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Abstract

The additive manufacturing route is a notably promising alternative option to obtain complex
shaped parts, precise prototypes, and direct-usage system components for lots of independent
sectors like medicine, dentistry, automotive, aviation, and construction. Compared to the
conventional strategies, this methodology provides cleaner, healthier, and faster
manufacturing opportunities for engineers and manufacturers. In this paper, actual
applications of photopolymerization-oriented 3D printing in the field of dentistry are evaluated
in light of the literature efforts, sectoral feedback, and additional original interpretations.
Concordantly, the process backgrounds and printing materials were analyzed meticulously
together with the evaluations of the physical and mechanical features of the dental components.
When real implementations like models, surgical guides, aligners, temporary teeth, and
implants are considered, it is seen that there is still a lot of room to be enlightened on this topic
for a healthier future. In this context, this article aims to draw a broad perspective on the new
interdisciplinary efforts and to emphasize the great potential of layer-by-layer production in
the field of dentistry.

Keywords: additive manufacturing, photopolymerization, stereolithography, dental resin,
dental implant

Introduction

Additive manufacturing, also known as layered manufacturing technology, encompasses a
broad framework that includes various technologies and is a practical production method enabling
the transformation of digitally designed objects into physical parts. This technology has the
capability to convert digital designs into tangible objects using 3D printing methods. The
fundamental principle of 3D printing is the opposite of subtractive manufacturing methods such
as CNC milling and turning, which are based on computer-aided manufacturing processes. In
subtractive manufacturing processes, a three-dimensional object is created by cutting and
removing pieces from a material block, whereas in the 3D printing method, the designed three-
dimensional object is obtained by the successive assembly of material layers [1]. Fig.1 shows the
process from the conceptual stage of manufacturing with 3D printing to the acquisition of the
final product.

The primary reasons for the preference of 3D printing technology include the elimination of
additional production stages such as setting up production lines and mold design, and the ability
to immediately incorporate the design into the manufacturing process. Another significant
advantage of using this technology is that printers utilizing 3D printing methods enable cloud-
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based production. As a result, incoming orders can be directly transmitted to the printer, allowing
for rapid production without the need for any molds or assembly lines. This circumstance not
only incorporates cloud technology but also includes technologies such as sensors, wireless
communication, and robotic arms, contributing to the formation of Industry 4.0 [1]. Further, the
models produced through three-dimensional printers have provided a low-cost alternative
compared to traditional methods, saving on labor and time [2].
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Fig. 1. Process steps for the additive manufacturing operations [1]

According to the ISO/ASTM 52900 standard, the definition of additive (layered)
manufacturing is stated as follows: 'A process of joining materials layer by layer to produce parts
from three-dimensional model data, in contrast to subtractive manufacturing and forming
methods’ [3]. According to the standard, the main additive manufacturing methods are divided
into seven categories: Material extrusion, photopolymerization (Vat-polymerization), material
jetting, sheet lamination, powder bed fusion, directed energy deposition, binder jetting [3]. If the
most preferred versions are looked at, in material extrusion, thermoplastic materials are used with
fused deposition modeling (FDM) technology. For photopolymerization, polymer and ceramic
materials are utilized to activate stereolithography (SLA), digital light processing (DLP), and
continuous digital light processing (CDLP) technologies. During the operations made through
powder bed fusion, materials such as polymer, metal powder, and ceramic powder are used with
selective laser sintering (SLS), direct metal laser sintering (DMLS), selective laser melting
(SLM), and electron beam melting (EBM) technologies [4,5]. The commonly used additive
manufacturing technologies are provided in Fig.2 according to the physical state of the consumed
raw material [4,5].

Additive manufacturing, with its diverse array of methods, emerges today as a technology
distinguished by its speed and practicality. Constantly evolving with new methods being added,
it gains significant interest both in the industrial surroundings and academic institutions. Additive
manufacturing technologies offer the capability to produce parts across a wide range of materials,
spanning from hundreds of different types of plastics to dozens of metal powders. It is anticipated
that in the future, the inevitability of increasing product diversity and application fields will force
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scientists to improve the novel printing ways more. With this perspective in mind, Fig.3 below
presents the general usage distribution and the proportional allocation to relevant sectors.
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Fig. 3. Featured sectors for the additive manufacturing operations [6]

3D printing strategy has rapidly gained momentum, especially with advancements in the
medical field and dentistry [7]. It is effectively used in both the design and production of both
partial and full prosthetics [8]. Especially the utilization of 3D printing technology in the
production of dental implants with complex morphology has enabled the successful creation of
bone-like implants that cannot be produced solely with milling [9]. This technology, particularly
enabling the production of implants with complex geometries, offers various advantages in dental
applications. Implants can be manufactured to directly or indirectly replace defective or missing
tissue. Additionally, dental applications such as crowns and bridges are also within the scope of
printing technology as part of dental practice. In this context, the compatibility of the material
with the tissue is of great importance, and selecting the appropriate material is a critical factor for
a successful treatment outcome [10].

In dentistry area novel innovative layer-by-layer production offers a series of advantages over
traditional methods. Herein, some of these advantages can be highlighted as follows [11].
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* There is the possibility to produce products with complex structures tailored to individual
needs, including

details such as irregularities and indentations, in three dimensions. A well-designed product
can optimize costs without increasing complexity.

* It minimizes human errors in the manufacturing process and reduces the need for
intervention due to fewer production stages.

» It offers the opportunity for rapid production by reducing both production and delivery times.

« It reduces energy consumption and material waste, lowering investment costs by eliminating
the use of traditional production tools such as drills.

« It has a passive production process and does not require additional force for milling.

« It makes the production of large objects easier compared to traditional methods.

« It provides the possibility of detailed production based on digitized data (such as computer
tomography (CT), magnetic resonance imaging (MRI)), and repeatability can be achieved at a
lower cost.

According to data from the FDI World Dental Organization, nearly 2.3 billion people
experienced health issues due to tooth decay in 2019. Approximately 20% of this number
consisted of pediatric patients [12]. At this point, especially innovative processes in dentistry
treatments, the qualified workforce of dental professionals, and new-generation supportive
applications (such as 3D Printing) play a key role in the future healthy population rate. Fig.4 and
Fig.5 provide a detailed perspective on predicting the global 3D printing market values focused
on dentistry and the commercial future of the sector.
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Fig. 4. Dental 3D printing market forecast [12]
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Fig. 5. Global dental 3D printing market according to real usage segments in 2023 [13]
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Photopolymerization process and technical background

This kind of polymerization-based methodology is the first example of additive
manufacturing technology. The method utilizes a specific type of light (such as laser or LED
light) to create one layer at a time inside a container containing light-processed photopolymer
resin. As each layer is formed, the light passes through the surface of the liquid resin. Then, the
platform is lowered onto another layer of resin, and this process is repeated [14]. The light source
and exposure energy are the key factors that control the thickness of each layer [15]. Thanks to
the ability of the photopolymerization, high-quality parts with resolutions of up to 10 pm can be
obtained [16].

In general, to initiate the photopolymerization process, a light source emitting at specific
wavelengths and a molecule containing a photosensitive initiator are required. These
photosensitive initiators activate free radicals, allowing monomer molecules to combine and form
cross-linked chains. Emerged chemical reaction sequence then continues, resulting in the
accumulation of three-dimensional rigid polymer network with a layer thickness between 100 um
and 200 pm [17, 18]. The general reaction flow and the polymerization system on an epoxy
example can be observed in Fig.6.

Over the past thirty years, 3D printing ways have been primarily tried to produce prototypes
or models from polymeric or metallic materials. However, in recent years, the production of
ceramic materials has been gaining increasing popularity [19]. Much of the recent research on
ceramics produced using additive manufacturing technology focuses particularly on
polymerization-based technologies [20, 21]. At this point, SLA stands out owing to its easy
practicability and precision capacity. In this method, a highly ceramic-filled binder that hardens
with light is used. To ensure the binder hardens with light, smaller ceramic particles with better
light scattering properties are preferred [22].
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Fig. 6. Photopolymerization reaction process and a sample of epoxy [17, 18]

Personalization is of great importance in additive manufacturing. One of the fundamental
advantages of this technology is the ability to form various products with specific features tailored
to the individual needs of the patient. For example, various medical products such as diagnostic
platforms, orthopedic and dental implants, drug manufacturing systems, medical devices,
artificial tissues, and organs can be produced in a personalized manner [23, 24].
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The earliest use of additive manufacturing technology for movable prosthetics dates back
to 1994 when Maeda et al. produced prostheses using light-cured resin with the SLA method.
Since then, various descriptions of different methods have been proposed to incorporate additive
manufacturing technologies into the production of full prosthetics [25]. In another work, Bilgin
et al. have produced single-piece full dentures containing nano-micro hybrid filler resin teeth
using the DLP method [26]. Park et al. have stated that the fracture resistance of artificial teeth
produced via SLA was sufficient compared to traditional temporary teeth [27]. Wu et al. have
successfully cast skeleton models produced through SLA method compared to traditional
methods [28]. Koh et al. compared the color stability of SLA-printed parts with different colorants
to various prefabricated teeth and found no significant difference between them [29]. Xing et al.
have produced complex zirconia ceramics with high dimensional accuracy using the SLA method
and reported that these ceramics had mechanical properties (such as fracture toughness and
hardness) close to those of zirconia produced by removal methods [30].

In specific to dentistry, functional properties such as wear, corrosion, and compressive
strength are of great importance in examining resin-based interactions during the production
process. In this context, a detailed evaluation of the photopolymerization properties of resins used
in dentistry applications is important for determining both physical and mechanical properties.
There is a necessity to thoroughly investigate the photopolymerization processes of dental resins
in order to conduct advanced innovative studies. Fig. 7 schematizes current dental practice
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Fig. 7. Actual dentistry applications with 3D printing

Photopolymerization-based printing techniques

In practice, vat-photopolymerization techniques consist of three types: SLA, DLP, and CDLP
methods. As the general strategy, the DLP style manufacturing operates on almost the same
principle as SLA. The fundamental difference between SLA and DLP is that in DLP, each layer
is cured by ultraviolet light projected by a projector, whereas in SLA, light-sensitive resins are
cured layer by layer using a laser source. Therefore, SLA is more precise and slower in the
manufacturing process compared to DLP. With CDLP, part manufacturing is carried out on a
similar principle to DLP, with the main difference being that during layer fabrication in CDLP,
the manufacturing plate moves continuously upward in the Z direction. Once the first layer
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solidifies, it is lifted up from the resin vat, and the next layer to be built is solidified by the light
emitted by the projector [31].

Stereolithography (SLA)

The SLA technology is based on the principle of curing a liquid photopolymer resin layer at room
temperature using a laser beam according to predefined geometric data. This curing process lies at the
core of 3D printer technologies based on additive manufacturing logic. Each layer is designed using
3D slicing software based on pre-generated G-code data. The laser beam, guided by this data, scans
the resin layer to carry out the curing process. Once the first layer is cured, the build platform moves
up by one layer height, and a new resin layer is applied on top, repeating this process iteratively. Layers
are added to each other until the entire object is produced. This method allows for obtaining detailed
and complex, smooth 3D objects from liquid resin with no specific geometry. A schematic
representation of the production process is shared in Figure 8 [32].
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Fig. 8. Process schema of SLA methodology [33]

Like all other alternative applications, SLA-type 3D printers have some prominent advantages
and disadvantages [34, 35, 36]. The capability of producing complex geometries with sharp
accuracy can be considered a significant advantage of SLA printers. For the manufacturing of
numerous products, the economical feature can be achieved by simultaneously using workshop-
type multiple machines. Especially, it excels in terms of final product surface quality and does
not require secondary surface treatments apart from cleaning. Additionally, considering the
balance between increasing competition and speed in today's market, the daily production speed
is high when scaled according to the design size. On the other hand, some drawbacks of this
technique include the tendency of high stiffness parts to exhibit brittle behavior compared to their
thermoplastic counterparts. Serial production is another complex issue, and integrating
automation with SLA is laborious. Moreover, the necessity of the material being solely photo-
polymer-based and the challenges such as post-production separation of support structures are
prominent difficulties of this way.

Digital Light Processing (DLP)

DLP-based 3D printing is another fabrication style that stands out with its rapid printing,
excellent scalability, and easy-to-use operating conditions [37]. In this technique, a digital mirror
mechanism consisting of independently positioned mirrors is used. A two-dimensional pixel
pattern is projected onto a transparent plate to cure a layer of resin at once. The completion time
of objects depends solely on the layer thickness, not on the dimensions in the x-y plane or the
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number of objects produced simultaneously. Therefore, a faster production process is achieved
[38]. The schematic representation of the DLP method is shown in Fig.9.
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Fig. 9. Process schema of DLP methodology [40]

Z axis

One of the most significant advantages of the DLP technique is high precision. On the other
side, this high precision is typically guaranteed in small-scale production, making it a frequently
preferred method, especially in the field of dentistry [39]. Thanks to the light creating two-
dimensional pixels, this method is relatively faster, and the final products have a smooth surface
quality. However, its basic handicaps include being limited to photo-polymerization-based
materials and the need for post-production removal of support structures from the main body
using chemical or mechanical methodologies.

Continuous Digital Light Processing (CDLP)

Also known as continuous liquid interface production, CDLP is a novel additive
manufacturing technology utilized to create high-resolution parts with high mechanical properties
using oxygen-permeable lenses and programmable liquid resin. CDLP technology operates
similarly to DLP technology, with the build platform continuously moving along the Z-axis,
allowing parts to be completed more quickly. Continuous liquid interface production creates a
"dead zone™" (permanent liquid interface) where photopolymerization is inhibited between the
window and the polymerizing section using a window that allows oxygen to pass below the UV
projection plane. The schematic representation of the CDLP method is shown in Fig. 10.
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Fig.10. Process schema of CDLP methodology [42]
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With CDLP technology, complex solid parts can be produced via a specially formularized
resin at a print speed of over 100 mm per hour. This high printing speed allows 3D printing to
move from being a process that takes hours to one that can be completed in minutes. CDLP also
enables the consumption of various materials such as soft elastic materials, ceramics, and
biological materials [41].

For CDLP type 3D printers, low-viscosity standard resins are generally preferred, allowing
designs that provide a strong interlayer transition connection. Nevertheless, delamination-type
defects may occur if the optimum manufacturing parameters are not adjusted or if exposure
processes deviate from the resin manufacturer's recommendations [43, 44].

Dentistry Outlook of the Polymerization

Resin Types for Dentistry Applications

Additive-based fabrication options have successfully been applied in the dental sector since
the beginning of the millennium, encompassing polymers, metals, and alloys. During this period,
the laser sintering approach used in the processing of metal alloys in dentistry can be qualified as
a serious advancement. Studies in this field have generally focused on the production of structures
using materials such as chromium-cobalt, titanium, and nickel alloys [45]. Today, additive
manufacturing technologies frequently utilize methods such as DLP, SLA, and PJ (Polyjetting),
which are economically and technically viable for the production of polymers and plastic objects
[46]. The biocompatibility, chemical stability, and performance stability of the material are
critically important alongside production accuracy. Therefore, the chemical compositions of
resins suitable for additive manufacturing technology must be specially tailored. The resin should
flow easily between the printer's platform and the tank with the correct viscosity after each layer.
The addition of fillers, pigments, and photo-initiator agent’s not only affects the mechanical
properties of the materials but also alters their accuracy. If the refractive index between the resin
and the incorporated substances is not properly adjusted, laser light scatters, leading to a decrease
in polymerization depth and consequently loss of accuracy in the produced object [47].

Depending on the evolving manufacturing options, ongoing development of polymeric resin
formulations, and interdisciplinary knowledge transfer, the resin types selected in dentistry,
biomedical, and medical education for vat-polymerization are provided in Fig. 11.
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Fig. 11. Dentistry, biomedical and medicine oriented resin types [48, 49]
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The widespread use of ceramic materials in dentistry is based on their specific advantages
such as superior biocompatibility, chemical stability, appropriate mechanical properties, and high
aesthetics. On the other side, the brittle nature of ceramics requires meticulous control during the
manufacturing process to obtain products with suitable mechanical properties for dental
restorations. Due to these characteristics, while polymer or metallic materials have generally been
used in additive manufacturing for a long time, ceramics have only recently found their place
among the materials in this technology. The processing methods of ceramic materials are quite
complex and detailed [50]. Most recent research focusing on ceramics produced by additive
manufacturing technology has largely centered on SLA-based methods in particular [51]. Micro-
particle ceramic materials dispersed in polymeric resins can be individually obtained after the
curing of the polymer followed by furnace sintering processes. For instance, Dehurtevent et al.
found that alumina ceramics produced via SLA method with a layer thickness of 50 um using
acrylic resin exhibited acceptable similarity in physical and mechanical properties to those
produced by abrasive manufacturing systems [52]. Liu et al pointed out that zirconia/alumina
ceramics could be produced via the SLA method combined with powder sintering route [53].

Dental implants

In recent years, alongside increasing aesthetic concerns, a healthy oral structure has been
carefully considered by many individuals. At this point, implant treatment and aesthetic dentistry
have reached a significant demand level for both a beautiful appearance and a comfortable oral
structure. Integrating 3D printing technologies into dentistry is a useful method for rapidly
producing durable implant materials. Considering the frequency of dental implant usage and the
continuously increasing demand, there are patient and practitioner expectations from various
perspectives. This situation can be overcome through the collaborative efforts of biomedical,
mechanical, material, and manufacturing engineers, as well as medical and dental disciplines.
Fig. 12 illustrates all the expected features from a surgical implant.
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Fig. 12. Expectations from a dental implant

Chen et al. aimed to evaluate the mechanical and biomechanical performance of a new
custom-made dental implant produced by selective laser melting technique through simulation
and experimental studies. They have produced implants with high strength that can compete with
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fabricated implants, and reported that these implants have a granular surface [54]. In their study,
they fabricated flat and threaded implants made of titanium material, as shown in Fig. 13.
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Fig. 13. Titanium implants made through SLM; plain (left) ve threaded (right) [54]

According to some similar studies, metallic implants produced with 3D printers have been
reported to feature porous surfaces in various geometries [55, 56, 57]. Ramakrishnaiah et al.
examined features such as surface roughness, surface chemical composition, and microstructure
of the dental implant they produced using selective laser technology with Ti-6Al-4V material
[57]. Hyzy et al. observed similar or increased roughness compared to surfaces produced by
traditional methods [58]. Osman et al. reported that additively manufactured custom zirconia
dental implants exhibited sufficient dimensional accuracy. They indicated that implants produced
with this system demonstrated mechanical properties close to traditional methods in terms of
bending resistance [59]. Fevzi et al. highlighted the advantages of shaping metal-based materials
using additive manufacturing methods. Metal powders used in additive manufacturing, along with
their properties and applications, are introduced within the biomedical field. 3D printed products
are compared with those shaped using standard production methods, confirming their mechanical
and physical properties [60]. In Fig. 14, the application of CoCrMo alloy and Ti64 material in
dentistry using the DMLS method is illustrated.

Fig. 14. CoCrMo alloys (a) and Ti64 (b) for dental applications [60]

The development of additive manufacturing in the dental field has led to significant changes
in dental practice. Unlike traditional manufacturing methods, it offers a faster and more cost-
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effective production option. Rather than requiring multiple appointments for various dental
treatments, patients can receive customized designs and a wide range of materials in a single
session. These kinds of reasonable situations accelerate the advancement of layer-by-layer
manufacturing method in the dental field.

Orthodontics and digital orthodontics

Apart from the implants and models, additive manufacturing plays a significant role in the
field of orthodontics, by providing opportunities for customization and reproduction.
Concordantly, this technology facilitates the creation of precise, accurate, and reproducible dental
models, particularly for orthodontic purposes [61]. Especially, there is a growing interest and use
of 3D printing technologies in the manufacturing of aesthetic aligners, jaw alignment devices,
and prototype prostheses, which serve as alternatives to wire treatments.

Digital orthodontic method is benefited to draw a treatment plan before orthodontic treatment.
With 3D intraoral scanning, patient information is obtained digitally in a short time. Besides,
digital screening provides great convenience and advantage as it does not require the use of large
measuring spoons. By modeling with the measurements taken from the 3D scanner, the product
needed for the patient is made ready for production. By way of orthodontic analysis and treatment
planning, it is possible to analyze all the details of case analysis, simulation of orthodontic
treatments, tooth extractions, interface abrasion and tooth movements. Completing the treatment
on time, evaluating the treatment process in a virtual environment, customizing the treatment,
positioning the brackets without errors, and previewing the stages of the treatment process can be
done digitally. In digital dentistry, models are generated in a virtual environment with 3D
scanning, making the treatment of people with a gag reflex easier, especially since large metal
spoons are not used. The cone beam computed tomography image of a patient who was born
without upper jaw and lateral incisor teeth is shown in Fig. 15.

Fig. 15. A sample BT scan view for maxillofacial operations [62, 63]

In clinical practice, traditional computer-assisted approaches still prevail. Daniel et al.
evaluated a concept based on flapless surgical technique, a treatment planning procedure relying
on CT images, and fixed prosthesis reconstruction for immediate loading of the upper jaw,
reporting the protocol to be successful [11]. Eufinger et al. examined CAD/CAM techniques for
preoperative modeling of implants based on CT data and stated that the reconstruction of
craniofacial bone defects with individual implants based on tomographic data is superior to
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traditional methods [64]. On the other hand, in another study emphasizing the competitive aspect
of additive manufacturing, Revilla-Leon et al. analyzed the accuracy of implant analog positions
in complete maxillary models made of plaster and polymers produced by additive manufacturing
using a coordinate measuring machine and reported no significant difference between them [65].

Surgical guides and models

Surgical guides prepared through additive manufacturing assist in the accurate positioning
and angulation of implants. During the production of surgical guides, the regions where implants
will be placed are determined in the planning phase, and centering guides for the initial drill path
are established. Some sample guide models are shown in Fig. 16. The rapid and serial production
of these guides enables quick examination and surgical operations. This situation highlights
clinics familiar with innovative three-dimensional printing technologies compared to others.

Fig. 16. Surgical guides with different size range [66]

Additive manufacturing also stands out as a technology used in medical modeling, enabling
the production of anatomical study models. Through these models, it is possible to examine
complex anatomy in detail and conduct preoperative surgical planning. These models can be used
as references in diagnosis, preoperative planning, and during surgical procedures. In addition,
additive manufacturing is increasingly being utilized not only in oral applications or intraoral
procedures in dentistry but also in maxillofacial surgery [67, 68]. The stages of surgical guide
and model production in dentistry are illustrated in Fig. 17. These stages can be listed as follows:
obtaining cone-beam computed tomography images from the patient (Stage 1), saving the images
obtained from cone-beam computed tomography in DICOM format (Stage 2), creating a three-
dimensional design from the obtained DICOM files to obtain an STL format model (Stage 3),
designing a three-dimensional bone implant on the obtained STL format model (Stage 4), printing
the designed bone implant on a 3D printer (Stage 5), and applying the 3D-printed bone implant
to the patient (Stage 6) [69, 70].
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Fig. 17. 3D printing stages for the model and surgical guide production in dentistry
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Physical properties

Studies on the examination of physical properties have confirmed that products produced by
additive manufacturing are not inferior to those produced by traditional methods. Especially
considering that CAD/CAM-focused and traditional casting-based applications have a longer
usage history, it can be said that 3D printing technologies are quite an attractive alternative both
in terms of manufacturing speed and dimensional accuracy of produced dental prostheses,
models, and implants. In the context of dental applications, some physical property outputs are
important in terms of design, usage, performance, and aesthetics (Fig. 18).

Dimensional
accuracy
o Design
Density precision
Target
Property
Color Porosity

Fig. 18. Target physical properties in specific to dentistry

In recent years, both experimental and finite element-supported scientific studies have focused
on personalized dental models and analyses specific to jaw structure and profile. Jeong et al. have
stated in their study evaluating the dimensional accuracy of dental models produced by different
methods (CAD/CAM-based milling and 3D printing) that additive manufacturing is more
successful [71]. The detail depth and design sharpness created by additive manufacturing are
illustrated in Fig. 19.

Fig. 19. Precision difference between milling (a) and 3D-printing (b) [71]

Regarding implant locations and positions, Revilla-Leon et al. reported no significant
difference by analyzing the accuracy of implant analog positions in polymer models obtained
through plaster and additive manufacturing [65]. Particularly, it has been observed that samples
produced with DLP and multijet printing (MJP) technologies, with layer printing thicknesses
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ranging from 50 pm to 100 um, provide the same performance as conventional plaster casting
but in a much faster and more practical manner.

In material and mechanical engineering applications, especially considering the increasingly
competitive industry landscape, the process of achieving high performance with low weight
stands out. This phenomenon is also evident in dental implants produced with 3D printers, with
titanium alloys being at the forefront. Many examples of dental implants, ranging from porous
structures for tissue integration to standard solid structures, are being optimized for application-
specific purposes on titanium alloys. Ghassemieh et al. have worked on the final sintering
processes of titanium implants produced by the binder jetting method, showing that the central
porosity and surface porosity values begin to decrease with sintering temperature [72]. Kim et al.
have utilized the DMLS method to produce a group of dental implant products from Ti-6Al-4V
powders, emphasizing that as the laser spacing increases, the number of pores observed in the
microstructure also increases [73]. Ji et al. have reported that porous bone-like dental titanium
produced with SLM exhibit pore sizes of 500 pum and are porous to varying degrees ranging from
48% to 84% [74]. Tsai et al. suggested that non-destructive testing methods can be used on
zirconia ceramic dental prostheses produced with SLA (Fig.20) and potential internal structural
defects can be detected using ultrasonic inspection [75].

Non-destructive
inspections

Fig. 20. Zirkonia printing for dentures: a) SLA printed samples, b) computer tomography views of defects;
c) ultrasonic results of the samples without defects; d) ultrasonic results of the samples with defects [75]

Mechanical behaviors

Mechanical properties of samples produced by the photopolymerization-based additive
manufacturing technique have been investigated by various research groups, and some
experimental findings have been revealed. Typically, the general focus has been on target
properties such as tensile strength, elongation capability, elastic modulus, compressive strength,
and flexural strength.

Looking at some reported studies, Li et al. worked on the effects of material printing
orientation on the tensile-type mechanical behavior of printed samples. The authors identified a
decrease in tensile strength with increasing sample building angle and explained this phenomenon
with mechanical anisotropy [76]. In their study, Aktitiz et al. printed epoxy parts viaa SLA device
and applied UV secondary curing process at different durations to examine its effect on the
mechanical and thermal properties of the polymer structures [77]. According to the findings,
with increasing curing time, the impact strength of the epoxy samples showed a decreasing trend.
Hossain et al. investigated the strain-dependent behavior of elastomeric polyurethane material
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attained by DLP process and studied viscoelastic structural behavior at low strain rates [78].
Miedzinska et al. conducted quasi-static and dynamic compression tests to investigate the strain
rate dependency of various resin materials manufactured by SLA [79]. The researchers
highlighted that polymer samples tended to become more brittle and break into smaller pieces
with rising deformation rate. Reyes et al. produced biocompatible polymeric samples specific to
dental applications using different additive manufacturing techniques and stated that samples
created with SLA achieved a higher flexural modulus value in all printing directions [80].
Topsakal et al. investigated the effects of aging properties of biocompatible dental resins on
mechanical properties [81]. The researchers noted that parts fabricated by DLP and SLA printers
remained mechanically sound even after aging processes, capable of withstanding physiological
forces. Simeon et al. compared the bending and wear behaviors of bite splints produced with DLP
and SLA [82]. According to the obtained data, DLP-originated samples showed less statistical
fluctuation in flexural strength and wear resistance results depending on the printing direction.

Probable future works

Additive manufacturing holds significant future potential in both prosthetic and dental
modeling, as recognized by relevant literature and professional organization reports. In this
regard, from an academic perspective, there are some points that can be proposed as topics for
future scientific research. Fig. 21 illustrates the proposed outlines for future studies.

¢ Annealing
¢ UV Curing
* Water absorption

Secondary
Treatments

* Mechanical
‘ ﬁ optimization
Recommendations | Network * ZO;?:\I:Z?tion
for Future Works Approach P

* Hybrid solutions
with statistics

W e Friction detection
™

* Wear rate

‘ WiEar detection

Works .
¢ Deformation
v exploration

Fig. 21. Probable future work recommendation schema

When considering the implications of advancing technology and increasing competition in
the healthcare sector, next-generation artificial intelligence-based optimization and prediction
approaches may be beneficial in terms of mechanical performance, physical properties, and cost
in dental applications. Here, interdisciplinary activities can be accelerated between dentistry,
biomedical engineering, mechanical engineering, and software branches. Another issue is the
matter of tribo-corrosion for artificial temporary teeth. The tribo-corrosion performance of such
dental structures should be examined based on the oral fluids and the crushing activity performed
by the teeth. Printing process variables can be taken as input variables, and the mechanism-based
examination can be experimentally conducted for each process methodology. In this way, the
wear performance of temporary dental structures and the nature of deformation can be explored.
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The effects of secondary finishing processes (such as annealing, aging, light curing, and water
absorption) on the tensile, compressive, flexural, and wear strengths can be investigated in both
resin models and temporary dental structures after additive manufacturing. Particularly, the
interactions of critical performance-oriented mechanisms, such as changes in crystallinity degree
in polymeric materials and microstructural hardening in metallic materials, can be focused on. In
metallic implants, bone-like designs and product-tissue compatibility are crucial. Therefore,
achieving foam-like and porous structures with the lowest possible weight is determinant. In this
regard, hybrid optimization techniques (Taguchi, response surface, Box-Benkhen combined with
artificial intelligence-based deep learning) and finite element-based simulation programs can be
blended together in a common framework for the determination of mechanical properties and
product porosity.

Conclusion

In recent years, researchers have conducted a series of studies aimed at further enhancing the
functionality of parts produced using the SLA method, primarily due to its wide range of
applications. Current trends indicate that model creation, prototyping, temporary dental
treatments, orthodontic applications, and implant therapies are among the most active areas in
dentistry, and the contribution of photopolymerization-based additive manufacturing in these
areas is expected to continue in the coming years. With the potential of additive manufacturing
to provide personalized and rapid treatment opportunities, it is anticipated that resin-based
material formulations will diversify in the coming years. This will enable a targeted approach to
functional properties such as compressive strength, rigidity, corrosion resistance, hardness, and
wear resistance, which are critical in dentistry. Over the years, many valuable studies have shown
a direct relationship between manufacturing process parameters and target output properties. In
light of these findings, the importance of optimization techniques and interdisciplinary scientific
research has once again been highlighted. In the rapidly changing and evolving industrial world,
3D printers have the power to bring together many different disciplines in the field of human
health, which is a common field of study. This situation also holds high potential in dentistry and
oral-maxillofacial surgery branches. On the other hand, in individual clinical applications, 3D
printing processes are becoming faster and more economical in modeling, prototyping, and
temporary dental applications compared to other traditional systems after the initial investment
cost. This trend will increase the percentage share of additive manufacturing in the dental market
in the future.
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