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ABSTRACT | 3D printers manufacture objects used in various dental specialties. Objective: This literature review aims to ex-
plore different techniques of current 3D printers and their applications in printed materials for dental purposes.
Methods: The online PubMed databases were searched aiming to find applications of different 3D printers in the
dental area. The keywords searched were 3D printer, 3D printing, additive manufacturing, rapid prototyping,
3D prototyping, dental materials and dentistry. Results: From the search results, we describe Stereolithography
(SLA), Digital Light Processing (DLP), Material Jetting (MJ), Fused Deposition Modeling (FDM), Binder Jetting
(BJ) and Dust-based printing techniques. Conclusion: 3D printing enables different additive manufacturing tech-
niques to be used in dentistry, providing better workflows and more satisfying clinical results.
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RESUMO | Impressoras 3D na odontologia: uma revisao de técnicas e materiais para manufatura aditiva * Impressoras 3D fab-
ricam objetos usados em diversas especialidades da odontologia. Objetivo: Esta revisdo da literatura busca explorar as dife-
rentes técnicas utilizadas por impressoras 3D, bem como suas aplica¢des em impressdes destinadas a odontologia. Métodos:
As bases de dados online da PubMed foram pesquisadas buscando aplica¢des na odontologia de diferentes impressoras 3D. As
palavras-chave buscadas foram 3D printer, 3D printing, additive manufacturing, rapid prototyping, 3D prototyping, dental
materials e dentistry. Resultados: A partir dos resultados da busca descrevemos os métodos de Estereolitografia (SLA), Pro-
cessamento Digital de Luz (DLP), Jateamento de Material (MJ), Fusdo e Deposi¢do de Material (FDM), Jato de Aglutinante
(BJ) and Impressao em p6 composto. Conclusdo: Impressoes 3D viabilizam o uso de diferentes técnicas de manufatura aditiva
na odontologia, provendo um melhor fluxo de trabalho, além de resultados clinicos mais satisfatorios.
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INTRODUCTION

3D printers create geometrically complex objects
through digital modeling. Care and research in
dentistry are gradually adopting this technique;
digital dentistry manufacturing covers a wide
range of technologies, but in its broadest sense, 3D
production may be categorized as either subtractive
or additive. In the former process, a numerically
controlled machine connected to a CAD/CAM system
mills a workpiece (such as a ceramic block).! In the
latter, products are built in layers using 3D digital
data,? doing away with molds and machining.3

This additive system reproduces virtual
models in physical objects through tomography,
magnetic resonance or scanner imaging.+® Additive
techniques manufacture objects rapidly and at a
low cost,** reusing residual materials,®* allowing
the construction of complex structures and the
customization of parts in a sustainable manner.**'4
3D printing assists in the planning of prosthetic,
orthodontic and surgical procedures#; the making of
dental, craniomaxillofacial and orthopedic implants,
copings, implant structures,’ drill guides, among
others.’®7 In orthognathic surgery, printers can
be used to produce occlusal splints, osteotomy or
repositioning guides, spacers and fixation plates,
as well as anatomical models for preoperative
planning and simulation.5 Oral rehabilitation can
employ these machines for resin prosthesis bases,®
ceramic pieces for indirect restorations,'23:19
models for dental preparations?® and maxillofacial
prostheses.?22 3D printed guides offer reliable
predictions and fewer risks of iatrogenic damage
than traditional endodontic procedures,?32¢ EMS
stent-guided, rapid prototyping anomalous teeth,
autotransplantation and pre-clinical educational
models.252¢ In Periodontics, printers can be used
in scaffold reconstructions for bone augmentation,
alveolar preservation and periodontal regeneration.?
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3D bioprinting uses living cells and growth factors to
heal wounds and deformed tissues.2®2 3D printing in
dentistry allows specialists to individualize products,
save money due to small-scale production, share and
process patient image data and update educational
materials.'4-30:3!

Digitally printed prototypes of the head and
neck regions may also achieve more satisfying
results than conventional reconstructions.3? Studies
show that 3D printing shortens surgical times,*
increases procedural safety, and improves outcome
predictability.'®33 Dentists have even allowed
digital models to replace conventional prototype
representations in legal matters.3+

Given the above, this article aims to review the
literature on the main 3D printing techniques used
in dentistry.

MATERIAL AND METHODS

This is a narrative review study conducted in the
PubMed database between August and December
2020. The following keywords were searched,
associating the Boolean terms AND or OR: “3d

»

printer”, “3D printing”, “Additive manufacturing”,
“Rapid prototyping”, “3D prototyping”, “Dental
Materials” and “Dentistry”.

The National Library of Medicine database
produced 330 studies when the following formula
was applied: ((3d printer OR 3D printing) AND
(Additive manufacturing OR Rapid prototyping
OR 3D prototyping)) AND (Dental Materials OR
Dentistry) to its advanced query box.

After selection, articles published in English were
included, which documented different 3D printer
applications in dental specialties. The results were
grouped according to the familiarity of the subject
(Chart 1), referring to the main 3D printing processes
of manufacturers for the dental area and presented
in tables and discourse reports.
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Chart 1 | Overview of 3D printing techniques in Digital Dentistry.3>

Additive
manufacturing in
Dentistry

3D printing

Process description

Acquisition cost
Resolution

Support structure
required

Color print

Vat
photopolymerization

SLA - DLP

Liquid photopolymer
in a vat is selectively
cured by UV light.

Jetting material

PJ-MJ

Inkjet printheads
are used to jet liquid
photopolymers onto a
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Thermoplastic
extruded material

FDM

A plastic filament
is melted and
extruded through a

e Spigolon

*« Mano

Binder jetting

BJ

A binding agent is
deposited into a thin

e Costa

*Mazzo

Powder bed fusion

SLS-SLF-SLM-SHS-
DMLS-EBM

A high energy
source selectively

Low - Medium

High
Yes

No

build platform. nozzle or hole.

Relatively high Low
High Low
Yes Yes
Yes Yes

layer of dust through melts dust
inkjet nozzles. particles.
Medium High

Low Low

No No

Yes No

*Acronyms: SLA = Stereolithography; DLP = Digital Light Processing; PJ = Photopolymer Jetting; MJ = Material Jetting; FDM = Fused Deposition Modeling;
BJ = Binder Jetting; SLS = Selective Laser Sintering; FSL = Selective Laser Fusion (SLF); SLM = Selective Laser Melting; SHS = Selective Heat Sintering;
DMLS = Direct Metal Laser Sintering; EBM = Electron Beam Machining.

RESULTS

Stereolithography (SLA); Digital light processing
(DLP); Material jetting (MJ); Fused deposition
modeling (FDM); Binder jetting (BJ); and

Powder-based printing are the main three-dimensional

Chart 2 | Main characteristics of the printing processes and devices used.

Printing Type

SLA and DPL3353%7

MJ3,35-37

FDM3:385-37

BJ3,35-37

Powder-based
printing®35%7

Materials used

Photopolymer resin

Photopolymer resin

Solid thermoplastic
filaments

metal, ceramic or
plastic powder

Resin, metals and
ceramics powder

Strengths

1. Good accuracy, smooth surfaces.

2. Able to create complex shapes with high resource

resolution.
3. Low cost and relatively fast technology.

1. High resolution and high-quality finish.

2. Smoother surface, fine details, multicolor.
3. Multimaterial capacities with different
hardnesses.

1. Low-cost prototyping.

2. Multicolor.

3. Functional applications in plastics (non-critical
load).

1. Fast, simple and inexpensive process, structure
support.

2. Polymer or ceramic colored prototyping.

3. Large parts and complex metal geometry
capabilities.

1. Printer without support structure (cost reduction)

2. Complex processing through customized and
complex parts (can use many materials)

3. Object with excellent physical properties (high
density).

dentistry processes described in the studies found.
Chart 2 describes these techniques’ characteristics
and Chart 3 their uses.

Points to be improved

1. Relatively fragile materials.

2. Vulnerable to sunlight and heat (only
photopolymers).

3. Simple material vat; Post-cure
required.

1. High cost of the printer and materials.
2. Photopolymers only.

3. Mechanical properties degrade over
time.

1. Anisotropic mechanical properties.

2. Fragile materials.

3. Rough surface and low details (visible
layer lines).

1. Low details and poor mechanical
properties.

2. Design restriction due to post-
processing.

3. It cannot be soaked or sterilized by
heat.

1. Expensive materials and
manufacturing

2. Limited object size

3. Thermal distortion and rough surface.

*Acronyms: SLA = Stereolithography; DLP = Digital Light Processing; MJ = Material Jetting; FDM = Fused Deposition Modeling; BJ = Binder Jetting.
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Chart 3 | Main uses of printing techniques in dental clinics.2&3%

Printing Type Main application areas
Surgical guides; Custom trays; Silicone provisional try-in; Invisible aligners; Castable; Resin patterns;

SLA and DLP Temporary restorations; Dental models; Cast fabrication; Cast coping; Wax pattern; Gingiva mask and
Biological frameworks.

M) Custom trays; Model; Implant drilling guides; Surgical guide; Surgical simulation models; Complete denture
prototypes.

FDM Custom trays; Prototype of dentures; Medical specialties; Biomedical application; Orthodontic splint models.

BJ Study models; Dental models; Visual prototypes.

Powder-based printing implants

Crown copings; Metal frameworks; Prosthesis structures; Partial dentures; Dental implants; Orthopedic

*Acronyms: SLA = Stereolithography; DLP = Digijtal Light Processing; MJ = Material Jetting; FDM = Fused Deposition Modeling; BJ = Binder Jetting.

Created in 1986 by Chuck Hull, 3D printing
uses UltraViolet (UV) radiation to cross-link
photosensitive resin layers.®3® The technique focuses
a laser on the reservoir surface (vat) of a liquid
polymer — moved vertically whenever one of its layer
solidifies — until a solid object is obtained.3?

The process overcomes the limitations of
commercially available particulate biomaterials
used in oral intraosseous regeneration,+° tissue
engineering scaffolds and biomedical devices.3? The
literature reports SLA-made hydroxyapatite calcium
phosphate scaffolding cured in a photosensitive
ceramic paste that presents a good surface and
adequate mechanical properties.’? SLA is also the
most accurate method for designing hydrogel and
microfluidic systems; useful tools when creating
artificial microvascular structures in bioprinting.x°

Thus, the printer can produce highly precise,
finely-detailed, smooth transparent objects.?38
However, the absence of color and the presence of
some partially activated polymers in its products are
some of the method’s weaknesses.®38

Studies have investigated the possible use of
alumina and zirconia ceramics in polycrystalline
ceramic crown structures.’? Newly developed
materials such as polypropylene (PP), acrylonitrile-
butadiene-styrene (ABS) and polycarbonate (PC)
are challenging when considering the working
and processing time and aging properties of these

4 Clin Lab Res Den 2021:

materials.® The literature seems to perceive the
temporal and mechanical instabilities of photocurable
resins as SLA’s only limitation.+

DLP printing has triggered a paradigm shift in
traditional 3D printing modalities by dramatically
increasing manufacturing speed and resolution.3?

A microsystem (called a digital micromirror
device) acts as a light switch, projecting light
as individual pixels onto a surface.3s Below its
construction chamber, directly under a glass plate,
a projector projects the contour of the component to
be produced on the building platform and the resin’s
application simultaneously solidifies it according to
the contour.® In practice, the micro-mirror complex
is a precise system that directs light where it is
needed by determining its ability to turn the light
“on or off” according to a binary code.?

DLP can be used with a wide range of monomers
and resin systems.* The main difference between DLP
and SLA is the light source, since DLP uses a shallow
resin vat and a digital light projector located below the
resin bath,” being used to manufacture a single layer
of the 3D object through solidification.44 In general,
compared to SLA, DLP’s system is more efficient for
its use of arc lamps, liquid crystal panels or projection
sources to cure entire layers of resin at once.*5

The equipment’s mapping system allows for
faster production, more sensitive measurements,
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smoother surfaces, and the ability to adapt the final
characteristics of the printed object by changing the
formulations of photocurable resins.++ Its projectors,
however, emit broad spectrum light, — most of which
falls below 400 nm, the ideal range for the activation
of photoinitiators.3°

Material jetting uses nozzles to layer a photoreactive
resin onto charge deflection plates, and then cures it
with ultraviolet light.3°

The technique has appears with many synonyms in
the literature: “Polyjet Modeling”, “Multijet Modeling”,
“MultiJet Modeling (MJM)”, “Jet Photopolymer/
Photopolymer Blasting” (PJ), “Polyjetting”, and
“Multijetting”. The principle emulates a conventional
inkjet printer; only instead of ink drops, a liquid
photomonomer is used for photopolymer jets (PJ/
PPJ) or wax for material jets (MJ/MJP).35

MJ controls resin composition better than SLA by
dispensing individual drops of resin. The materials
can thus be adjusted during the printing process,
allowing the manufacturing of heterogeneous objects
with the additional possibility of material gradients
and extremely high resolution.?” Several materials
can be printed, including different casting resins and
waxes and some silicone-like rubber materials.!

MJ is becoming a leading technology in dentistry
since parts can be built with various colors and
physical properties and print heads can be loaded
with various materials in the same process to
construct the object.” However, MJ equipment and
materials are costly and support materials can be
tenacious and difficult to remove.'s

FDM printing, also known as Fused Filament
Fabrication (FFF), is a manufacturing technique
where a 3D object is constructed by layering extruded
molten polymers onto a building platform.+®

¢ Alves
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In 1989, Scott Crump invented and patented the
FDM of thermoplastic polymers fed mechanically as
thin spool filaments to the extrusion printhead.>+
The energy input is involved in the pre-deposition
phase to obtain a polymer melt that can be applied
through a thin head or print nozzle.+3 The melted
material is deposited on the construction platform,
where it cools off and solidifies with each layer.

FDM is currently a robust technology platform
and explored worldwide, providing personalized
and low-cost 3D printing, useful in home and office
environments.? The system can quickly produce
complex structures leading to predictable and
economic results,+® by using polymers such as
polyvinyl alcohol (PVA), acrylonitrile butadiene
styrene (ABS), polylactic acid (PLA), polyethylene
terephthalate modified glycol (PETG), nylon and
thermoplastic elastomers (TPE).4®

FDM printers’ low cost may be the best method
for surgeons looking for more accessible rapid
prototyping technologies; ABS plastic models printed
by the UPplus2® 3D printer provide dimensional
accuracy comparable to other well-established (and
more expensive) rapid prototyping technologies.4
However, its employability in the dental field
remains underdevelopedss and some disadvantages
include using only thermoplastic materials and the
difficulty of incorporating cells into the material as
thermoplastics melt at temperatures above 37°C.5°

Binder jetting is characterized as a thin layer of
dust particles (metal, polymer or ceramic) deposited
on the construction platform, followed by an inkjet
printhead dropping adhesive to bond the dust
particles selectively layer by layer.'s

This is a variation of the photopolymer jet
process.?s BJ is a flexible technology with several
applications, from low-cost 3D metal printing to
color prototyping and large ceramic casting mold

Clin Lab Res Den 2021: 5



production; solvents and photosensitive adhesives
can also be used as binders.3¢

Compatible with almost all-ceramic materials
and similar to traditional manufacturing routes,
BJ presents promising potential in ceramic dental
prosthesis applications.5>* Color pieces can be
printed and no support structure is required during
printing.3> However, its accuracy is currently
limited to prosthodontic applications. BJ requires a
substantial processing after all layers are applied.3”

The printed parts’ resistance can be affected
by chemical and physical interactions between
powdered materials and binders, nominal
dimensions and part orientation in the print bed,
resulting in inconsistencies in, among others, the
powder bed flow and the powder-binder curing.5!
Its attested usefulness in dentistry remains limited
to surgical planning models.3> More research is
required on how well deposition/jet techniques
can manufacture dental composites, ceramics and

zirconia- based dental restorations.?

Dust-based printing technologies apply thermal
energy from a laser or electron beam to selectively
fuse regions of a powder bed. The two most well-
known systems are Selective Laser Sintering (SLS)
and Selective Laser Fusion (SLF) or Selective Laser
Melting (SLM). Other related terms are: Selective
Heat Sintering (SHS), Direct Metal Laser Sintering
(DMLS) and Electron Beam Machining (EBM).

SLS, DMLS and SLM use mirror-directed laser
beams, whilst EBM uses high-energy electron beams
directed by electromagnetic coils (which require
vacuum increasing production costs).” In SLS, the
fusion process is partial, since its layered sintering
fuses only the surface particles of the material3s
In SLF, the material’s powder is melted directly at
the processing point.35 Material usually requires
preheating of the powder bed at high temperatures
to control and reduce the length of cracks and is not
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dispensed from a nozzle in these two methods. The
high temperature of the laser is used to sinter or
weld specific regions in a powder bed while a stage
moves up or down and the material is added layer
by layer, thus generating a 3D structure;5 industrial
manufacturing of metallic, ceramic and plastic
objects employs powder methods.53

The polymers used in this process produce useful
anatomical and dental study models, cutting and
drilling guides, and engineering/design prototypes.’s
Polyamide (PA12 or nylon 12) represents the vast
majority of commercial SLS materials on the
market today.43 SLS printing manufactures metal
objects adopting DMLS, models that offer potential
benefits in the field of implantology.>* Several metals
and metal alloys are available, including titanium,
titanium alloys, cobalt-chromium alloys and
stainless steel.!s

SLS is already being used to print partial
dentures and denture structures and for implant
bridge structures, the technology can be combined
with milling processes to provide high precision
connections.’s Excellent mechanical properties that
make it suitable for industrial applications, selecting
highly versatile materials (nylon, polystyrene,
metal) and not requiring support structures are
advantageous characteristics. The limitations
include the high price, making it more affordable for
professional 3D printing companies and the surface
finish is quite rough, leading to water absorption and
thus affecting the mechanical properties.5s

DISCUSSION

Additive manufacturing (AM) can be found
in everything nowadays, from construction,
engineering, architecture, aerospace engineering, to
everyday applications in fashion, food and health.5s
The development of different 3D printing techniques
has allowed the production of sophisticated pieces
whose geometry was previously inconceivable
given the topological limitations of traditional
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manufacturing methods.4 AM’s triumph is its
objects’ dimensional complexity — their details are
often finer than a drilling bit and they are made with
little material waste.>'*5°3D printed models present
general accuracy comparable to plaster models
and present different colors and textures during
manufacturing to help differentiate the types of
simulated fabrics.?+

The need for better visualization and surgical
results were favored by 3D-printed anatomical
models, specific patient guides and prostheses
printed in three-dimensional form.5?

The growing application of various AM techniques
in dentistry, manufacturing dental models, surgical
guides and occlusal devices is found in the literature.?
Simulation models can also contribute to further
interdisciplinary dental education.5® Dentistry has
been drastically changed by technological progress
in intraoral scanner, accessibility of 3D printers
and the development of biomaterial impressions.5
Their application as scaffolds for craniofacial
tissue engineering offers great potential as an
alternative to autologous bone grafts in alveolar cleft
osteoplasty.5°60:6t Scaffolds can also be customized
internally to target and fix target cells.®?

Recent studies in the forefront of regenerative
dentistry show AM has permitted “bioprinting™ the
production of supportting components for living cells
in complex 3D functional tissues.® Selecting materials
for 3D bioprinting depends mainly on biocompatibility
with cell growth and function and the material’s
processing characteristics (e.g., viscosity, extrusion
capacity and post-printing stability).2

A variety of low-cost desktop AM 3D printers
offer high precision and the ability to process a wide
range of printing materials, including an increasing
number of biocompatible materials.5s Binder/powder
combinations like polymers, thermoplastic resins,
ceramics and metals comprise most of the materials
used in dentistry. However, materials such as the
cobalt-chromium alloy still lack sufficient research

¢ Alves

e Spigolon R « Mano e Costa C *Mazzo

to draw conclusions about the adequacy of their use
in dental clinical practices.>®

A study by Msallem et al.,5s suggests choosing
a 3D printer after considering the technology
it uses, its intended application and material
budgetary constraints. The effort seems worth it,
given the tremendous flexibility in construction
material, object geometry,5® and mass production
customization.®#AM’s effectiveness in medical and
dental applications as attested in the production
and customization of hearing aids, dental crowns,
implants and dentures; biomedical implants for
hard and soft tissues, models, splints and custom
orthoses/prostheses.%

The main limitations include the appearance
of steps due to the material’s stratification and
the difficulty in manufacturing parts of some
materials used in dentistry.5® In ceramics, different
AM procedures have been investigated for their
suitability to manufacture parts using selective laser
sintering techniques, fused deposition modeling,
binder jetting and even stereolithography devices.*
Recent improvements in the accuracy of materials
and the time and cost-efficiency of 3D printing are
shifting the focus of this new manufacturing method
from traditional rapid prototyping applications to
manufacturing final parts.®+

The research objectives regarding the
applicability of AM in dentistry are to improve the
quality, precision and printing speed; develop new
techniques that allow the sintering of pure ceramic
powders; prevent thermal distortion or cracks in the
SLS and SLM processes and incorporate multiple
materials in a single printing step.5® Therefore,
the key challenge for disseminating 3D printing in
industries concerns materials, mainly the multi-
material printing of the object.+

CONCLUSION
3D printing enables rapid prototyping in
dentistry through flexible processing and material
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development (polymers, metals and ceramics).

Additive manufacturing will constitute a major

advance in dental workflow, reducing surgery times,

improving biomaterial and orthotic confirmation

and, above all, assuring the satisfactory treatment

of patients in this new technological era.
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