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Abstract

Additive manufacturing (AM) has emerged as a transformative technology in dentistry,
enabling the production of patient-specific dental applications with reduced costs and
fabrication times. Despite the growth of applications, a consolidated understanding of
current 3D printing technologies, materials, and performance in dental settings remains
fragmented. Here, we perform a Systematic Literature Review (SLR) using the PRISMA
protocol, retrieving 19 closely related primary studies. The evidence is synthesized across
three axes: application domain, AM technology, and critical quality parameters. Dental
restorations, prosthetics, crowns, and implants are the most common applications, while
fused deposition modeling, stereolithography, digital light processing, selective laser sinter-
ing, and laser-directed energy deposition are the most used technologies. AM materials
include polymers, metals, and emerging biomaterials. Key quality determinants include
dimensional accuracy, wear and corrosion resistance, and photosensitivity. Notably, biocom-
patibility and cytotoxicity remain underexplored yet critical factors for ensuring long-term
clinical safety. The evidence also suggests a lack of in vivo studies, insufficient tribological
and microbiological testing, including limited data degradation pathways of AM materials
under oral conditions. Understanding that there are disconnects between the realization of
the clinical and the economic benefits of 3D printing in dentistry, future research requires
standardized testing frameworks and long-term biocompatibility validation.

Keywords: additive manufacturing; 3D printing technology; dentistry; dental application;
dental prosthetics; dental implant; dental crown; dental restoration

1. Introduction

The use of additive technologies or 3D printing involves modeling and prototyping,
increasingly, of finished products [1,2], by adding materials layer by layer to obtain products
of the desired shape, characteristics, and features [3]. Over the past two decades, the use of
additive technologies has expanded to all branches of industry and non-industry [4], while
their application in medicine has recorded significant growth in recent years [5]. A potential
problem with the application of additive technologies in medicine is the impact of the
materials used and their repercussions on human health [6]. In dental applications, methods
such as manual production or computer numerical control (CNC) machining of prostheses
and implants are used [7-9]. Given that no two people have identical dental images, the
personalization of finished products in dental applications is essential, so the time required
to produce such products, and their quality are key factors for the introduction of advanced
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technologies in dental prosthetics [10,11]. The application of 3D printing technology enables
faster, but equally precise, production of prostheses and implants, as well as simple design
changes and the production of products with very complex geometry [12,13], while the
expansion of these technologies will make production prices more affordable.

According to Ref. [14], the application and choice of 3D printing technology in den-
tistry directly depend on the type of material used. Thus, for crowns or bridges made of
metal alloys or ceramics, selective laser sintering (SLS), selective laser melting (SLM), and
direct metal laser sintering (DMLS) technologies are frequently used, while fused filament
fabrication (FFF) or fused deposition modeling (FDM) technologies are most often used for
the production of implants and prostheses made of polymer-based composites. However,
recently, new materials that need to meet numerous demands about characteristics, such
as mechanical and aesthetic, as well as antimicrobial properties, have been increasingly
investigated [15]. To identify research gaps and formulate Research Questions (RQs), the
following paragraph presents an analysis of review papers.

A literature review of the main types of additive manufacturing (AM) technologies
with a focus on mechanical characterization is presented by Nezir et al. [16]; the authors
compared the advantages and disadvantages of the analyzed materials from the aspect
of applications in orthopedics, dentistry, prosthetics, etc. A literature review with a fo-
cus on the cytotoxicity of acrylic resin materials used in digital light processing (DLP) or
stereolithography (SLA) printing technologies in prosthodontic appliances is presented by
Arossi et al. [17]; the authors searched the Scopus, Embase, and Ovid MEDLINE databases,
concluding that there are no significant differences in the biocompatibility of the available
resins or washing solutions. A review of the biomedical applications of titanium alloys,
where the properties of titanium and its alloys for orthopedic implants and dental pros-
thetics are analyzed, is presented by Marin et al. [18]; the authors focused on the specific
parameters of titanium alloys compared to other materials, as well as the limitations of
titanium alloys in biomedicine. A review of 3D printing of dental prostheses with a focus
on current and emerging applications is presented by Rezaie et al. [19]; the authors searched
Google Scholar, PubMed, ScienceDirect, Web of Science (WoS), and Scopus databases to
analyze the possibilities of using different materials in dentistry, including thermoplastic
polymers, ceramics, and metals. The achievements and applications of 4D printing in
dentistry, with a focus on shape-changing polymers and composites, are presented by
Palanisamy et al. [20]; in addition, the authors discussed the potential benefits for patients
as well as the current limitations of the application of this technology in dentistry. A sys-
tematic review and meta-analysis of computer-aided technology for fabricating removable
partial denture frameworks are presented by Pordeus et al. [21]; the authors used the
Cochrane Collaboration criteria and PRISMA Statement when searching and analyzing
the literature—as a result, there is a similar fit and esthetic improvement in the compar-
ison of the 3D printed prosthesis with the one made by conventional techniques. The
polymeric materials used in 3D printing in dentistry with a focus on biocompatibility
testing challenges are presented by Rus et al. [22]; the authors searched Google Scholar,
PubMed /MEDLINE, NCBI, WoS, Scopus, and Cochrane Library databases to analyze the
types of materials used in 3D printing, product cytotoxicity, polymerization methods, and
post-polymerization treatments. A systematic review of the factors affecting accuracy in
the AM of interim dental prostheses is presented by Ferreira et al. [23]; the authors used the
PRISMA protocol, searching PubMed, WoS, and Embase databases to analyze incorporation
and polymerization methods, antimicrobial activity, and the cytotoxicity of organic and
inorganic agents added into polymethyl methacrylate (PMMA). Recent advances in the 3D
printing of polymers for application in prosthodontics are presented by Dimitrova et al. [24];
the authors searched PubMed, WoS, and Embase databases to evaluate the application of
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existing 3D printing technologies in prosthetic restorations, as well as the sustainability
of conventional methods for manufacturing dental applications. A systematic review of
subtractive and additive technologies in fixed dental metal ceramic restoration is presented
by Rasheed et al. [25]. The authors searched Google Scholar, PubMed, Science Direct,
and Z-library databases to gather data on the computer-aided design and computer-aided
manufacturing (CAD/CAM) subtractive and AM technologies. A state-of-the-art review
focusing on dental materials applied to 3D and 4D printing technologies is presented by
Cai et al. [26]; the authors analyzed metals, ceramics, polymers, and biomaterials, as well
as applied printing technologies, while the application of materials for 4D printing, as well
as their application in oral clinical medicine, was additionally discussed. A comparative
analysis of the mechanical properties and biocompatibility of CAD/CAM polymers and
conventional polymers in dental prostheses is presented by Chuchulska et al. [27]; to
create a narrative review, the authors searched Embase, PubMed, and WoS databases. A
state-of-the-art review of the biocompatibility of PMMA-based dental materials for interim
prosthetic restorations is presented by Pituru et al. [28]; the authors analyzed the biocom-
patibility of materials, i.e., the impact of prostheses formed from PMMA on epithelial cells,
fibroblasts, or pulp cells. The application of biomaterial designs to additive modeling, as
well as designs for the use of subgroups of biomaterials, such as metal alloys, polymers,
and ceramics, is presented by Mirzaali et al. [29]. A literature review within the framework
of analyzing dental implants wear mechanisms, materials, and manufacturing processes
is presented by Saha et al. [30]; the authors considered the characteristics of metallic ma-
terials from various aspects, such as tooth anatomy, wear mechanism, dental implants
classification, implant materials, and manufacturing techniques. A literature review from
the aspect of analyzing shape memory polymeric materials for biomedical applications
is presented by Rokaya et al. [31]; the authors analyzed the type and application of these
materials in various fields, such as neuromedicine, dentistry, orthopedics, oncology, etc. A
review of polymeric denture base materials is presented by Alqutaibi et al. [32]; the authors
searched PubMed, Embase, and Scopus databases to determine the types, applications,
properties, and manufacturing technologies of these polymers, while the limitations related
to the physical and mechanical properties that affect the application of PMMA in dentistry
were given.

Based on the analysis of the available review papers, the following research gaps were
determined: (i) more detailed biocompatibility tests are needed before the materials used
in 3D printing in dentistry can be used safely, (ii) a lack of clinical studies on the biocom-
patibility of polymers in terms of their safe use in humans, (iii) a lack of clinical evidence
for titanium cytotoxicity, (iv) limited attention is given to the accuracy, surface treatment,
and staining of denture base material, (v) a lack of comparative studies directly comparing
3D printing to traditional technology (considering the fit, comfort, and biocompatibility
of dental applications), and (vi) a lack of studies assessing the effectiveness of different
surface treatments to mitigate potential plaque accumulation.

On the other hand, our research includes the latest use of additive technologies
in dentistry from various perspectives over the past 5 years, which is the goal of this
systematic review. Depending on the type of material as well as the additive technology
used to produce dental applications, the parameters that affect the characteristics of the
final product (dental crown, dental prosthesis, etc.) will be determined and discussed in
detail. The selected parameters will be compared to determine the most commonly used
materials and technologies with the best suitability for dental applications. Limitations
that affect the effectiveness of the application of 3D printing in dentistry will also be given.
Accordingly, the following RQs were used:

RQ1: What are the most common applications of additive manufacturing in dentistry?
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Web of Science [Title or Abstract]
(("3D print*" OR "additive manufacturing") AND WoS PubMed
("dental prosthetic*" OR "prosthetic* dental"))

RQ2: Which technologies and materials are most prevalent in dental applications?
RQ3: Which parameters affect the quality and safe usage of 3D-printed dental applications?

The manuscript is structured as follows: the first section presents the motivation and
goal of the research, as well as the research gaps in the review papers, based on which the
RQs were formed; the second section provides an in-depth explanation of SLR, including
the search strategy and extraction of evidence from the selected studies; the third section
presents an initial analysis of the articles chosen to determine the used AM technologies,
materials, and their parameters; the fourth section provides detailed research results using
synthesized content-based data, which includes descriptive and inferential statistics; the
fifth section presents a discussion of the results according to the RQs; and the sixth section
contains concluding remarks, limitations and implications, as well as future research.

2. A Systematic Literature Review

The SLR performed follows the PRISMA (Preferred Reporting of Items for Systematic
Reviews and Meta-Analyses) protocol. This includes a step-by-step description of the search
strategy protocol, eligibility criteria, and evidence extraction. The search is performed
following the proposed RQs to design search strings using Boolean operators. The search is
performed through index bases as follows: WoS, Dimensions, Scopus, PubMed, OpenAlex,
and Google Scholar. Figure 1, inspired by the illustration from Ref. [33], displays the
complete list of search strings. It should be noted that the syntax was formed after a large
number of iterations of strings and keywords, so the syntax with the highest number of
hits was adopted. Below, Table 1 shows the results of the initial research.

PubMed [Title/Abstract]

(("3D print*" OR "additive manufacturing") AND
("dental prosthetic*" OR "prosthetic* dental"))

\ / OpenAlex [Title & Abstract]
OpenAlex  (("3D print*" OR "additive manufacturing") AND
P ("dental prosthetic*" OR "prosthetic* dental”))
Di : SEARCH
IMENSIONS ™ g TR ATEGIES
Dimensions [Title and Abstract]

(("3D print*" OR "additive manufacturing") AND /

("dental prosthetic*" OR "prosthetic* dental")) Google Scholar

Scopus )
Scopus [TITLE-ABS-KEY] Google Scholar [In Title]

(("3D print*" OR "additive manufacturing") AND (("3D print*" OR "additive manufacturing") AND

("dental prosthetic*" OR "prosthetic* dental")) ("dental prosthetic*" OR "prosthetic* dental”))

Figure 1. Search strings and index bases used for the synthesis of studies.

The search strategy consists of screening, an eligibility assessment, and an in-depth
exhaustive evaluation of studies for reaching a panel consensus. In the screening phase,
338 studies were identified. By applying the Exclusion Criteria—Not English (EC-NENG),
studies that were not written in English were excluded (n = 10). Records that were not
articles (n = 140) were excluded by Exclusion Criteria-Not Article (EC-NART). Furthermore,
the duplicates (n = 69) were manually removed. The remaining 119 studies were deemed
relevant and were subjected to an in-depth reading in accordance with the RQs. For this
purpose, six additional exclusion criteria (EC) were introduced: EC1—review papers (n
=9), EC2—appearance and surface characteristics or mechanical characteristics of the
material tests (n = 58), EC3—monograph (n = 1), EC4—studies on patients (n = 20), EC5—
3D modelling and software (n = 6), and EC6—year out of scope [1 January 2020—1 May
2025] (n = 1), while the remaining five studies were not available for download (n = 5). The
Inclusion/Exclusion criteria are detailed in Table S1. Finally, nineteen articles (n = 19) are
identified as relevant for further analysis. Figure 2 shows the PRISMA flow diagram.
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Table 1. Results of the initial search of each database individually.

Database Language Article Review I(’::;efl: Book Cﬁg;:(er Letter  Editorial  Patent Tll’ll;]s)is Tl;:[esscis TEesscis Total
Wos all 22 9 / / / / / / / / / 31
English 21 9 / / / / / / / / / 30
Dimensions all 20 6 / / > / / d / / / 38
English 20 6 / / 5 / / 7 / / / 38
Scopus all 47 12 7 1 2 1 / / / / / 70
English 42 12 7 1 2 1 / / / / / 65
PubMed all 19 / / / / / / / / / 26
English 19 / / / / / / / / / 26
OpenAlex all 14 8 / / / 1 / / / / / 23
English 14 8 / / / 1 / / / / / 23
Google all 76 51 / 4 7 / 2 / 2 7 1 150
Scholar English 72 51 / 4 7 / 2 / 2 7 1 146
Records identified
WoS (n=31)
Dimensions (n = 38) Additional records identified
Scopus (n = 70) through other sources
PubMed (n = 26) n=0)
OpenAlex (n = 23)
Google Scholar (n = 150)

o
=
=
=
=]
=
=
7
=
—/
! Record luded
50 T ecords excludec
E R“‘(’;db Zf;)“““d »|  EC-NENG (n - 10)
5 - EC-NART (n = 140)
<
=]
2 »| Duplicates removed (n = 69)
—/
)
Records excluded
= L ECI (n=9)
= Full-text review articles EC2 (n = 58)
= assessed for eligibility > EC3(n=1)
2 (n=119) EC4 (n = 20)
= EC5 (n = 6)
EC6(n=1)
—/
— - Records NA (n = 5)
-} Y
D
'g Final list
= (n=19)
=
—/

Figure 2. PRISMA flow diagram for retrieval of studies—for more information, please see Table S1.

The extraction of content data included the following: the title of the paper, the journal
that the paper was published in, the searched database, the year of publication of the
paper, the type of publication (academic article, feasibility study, or in vitro study), the
type of dental application, the type of 3D printing technology, the type of material used for
fabrication, the advantages and disadvantages of 3D printing technologies, and printed
part characteristics (parameters).
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After extracting all relevant studies, the authors achieved substantial agreement
(Cohen’s k = 0.81). However, given the disagreement between reviewers, we performed
an objective review analysis, to reach a consensus between reviewers. Namely, given
that the studies are extracted independently by two reviewers, additional reviewers who
supervised the process gave their own opinions to decide whether a study should be
included in the final list of selected studies. After reaching a consensus, we came to the
conclusion that indeed 19 studies were relevant. The studies are recorded in an Excel
file—please see Table S2, which contains a description of the articles’ metadata, content
data, and an additional qualitative description of the studies that concern the RQs. The
extraction of raw (content) data followed coding for descriptive and inferential analysis.
Namely, for answering the proposed RQs, we have used descriptive analysis but extended
the analysis using inferential binomial and association statistics to introduce more scientific
rigor to the analysis. The analysis of data is performed in SPSS v29.0.1.1, JASP v0.19.3, and
Rstudio v.2025.05.1-513.

3. Initial Analysis of the Selected Articles

The initial analysis of the selected articles (n = 19) should provide basic information
about AM technologies, materials, and their parameters for a comparison and interpretation
of the obtained results.

Nano-material in dental implants from the aspect of composition and biofilm dynamics
is presented by Panda et al. [34]; the article considers the biocompatibility of the materials
(the ability of the material not to damage the tissue when interacting with the tissue in
the human mouth) used in the manufacture of dental implants; the authors performed
a 14-day test to form a biofilm that mimics the existence of a natural microorganism
to test the cytotoxicity of the tested samples, while DLP technology was used to create
the samples. The design of a ceramic composite consisting of two novel components,
fluorapatite glass-ceramic (FGC) and yttria-stabilized zirconia (YSZ), is presented by Li
et al. [35]; both components are used for dental restoration with excellent results—to make
better use of their advantages, the authors created a composite with improved mechanical
properties, forming precision and tribological compatibility, while the stereolithography
(SLA) technology was used to create the samples. The investigation of the selected alloy
elements’ effect in an additive manufactured Co-Cr alloy for dental prosthetics is presented
by Saha et al. [36]; the study deals with the influence of tungsten and molybdenum in terms
of elements added to a Co-Cr alloy for the manufacture of dental implants. To form test
samples, the authors used the laser powder directed energy deposition (LP-DED) process
and commercially available Co-Cr-W and Co-Cr-Mo alloys; in addition, the structure
and hardness of the samples and the obtained excellent results related to wear resistance
were tested. The development of a Ti scaffold microstructure by laser powder bed fusion
(LPBF) with chemical polishing is presented by Lu et al. [37]; based on the patient’s tooth
defect model, the authors designed a titanium scaffold. The test samples were made using
LPBF technology; the authors used a nitric acid mixed solution to enhance the surface
roughness, and as a result, in vitro tests showed that the designed Ti scaffold has excellent
biocompatibility with a complete absence of cytotoxicity. A feasibility study regarding
3D printing of ultra-thin veneers made of lithium disilicate using 3D printing technology
is presented by Schweiger et al. [38]; test samples with layer thicknesses of down to
0.2 mm were produced using lithography-based ceramic manufacturing (LCM) technology,
where the gained thickness allowed for a true non-prep solution or minimally invasive
preparation. The characteristics of a novel material—a ceramic-composite resin—that
would be used to produce custom dental restorations are given by Stravinskas et al. [39];
the material is intended for SLA 3D printing, where the result would be a restoration
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with minimal waste. After testing, the tested material showed excellent wear resistance
and biocompatibility. An application of the Taguchi method to optimize the FDM process
parameters to reduce circularity error and the surface roughness of biomedical implants
is given by Balasubramainian et al. [40]; by testing samples obtained by 3D printing, the
authors determined that printing speed, temperature, and layer thickness affect the quality
of implants. The properties of zirconia-based pastes, for producing ceramics by 3D printing
technology, were analyzed by Dimitriadis et al. [41]; Direct Ink Writing (DIW) technology
was used to obtain certain properties of zirconia ceramics. The resulting material with the
desired mechanical and physical properties would be used for a dental prosthesis, while
the tested material is characterized by a low cost and biocompatibility. The evaluation of
photopolymer resins for dental prosthetics fabricated via the stereolithography process
at different polymerization temperatures is given by Lee et al. [42]; the purpose of this
in vitro study was to evaluate the mechanical properties of test samples printed with SLA
technology. Test samples in the form of dental prosthetics made of photopolymer were
produced at three different temperatures, and as the result, the obtained samples had
excellent biocompatibility and wear resistance. The fabrication of color-graded feldspathic
dental prosthetics for aesthetic and restorative dentistry is presented by Sutejo et al. [43];
the study refers to the feasibility investigation of natural teeth shades replication on dental
prosthetics. The samples were made using functionally graded additive manufacturing
(FGAM) technology, while feldspathic porcelain (FP) and yttrium aluminum garnet cerium
were used for dental restoration; the applied method was expensive, while the quality of
the printed samples was satisfactory. The marginal and internal fit of provisional crowns
made using two 3D printing technologies were analyzed by Libonati et al. [44]; using
SLA and DLP technologies, 60 test samples of temporary crowns were made. The authors
used liquid resin for SLA, while for DLP they used PMMA, and as a result, the tests have
shown that crowns produced by DLP have lower precision than crowns produced by
SLA. A novel commercially pure titanium alloy for dental prosthetic applications was
presented by Barro et al. [45]; using LDED technology, the authors printed samples of the
new alloy, after which they compared the characteristics of the samples obtained with
samples made using traditional milling. The samples made with the new titanium alloy
have better characteristics than traditional milling technology, with lower production
costs because the obtained sample does not have to be post-processed. A comparison of
test samples made through 3D printing—using SLS and CNC milling technology, for the
purpose of application for dental implants and abutments—was performed and presented
by Dobrzarnski et al. [46]; the authors used a Titanium-Ti6Al4V alloy to make the test
samples due to its corrosion resistance and good biocompatibility properties. Samples
made through 3D printing are more precisely made with lower production costs because
the obtained dental implant does not have to be processed afterwards. The fabrication of
a customized tooth crown using 3D printing technology is presented by Balasubramani
et al. [47]; FDM technology and materials—polyethylene terephthalate glycol (PETG, black
in color) and polycyclohexylene dimethylene terephthalate glycol-modified (PCTG, white
in color)—were used to fabricate the samples. Using the aforementioned technology
and materials, the authors created a multipurpose tooth filling/tooth cap slurry and
the resulting samples were tested with the Fourier transform infrared (FTIR) spectrum
and an in vitro anti-bacterial study. The fabrication of dental restorative prostheses from
metal materials and powdered polymers, using laser-assisted additive technologies, is
presented by Moraru et al. [48]; the authors used SLS technology and Co-Cr alloys to
create samples—dental prostheses—which they compared with samples produced by
DLP technology and DruckWege Type D Dental resin material. The resulting dental
prostheses are very precisely made, during production it is not necessary to use supports (as
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with 3D printing technologies for thermoplastic materials) and no subsequent processing
of those parts is necessary, which affects the total production costs. An in vitro study
where a new and effective method for producing 3D-printed zirconia laminates in dental
restorative prostheses using DLP technology is described and presented by Noh et al. [49];
the authors performed the Shapiro-Wilk, Kolmogorov-Smirnov, and Mann-Whitney tests,
and as a result, the gap between the zirconia laminates produced using DLP printing
and the subtractive manufacturing method significantly differed only at the mesioincisal
measurement point. The effects of surface preparation methods on the color stability of
3D-printed dental restorations is presented by Raszewski et al. [50]; the authors examined
the color stability of three resins like Denture 3D+, Crowntec A3, and Crowntec A2 for
3D printing—these materials were used to make dental crowns in A2 and A3 colors
through laser directed energy deposition via powder feeding (LDED-PF) technology. The
test samples were in the form of incisors: the first group of samples after curing and
washing with alcohol was not subjected to any treatment, the second group of samples was
covered with a light-curing varnish, while the third group of samples was polished in a
standard way; as a result, to minimize color change using these 3D print materials, these
materials must undergo complete curing, otherwise the varnish will crack. An in vitro
study comparing the misfit of 3D-printed (SLM), milled (CNC manufactured), and lost
wax technique (LWT)-fabricated dental crowns, is presented by Al-Saleh et al. [51]; second
maxillary premolar teeth were prepared for metal-ceramic crowns and equally divided into
three groups for testing purposes. The tests show that fabrication technique and finish line
design are critical in reducing the marginal misfit of Co-Cr copings. A novel manufacturing
method for dental restoration that combines casting and selective laser melting (SLM) for
obtaining one hybrid piece is presented by Uriciuc et al. [52]; by casting Co-Cr inserts on
top of dental prosthetic pieces previously manufactured by the SLM of Co-Cr powder
(CoMo), the authors gained high precision and high fitting accuracy between the hybrid
frameworks. In addition, the process is slow due to the combination of technologies, but
since no post-processing is required, it reduces costs.

Based on the initial analysis of the selected articles, we conclude that there are numerous
3D printing technologies, as well as a wide range of different materials to produce dental
applications, so the following is a comparison of the characteristics of the materials and 3D
printing technologies that affect the quality as well as the safe usage of dental applications.

4. Results

Figure 3 provides a descriptive overview of the distribution of dental applications
(Figure 3A), material types (Figure 3B), and 3D printing technologies (Figure 3C) by year
of publication. While the results show categorical breakdowns, we emphasize that a
single study represents many categories, and thus, visual patterns should be interpreted as
exploratory rather than statistically conclusive. With this limited sample, dental restoration
and dental prosthetic applications appear more frequently than dental implant and dental
crown applications. Biomaterials show a slight upward trend in reported usage, while
metals exhibit a modest decline in usage. When it comes to additive technologies, SLS
technology was initially the most prevalent, while the introduction of new materials led to
the expansion of SLA and DLP, respectively, as well as FDM technology.
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Figure 3. Descriptive analysis of the following: (A) dental application; (B) material type; and
(C) 3D printing technologies, represented by the number of articles dealing with these (y-axis) and
publication year (x-axis).

Figure 4 shows the Relationship map, i.e., the association between the class categories
of dental applications, material, and type of 3D printing technology used in dental ap-
plications. The results suggest that “Biomaterials” are strongly associated with “Power
Bed Fusion”, such as “Dental Restoration” and “Dental Prosthetics”. Next, the “Metals”
are strongly associated with “Vat Photopolymerization” and “Material Jetting”, as well as
“Dental Prosthetic” and “Dental Restoration”, with less association to “Power Bed Fusion”
and “Extrusion”. Lastly, “Polymers” show weak association in explaining dental applica-
tions compared to “Biomaterials” and “Metals”, while also suggesting strong association
with “Vat Photopolymerization”, but higher association with “Extrusion” 3D printing
technology, compared to the other two materials. In sum, from the materials, “Metals” are
dominant, while in dental applications “Dental prosthetics” and “Dental restoration” are
dominant applications. Therefore, it can be concluded that “Vat Photopolymerization” and
“Power Bed Fusion” are dominant groups used in 3D dental applications. It should be
noted that “group” implies similar technologies from the aspect of the functioning principle,
e.g., technologies that include the use of a laser beam to obtain a finished 3D object, such as
SLM, LDED, LP-DED, and SLS.
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Figure 4. Relationship map between dental applications, materials, and the group of 3D printing
technologies used.

Figure 5 shows the considerations of the characteristics of 3D printing technologies and
materials in the analyzed articles, subjected to binomial test statistics. The results suggest
that there is a lack of considerations (at least p < 0.05) in the domains of “Tribological_Test”,

”ou

“Cytotoxicity”, “Microbiological_Examination”, and “Corrosion_Resistance”. It should
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be noted that the “Corrosion_Resistance” test is only meaningful for dental applications
that contain metal materials, while the “Tribological_Test” was used mainly for composite
materials. From Figure 5, it can be seen that the “Cytotoxicity” and “Microbiological” tests
were not considered in most of the selected articles, although they are two very important
parameters. Considering that dental applications are implanted in the patient’s mouth
(jaw), where there is a permanent process of food digestion under the influence of the
bacteria that exist in the mouth, it is necessary to perform microbiological tests to analyze
the durability of a material (lifespan) under the influence of bacteria. Cytotoxicity is also a
very important parameter because, over time, materials that are potentially dangerous to
human health decompose under the influence of a number of factors.

p<0.01 p <0.05* p <0.05 p<0.05*
100% 100% 100% 100%
80% 80% 80% 80%
60% 60% 60% 60%
40% 40% 40% 40%
20% 20% 20% 20%
0% 0% 0% 0%
Printed_Part_Accuracy Tribology Test Biocompatibility Cytotoxicity
ONo BYes ONo B@Yes ONo BYes ONo BYes
p<0.07* p <0.05* p>0.05 p>0.05
100% 100% 100% 100%
80% 80% 80% 80%
60% 60% 60% 60%
40% 40% 40% 40%
20% 20% 20% 20%
0% 0% 0% 0%
Microbiological Corrosion_Resistant Photosensitivity Wear_Resistance
ONo BYes ONo BYes ONo BYes ONo BYes

Figure 5. Binomial test of 3D printing considered characteristics and consequences; note: (i) the bar
charts represent the binary outcome Y /N, regarding whether or not the authors considered the feature
in the analysis, and (ii) the asterisk sign suggests a lack of consideration of statistical significance.

By isolating studies that considered the aspects and characteristics of 3D printing
technologies and materials, please see Figure 6, we discuss the importance of printed-part
accuracy and wear resistance. Therefore, in the case of printed parts, the results for accuracy
are “High/Sufficient” due to the fact that some technologies require post-processing,
such as machining by sanding, in order to obtain the highest quality surface after the 3D
printing process. Due to the small sample, the analyzed parameters “Wear_Resistance” and
“Cytotoxicity” are considered “Excellent/Good” and “Absence of/Low”, respectively.

Figure 7 shows the so-called Circos plot—a comprehensive overview of how differ-
ent materials, 3D printing technologies, and biomedical features are interrelated. The
colored links between segments indicate interactions between the categories positioned
around the circle. Those categories are grouped as follows: material types (e.g., “Metals”,
“Polymers”, or “Biomaterials”), 3D printing technologies (e.g., “3DPT: SLS” or “3DPT:
FDM”), and properties (e.g., “Corrosion_Resistance” or “Wear_Resistance”). The thickness
of the links in color indicates stronger or more frequent associations, while the thinner
links suggest weaker or less frequent interactions. The thick, colored link from “3DPT:
SLS” to “Tribology_Test: Excellent” suggests a strong association between SLS printing
technology and excellent tribological characteristics. In addition, the thick link from “3DPT:
DLP” to “Photosensitivity: Yes” shows that DLP technology is strongly associated with
“Photosensitivity: Yes”, while the thin link from “3DPT: DLP” to “Cytotoxicity: Absence of”
suggests a weak association between these two.
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p <0.05* p>0.05 p>0.05 p>0.05
n=23 n=6 n=5 n=4
100% 100% 100% 100%
80% 80% 80% 80%
60% 60% 60% 60%
40% 40% 40% 40%
20% 20% 20% 20%
0% + 0% 0% 0%
Printed_Part Accuracy Tribological_Test Microbiologoical Corrosion_Resistant
OHigh OSufficient DExcelent OPoor ONo OYes O Anti-corrosion OHigh
p <0.05* p>0.05 p<0.07* p>0.05
n=13 n=8 n=18 n=5
100% 100% 100% 100%
80% 80% 80% 80%
60% 60% 60% 60%
40% 40% 40% 40%
20% 20% 20% 20%
0% 0% 0% 0%
Photosensitivity Wear_Resistance Biocompatibility Cytotoxicity
ONo OYes OExcelent OGood OYes ONo OAbsence of OLow

Figure 6. Binomial test of 3D printing considered characteristics and consequences; note: (i) the bar
charts represent binary outcomes as a consequence of the use of application properties, and (ii) the
asterisk sign represents the discussed application properties.
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5. Discussion

In the following section, we provide an analytical discussion of the results. Namely,
Figures 4-7 were designed to synthesize and visualize the potential relationships among
additive manufacturing materials, technologies, and dental applications in correspondence
to the proposed RQs. These visual and analytical figures aim to support cross-disciplinary
insights, particularly from the perspective of engineering and material sciences. Impor-
tantly, the grouping of dental applications (e.g., restorations, implants, and graft-related
materials) was created based on shared AM material and processing characteristics, rather
than specific clinical indications. Thus, while classifications facilitate patterns in techno-
logical adoption, we acknowledge their limitations in terms of clinical granularity. For
instance, dental prostheses and bone graft scaffolds may share a standard material or
printing method (e.g., titanium LPBF), yet serve different therapeutic functions. Hence,
the figures should be interpreted as a technology-focused synthesis, rather than a clinical
decision-making guide.

The relationship map (Figure 4) shows a pronounced association among biomaterials
and power bed fusion technologies, particularly LPBF and SLS, in dental restoration and
prosthetic applications. This association is likely due to the superior mechanical perfor-
mance and biocompatibility that these combinations offer, particularly when precision and
load-bearing characteristics are required. This stresses the ability of powder-based methods
to produce structurally dense and geometrically complex implants with minimal porosity.
Conversely, polymers showed weaker associations across all application domains, which
may reflect limitations in their mechanical durability and long-term performance under
oral conditions. While polymer-based FDM and DIW offer advantages in terms of low
costs and rapid prototyping, they appear less suited for permanent restorative applications,
which likely explains their limited presence in the reviewed articles.

The underrepresentation of cytotoxicity and microbiological evaluations (Figure 5)
raises serious concerns. Despite their criticality for clinical translation, these parameters
are often omitted, possibly due to the high cost and regulatory complexity of in vitro or
in vivo validation studies. This gap underscores a potential disconnect between material
engineering and biomedical requirements—a recurring challenge in translational research.

Table 2 shows the most commonly used 3D printing technologies in the selected
articles from different aspects, such as the characteristics of additive technologies, used
materials, applications, and advantages and disadvantages. Summarizing the results, the
most prominent advantages of additive technologies in dentistry are as follows: (i) a wide
range of materials, (ii) high precision and accuracy of manufacturing, (iii) good for complex
geometries, (iv) no need for support structures, and (v) low material waste; whereas the
most prominent disadvantages are as follows: (i) lower resolution and surface finish,
(ii) material limitations, (iii) post-processing is required, (iv) certain materials are toxic,
(v) high costs, and (vi) support structures are required. It is important to note that due
to the restricted number of studies obtained through the systematic review, the sample
size limits the generalizability of conclusions, and further studies are needed to support
inferential statistics, which is why a careful examination and discussion of the findings
is performed.

Based on RQ1 (What are the most common applications of additive manufacturing in
dentistry?), the literature review and data analysis concluded that additive manufacturing
in dentistry is most often used in applications such as dental restoration, dental prosthetics,
dental implants, and dental crowns. Regarding RQ2 (Which technologies and materials
are most prevalent in dental applications?), the most pervasive technologies are as follows:
fused deposition modeling (FDM), stereolithography (SLA), digital light processing (DLP),
selective laser sintering (SLS), and laser-directed energy deposition (LDED). Through RQ3
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(Which parameters affect the quality and safe usage of 3D printed dental applications?),
it was concluded that numerous parameters influence the quality of 3D-printed dental
applications, including printed-part accuracy, wear resistance, corrosion resistance, photo-
sensitivity, and post-processing. In addition, the parameters that affect the safe usage of
3D-printed dental applications are biocompatibility and cytotoxicity.

Table 2. The most commonly used 3D printing technologies in the selected articles from different aspects.

3D Printing

Technology Characteristics Materials Application Advantages Disadvantages Ref.
lower resolution and
material extrusion surface finish; slow
through a nozzle; a for high-resolution or
heater installed in the polylactic acid low-cost; easy to large parts; support
Fused Deposition printer head melts the (PLA); dental implant; use; wide range of removal can be
Modeli p FDM filament, then pushes it Polyethylene dental crown; materials; minimal difficult; parts with [40,47]
odeling ( ) (mechanically) through Terephthalate dental restoration; waste; design accuracy
the nozzle and stacks it Glycol (PETG); flexibility; liIIII(ifatiiJrlsar'i1
as a layer on the weaker along the
printing bed; Z-axis; warping and
cracking;
high isi d
high-power pulsed GC-YSZ composite ® fcrcetizlco; o
. R ceramics; o ! material limitations;
Stereolithograph laser light 1ncr?ases fc?e ceramic-composite dental restoration; high tietallc,i resins can be toxic;
SLAg phy  temperature of specific resin Liqcreate dental prosthetic; smo? s an ted post-processing [35,39,42,44]
( ) ii‘cei?? to "l"eld or sinter Composite-X; dental crown; accutr é € prcllnf e required; higher
?hreglgﬁiz gg‘t/emrlga b(;rslea ZMD-1000B; liquid parts; goi) or operating costs;
= 7 in; complex
resin geometries;
uses a photosensitive
ceramic suspension—a
mixture of ceramic high luti
particles and a binder lagndr l:ﬁ‘fl; C1eon
that is cured by light; it quality; usage of
cures the material layer ceramics (Alumina hieh cost
- . . : igh cost;
Lithography- by layer using UV light ALOs, Zirconia post-processing;
b . (from a projector or 1 L . ZrO;, Silicon o
ased Ceramics L lithium disilicate dental prosthetic; e ; material limitations;
. laser), similar to SLA : . Nitride SizNy, ‘ . [38]
Manufacturing , . ceramics dental restoration 1 ; final part shrinks
technology; after Silicon Carbide ' ¢ RS
(LCM) printing, the binder SiC); good for dumé%rsl]sl?rtggtlsg e
’ ints:
separation and complex ’
sintepring processes geometries; ideal
remove the polymer for custom
and fuse the ceramic products;
particles into a dense,
finished product;
similar to SLA Tera Harz TC-85 higg resolutior.m .
technology, but uses a era reZirrf - dental implant; farl atclfuraSCgA po_st—gro;es_mlr:g
o ; (o : — ; aster than required; shrinkage;
Prc])jcl:egsl;?rll Ll(%hﬁp) dlgllfioprg]]ezzrr ZZSCilrllre photopolymer; dental prosthetic; technology; rqsins are toxic; gesin [34,48,49]
& 15 er bP 1ay er instead DruckWege Type dental restoration; excellent surface is more expensive
y o}f, A 1}; ser: D Dental resin; finish; wide range than FDM filament;
’ of resins;
o o requires specific
similar to liquid crystal lgf‘?’ef:tsiggf daylight-reactive
display (LCD) il resins: scalability; uses resins; DPP printers
. technology, but it uses COMMETCIA) LESINS: : ! were slower than
Daylight Polymer - . . Denture 3D+ . daylight-spectrum -
.o visible light (daylight 4 dental restoration; ) LA DLP or SLA due to [50]
ght (daylig
Printing (DPP) . Crowntec A3, and light which is less ;
) & the nature of daylight
spectrum) instead of C tec A2: . yhg
ultraviolet (UV) to cure rowniec 8% harmful than UV; curing and resin
T high detail and 2L
pracpamer s i, ey lover
layefs gf pOWd? ?lr € high strength and high cost;
applied sequentially, functionality; post-processing
and each layer is . ) R required (excavation,
- : Ti6AI4V alloy; excellent design -
selectively sintered CoCrW allov: freedom: eood cleaning,
Selective Laser using a laser beam C OC M a HO y,. dental restoration; fee om, fgoo ity depowdering); slow [46,48]
Sintering (SLS) along a predetermined zi(;céni;);as(g/ dental prosthetic; ~ Surtace un:i(;rml i cooling times; !
. . . no nee or .
path; the technique is (ININI-CERA); support structures; powder handling
then repeated layer by requires proper

layer until the intended
3D object is finished;

wide range of
materials;

ventilation and safety
equipment;
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Table 2. Cont.

E}Edl:;i(ﬂtégg Characteristics Materials
a powerful laser is used
to completely melt and
CoCr alloy;

fuse metal powder
layer by layer into a
solid, dense metal part;

Selective Laser
Melting (SLM)

a form of 3D metal
printing that uses a
laser to melt a metal
raw material, either a
powder or wire, as it is
deposited onto a
substrate; LDED
technology builds or
repairs metal parts
layer by layer and is
often used to print
large-scale metal
structures, repair
expensive components,
or add features to
existing parts;

commercially pure
Ti Grade 4 (CP-Ti

Laser-Directed
Grade 4);

Energy Deposition
(LDED)

a subtype of DED that
uses a laser as the
energy source and

metal powder as the
raw material to
fabricate or repair parts;
it is a high-precision
process that combines
laser melting with
precise powder
delivery to produce
metallurgically bonded
metal parts;

Laser
Powder-Directed CoCrW alloy;
Energy Deposition

(LP-DED)

CoCrMo alloy;

high-powered laser

selectively melts fine
metal powder, layer by
layer, to create complex

Laser Powder Bed Ti powder

(TiCP-grade 2);

Application Advantages Disadvantages Ref.
support structures
required; very slow
the usage of true build speed;
metal parts; p.ost—pljocessmg
complex ’ intensive (heat
dental restoration; I treatment, support
dental prosthetic; gegmet.r 1es; h&gh removal, CNC [51,52]
ensity an machining, surface
accuracy; ideal for 1, glishing); fine metal
custom implants; powders are
combustible; very
high cost;
lower material support s(tjr.uhc‘tu}fes
waste compared to require ' 18 -
subtractive 1 equlpmi:n - COSL; d
methods; ideal for g‘cAéiIr ;i;ocg;%r;féa
repairing damaged
dental prosthetic; p ts: lg b gl d to SLM, DMLS, or [45]
par ls ! arg.eh.uil LDED printers;
volumes; hig requires precise
deposition rates; synchronization of
mult1—rl;1%.tter'1al laser, powder flow,
capabiiity; and motion systems;
surface finish and
high precision resolution; high
metal deposition; equipment and
. multi-material operational costs;
dental prosthetic; structures; large thermal stresses and [36]
build volumes; distortion can occur;
minimum waste; metal powders are
hazardous;
llent slow build speeds;
excetien support structures
mechanical ded: .
properties; high ntee ed; re.qulris .
post-processing (hea -

treatment,
machining, and
surface finishing);

precision; complex
geometries; wide
material

dental restoration;

Fusion (LPBF)
parts directly from a teri:
CAD file; compatibility; no high equipment and
tooling required; - .
operatlonal costs;
viscous ,ink” (a paste .. .
or gel) is extruded hmlr;ei}iiglcﬁlon’
through_ anozzle and material versatility; properties (lower
deposited layer by low cost; strength);
Di o layer to build 3D - scalability; . ‘
irect Ink Writing SO TZ-3YS-E zirconia - . : post-processing .
DIW) structures; the ink is powder; dental prosthetic; multi-material required (drying [41]
usually a material ’ printing; direct curing, or sinteriné)'
loaded with p_artlclves, f:?;flfcgltcll(? slower than powder-
polymers, or biological ! or resin-based
cells, and solidifies or printing;
cures after printing; §
optimized L b
mechanical materials must be
rfidcﬂzleosloi}r]tzh;tith feldspathic strength, wear compatible in terms
Functionally p dual pe Hons i porcelain resistance, thermal ~ of melting points and
Graded Additive gracua’ variations in (FP)/yttrium dental restoration; conductivity, or chemical bonding; )
Manufacturin material composition, i dental prosthetic; i ibili 1 [43]
g microstructure, o alun_nnum garnet P ; biocompatibility complex process
(FGAM) properties throug,hout cerium YAG:Ce where needed; control; high cost;
(Y-FP); reduced stress limited material
concentrations; combinations.

the volume of the part;

design freedom;

A limitation of this review is the limited number of studies in the field of biocompat-

ibility, microbiological impact, and cytotoxicity in 3D-printed dental applications. This
certainly does not downplay our findings, as we selectively discussed samples that were
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sufficient for the analysis (marked “*” in Figures 5 and 6). Biocompatibility and cytotoxicity
are crucial parameters that should be tested, as over time, under the influence of various
factors, materials that are potentially hazardous to health can break down in the human
mouth. Additionally, microbiological influence is crucial when it comes to the quality
(damage to materials caused by bacteria over time) of dental applications, as some, such as
implants, are surgically installed in the jaw. Therefore, repeating such a procedure would

be potentially dangerous for a patient.

6. Conclusions

This manuscript presents a systematic review of the available literature on the topic
of 3D printing technologies with a focus on dental applications, according to the WoS,
Dimensions, Scopus, PubMed, Open Alex, and Google Scholar databases, and the PRISMA
protocol. After the initial search, 19 articles were selected and analyzed in detail. Consider-
ing the significant increase in the application of 3D technologies in dentistry over the last
few years, we anticipate that this trend will continue to grow rapidly, leading to reduced
production costs and improved product quality in the future. The use of different materials,
and therefore, different 3D printing technologies, enables a wide range of applications in
dentistry. Furthermore, the application of 3D technologies allows the creation of dental
applications with highly complex geometry, which are both natural-looking and suitable
for installation in the relatively thin jawbone. Given the potential adverse effects of de-
teriorating printed materials, it is necessary to conduct a future study to determine the
impact of embedded applications after a more extended period and their implications for
human health.
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PRISMA Preferred Reporting of Items for Systematic Reviews and Meta-Analyses
FDM Fused Deposition Modeling

SLA Stereolithography

DLP Digital Light Processing

SLS Selective Laser Sintering

LDED Laser-Directed Energy Deposition

CNC Computer Numerical Control

SLM Selective Laser Melting

DMLS Direct Metal Laser Sintering

FFF Fused Filament Fabrication

PMMA Polymethyl Methacrylate

CAD/CAM Computer-Aided Design and Computer-Aided Manufacturing
WoS Web of Science

EC Exclusion Criteria

EC-NENG Exclusion Criteria—Not English
EC-NART Exclusion Criteria—Not Article
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YSZ Yttria-Stabilized Zirconia

LP-DED Laser Powder-Directed Energy Deposition
LPBF Laser Powder Bed Fusion

LCM Lithography-Based Ceramic Manufacturing
DIW Direct Ink Writing

FGAM Functionally Graded Additive Manufacturing
FP Feldspathic Porcelain

PETG Polyethylene Terephthalate Glycol

PCTG Polycyclohexylene Dimethylene Terephthalate Glycol-Modified
FTIR Fourier Transform Infrared

LDED-PF Laser Directed Energy Deposition via Powder Feeding

LWT Lost Wax Technique

PLA Polylactic Acid

DPP Daylight Polymer Printing
LCD Liquid Crystal Display
uv Ultraviolet
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