3D printing in dentistry (adapted from [60])

3D printing
Category Material Pros Cons Application technique
Polymer  Vinyl polymer: Tunable properties * Undesirable Denture base SLS, SLA
Poly(methyl Biocompatibility degradation for
methacrylate)  Ease of processing long-term using
(PMMA) Low cost  Poor surface
Lightweight properties
Stability in the oral * Weak
environment mechanical
Aesthetic properties properties
Styrene Less tolerance High melting SLA, FDM, SLS
polymers: ABS High impact strength point; unpleasant
Rigidity fumes
Made out of oil, so
more damaging to
the environment
Deforms when not
being print on a
heated surface
Hot plastic fumes
when printing
Polyesters: * Mechanically robust, Bisphenol A Orthodontic e Electro
* PC amorphous, and release making ita brackets, denture hydrodynamic
* PCL transparent potentially bases and jetting
* PLA * Biodegradable and harmful substance prefabricated SLA, FDM
biocompatible Prints degrade provisional crowns
polyester over time; rough ~ Bone tissue
* High in vivo stability texture regeneration such as
e Low melting point alveolar bone
(~63 °C) augmentation
» Highly biocompatible Dirill guides for
and possesses tunable surgical insertion of
physicochemical dental implants, and
properties provisional
restorations for
protecting teeth
after crown
preparations
Metal- Titanium and ¢ Corrosion resistance, ¢ Potential * Removable partial ¢ SLA
based its alloys biocompatibility, concerns with dentures and * SLM
materials strength, and toxicity of the overdentures * EBM
lightweight vanadium or * Fixed dental
* Manufacturing aluminum prostheses
orthopedic implants present in the
alloy
* More
embrittlement
during
fabrication/heat
treatment
Cobalt-based  Superior corrosion and ~ Allergic reaction ~ Removable partial ¢ SLA
alloys wear resistance, due to their nickel dentures and over ¢ SLM
excellent mechanical content dentures « EBM
properties, Fixed dental
biocompatibility and prostheses

low rigidity
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Table 13.4 (continued)
3D printing
Category Material Pros Cons Application technique
Stainless steel ~ Bioinert, corrosion Removable partial ¢ SLA
resistance dentures and over ¢ SLM
dentures * FDM
Fixed dental
prostheses
Ceramics Zirconia * Ability to Dental bridges « SLA
accommodate * DLP
peri-implant soft ¢ Inkjet 3D
tissues well printing
* Decreases * Thermoplastic
inflammatory printing
response, plaque
accumulation, reduce
bacterial population
and modity fibroblast
adhesion and
proliferation
Alumina Wear-resistant and Ceramic abutments, ¢ SLA
biocompatible endodontic posts, * DLP

orthodontic e Inkjet 3D
brackets, dental printing
implants, and Thermoplastic
crowns printing.

FDM fused deposition modeling, SLA stereolithography, SLS selective laser sintering, SLM selective laser melting

demonstrated that the advent of these techniques
not only does not replace labor but also demand
it. They must, however, possess high qualifica-
tions in a variety of areas, including specific
expertise in a given subject, materials science,
mechanics, computer technology, and foreign
languages, in order to meet the job’s require-
ments. The function of dental technicians in the
closed working process of dentistry is changing
as a result of this trend. As a result, technicians
and dental laboratories must evolve as a matter,
of course, to keep up with the trends.

13.4 Safety of 3D Printing
in Dentistry

Although all printed materials must pass the ISO
10993 [68] biocompatibility test before they are
approved for marketing, the storage conditions
and material properties change over time, and
there will be safety risks, even the sterilization
process sometimes changes the product proper-
ties [69]. In vitro tests on light-cured 3D printing

products using zebrafish embryonic cells showed
that there is still some slight toxicity, but there is
no strong clinical evidence of carcinogenesis for
a long time [70]. Medical device regulations are
still possible when the controllable risk is less
than the clinical benefit obtained, the principle of
use. The safety items related to 3D printing are
listed below.

13.4.1 Risk of Fire and Burn

As we all know, 3D printers work with extremely
high temperatures, from the printed surface to the
hot end. The material is melted into granules and
then printed layer by layer to create the desired
object shape. The print head is where the material
is hot and its temperature will range from 190 to
300 °C depending on the type of material being
printed [71].

As a result, incorrect contact with the printer
during operation may cause burns to the user, or
the printer may overheat during operation, result-
ing in a fire.
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* Solutions
Wear high-quality protective gloves when
operating.
The printer should have a protective
cabinet.
Avoid using the printer continuously for
too long; follow the manufacturer’s instruc-
tions in this regard.
Itis recommended to use a printer equipped
with a heat-exhaust system and reduce the
temperature when the printer is too hot or
there is a risk of fire.
Paste the active printer warning.
Avoid leaving flammable materials around
the printer; it is best to keep the printer in a
well-ventilated location.
Equip with smoke alarm and firefighting
system in the printer room.
Limit the use of self-assembled printers.

13.4.2 Pinch Points Injuries

Pinch point hazard is a phrase for a frequent
mechanical danger caused by one or more objects
(machine parts) moving toward each other and
crushing or shearing anything in their path [72].

Printers work on an open-loop system, which
means they have a lot of mechanical movement
along the X, Y, and Z axes, resulting in pinch
spots that might trap humans or hurt them.
Lesions in the limbs are the most prevalent,
although they can also occur in other areas of the
body.

Printers work on an open-loop system, which
means they have a lot of mechanical movement
along the X, Y, and Z axes, which can cause users
to become stuck or hurt if they come into touch
with them. Lesions in the limbs are the most
prevalent, although they can also occur in other
areas of the body.

e Solutions
When operating the machine, users need to
pay attention to labor protection principles:
neat clothes and hair (for women) should
be wrapped neatly in a helmet, and avoid
wearing jewelry to minimize the risk of

injury due to entangled or dropped on the
machine.

Observe to determine the range of move-
ment of machine components before use to
avoid this range.

Avoid going into non-business areas; focus
mentally while working.

13.4.3 Scraper Blades

To remove the print product from the printer,
scraper blades are usually utilized. Scraper blades
are frequently highly sharp and can cause injury
to users, especially when working in areas where
the printed object has firmly adhered to the print-
ing surface. Wounds can be anything from a
minor cut that doesn’t require a bandage to a seri-
ous wound that necessitates numerous stitches in
the hospital.

e Solutions
Printers with a detachable print surface can
be purchased. As a result, there is no need
to employ scraper blades to avoid harm.
When handling the blade, keep it away
from the body to avoid “slipping,” which
causes the blade to follow the movement
and cut into the flesh.
When handling, special protective gloves
might be worn.

13.4.4 Electric Shocks from Printer

Printers, like other equipment, are powered by
electricity, and they consume a significant amount
of it (this issue is mentioned on Sect. 13.3.2,
energy consumption of 3D printing). As a result,
operating the printer carries the risk of electric
shock.

* Solutions
When operating the machine, users need to
pay attention to labor protection principles:
neat clothes and hair (for women) should
be wrapped neatly in a helmet, and avoid
wearing jewelry to minimize the risk of
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injury due to entangled or dropped on the
machine.

Observe to determine the range of move-
ment of machine components before use to
avoid this range.

Avoid going into non-business areas; focus
mentally while working.

13.4.5 Removing Support Structures
from Finished Prints

Printed objects need a supporting structure
underneath. These support structures are typi-
cally printed with low ink density as well as thin-
ner tube wall thicknesses so that they can be
easily detached from the finished object.

There are some designs that will create cut-
outs that separate these two components (sup-
porting objects and structures) first or allow the
support to be printed with a different material.

However, no matter which method is applied,
removing this structure at the post-processing
step has certain risk factors such as:

» This part of the structure is often sharp and can
cut the hand causing injury to the operator.

e In addition, removal with an abrasive will pro-
duce fine dust particles (usually plastic dust)
that can get into the eyes or cause skin irrita-
tion by contact in some individuals.

e To print an object, a lot of supporting struc-
tures are required (Fig. 13.3), which are often
very thin with sharp edges that can cause inju-
ries to the technician at the post-processing
stage from scratches to more serious injuries.

* Solutions

There is software available today that mini-
mizes the size or use of support structures
while still providing good quality of the
finished product. Users should learn and
consider using the software.

There should be a dedicated room and desk
when manipulating post-processing steps
with ventilation systems and physical bar-
riers to prevent dust.

Fig. 13.3 Resin removable partial framework with sup-
port structures

In addition, once again, the operator needs
to have good protective equipment such as
gloves and goggles to minimize damage to
the body when working.

13.4.6 Dangers from Materials:
Health Impacts from Ultrafine
Particles (UFPs) and Volatile
Organic Compounds (VOC)

Printers produce a lot of dangerous gases and
ultrafine particles when they’re running. Many
studies have shown a link between these toxic
emissions and health issues ranging from simple
skin allergies to more serious cancers, depending
on a variety of factors such as the materials and
equipment utilized [73, 74]. This problem is care-
fully discussed in Sect. 13.3.2.

Several solutions to this problem, which can
influence both the computer and the user, are pre-
sented in this section. These measures can be
classified into four categories in general: plants,
increased ventilation, personal protective equip-
ment (PPEs), and engineering controls are all
things that can be done [41].

To begin with, most vegetation absorbs carbon
dioxide and produces oxides during photosynthe-
sis, helping to air purification and providing a
healthy habitat for other living organisms in the
same area. Some plants have also been discov-
ered to be capable of absorbing UFPs and VOCs
produced by 3D printers, according to recent
research. There are two types of plants that
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should be considered: to begin with, since form-
aldehyde (one of the most common VOCs) may
be efficiently absorbed from the atmosphere. The
areca palm (or butterfly palm) is the second plant
that can remove toluene and xylene from the
atmosphere [75].

Second, improve the room’s ventilation to
produce a well-ventilated environment. The sim-
plest method is to place the printer in a room with
numerous windows; nevertheless, it is vital to
guarantee that the air entering the room is simi-
larly clean. Air conditioners are commonly
installed in offices nowadays, which we may
combine with air purifiers to lower the amount of
VOCs and ultrafine particles produced by the 3D
printer when it is in use [75].

Increased personal protection equipment
(PPE) while working is the third method: wear a
mask to protect your respiratory system and to
prevent hazardous gas and fine particle inhala-
tion. Wear gloves to avoid allergies caused by
direct contact with materials. Furthermore, gog-
gles are an essential piece of safety equipment for
protecting eyes from mechanical and chemical
damage while working [76]. However, it is criti-
cal to utilize protective equipment that is tailored
to each individual to achieve a tight fit and elimi-
nate leaks. Furthermore, users must be instructed
on how to correctly use PPE to get the most out
of it.

Finally, to isolate the printer from its sur-
roundings, a self-contained enclosure with inte-
grated exhaust and fume hood might be employed.
Fans or air filtration systems with HEPA [77] and
carbon filters can assist in filtering out UFPs and
VOCs emitted from the printer.

13.5 Regulatory Issuesin 3D
Printing in Dentistry:
International and National
Perspective

13.5.1 The United States
3D printing is still not a standard manufacturing

process that includes greater freedom of design,
simple customization, and novel material prop-

erties. According to the workflow of 3D print-
ing, there are many variables that may affect the
quality and safety of finished products. These
are their form and shape of printing materials
(powder/particles/monomers), type of printers,
printing process parameters, post-processing,
cleaning, and sterilization. Before printing, in
the digital design phase, patient’s 3D model
obtained by intraoral scanning is used for
design. The software in design is also a regu-
lated medical device. Because of the diversity of
3D printers, FDA tends to regulate finished
device and software. Manufacturers know the
best condition of printing process and must pro-
vide verification and validation data of their reg-
istered device. The definition of a “manufacturer”
could be printing as dental labs, dental depart-
ment in a hospital, dental technicians, and den-
tists/dental clinics. Thus, this complicates the
regulatory framework.

Due to the high advanced development of dig-
ital dentistry, the process of 3D printing shifts
from dental lab to clinic gradually. This trend
drives the harmonization of 3D printing work-
flow to a daily practice of treatment process in a
dental clinic or hospital. How a clinic implements
the requirement of a quality system needs to be
regulated according to the level of risk. FDA
treats the materials used for 3D printing as fin-
ished devices and regulates them at the point of
care. FDA provides a guidance, “Technical
Considerations for Additively Manufactured
Medical Devices,” for manufacturers to follow
[78]. Most dental devices fall into Class I or Class
IT category. The examples of 3D-printed Class I
and Class II devices have been presented in
Table 13.5.

The Class I [79] medical devices are defined
by US FDA as “not intended for use in support-
ing or sustaining life or of substantial importance
in preventing impairment to human health, and

Table 13.5 Classification of 3D printing dental medical
devices (adapted from [80-85])

Class  Surgical guides, custom trays

I

Class Denture bases, temporary crowns and bridges,
I mouth guards, and aligners
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they may not present a potential unreasonable
risk of illness or injury.” The Class II [79] medi-
cal devices are defined as “devices for which gen-
eral controls are insufficient to provide reasonable
assurance of the safety and effectiveness of the
device.” A medical device must assure its safety
and effectiveness based on the control level of
safety and effectiveness. If a medical device is
classified as Class I or II, and if it is not exempt,
then a 510(k) will be required to market the
device in the USA.

For registration, Class II dental equipment
must follow the 510(k) process. Applicants must
show that their device is at least as safe and effec-
tive as a legally marketed, or predicate, device
under the 510(k) method. 3D-printed denture
teeth, on the other hand, may be exempt from the
510(k) process.

“A 510(k) is a premarket submission made to
FDA to demonstrate that the device to be mar-
keted is as safe and effective, that is, substantially
equivalent, to a legally marketed device” [78].
Any individual, organization, or company seek-
ing FDA 510(k) approval must first conduct a
comparative analysis of their products against
one or more similar items already on the market.
Products must be compared specifically in terms
of quality and safety. Unless the device was mar-
keted before May 28, 1976, anyone intending to
sell medical equipment in the United States must
submit a 510(k) at least 90 days before it is put on
the market. Furthermore, with licensed devices
on the market, if a change or modification is
made to a lawfully marketed device, such change
could have a major impact on the device’s safety
or effectiveness [78].

13.5.2 EU

There are provisions for customized products in
the “Guidance on legislation: Borderlines with
Medical Devices,” and the scope of application
includes dental appliances such as dental alloys
and dental ceramics. The EU’s customized prod-
ucts must meet the description of Article 11(6) of
the 93/42/EEC Medical Device Directive and the

requirements of Annex VIII. However, those
major manufacturers of 3D printing machines do
not need to obtain device-related product certifi-
cation, but they still need to pass CE product cer-
tification for the market. Therefore, 3D-printed
medical devices are currently managed by the
requirements of customized products in the
European Union [86].

In MDR (Medical Device Regulation)
2017/745 [87], a custom-made product is a medi-
cal device that has “specific design characteris-
tics” that make it suitable “for the sole use of a
particular patient exclusively to meet their condi-
tions and needs.” The new regulation goes on to
exclude two categories of medical device product
from the custom-made definition:

1. Mass-produced medical device products
which are adapted to the specific requirements
of a patient

2. Mass-produced products manufactured as per
a written prescription

Therefore, ‘“custom-made” can only be
applied to products made from scratch.

The result of such change is a new regulatory
uncertainty for the manufacturers of 3D-printed
medical device. The manufacturer could be a
hospital or an outsourcing vendor. However,
manufacturers are advised to follow existing
medical device manufacturing standards. It is
also very likely future CE mark requirements will
be parallel to its US counterpart.

Since the European Union Medical Device
Directive (MDD, 93/42/EEC) (2016) includes
more than 16 annexes, which deal with medical
device-related issues, such as the basic require-
ments for patient health and safety, it depends on
the type of medical devices, involving materials,
packaging (sterile or non-sterile), labeling, and
waste disposal procedures. The customized
device should have a unique identification num-
ber, detailed information about the manufacturer,
the name of a professionally qualified doctor, the
name of the patient, and the intended indication
of the device. If the product is implantable, this
information should be available for 10-15 years.
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13.5.3 China

At present, the technology of 3D printing teeth
in mainland China is mature, and it is rapidly
popularized in major dental hospitals, while the
technology of 3D printing cells, soft tissues,
organs, etc. still needs further research and
development. The use of 3D printing equipment
for manufacturing in hospitals has become
widespread. However, because medical institu-
tions themselves do not have a production qual-
ity system for medical equipment products,
medical institutions engaged in 3D printing
technology in practice use GMP (Good
Manufacturing Practice) [88]-compliant medi-
cal equipment manufacturers to commission on-
demand customers. It complies with the
“Regulations on the Supervision and
Administration of Medical Devices” reviewed
and approved by the State Food and Drug
Administration. It is used to support life-
sustaining medical devices that are potentially
dangerous to the human body and must be
strictly controlled for their safety and effective-
ness. It can be seen that although the products
manufactured by 3D printing technology are
different from the products produced in facto-
ries in the traditional sense, they still belong to
the definition of “product” stipulated in the
“Product Quality Law”, “Products used for
sale.”

13.5.4 Japan

The “Layered Manufacturing Medical Device
Development Guide 2015 (General)” was issued
for the utilization of layered manufacturing tech-
nology, which is useful for the development of
clinically necessary models, surgical instruments,
defective restorations, and high-adaptability grafts.
The so-called multilayer manufacturing technol-
ogy refers to the additive manufacturing technol-
ogy that is automatically manufactured with
three-dimensional data according to ASTM
(American Society of Testing and Materials) F2792
[89] standards. In addition, it can be expected to be
used in application cases of medical devices.

13.5.5 India

Although the importance of intelligent manufac-
turing has been addressed from research, India
has not yet provided their official 3D printing
guidance. India’s Drugs and Cosmetics Act,
1940, expands the definition of “drug” to the
diagnosis, prevention, or treatment of a disease.
This is same as the definition of medical devices.
The finished products from 3D printing then can
be regulated by the India’s Drugs and Cosmetics
Act, 1940 [90].

13.6 3D Printing in Dental
Training and Education

The emergence of CAD/CAM technology made
it become a staple in dental laboratories. What
was once only possible through rigorous and fine
artisan processes can now be produced digitally.
This in turn brings a requirement for dentists and
dental technicians to become acquainted and
updated with the technology of 3D printing, and
rapid prototyping in general. Training and educa-
tion are needed for them to overcome the learn-
ing curve associated with the technology [91].

Dentistry’s educational sectors have long
acknowledged the importance of mastering this
new technology. It provides excellent prospects
for high-precision replication of orofacial anat-
omy and complex geometry, which can be used
to instruct students and practitioners in various
maxillofacial operations.

13.6.1 Benefits

The introduction of 3D printing has improved
dentistry education, particularly preclinical train-
ing in universities and educational institutions.
As we all know, proper preclinical preparation
for dentistry students reduces errors in patient
manipulation. To do this, educators must estab-
lish a practice environment that is as close to that
of the students as possible. Prior to 3D printing,
however, this was difficult, if not impossible, to
achieve in some specializations due to a lack of
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specimens to serve as learning materials, non-
standard status, or a lack of diversity.

All of this is solved through 3D printing, which
allows for the creation of an infinite number of
instructional function templates. Educators can
use real data from patients to generate straightfor-
ward, colorful, and easily accessible function
models for a range of illnesses that can be used as
the foundation of training materials. Because the
function template can be reprinted many times
based on the recorded data, students will be
exposed to a range of scenarios and will be able to
manipulate them until they are adept [91, 92].

Furthermore, because the patient’s (extracted
tooth) specimens are employed as learning mate-
rials, the 3D model eliminates the risk of cross-
contamination. It is obvious that genuine teeth,
no matter how skillfully handled, pose some
risks, and students are frequently advised to use
extreme caution when managing them to avoid
unfavorable outcomes. Education and training
professionals can standardize situations and
establish a uniform, fair training environment for
each student by creating a variety of preclinical
settings on a 3D model. This is critical in compe-

tency-based tests, particularly for individuals
who have completed preclinical training and are
ready to begin direct patient care.

The process of making a model in 3D usually
includes five basic steps as shown in Fig. 13.4,
starting with the selection and data collection of
the anatomical structure to be printed (1); then
using 3D compositing software to create or pro-
duce a 3D model with properties from the col-
lected data (2); the next step is to convert this
design to a format suitable for 3D printers (3);
this step is closely related to the selection of
select the printer and materials (4); and finally the
post-processing step of the product (5) [93].

13.6.2 Applications of 3D Printing
in Education Today

3D printing is now used in many areas of den-
tistry education, particularly those that need high
practical skills and precision, such as maxillofa-
cial surgery, due to the benefits outlined above.
Kroger et al. constructed a variety of 3D mod-
els, including a prosthodontic model for veneer

Making 3D Models Using 3D Printing

Using CAD softwares to
design expected models.

Printing
Selecting printers and
materials

®

Obtaining 3D Virtual
Models

= Scanning physical models.
* Using intraoral scanners.

02 ) :
Converting the design to

suitable files for printer.

STL is known to be the most
common file format in 3D
printing.

Post Processing.

Fig. 13.4 Making models using 3D printing. (Adapted from [93])
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preparation, a model for dental bonding practice,
and a model with carious teeth and an insufficient
crown. All of the models were created using data
from real patients, resulting in highly realistic
features [94]. In 2019, Christian Hohne et al. cre-
ated a model of teeth that resembles the structure
of natural teeth (various layers of dentin and
enamel) and was utilized in crown preparation
with the goal of providing students with realistic
knowledge and feel when practicing [95].

The following part will describe 3D function
prototyping in certain specific areas to further
illustrate the application of 3D printing in den-
tistry training.

e Printed Model Teeth for Endodontic Bench
Exercises [96, 97]

For example, in endodontic training, stu-
dents formerly practiced on dry teeth extracted
from people, cadavers, or rosin models. The
drawback is that the source of dry teeth is
becoming increasingly scarce as individuals
become more aware of the importance of oral
health care, resulting in a decrease in the num-
ber of teeth extracted. Furthermore, dry teeth

Fig. 13.5 Canned extracted tooth using Kavo OP Pro
(CT). The scanned files then were converted to the 3D
printable files for 3D printing to achieve 3D tooth model
with root canals. (a) Extracted tooth from patients; (b)

do not always satisfy the condition and quali-
ties that educators desire, and sterilization and
preservation of dry teeth will alter the tooth’s
characteristics, making it difficult or even
judgmental. When operating on real patients,
students must be able to spot errors. Models
made from plastic can be expensive, while
students need to manipulate many times to
master. The introduction of 3D printing and
micro-CT scanning has aided in the solution
of this challenge by allowing for the creation
of tooth models that accurately imitate desired
real-tooth properties at a low cost and in an
endless quantity. Micro-CT technology can
photograph discrete tissue samples with slices
as tiny as 0.5 pm (0.0005 mm) from people
with even better resolution scans. These image
files are in the (.STL) format and are used to
produce models for endodontic practical train-
ing classes in universities or dental training
units using 3D printers (Fig. 13.5a—f).
e Printing in Dental Implant Education
[98, 99]
Implant is a complex array in dentistry
because it requires practitioners to master the

scanning file; (¢) scanning file; (d) scanning file; (e) 3D
printing tooth; (f) 3D printing tooth; (g) longitudinal sec-
tion of the 3D printing tooth
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knowledge of anatomical structures to be able
to operate correctly. It is not allowed to make
any mistake; even the smallest will cause seri-
ous problems then resulting in unpredictable
and life-threatening consequences.

Normally, the observation of anatomical
structures is quite difficult, especially with inter-
nal structures. Printing 3D models can benefit in
visualizing vividly the entire anatomical struc-
ture of the upper and lower jaw. In particular,
those are directly involved in implant proce-
dures such as mandibular foramen, the inferior
alveolar nerve, the mental foramina, the mental
nerve, the lingual nerve, and the incisive canal
and its associated neurovascular bundle.

Besides this, 3D-printed models can also be
used to explain the patients about their dental
condition and upcoming implant treatment plans,
so that they can have a clearer and more precise
understanding.

13.6.3 Dental Education
in the Future

Ayman M. Khalifah used the term “digital stu-
dent” [100] to refer to students who were born in
a period when technology was being applied to
education in a significant degree, and it is appar-
ent that they profit immensely from the trend.
Dentistry education and dental students are no
exception to this tendency, particularly under
such difficult circumstances as the COVID-19
outbreak brought to the world in 2020, when all
institutions were forced to close and students
were forced to learn remotely.

Extended reality (XR) is a generic term that
refers to all situations in which there is a com-
bination of actual and virtual aspects, as well as
user-machine interaction through computer
technologies and wearable devices [40]. 3D
printing is a part of XR technology that differs
only in the finished product’s appearance and
how it aids students in their learning. Educators
will have two alternatives after creating a vir-
tual 3D model with software: print it out as a
physical model or integrate it into the XR gad-

get, depending on the purpose and circum-
stances. In terms of training, actual skills
training, and dental practice, XR easily outper-
forms the competition.

13.7 Future Trend of 3D Printing
in Dentistry

Dental restoration based on software design
has become popular. The cost of 3D printing
and dental restoration and treatment is an
important factor that dental clinics and labora-
tories need to consider. Many dental clinics
and laboratories have introduced digital dental
technology to improve efficiency and cost
reduction. Digital dental technology combined
with 3D printing brings high precision, low
cost, high efficiency, and dental material that
conform to the standardized production chain
for the dental industry. The more important
significance of digital dental technology
including 3D printing is to reduce the time for
doctors to manually make dental products such
as models and dentures and to return their
energy to the diagnosis of oral diseases and the
implementation of oral surgery itself. For den-
tal technicians, although they are far away
from the doctor’s office, as long as the patient’s
oral information is obtained, accurate dental
products can be customized according to the
doctor’s requirements.

In the application of 3D printing technology,
the machine is waiting on the same production
line, and the finished product is from scratch,
which is very different from the existing tradi-
tional manufacturing process. How to conduct
quality control, design verification, validation,
and testing requires more in-depth consider-
ation. The biggest breakthrough of 3D printing
technology to the industry lies in the innovative
products that were originally limited by the
manufacturing process. Therefore, the genera-
tion of technology has a new opportunity. In the
face of the massive development of innovative
products in the future and the application of
composite materials, it will be difficult in the
management system.
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3D printing is used more and more widely,
and its medical uses are becoming more and
more diversified. Future innovation trends
include:

1. 3D printing production of anatomical struc-
ture objects for medical education and train-
ing purposes

2. Remake preclinical verification tests for
human pathological phenomena

3. Customization of implantable
objects and surgical equipment

4. 3D printing production of individual case
models for surgical planning

5. Design files with management information

6. Color printing

7. Porous material, composites, biodegradable
devices, functional devices

8. More integrated design software

9. Remote control for automation in design and
manufacturing

10. Mass production
11. Intelligent printing process adopted for
chairside smart workflow

medical

13.8 Summary

The continuous innovation of 3D printing tech-
nology in various aspects including printing
speed, new material development, material bio-
compatibility, clinical process adaption, printing
accuracy, mass production, and subsequent mate-
rial and surface treatment after printing makes
the design and printing of complex structures
possible. Thus, it can replace some traditional
subtractive manufacturing processes. At present,
regulatory guidelines from various countries
have been released gradually, and regulatory
management strategy has become increasingly
clear. The development regulatory pathway of the
digital dentistry industry then can be followed
whether it is applied at the manufacturer side or
clinical site. Based on the effective management
and control of risks, 3D printers and printing
materials are innovated constantly. As the price
has reduced to an acceptable range for the indus-
trial players, it also benefits from the innovative

functions and simplification of collaborative
design software. For example, titanium and
ceramic customized 3D printing products for
clinical applications will become more and more
popular. Innovative cloud and chairside services
will further promote the serviceability of digital
dentistry. With Al, the biggest beneficiaries of
smart dentistry will be patients.
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14.1 Introduction

Customization is integral to dentistry. In the den-
tal laboratory, any appliance or restoration made
for the patient is unique. The process of manual
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fabrication is time-consuming and laborious. It
often takes multiple appointments to deliver a
single appliance/restoration, and despite the
effort put into making it, chances are, the result is
not as expected. There is a need to overcome this
kind of unpredictability, and 3D printing can play
an important role.

3D printing has attracted significant attention
in dentistry with increased availability and
affordability. It provides personalized dental care
without the hassle of frequent visits to a clinic,
reduces wastage, and allows room for adjustment
according to patient needs. It helps to develop the
appliance with active patient feedback and par-
ticipation to relieve any concerns before fabrica-
tion. The freedom to customize (in a short time),
the potential to involve and educate the patient
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and address potential setbacks, gives longevity
and greater acceptability to the treatment
provided.

3D printing technologies are augmented by
using scanners for data acquisition and creating
a digital file that can be manipulated to produce
the desired result. Recent surveys show wide-
spread use of three-dimensional imaging and a
belief in increased usage of 3D technologies in
the future [1-5]. The increased application of 3D
imaging such as intraoral scanning and cone
beam computed tomography (CBCT) will pro-
mote the adaptation of 3D printing in clinical,
educational, or research settings by easing and
accelerating workflow for clinicians and oral
health researchers.

A PubMed search of the keywords “3D print-
ing” and “dentistry” provided 1263 results in the
year range of 2000-2020 with an uptick in the
research during the past 5 years (Fig. 14.1). The
publications are in all major fields of dentistry,
but only ten among them were clinical trials.
Reviews—systematic or otherwise—totaled to
around 139. This reflects the need for more rigor-
ous experimental and original research in this
area. Few studies compare 3D-printed materials
and conventional ones to assess their long-term
outcomes. Chaas et al. showed that after
14.7 years, 3D-printed crowns made by metal
laser sintering had a survival rate of 81% with no
technical complications affecting the function of
the restoration [6]. Such clinical studies are the
need of the hour. They will promote confidence

Fig. 14.1 The number
of studies published over

and guide the adoption of 3D printing into clini-
cal practice.

Digital technologies were of immense help to
dentists during the pandemic. The use of intraoral
scans reduced the need for repeated impression
making. The interaction of dental personnel with
virtual images reduced contact with potentially
infected fluids from patients. Scarce interactions
for procedures and fewer visits limited the spread
of infection while providing necessary care, dur-
ing the pandemic. 3D printers were also used to
manufacture face shields and mouth masks that
are routinely used in dental clinics [7, 8].

The global market for dental materials is
expected to be valued at over a billion dollars in
the USA alone and is expected to grow at a high
rate [9]. The global dental 3D printing market is
believed to be valued at nearly US$3.4 billion by
the end of 2025 [10]. Continued development in
technology can be expected due to constant
endeavors to ease the workflow of dentists and
increase patient comfort [9]. Keeping the clinical,
research, and economic outlook in mind, there is
no doubt that 3D printing is here to stay in den-
tistry for a long time.

3D printing has been used for multiple appli-
cations in the oral sciences. It has been tested for
fabricating restorations and complete dentures,
developing surgical guides to place accurate inci-
sions and fabricating dental models for creating
orthodontic aligners [11]. It provides an easier
workflow with reduced labor costs and process-
ing time. 3D bioprinting allows easier production
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Fig. 14.2 Areas of
interest in 3D printing in
the oral sciences

Stimuli
responsive
materials

of scaffolds for regenerative techniques in the
oral sciences [12]. Though it is becoming more
prevalent, there are certain areas in 3D printing
that have the potential to be explored further in
the oral sciences. A brief overview of these is pre-
sented in Fig. 14.2. This chapter aims to explain
their application in different branches of the oral
sciences.

14.2 Future of 3D Printing
in Prosthetic and Restorative

Dentistry

3D printing offers multiple advantages over the
process of subtractive milling which is used to
fabricate restorations and prostheses. These
include:

¢ Reduced material lost to milling

* No obvious microcrack propagation

e Allows production of complex geometries
with ease

e No limit on resolution according to the size of
a milling bur [13-15]

Properties of

current
materials
* Mechanical
*Tribiological
* Biological
Structural
Customization
* Restorations
* Denture bases
. ¢ Dental Implant
Potential coatings and
areas of deslgn
interest
Biomimetic
materials
* Scaffolds

* Metamaterials

3D printing is used in restorative dentistry for
the fabrication of tooth models and dies, fabrica-
tion of wax patterns, single-tooth restorations,
fixed 3-unit bridges, and implants. RPD frame-
works, resin patterns, and denture bases have
been successfully prototyped with different
materials [16-20].

14.2.1 Fixed Restorations

Fixed intraoral restorations provide rehabilitation
or replacement of damaged teeth. These include
single tooth complete or partial coverage crowns,
fixed dental prosthesis, implant-supported resto-
rations, etc. Fixed restorations made with con-
ventional methods such as the lost wax technique
have withstood the test of time [21-23].
3D-printed restorations must be evaluated and
perform as well or better than conventional mate-
rials in vivo if they are to be adopted.

Recent research shows that 3D-printed resto-
rations perform similarly to conventional ones.
Single-tooth restorations, made by both tech-
niques, were compared for marginal adaptation.
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The 3D-printed metal crowns were within the
clinically acceptable limit and comparable with
conventional crowns [24-26]. A drawback in
3D-printed restorations was a higher gap in the
occluso-axial and occlusal regions [25, 27-29]
that could be due to optical rounding of line
angles when using a digital light scanner [30].
Developing better scanning technology will help
to reduce this discrepancy and provide a better fit
compared to the techniques used today. The
mechanical properties of 3D-printed metal cop-
ings and single-tooth restorations need further
evaluation.

Ceramics, a preferred restorative material due
to their superior esthetics and mechanical proper-
ties, have been printed by extrusion techniques.
Posterior crowns fabricated with zirconia using
inkjet printing have high accuracy, with strength
and fracture toughness comparable to conven-
tionally produced zirconia [15]. Ceramic veneers
fabricated with rapid prototyped zirconia have a
superior load-bearing capacity than either milled
or heat-pressed ceramics [31]. Despite the supe-
rior esthetics and mechanical advantages of
ceramics, metals are economical. Another disad-
vantage is the wear of natural teeth seen with the
use of these restorations.

In a clinical setup, the technique of robocast-
ing, which allows fabrication of a model using
viscous solutions of porcelain followed by post-
fabrication processing, has potential for applica-
tion. This process involves the fabrication of a
solid free-form “green” model by extrusion of a
viscous slurry onto a platform at extreme low
extrusion pressure. The model undergoes post-
fabrication processing to remove the binder in the
ink by burning off the organic additives, followed
by sintering to densify the structure and give rise
to the final form to be fabricated—such as a res-
toration [32, 33]. It was used to manufacture low-
cost accurate dental prosthesis with zirconia and
alumina, in a minimal amount of time [34]. The
restorations made had an accurate intaglio (inter-
nal, tooth facing) surface, but the fidelity of the
external surface to the STL file was inadequate.
Further improvements in the technology that
focus on accuracy and adaptability and increased
variety and availability of inks used in the fabri-
cation process will aid its use in the oral sciences.

Using hybrid inks with ceramics and resins can
help lower costs and also improve the tribologi-
cal properties of these restorations.

Studies that evaluate the mechanical proper-
ties of these restorations, their adaptation, dimen-
sional accuracy, biocompatibility, survival in the
oral environment, and eventually economic feasi-
bility are required. The development of ceramic
or metal restorations by robocasting can make it
an economical and accurate alternative in dental
clinics. It can aid in fabricating single or multiple
tooth restorations, implants, and connectors for
partial dentures. Newer biocompatible polymers
can be used to fabricate restorations with longer
viability, antibacterial, and biomimetic properties
in the oral cavity.

14.2.2 Dental Implants

Dental implants, commonly made from titanium
or zirconia, offer a conservative and long-lasting
option for the replacement of missing teeth. They
are currently produced commercially in standard
designs and compositions. However, fabrication
of implants by commercial entities at a central
facility, materials for molds, and manufacturing
processes such as milling, storage, and transpor-
tation increase the cost of production.

3D printing can provide in-office dental
implants made from either zirconia or titanium.
Dental implants have been rapid-prototyped
using laser techniques with metal [35]. They
show promising results in clinical studies—a sur-
vival rate of 94.5% for 3D-printed implants
placed in the oral cavity and a 94.3% implant-
crown success rate in one study [36]. Zirconia
implants have also been made with DLP using
yttria-stabilized zirconia and photosensitive
monomer which was cured layer by layer as the
implant was built [37].

Surface coatings and nanostructural modifica-
tions of dental implants improve their function
and biocompatibility, specifically, rapid healing
and osseointegration [38—40]. Studies have used
drugs, nanoparticles, and other bioactive sub-
stances coated on implants to obtain better results
[41-43]. These coatings are added to a previously
manufactured implant substrate. They must
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adhere to the surface and withstand forces applied
to the implants. 3D printing can allow the addi-
tion of a particular substance onto the implant as
part of the surface. Bioactive substances can be
embedded in the ink used to print the final layer
of the fabricated implant. The potential for cus-
tomization here is immense. Patients who need
antibiotics, osseointegration, or other similar
nanoparticle coatings can get custom implants
according to their physiological needs and prob-
ably at a lower cost.

In addition to these materials, rapid prototyp-
ing makes it possible to use polymers for the
manufacturing of dental implants. Polyether
ether ketone (PEEK) is an extensively studied
polymer for biomedical applications. Its low
modulus and biocompatibility make it one of the
preferred polymers for dental implants. It has
been used to design them in vitro with a favorable
stress distribution and a wider design range,
made from fiber-reinforced PEEK [44]. A recent
finite element study indicated that PEEK may
have an advantage over conventional metal
implants in thermal adaptation to changing tem-
peratures in bone tissue [45]. PEEK is inherently
bio-inert and has been modified to improve its
properties [46]. It is a promising alternative to
zirconia and metal for in-office 3D-printed
implants.

Rapid prototyping can produce customized
implant designs according to the patient’s bone
and incorporate modifications as a part of the
implant and not a physical coating. It can fabri-
cate materials for the patient, specific to their
needs by combining different inks for printing.
The application of rapid prototyping in dental
offices will reduce expenses by saving time and
resources needed for commercial manufacture
and transportation. The implants thus made will
be patient-specific, more economical, and have
better longevity in vivo.

14.2.3 Dentures

Conventional fabrication of a denture base neces-
sitates multiple visits to a dentist: repeated
impression making, try-in procedures, numerous

adjustments at every step during, and post-
fabrication. Although milling has a rapid pro-
cessing time, it does not necessarily reduce visits
to the dental office. Unkovskiy et al. prototyped
dentures with a complete digital workflow that
offers an alternative with only two visits [47].
However, they were unable to provide a predict-
able esthetic outcome, and the base had poor
retention. Their proof-of-concept study incorpo-
rated an additional step of digital relining which
included a chairside try-in procedure. This helped
increase retention of the bases and allowed exam-
ination of esthetics and function before final fab-
rication. Soft tissues in the oral cavity are mobile,
and achieving a functional impression with an
intraoral scanner is difficult. Improvements in
scanning techniques or the development of aides
that allow digital impressions of soft tissues in
their functional position will help to advance this
method of fabrication.

Rapid-prototyped complete dentures are par-
tially polymerized as they are fabricated. As a
result, they may contain lower amounts of resid-
ual monomer compared to milled dentures that
release as much monomer as conventional den-
tures [48]. However, this makes them susceptible
to distortion when removed from their supports
on the platform. They also have a post-fabrication
processing cycle which involves the removal of
an outer layer of unprocessed resin or a final cure
cycle for unpolymerized resin. Complete denture
bases made using rapid prototyping were found
to have better accuracy after processing and
hydration for 24 h than those fabricated by injec-
tion molding or milling [49], but an in vitro study
that compared milled and 3D-printed complete
dentures found that the trueness of artificially
aged rapid-prototyped dentures was less than
milled dentures in the examined areas [50]. It
must be noted that the dentures printed in the sec-
ond study were made with a layer thickness of
100 pm. Previous studies have shown that layer
thickness can affect the accuracy of fabricated
models and fixed prostheses [51, 52]. There is no
reason to believe oral appliances will not be
affected by this parameter. The questions that
arise now are monomer release, distortion, the
effect of layer thickness, and build angle, which
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need to be answered with further experimental
and comparative studies.

Choi and colleagues studied the bond strength
of teeth to different denture bases (heat polymer-
ized, milled, and 3D printed) [53]. It was lower in
the milled and 3D-printed bases compared to
conventional heat-cured bases. In the previously
mentioned study [50], milled denture bases had
prefabricated teeth attached to them, while rapid-
prototyped dentures were made as one object (the
teeth and the base were a single unit). Rapid pro-
totyping can lead to a stronger bond between the
teeth and the base if both are made simultane-
ously and not as separate components. This needs
to be determined with experimental models.

The oral cavity is not immediately suitable for
impression making after extraction. A delay in
fabrication of complete dentures—due to delayed
healing, or schedule in a busy dental practice—
can affect the patient adversely. The resulting
edentulous period can deteriorate the quality of
alveolar ridges and masticatory function leading
to an unhealthy diet, social disability, and an
adverse effect on the quality of life [54]. An intra-
oral scan is a noninvasive method of mapping the
oral cavity to print immediate dentures that can
be modified to suit the patient. Neumeier and
Neumeier used a digital workflow for the fabrica-
tion of immediate digital dentures and a surgical
guide before alveoloplasty [55]. This can be
adopted into a clinical setup to provide digital
records with jaw relations before extraction and
can be used to fabricate a replacement or a new
denture that is economical and efficient.

As dentures are subject to cyclic masticatory
forces, high flexural strength is a desirable property
in materials used for the fabrication of denture
bases. A recent study that compared the flexural
strength of denture bases fabricated by four meth-
ods (conventional heat polymerization, injection
molding, milling, and rapid prototyping) found that
3D-printed materials had the least flexural strength,
but within clinically acceptable limits [56]. Build
orientation can affect the mechanical properties of
3D-printed dental materials [57]. This factor needs
to be evaluated further to objectively determine its
effects on appliance fabrication.

3D-printed denture bases can be customized
to individual needs. A patient with high bite

forces, for example, can be given a denture base
and teeth fabricated with additives to improve
their mechanical properties. Those who are
immunocompromised or susceptible to infec-
tions can have an antibiotic material, such as sil-
ver nanoparticles, incorporated into the base.
These additions can be done in two ways—as a
layer between the inks used for printing of den-
ture bases or by manufacturing specialized inks
for specific purposes. 3D-printed polymers—sty-
renes, polyamides, polyether ketones, and poly-
carbonates—have been modified to improve their
biocompatibility, strength, and antibacterial
action [58, 59].

Fabrication of teeth with esthetics similar to
natural is easy with rapid prototyping. A gradual
change in the shade of the resin in each layer can
help imitate the hues of dentin and provide a
more translucent layer of enamel on the outside.
This can be achieved by multi-head deposition.
Soft tissue esthetics such as gingival pigmenta-
tion can be similarly customized. This control is
achieved by techniques that use jetting of materi-
als onto a platform such as polyjet printing. Using
this technique, the dentist will be able to decide
the composition of each build layer at a micro-
scopic level and modify the appliance according
to the patient’s needs. To cater to this require-
ment, companies are setting foot into this area,
such as Stratasys with its recently launched J5
DentaJet™ (Stratasys Ltd©, USA) that allows
printing in multiple materials and colors.

Further developments in the fabrication pro-
cess can aim to improve the accuracy of the inta-
glio (tissue-facing) surface by incorporating
functional assessment of oral tissues and integrate
esthetic evaluation into the procedure. This will
allow the fabrication of complete dentures with
reduced clinical visits, which will be especially
useful where resources such as transport, ship-
ping facilities, or dental laboratories are scarce.

14.3 Future of 3D Printing

in Orthodontics

The advent of digital scanning and printing tech-
niques has created a paradigm shift in orthodon-
tics. The principles of tooth movement remain
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the same, but their execution has changed. 3D
printing affects every aspect of orthodontics—
from aligners and wires to customized compen-
sations (tip and torque) in brackets. These are
made possible in the orthodontic clinic itself
without outsourcing to a third party. These
changes, however, are not without their require-
ments and investments. The role of the specialist
will change from placing the appropriate wire
available to fabricating the ideal wire, which will
need a deeper understanding of material behav-
ior, or deciding the morphology of the attachment
to move teeth effectively.

As intraoral scanners replace dental impres-
sion materials and allow integration of dental
models with 3D imaging, diagnosis and treat-
ment planning in orthodontics will become sim-
pler and accurate. Adding 3D printing offers
many advantages: reduced material and labor
costs, in-house fabrication of appliances, and
models that can be used repeatedly. However, it
ushers in a new era of digital orthodontics where
the setup will need different equipment and skills
from both the laboratory technical staff and the
orthodontist. Since the technology is not taught
in most dental schools across the world, espe-
cially in developing nations, it will require train-
ing of personnel. These added costs could be
offset by saving on perishable materials, faster
fabrication leading to a greater patient interest in
treatment, and reduced need for manpower.

14.3.1 In-House Aligners

A shift in orthodontic treatment planning
occurred from a focus on hard tissues to the soft
tissues and esthetic at the beginning of the
twenty-first century [60, 61]. Today, there is a
similar shift in orthodontic appliances. Patients
desire an esthetic and functional occlusion with
removable invisible appliances. A large segment
of patients requiring orthodontic treatment, espe-
cially adults, find braces unacceptable [62].
Currently, most orthodontists use proprietary
software affiliated with commercial entities (such
as Align Technology, USA) that print successive
models and fabricate aligners remotely. These are
then delivered to the orthodontist with little to no

room for adjustment. In addition to material and
software, logistics contribute to the price. 3D
printing allows fabricating in-house aligners
where the orthodontist has complete control over
the sequence of tooth movement.

Fabrication of aligners can be carried out in
two ways: thermoforming on printed models or
direct printing. The former is more common as
thermoformed retainers are already used in ortho-
dontics. The direct printing of aligners can be
cost and time-efficient. They can be created virtu-
ally and printed—in contrast to the former, where
digital models are manipulated, printed, and fol-
lowed by aligner adaptation. Compared to
3D-printed models, which are complete solids,
printed aligners are akin to shells. Thus, they use
less material and time. However, research in this
area is scarce compared to the thermoforming
technique.

Aligners must have high accuracy for ade-
quate adaptation, tooth movement, and patient
comfort. For thermoformed aligners, this means
printing an accurate cast from a digital model. A
study found 3D-printed dental models compa-
rable to conventional stone casts in dimensional
accuracy [63]. It explored layer thickness, build
orientation, position on the build platforms, and
whether the model was hollow or solid as poten-
tial factors. As mentioned previously, layer
thickness (which also determines resolution)
affects accuracy [51, 52]. Orthodontic models
do not need as accurate a reproduction as intra-
or extra-coronal prosthesis—a variation of
0.20-0.50 mm is acceptable [64, 65]. A recent
study by Sherman et al. determined that the
casts printed by varying their build orientation,
position, and fill (solid or hollow) are compara-
ble in accuracy [64]. The highest layer thickness
used was 100 pm. A thicker layer will reduce
printing time but compromise accuracy. Studies
that used polyjet printers with a layer thickness
of 16 pm found them to be more accurate than
other printing techniques, though the overall
accuracy was not significantly different from
stone casts [65-67]. Further research on opti-
mizing printing, i.e., minimal time with maxi-
mum accuracy, will help establish guidelines for
orthodontists who wish to use 3D printing in
their practice.



300

D.Bhatia et al.

Direct printing of aligners will also help
reduce errors. Any possible discrepancy can
come from intraoral scanning and printing only,
in contrast to the thermoforming technique where
intraoral scanning, 3D printing of the model, and
adaptation to the model—all contribute. Jindal
et al. used Dental Long-Term (LT) resin (Form
Labs, USA) which is an approved biocompatible
material for direct printing of aligners [68]. They
found that the mechanical and geometric proper-
ties of these aligners were superior to thermo-
formed ones. Another material used directly for
3D printing is the E-guard (EnvisionTEC,
Germany) recommended for fabricating mouth
guards and retainers that can be used to make
aligner trays [69]. Cytotoxicity of trays that are
either thermoformed or 3D printed was found
within acceptable limits [69]. However, studies
on their clinical performance and patient accept-
ability are lacking. In addition to these materials,
novel materials are also being studied which may
provide aligners with better control on tooth
movement as a result of their architecture or as a
response to stimuli in the oral cavity [70].

14.3.2 Presurgical Orthopedics

Nasoalveolar molding (NAM) is a procedure that
reduces the size of the congenital defect in infants
born with cleft lip and/or palate. It uses a series of
successive plates to approximate segments that
failed to fuse during development. These plates
are changed in size and shape to accommodate
the morphology of the defect and growth of the
upper jaw. Conventionally, they are fabricated by
making impressions every week to create a plas-
ter model of the patient. The model is altered
manually to fabricate a plate that molds the seg-
ments further each time. The procedure needs
frequent visits to a doctor for a long time. This
greatly increases the burden of care on the
patients and their guardians.

Advances in 3D technology, intraoral scan-
ning combined with 3D printing, can help the
orthodontist to deliver a set of plates in a single
visit. There is published literature that shows this
is an effective approach [71, 72]. Digitization

allows the orthodontist to manipulate virtual
models so that the entire or a part of the sequence
of plates is generated in one appointment. The
patient can change plates weekly with clinical
visits spaced out over several weeks or scheduled
only when a difficulty is encountered. In addition
to 3D printing, studies have also focused on
developing algorithms that can predict the growth
of the maxilla and incorporate it into the sequence
instead of a doctor performing the task manually
[73]. The combination of an automated approach
combined with 3D printing will lead to higher
adoption of this treatment in areas where access
to specialized health care is limited. It is also pos-
sible to have a remotely located specialist decide
the sequence of plates based on an intraoral scan
and send it to a healthcare center closer to the
patient’s location for 3D printing.

14.3.3 3D Printing in Conventional
Orthodontics

Despite the increased availability and popularity
of aligners, they are expensive and the mechanics
of tooth movement associated with them needs
further research. Conventional orthodontic appli-
ances are still forerunners in orthodontic treat-
ment.  Orthodontists ~ use  commercially
manufactured metal or ceramic appliances and
wires for the treatment of patients. Stock-made
brackets with varying inbuilt prescriptions of tip
and torque and wires with predetermined widths
are available. The orthodontist bonds the brackets
on the tooth crown to apply force and move teeth.

Bonding of orthodontic brackets is done in
two ways—directly, by placing them onto the
tooth surface and curing the adhesive or indi-
rectly using trays for bonding. The procedure for
indirect bonding is lengthier but allows better
visualization and accurate placement of brackets
on the tooth. Brackets are placed on a plaster cast
using an adhesive followed by the fabrication of
a customized tray for each tooth or segment of
the dental arch. Bracket position is evaluated and
corrected by the practitioner in the lab and not the
chairside. 3D printing can reduce the time needed
to fabricate indirect bonding trays. A clinician



14 Future of 3D Printing in Oral Health Sciences

301

can place virtual brackets on a digital model or
use a scanned plaster model with previously posi-
tioned brackets. These can be used to design and
print a tray for the indirect bonding of a patient.
A study that used virtual brackets positioned on
digital models to print the trays and compared
them to conventional laboratory procedures
found reduced active production time in the digi-
tal model group [74].

3D printing can customize brackets and wires
for patients. There are commercial systems (e.g.,
Insignia™, ORMCO, USA) through which the
orthodontist can acquire patient-specific arch-
wires and brackets. Again, as in commercial
aligners, the clinician invests time and money,
but partial control rests with a third party. Rapid
prototyping the components, metal or ceramic,
can aid the orthodontist in fabricating customized
in-house appliances (both brackets and arch-
wires). This will enable better treatment out-
comes and also reduce the cost and duration of
the treatment. The limitation here is the high cost
associated with printing metal and ceramic.
Resins with mechanical properties to withstand
masticatory forces and forces applied during
orthodontic treatment can be developed to over-
come this issue.

14.4 3D Printing in Cranio-
Maxillofacial Surgery

14.4.1 Orthognathic Surgery

Correction of skeletal jaw discrepancies, defor-
mations, or injuries requires orthognathic sur-
gery. Planning for surgery traditionally includes
an assessment of plaster models of the jaws and
2D cephalograms of the face along with clinical
examination. However, 2D imaging has limita-
tions: projection errors and inaccurate identifica-
tion, especially, in patients with facial asymmetry
[75, 76]. The advent of 3D imaging and cone
beam computed tomography (CBCT) made thor-
ough surgical planning with predictable and
accurate results possible [77-80]. 3D printing,
combined with 3D imaging, can lead to a com-
plete overhaul of procedures that facilitate the
surgeon.

Occlusal splints guide surgeons in reposition-
ing the jaws during orthognathic surgery by
establishing optimal occlusion. Traditional fabri-
cation of the splints involves using a facebow,
plaster models, and an articulator. Several man-
ual steps and different materials are involved in
this process, all subject to error. 3D printing can
be used to manufacture accurate splints when
used in combination with 3D virtual surgical
planning. Studies have already assessed and vali-
dated their use in patients [81, 82]. A recent ran-
domized controlled trial compared the use of
conventionally fabricated splints, polyjet printed
splints, and digitally planned and 3D printed cut-
ting guides along with splints. The researchers
achieved better results by using repositioning
guides along with the splints than the other two
groups [83].

3D printing can eliminate the dependence on
occlusion while making orthognathic surgery
more predictable. 3D repositioning guides used
by surgeons for the placement of cuts and reposi-
tioning bony segments can replace splints. A pro-
spective clinical study found that this splintless
system was more accurate in surgical correction,
with smaller errors in all three axes [84]. Besides,
3D-printed osteotomy guides allow a precise
transfer of the virtual surgical plan to the
operating table. These guides have been proto-
typed for genioplasties, maxillary repositioning,
and designed in vitro for bilateral sagittal split
osteotomies [85-88]. They were found suitable
and stable for use by both in vitro and in vivo
studies. These guides help surgeons demarcate
areas safe for osteotomy based on the patient’s
image data. Randomized controlled trials with a
higher number of patients comparing 3D-printed
guides to conventional splints are needed to
establish their efficacy.

14.4.2 Patient-Specific Implants
and Plates

Unlike the guides for surgery, which are aids and
do not have demands other than accuracy, patient-
specific implants have different requirements.
They are placed permanently in vivo and are
expected to be biocompatible and bear functional
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stresses. Although autologous implants are the
gold standard, they can be scarce and involve
multiple surgical procedures. Similar implants
can be customized for a patient from titanium or
alloplastic materials to replace a segment of a
bone or fix bony segments together. A complete
virtual workflow for surgical procedures is
described by Volpe and colleagues [89]. This
allows a single-step rehabilitation of the patient
without undergoing separate surgeries for
removal and implant placement. 3D printing can
be easily incorporated into such digitized work-
flows. It allows precise anatomic replication,
offers biocompatible materials, and can easily
mimic the hollow structures and complex anat-
omy present in bones, especially, the nasomaxil-
lary complex.

Titanium implants have been 3D printed using
laser sintering techniques for patients of orthog-
nathic surgery and maxillofacial rehabilitation. A
recent study that examined patient-specific tita-
nium plates made to reposition and fix the max-
illa found them more accurate than 3D-printed
occlusal splints in transferring the virtual surgical
plan in vivo [90]. 3D-printed titanium implants
have also been used by Melville et al. in a case
for restoring the maxilla with a free fibula graft
with satisfactory results in the follow-up [91]. A
similar use in the mandible has been studied in
detail by Goodson and colleagues [92]. They
highlight the numerous advantages of using in-
house 3D-printed implants for surgeons: biome-
chanical superiority, better customization,
freedom of design, reduced time (for surgery and
implant production), and reduction in complica-
tions/recovery time. These advantages help to
remove limitations imposed upon surgeons by
conventional materials and methods leading to
the development of novel techniques for patients
who do not fit the descriptions of regular cases.
An example is a technique used by Qassemar
et al. who devised a procedure to benefit patients
ineligible for bone-free flaps [93].

Patient-specific implants for the temporoman-
dibular joint fabricated by third parties (e.g., TMJ
Concepts, USA) have shown favorable results
over 20 years [94], but the process of acquiring
these implants is tedious. The company first

approves the patient for their device and prints a
stereolithographic model which is reviewed by
the surgeon and sent back. They then create the
implant design, which is also reviewed by the
surgeon and sent back. Finally, the implants are
shipped to the surgeon [95]. This repeated back
and forth can be eliminated by in-house 3D print-
ing. Not only does it avoid dependence on a third
party, but a surgeon can modify designs on a
case-to-case basis leading to increased availabil-
ity of the implants for patients—even those
deemed unsuitable by commercial entities. It can
also allow rapid prototyping using materials
other than metals. 3D-printed titanium condyles
have been successfully used in a patient with no
postoperative complications [96]. This procedure
can be developed as the norm in clinics where
similar cases are treated regularly.

The cranium and the orbit are complex and
challenging skeletal structures to rehabilitate.
They may present with irregular defects that are
not easily repaired with stock materials when the
autologous graft is unavailable. These grafts need
to be accurate to avoid postoperative complica-
tions such as enophthalmos or diplopia.
Cranioplasty with 3D-printed titanium plates has
shown promising results [97, 98]. Apart from
titanium, polymethylmethacrylate (PMMA),
polyetheretherketone (PEEK), and hydroxyapa-
tite (HA) are also used for the procedure [97].
They can be easily 3D printed leading to a low-
cost, customized option for patients where metal
printing is not available. Reconstruction of the
orbital floor using in-house 3D-printed polylactic
acid implants showed no postoperative complica-
tions in the follow-up period. Their accuracy was
comparable to the commercial systems available
[99]. There is a need to test the clinical feasibility
and success of these implants in a larger group of
patients. They can also be compared to other
3D-printed materials such as titanium, which had
a 17% failure rate in one study [100].

Most of the applications published in the lit-
erature where 3D printing was used outsourced
the job to official medical device manufacturers
[101]. Despite low-cost manufacturing possible,
these have not been widely adopted in clinical
settings. Since titanium is the material of choice
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for most applications, the ability to 3D print met-
als in clinics will greatly aid the adoption of 3D
printing. Alternatively, 3D-printed biomimetic
materials can also be developed for clinical use.

14.4.3 Scaffolds for Bone
Regeneration

The gold standard for replacing bone defects in
the maxillofacial region is autologous grafts.
However, these require multiple invasive surger-
ies as the bone is removed from one region of the
body to provide for another. Synthetic substitutes
such as PMMA and titanium are passive fillers.
They do not allow active regeneration of the bone
and do not mimic the architecture and biological
qualities of bone. Rapid prototyping can offer
dual advantages: a customized external shape and
controlled internal architecture. The implants can
be made bioactive and ideally should be resorb-
able and eventually replaced by indigenous bone
after some time.

Scaffolds that have been used in bone tissue
engineering include ceramic biomaterials (e.g.,
hydroxyapatite, tricalcium phosphate, osteocal-
cium phosphate, and bioglass), natural polymers
(e.g., collagen, chitosan, and gelatin), and syn-
thetic polymers (e.g., polylactic acid, polygly-
colic acid, polycaprolactone) and decellularized
extracellular matrix [102]. They are used along
with mesenchymal stem cells and growth factors
for osteoinduction and osteoconduction. The
combination of a scaffold along with stem cells
and biological factors is used to devise a bio-ink
which can then be used for bio-printing of
tissues.

Scaffolds need to have a porous structure to
allow migration of cells and flow of growth fac-
tors to all parts of the defect. Pore size and archi-
tecture affect the biological and mechanical
properties of a scaffold [103]. Pore size can influ-
ence osteogenic signal expression and differenti-
ation. The large pore size is not conducive to the
bone formation, while a very small pore size can
inhibit vascularization. Roohani-Esfahani and
colleagues 3D printed a glass-ceramic scaffold
using inkjet printing [104]. Their experiments

demonstrated that scaffolds fabricated with a
hexagonal structure were comparable to the
human cortical bone in strength. This was higher
than the other architectures tested by them. Using
the correct microstructural attributes for an
implant will allow it to mimic the human bone’s
characteristics [105]. 3D printing has the advan-
tage of manufacturing with varying pore size and
architecture to provide optimal mechanical prop-
erties in different parts of the graft similar to the
natural tissue structure of human bone.

14.5 Dental Education
and Training

Dental education and training determine the
quality of dental service available to society at
large. The best teaching practices must be incor-
porated into the curriculum to create good dental
professionals. Dental education requires under-
standing normal versus abnormal anatomy and
knowledge of the oral hard and soft tissues. These
concepts are not easy to understand by theoreti-
cal explanation. Therefore, dental professionals
are taught using histology specimens, sectioned
extracted teeth, or patient records. These biologic
samples come from patients who consent to their
extracted teeth, case records, or their tissue speci-
mens being used for these purposes. As a result,
the exposure received by students largely depends
on the chance of a particular condition presenting
at their institution.

Similarly, preclinical training in tooth prepa-
ration for restorative purposes uses a model that
has the external anatomy of a normal tooth with
no carious lesion. The ideal shape and forms of
tooth preparation taught using them can educate
students about basic concepts such as resistance
and strength, but a clinical setting rarely calls for
it. These preclinical specimens also fail to repli-
cate the internal architecture of teeth. In clinics,
where a 0.5 mm bridge of dentin determines the
difference between a restoration and endodontic
treatment, knowledge of the tooth’s internal anat-
omy is invaluable.

3D printing can allow the fabrication of ana-
tomically accurate teeth with the entire structure
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replicating a human tooth. Héhne and Schmitter
created accurate replicas of teeth with the pulp
chamber depicted in red and a carious lesion rep-
resented on the tooth visually and radiographi-
cally [106]. They provided these specimens to
dental students for tooth preparation and found
that the specimens were effective in helping stu-
dents understand the concepts of treatment. As
materials and techniques in 3D printing advance,
it might be possible to print teeth that, in addition
to the specimens made by them, will have
mechanical properties resembling natural human
teeth. Techniques such as multi-head deposition
will allow using materials with different proper-
ties for each layer. The teeth thus fabricated will
be able to replicate dentin and enamel more accu-
rately providing a better tactile sense to students
for both tissues.

3D-printed specimens can also aid in provid-
ing practical skills for those training to work in
dental laboratories. A research group 3D-printed
ideal tooth preparations for teaching first-year
dental students, and as standards of comparison
for the students’ tooth preparation [107]. These
preparations can also be used to train laboratory
personnel for the fabrication of single tooth or
3-unit fixed prosthesis especially ceramic resto-
rations which are very technique sensitive.

With progress in 3D bioprinting, it will be
possible to create sample histologic sections
along with clinical specimens depicting normal
and abnormal characteristics seen in different
diseases. Prototyped teeth can be used to teach
anatomic malformations and methods of dealing
with the same. The teaching curriculum can be
modified to depict problem scenarios, including
multiple details and specimens, that are most fre-
quently encountered by a clinician, resulting in a
better quality of care.

14.6 Low-Cost Digital Workflow

Intraoral scanning and additive manufacturing
offer a noninvasive and accurate means to visual-
ize oral tissues. Traditional methods of record
making such as dental impressions can have
adverse effects such as inciting a gag reflex in the

patient. At times, the presence of a wound or an
intraoral lesion does not allow impression mak-
ing. 3D imaging overcomes these barriers.
Currently, the most common form of 3D imaging
used for diagnosis is CBCT. This modality
exposes the patient to ionizing radiation and is
expensive. It is not recommended for daily use.
In comparison, 3D imaging offers a less harmful
and noninvasive option for the visualization of
oral tissues. Studies found it viable for clinical
use [108, 109], but the initial cost of the technol-
ogy can be a barrier for widespread adoption by
clinics.

Additive manufacturing involves a relatively
high initial investment. A study by Resnick and
colleagues on the economic aspect of using a 3D
printer in an oral and maxillofacial practice found
that using the scanner reduces the cost per patient
to less than half incurred by using a conventional
method for impressions [110]. They estimate that
the time needed to offset the initial investment
would be little more than a year if a practice
treats at least two patients per day. However, this
cost will likely be higher and the time needed to
recover the investment longer in developing
countries where intraoral scanners are not yet
commonplace and the cost of dental treatment is
minimal.

A 3D printer needs STL files of the appliance
or restoration that needs to be printed. This will
require either an intraoral or a desktop scanner.
The cost of replacing the material used and the
shelf life for storage also play an important role
in the decision to buy a printer for the practice.
The adoption of a digital workflow—from the
intraoral scanner to rapid prototyping—will be
costly but could significantly offset the material
and time costs. The number of materials that are
handled in a dental clinic, especially expend-
ables, will be reduced with the elimination of
multiple steps of impression making, pouring
casts, and making bases. The patients will also be
able to see their virtual models immediately to
understand their treatment needs or plans.

Increased application of digital workflows in
dentistry will also help to provide a safer and
more hygienic work environment as well.
Handling materials such as alginate and dental
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plaster produce aerosols that are harmful to per-
sonnel in the dental operatory. Adopting a digital
workflow will eliminate these steps by virtual
processing of the patient records and data.
Another method to reduce costs is the generaliza-
tion of the software and devices available. An
increase in the number of manufacturers and soft-
ware providers leading to more options will lead
to greater interest from the dental community.
Creating awareness about the technology will
also allow practitioners and researchers to inno-
vate methods of reducing costs leading to a wider
acceptance of rapid prototyping. Kamio et al.
were able to create fairly accurate models of the
dentition using a general desktop 3D printer
instead of a commercial one [111]. There is a
need for studies that explore these aspects of dig-
ital dentistry to help aid its adoption.

14.7 Metamaterials and 4D
Printing

To be used in the human body, an ideal prosthesis
(hard or soft tissue) must have an important qual-
ity—adaptation. The human body is a dynamic
system, and thus materials that are used as a sub-
stitute for natural tissues need to mimic their
behavior closely. A 3D-printed biomimetic struc-
ture that does not respond to stimuli in vivo, e.g.,
a bone graft that does not have the elasticity of
natural bone, is bound to fail eventually and is of
little value to the patient. To help resolve this
obstacle, the next generation of rapid prototyping
technology has modified the nature of materials
used, giving rise to 4D printing. While 3D print-
ing fabricates static models, 4D printing uses
materials that respond to stimuli such as tempera-
ture, pH, pressure, or the presence of water to
alter their shape over some time. The materials
used for 4D printing are called smart materials
due to this property. Although it has not been
explicitly researched for dental applications, the
technique has many potential uses in the field.
Shape memory metal alloys are already used
in dentistry. Nickel-titanium (NiTi) alloys have
been used as endodontic files, orthodontic arch-
wires, and arch expanders. Studies on these

alloys indicate better biocompatibility, light and
porous structure, and control over mechanical
properties when manufactured by additive manu-
facturing [112—114]. 3D printing such materials
can control their property of superelasticity and
limit it to the desired regions of activation. NiTi
alloys have also been 3D printed with hydroxy-
apatite using laser sintering [115]. This alloy was
tested for the fabrication of implants and other
biomedical applications.

Liu et al. demonstrated that strategic place-
ment of a thermosensitive and a nonsensitive
polyacrylamide gel can lead to shape changes in
a 3D-printed biomaterial [116]. Heat variation in
areas of inflammation or areas of increased vas-
cularization can be used as a stimulus. These
materials can be used for drug delivery in the
periapical region, sockets with delayed healing,
or areas of periodontal inflammation. Guo et al.
fabricated a thermosensitive hydrogel made of
acrylamide and agarose that responded to an
external force by changing its shape [117]. Such
hydrogels can be used to create materials that
activate and adapt to the contours of oral struc-
tures when subject to oral temperatures. They can
be used in the form of endodontic fillers,
self-adapting denture bases or implants, and bone
grafts.

Rapid prototyped polymers with controlled
degradation in the body have been used as smart
drug delivery systems [118—121]. Similar smart
systems can be used to deliver drugs in the oral
cavity, for example, fluoride release in response
to changes in pH (to prevent caries) or antibiotics
in the periodontal ligament when a change in the
local microbiota or inflammatory markers is
detected.

The pressure-responsive printed materials
have multiple applications in the oral sciences.
The oral cavity has tissues that constantly adapt
to changing masticatory loads. The position of
teeth in the arch is such that the muscular forces
from the tongue and the cheek are balanced.
3D-printed pressure-sensitive materials can be
used in orthodontics to fabricate devices for arch
expansion or fabricating aligners that apply con-
trolled force according to desired movements. It
can be used to fabricate restorations that can
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absorb trauma from occlusion till the cause is
corrected. Printing of materials responsive to
proteins in biologic tissues will lead to the fabri-
cation of materials that adapt to the shape of the
prepared canals, to the periodontal defect, or lead
to osteoinduction starting at the borders of a large
bony defect. Surgical prosthetic implants can be
fabricated that change their shape according to
the force applied on the graft during function. As
an example, a TMJ condylar graft made using
such material will be able to provide the optimal
function with minimal effects on the surrounding
tissues.

Metamaterials are man-made materials
designed with periodic architectures to either
mimic other materials or provide properties that
are not found in nature. These materials have a
complex design with small repeating architec-
tures. They are cast using high-resolution 3D
printing techniques such as two-photon polymer-
ization and microstereolithography [122]. High-
resolution 3D printing has been used to study the
relationship between material microstructure,
architecture, and its properties in both metals and
ceramics [123, 124] both of which are commonly
used for dental restorations. It can help fabricate
strong, ultralight, and resilient products made of
inherently brittle materials such as ceramics.

High-resolution electrohydrodynamic print-
ing (EHDP) has also been used to print tissue
engineering scaffolds. It was used by different
groups of researchers for successfully printing
scaffolds with hydrogels, polymers, or a combi-
nation of both [122]. Bas et al. were able to
manipulate the properties of PCL scaffolds infil-
trated with hydrogels by varying porosities and
structure [125], similar to the observations by
Estafani and colleagues [104]. 3D-printed tita-
nium alloy metamaterials have also been studied
and characterized as bone replacement implants
for load-bearing applications [126].

Metamaterials can also be made using stimuli-
responsive materials used for 4D printing.
Materials such as hydrogels and shape memory
polymers can be exploited for dental use. Zhang
et al. fabricated a bilayer metamaterial that could

undergo programmable, reversible deformations
by tuning the lattice geometry and hydrogel dis-
tribution [127]. Gladman and colleagues used a
flexible biocompatible ink that could morph into
different shapes when immersed in water based
on a variation of printing parameters such as fila-
ment size, orientation, and spacing [128]. Such
materials may ultimately find use as program-
mable aligners, distraction devices, or arch
expanders in the future. Metamaterials with
shape-changing properties that are thermally or
magnetically activated are also being studied.
The current challenges seen with this field are
those of scaling the prints to higher dimensions
without compromising on resolution, improving
speed, time, and economic characteristics of the
prints [70, 122].

14.8 Summary

Personalization, i.e., the customization of every
aspect of medical care for each patient, is the
future of medicine. The oral sciences are no
exception. From dental education and rehabilita-
tion to skeletal reconstruction, additive manufac-
turing can offer choices that are not currently
available to clinicians. Research in this area
appears to be in its initial stages but shows an
upward trend. Conducting clinical studies will
help us realize the true extent of its benefits. With
advances in 3D and 4D printing, we can manu-
facture synthetic and natural substitutes for lost
tissues with complete control over their proper-
ties and activity in vivo. However, these advances
can only occur in tandem with the development
and adoption of imaging techniques. At present,
the main barrier for widespread adoption of these
techniques appears to be cost and knowledge.
With advances in technology, research, and
increased exposure—as was seen with comput-
ers—this economic barrier is sure to dissolve.
The result will be an availability of affordable
personalized dental medicine in all corners of the
world, and additive manufacturing will play a
huge role in this development.
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