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Abstract
Objectives The aim of this systematic review and network meta-analysis was to compare the flexural strength of 
provisional fixed dental prostheses (PFDPs) fabricated using different 3D printing technologies, including digital 
light processing (DLP), stereolithography (SLA), liquid crystal display (LCD), selective laser sintering (SLS), Digital Light 
Synthesis (DLS), and fused deposition modeling (FDM).

Materials and methods A comprehensive literature search was conducted in databases including PubMed, Web of 
Science, Scopus, and Open Grey up to September 2024. Studies evaluating the flexural strength of PFDPs fabricated 
by 3D printing systems were included. A network meta-analysis was performed, using standardized mean differences 
(SMDs) and 95% confidence intervals (CIs) to assess the effects of each system on flexural strength.

Results A total of 11 in vitro studies were included, with 9 studies contributing to the network meta-analysis. SLS 
(77.70%) and SLA (63.82%) systems ranked the highest in terms of flexural strength, while DLP ranked the lowest 
(23.40%). Significant differences were observed between SLS and multiple other systems, including DLP (-14.58, 
CI: -22.67 to -6.48), LCD (-14.65, CI: -25.54 to -3.59), FDM (-12.87, CI: -23.30 to -2.52), SLA (-11.41, CI: -18.74 to -4.01), 
and DLS (-10.89, CI: -21.23 to -0.67). Direct comparisons were limited, with DLP vs. SLA having the most data. Other 
comparisons were predominantly indirect.

Conclusions SLS and SLA systems exhibited superior flexural strength compared to other systems. However, the 
limited number of direct comparisons and reliance on indirect evidence suggest that further research is necessary to 
confirm these findings.

Clinical significance
The superior flexural strength of SLS and SLA 3D printing systems ensures enhanced durability and resistance to 
fracture in provisional fixed dental prostheses. This makes them preferable for clinical applications where long-
lasting temporary restorations are critical, reducing the need for premature replacements and improving patient 
outcomes during the restorative phase.
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Introduction
The fabrication of provisional fixed dental prosthe-
ses (PFDPs) is a critical aspect of restorative dentistry, 
as these prostheses provide protection, function, and 
esthetics during the interim period before the placement 
of definitive restorations [1]. Despite their temporary 
nature, the performance of provisional restorations sig-
nificantly influences the success of permanent restora-
tions. Failures in provisional restorations can arise due to 
factors such as insufficient flexural strength, wear, discol-
oration, marginal leakage, and fracture, which not only 
compromise clinical outcomes but also impact patient 
satisfaction [2].

Fractures are among the most frequently reported fail-
ures in provisional restorations, often caused by inad-
equate flexural strength that renders the material unable 
to withstand functional loads. Dislodgement, resulting 
from poor retention or occlusal stress, can lead to dis-
comfort and additional clinical interventions [3]. Further-
more, general structural failures, including deformations 
or wear, can reduce the effectiveness of the restoration in 
maintaining occlusal stability and protecting the underly-
ing dentition [4]. These issues emphasize the importance 
of selecting materials and fabrication techniques that can 
minimize such failures and enhance the overall perfor-
mance of provisional restorations.

Traditionally, PFDPs have been fabricated using poly-
methyl methacrylate (PMMA) and bis-acryl resins. These 
materials are applied using manual, time-intensive meth-
ods that may result in variability in material properties 
and clinical outcomes [5]. PMMA-based restorations are 
known for their strength and durability but can be brittle 
and prone to fractures under high functional loads. Con-
versely, bis-acryl resins are less time-consuming to work 
with but may lack the mechanical strength required for 
extended use. These limitations underscore the need for 
more precise and efficient fabrication techniques that 
improve mechanical properties while maintaining clini-
cal reliability.

With advancements in digital dentistry, three-dimen-
sional (3D) printing technology has emerged as a 
promising alternative for the fabrication of provisional 
prostheses. 3D printing offers several advantages, includ-
ing high precision, repeatability, and customization based 
on digital scans [6]. Various 3D printing systems, such as 
digital light processing (DLP), stereolithography (SLA), 
liquid crystal display (LCD), selective laser sintering 
(SLS), Digital Light Synthesis (DLS), and fused deposition 
modeling (FDM), have been utilized to fabricate PFDPs 
[7]. These systems aim to overcome the limitations of 

traditional methods by offering better control over mate-
rial properties, including flexural strength.

Flexural strength is a critical property for PFDPs, as 
it determines a material’s resistance to deformation and 
fracture under functional loads. Provisional restorations 
with insufficient flexural strength are prone to failure 
during mastication, leading to premature replacements 
and increased clinical chair time [8]. Numerous in vitro 
studies have investigated the flexural strength of PFDPs 
produced using different 3D printing systems [9–19]. 
However, these studies often report inconsistent findings 
due to differences in experimental conditions, materials 
used, and testing protocols. This inconsistency creates 
uncertainty regarding the relative effectiveness of dif-
ferent systems in achieving optimal flexural strength for 
provisional restorations.

This systematic review and network meta-analysis aim 
to synthesize the available evidence from in vitro stud-
ies to compare the flexural strength of PFDPs fabricated 
using different 3D printing systems. By evaluating and 
ranking these systems, the study seeks to provide evi-
dence-based insights that can guide clinicians in selecting 
the most appropriate 3D printing technology for fabricat-
ing durable and reliable provisional prostheses. The null 
hypothesis is that there is no significant difference in the 
flexural strength of PFDPs fabricated using various 3D 
printing systems.

Methods
Guidance and eligibility criteria
This systematic review and network meta-analysis fol-
lowed the guidelines outlined in the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
extension for Network Meta-Analyses (PRISMA-NMA). 
PRISMA-NMA provides a structured approach to ensure 
transparency and consistency in reporting the findings 
of systematic reviews that involve indirect comparisons 
across multiple interventions.

The eligibility criteria were defined using the PICOS 
framework as follows: Population included in vitro stud-
ies that evaluated PFDPs fabricated using various 3D 
printing technologies. Intervention focused on 3D print-
ing systems, including DLP, SLA, LCD, SLS, and FDM. 
Comparator involved direct or indirect comparisons 
between these 3D printing systems, explicitly excluding 
conventional fabrication methods such as PMMA or bis-
acryl resins. Outcome was the measurement of flexural 
strength (in megapascals, MPa) of PFDPs. Study Design 
was restricted to in vitro experimental studies to ensure 
consistency in the evaluation of mechanical properties 
and to minimize variability due to clinical conditions.

Keywords 3D printing technologies, Flexural strength, Network meta-analysis, Provisional fixed dental prostheses
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The inclusion criteria for this systematic review and 
network meta-analysis were defined to ensure the con-
sistency and comparability of the included studies while 
maintaining a comprehensive approach. Only in vitro 
experiments evaluating the flexural strength of PFDPs 
fabricated using 3D printing technologies were consid-
ered. Eligible studies were required to use standard dental 
resins specifically designed for provisional restorations, 
excluding those that utilized unconventional, experimen-
tal, or non-dental materials to minimize variability in 
material properties. The analysis included studies exam-
ining 3D printing systems such as DLP, SLA, LCD, SLS, 
or FDM. To further ensure consistency in the results, 
only studies reporting detailed and comparable 3D print-
ing parameters, including layer thickness, printing angle, 
and post-curing protocols, were included. Quantita-
tive data on flexural strength, measured in megapascals 
(MPa), was required for inclusion. No restrictions were 
applied based on the language of publication, and both 
full-text and abstract-only studies were considered if 
they provided sufficient data for analysis. Exclusion cri-
teria included studies that involved only conventional 
fabrication methods (e.g., PMMA or bis-acryl resins) as 
comparators, animal or human clinical studies, review 
articles, case reports, and studies lacking sufficient data 
on flexural strength outcomes.

Information sources and search strategy
A comprehensive literature search was conducted using 
multiple electronic databases, including PubMed, Web of 
Science, Scopus, and Open Grey, to identify the studies 
(Fig. 1). The search strategy was designed to comprehen-
sively retrieve studies relevant to 3D printing technolo-
gies, provisional dental prostheses, and flexural strength 
while minimizing unnecessary heterogeneity. Specific 
keywords were selected to target the primary outcome 
(‘flexural strength’ OR ‘mechanical properties’), the fab-
rication technology (‘3D printing’ OR ‘three-dimensional 
printing’ OR ‘3D-printed’), and the type of restoration 
(‘interim’ OR ‘provisional’ OR ‘temporary’). Additionally, 
the strategy was tailored to align with the inclusion crite-
ria by focusing on studies reporting essential parameters 
such as material composition, printing angle, layer thick-
ness, and post-curing protocols. Boolean operators and 
advanced filters were applied to refine the search results, 
ensuring the retrieval of studies with well-defined and 
comparable conditions. The detailed search queries used 
for each database are provided in Supplemental Table 1.

To ensure the accuracy and reliability of the search pro-
cess, two independent reviewers (O.Y. and O.H) screened 
the titles and abstracts of all identified records. Full texts 
of potentially eligible studies were then assessed indepen-
dently by the same reviewers, and any discrepancies were 
resolved through discussion or consultation with a third 

reviewer if necessary (Z.Y). No language or publication 
status restrictions were applied, ensuring an inclusive and 
comprehensive review. Additionally, manual searches of 
reference lists from relevant articles and grey literature 
sources, such as conference proceedings and preprints, 
were performed to minimize the risk of publication bias. 
All searches were conducted up to September 2024, cap-
turing the most recent studies available.

Study selection and data collection process
Two expert researchers (O.H, O.Y) screened the titles 
and abstracts of the studies independently and blindly. 
Each study was thoroughly evaluated, and full texts were 
accessed when necessary. To prevent discrepancies, ref-
erence management software (EndNote® X9, Thomson 
Reuters, Philadelphia, PA, USA) was utilized to eliminate 
duplicates efficiently. Following the removal of duplicate 
studies, the researchers applied the predefined inclusion 
and exclusion criteria, reaching a consensus on the final 
selection of candidate studies.

To maintain consistency and accuracy throughout the 
measurement and analysis processes, operator calibra-
tion was conducted. All operators involved in the study 
underwent a standardized training protocol to calibrate 
their assessment techniques and ensure uniformity in 
data collection. The calibration included training ses-
sions on the use of measurement instruments, practice 
runs to establish proficiency, and periodic evaluations to 
maintain consistent performance during the entire study 
period.

For data extraction, two reviewers (O.H, O.Y) worked 
independently and in duplicate using pre-designed data 
extraction forms. The extracted information covered 
various study characteristics, including: (1) the year the 
study was published, (2) the specific resins used, (3) the 
3D printing systems employed, (4) the printing angle, (5) 
sample shape and size, (6) the aging procedure applied, 
(7) the flexural strength testing machine used, and (8) the 
load and speed parameters reported.

Assessment of the risk of bias within the studies
The risk of bias in the included studies was assessed using 
the ROBDEMAT (Risk of Bias in Dental Materials Test-
ing) tool, which evaluates biases across multiple domains 
specific to in vitro studies. The assessment focused on 
four key domains. The first domain, bias in planning 
and allocation, evaluated whether a control group was 
included and if the samples were randomized appro-
priately. The second domain, bias in sample/specimen 
preparation, focused on the justification and reporting 
of sample size, standardization of materials, and con-
sistency in experimental conditions across groups. The 
third domain, bias in outcome assessment, examined 
the adequacy and standardization of testing procedures, 
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the use of operator blinding, and the appropriateness of 
statistical methods. Lastly, bias in data treatment and 
outcome reporting assessed whether statistical analyses 
were suitable and if the study outcomes were reported 
accurately.

The overall inter-rater agreement (O.H with O.Y) for 
the risk of bias assessment was high (kappa > 0.80), and 
discrepancies were resolved through discussion or con-
sultation with a third reviewer (Z.Y) when necessary.

Fig. 1 PRISMA flow diagram for study selection process
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Publication/Reporting bias
To evaluate publication and reporting bias in this net-
work meta-analysis, the ROB-MEN (Risk of Bias due to 
Missing Evidence in Network meta-analysis) tool was 
employed. This tool is specifically designed to assess the 
impact of missing studies and potential biases in network 
meta-analyses. ROB-MEN examines the consistency of 
the network and the presence of small-study effects, pro-
viding a more comprehensive evaluation tailored to the 
structure of indirect and direct comparisons within the 
analysis. As part of this assessment, the ROB-MEN tool 
analyzed the network structure to detect any inconsis-
tencies that could indicate the presence of publication 
bias. The tool’s algorithms were used to assess whether 
smaller studies or studies with extreme results were dis-
proportionately influencing the network’s overall effect 
estimates.

Data synthesis
The primary outcome of the study was measured in 
megapascals (MPa), a continuous variable representing 
the flexural strength of the provisional fixed dental pros-
theses. To estimate the effects for both direct and indirect 
evidence within the network meta-analysis, standardized 
mean differences (SMDs) and their respective 95% confi-
dence intervals (95% CIs) were utilized.

The analysis was conducted using a random-effects 
model and implemented in BUGSnet and JAGS, facili-
tating a Bayesian approach to estimate and interpret 
the SMDs for each comparison. The model parameters 
included a burn-in of 1,000 iterations, a total of 10,000 
iterations, and a thinning factor of 1 to ensure conver-
gence and the robustness of the estimates. The network’s 
consistency was evaluated to confirm coherence between 
direct and indirect evidence, and any inconsistency 
detected was explored using diagnostic tools available in 
BUGSnet.

The results were presented in a league table format, 
ranking the 3D printing systems based on their estimated 
effects on flexural strength. Additionally, SUCRA (sur-
face under the cumulative ranking curve) values were cal-
culated to provide a probabilistic ranking of the systems, 
indicating their likelihood of being the most effective.

Assessment of confidence in network meta-analysis
CINeMA (Confidence In Network Meta-Analysis) is 
a web-based tool designed to assess the level of confi-
dence in network meta-analysis results. In this project, 
CINeMA was used to systematically evaluate the six key 
domains that impact confidence in network meta-analy-
sis: within-study bias, reporting bias, indirectness, impre-
cision, heterogeneity, and incoherence. These domains 
were examined based on the framework proposed by 
Papakonstantinou, et al. [20] and implemented in the 

CINeMA software, which offers a transparent and struc-
tured approach to evaluating the strength of evidence.

The CINeMA process began with the configuration 
of the network meta-analysis data, where the neces-
sary outcome data were uploaded in .csv format, ensur-
ing it contained the study-level assessments of bias and 
indirectness. After specifying the effect measures and 
modeling choices (random-effects models), the software 
computed the NMA results and produced visual outputs, 
such as network plots and contribution matrices. These 
were used to guide the evaluation of the six domains.

For each domain, the contributions from individual 
studies were reviewed, focusing on their respective risk 
levels. CINeMA offers automated judgment rules for 
summarizing these risks, but manual adjustments were 
made where necessary, especially in cases of high within-
study bias or indirect evidence. Ultimately, CINeMA 
helped to assign a confidence rating (“high,” “moderate,” 
“low,” or “very low”) to each treatment comparison, pro-
viding a comprehensive assessment of the evidence that 
will enhance the transparency and rigor of this network 
meta-analysis.

Results
Study selection
Reference lists of relevant studies were manually reviewed 
to ensure comprehensive coverage. After removing dupli-
cates, the remaining records were screened based on 
titles and abstracts, followed by a full-text assessment 
of eligible articles. Ultimately, 11 studies were included 
in the qualitative synthesis, and 9 were further analyzed 
in the network meta-analysis. Two studies [11, 15] were 
excluded from the quantitative synthesis due to the insuf-
ficient clarity of the data presented (Fig. 1).

Summary of network geometry
The network geometry consists of 6 interventions and 
9 studies, with the node sizes in the network plot rep-
resenting the number of studies evaluating each inter-
vention. The color of the nodes indicates the risk of bias 
associated with the studies, with green representing a low 
risk, yellow indicating moderate risk, and red denoting 
high risk. The edges between the nodes are proportional 
to the sample size for each pairwise comparison, where 
wider edges indicate larger sample sizes. The network is 
fully connected, meaning that there is a path linking all 
interventions, and all included studies are two-arm stud-
ies, with no multi-arm studies contributing to the net-
work (Fig. 2).

Study characteristics
The characteristics of the included studies exhibited 
a variety of approaches regarding materials, 3D print-
ing systems, sample preparation, and testing protocols 
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(Table  1). A total of 11 studies were included, each uti-
lizing different types of resins specifically designed for 
dental applications. Alageel, et al. [15] used Crown & 
Bridge NextDent®, DentaTooth, and JamgHe Temporary 
Resin. Al-Mutairi [9] employed Form 3B + Crown and 
Bridge Resin, Dentca Crown and Bridge Resin, and Telio 
CAD. Other studies, such as Chen, et al. [11] and Cho, 
et al. [14], also explored various dental resins, including 
Enlighten AATemp, NextDent C&B MFH, and ZMD-
1000B Temporary.

The studies utilized a range of 3D printing systems, 
with DLP being one of the most common. Alageel, et 
al. [15] used NextDent 5100 and Asiga MAX, while 
Ellakany, et al. [13] employed NextDent 5100 and Asiga 
MAX UV. SLA was another widely used system, as seen 
in Al-Mutairi [9] with Form 3B + and Cho, et al. [14] with 
Zenith U. Other printing technologies included FDM and 
SLS, which were utilized in some studies [10, 18]. 

Sample preparation followed a relatively standardized 
approach across the studies, with most using rectangu-
lar-shaped samples for flexural strength testing. Most 
of the studies [10, 11, 13–15] used rectangular samples 
measuring 2 mm × 2 mm × 25 mm. However, there were 
some variations, such as Park, et al. [19] which employed 
three-unit fixed dental prostheses as their sample shape, 
with connector sizes ranging from 4 mm to 5.5 mm.

Aging procedures were included in several studies to 
simulate long-term wear and durability under conditions 
that mimic the oral environment. Some studies [13–15] 
employed thermocycling procedures, whereas, some 
[17–19] used hydrothermal aging to assess the durability 
of the printed materials in a moisture-rich environment.

Most studies conducted flexural strength testing using 
universal testing machines. The Instron Universal Testing 
Machine was a common choice [9, 12–16, 19]. Testing 
protocols typically involved applying load to the samples 
at speeds ranging from 0.5 mm/min to 5 mm/min, with 
most studies using a rate of 1  mm/min. Load capaci-
ties varied, with some studies using a maximum load of 
500 N [10, 11, 15], while Ellakany, et al. [13] applied up 
to 30 kN. Most studies printed samples at 0° or 90° angles 
[9, 10, 12–15]. However, some studies [17–19] used a 30° 
angle for their samples.

Risk of bias within studies
The assessment revealed that most studies provided suf-
ficient reporting in several domains, including standard-
ization of experimental conditions and sample materials, 
as well as the adequacy of testing procedures and out-
comes (Table 2). However, one consistent area of weak-
ness across studies was the randomization of samples, 
which was not reported (NR) in any of the studies.

In terms of blinding, none of the studies reported 
blinding of the testing operator (NR), introducing poten-
tial bias in outcome assessment. Similarly, the reporting 
of statistical analysis was insufficient in several studies 
[10, 11, 18]. Additionally, outcome reporting was inad-
equate in some studies [11, 15], where key results were 
either missing or insufficiently described.

Despite these limitations, most studies reported their 
outcomes clearly and had adequate control groups and 
standardized procedures, contributing to overall moder-
ate confidence in the included studies.

Fig. 2 Network geometry of interventions
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Study Article 
type

Resin 3d printing system Print-
ing 
Angle

Sample shape 
and size

Aging 
procedure

Flexural 
strength testing 
machine

Load 
and 
speed

Al-
lagael 
et al. 
(2023)

Re-
search 
article

1. Crown & Bridge Next-
Dent® (NextDent, Soester-
berg, Netherlands)
2. DentaTooth (Asiga, 
Alexandria, Australia)
3. JamgHe Temporary 
Resin (JamgHe, Shenzhen, 
China) 

1. NextDent 5100 
(NextDent, Soesterberg, 
Netherlands) - DLP (Digital 
Light Processing)
2. Asiga MAX (Asiga, 
Alexandria, Australia) - DLP 
(Digital Light Processing)
3. Nova 3D Master (No-
va3D, Shenzhen, China) - 
LCD (Liquid Crystal Display) 

0° and 
90°

Rectangu-
lar-2 mm × 2 mm 
× 25 mm

Tooth Brush-
ing Simula-
tion: 27,500 
strokes at 
a brushing 
speed of 
30 s/min with 
a vertical load 
of 200 g,
Thermocy-
cling: 3,500 
cycles

Instron Universal 
Testing Machine 
(Instron Corp., 
Canton, MA, 
USA)

1 mm/
min with 
a 500 N 
load cell 

Al-
mutairi 
et al.
(2023)

Thesis 1.Form 3B + Crown and 
Bridge Resin: FormLabs, 
Sommerville, MA
2. Dentca Crown and 
Bridge Resin: Dentca, Tor-
rance, CA
3. Telio CAD: Ivoclar 
Vivadent AG, Schaan, 
Liechtenstein

1. Form 3B + 3D 
Printer(FormLabs, Som-
merville, Massachusetts, 
USA)-SLA
2. Carbon Digital Light 
Synthesis™ (Carbon 
DLS™,Redwood City, Cali-
fornia, USA)

0° 4-unit provisional 
fixed dental 
prostheses 
(FDPs)- 12 mm²

none Instron Model 
5566 (Instron 
Corp, Canton, 
MA, USA)

increased 
until the 
sample 
fractured 
and 
0.5 mm/
min

Alzaid 
et al. 
(2022)

Re-
search 
article

1. NextDent Denture 3D+ 
(NextDent, Vertex-Dental 
B.V., Soesterberg, Nether-
lands): 3D-printed resin for 
denture base fabrication.
2. FormLabs Denture Base 
LP (FormLabs Inc, Somer-
ville, MA, USA): 3D-printed 
resin for denture base 
fabrication

1. NextDent 5100: A 3D 
printer used for fabricating 
denture bases with Next-
Dent Denture 3D + resin. 
Manufacturer: Vertex-
Dental B.V., Soesterberg, 
Netherlands - DLP
2. Form 2: A 3D printer 
used for fabricating den-
ture bases with FormLabs 
Denture Base LP resin. 
Manufacturer: FormLabs 
Inc, Somerville, MA, USA 
- SLA

90° Rectangular- 
64 × 10 × 3.3 mm

Immersion in 
artificial saliva 
with different 
pH levels (5.7, 
7.0, and 8.3) 
at 37 °C for 90 
days

Instron Model 
8871 (Instron 
Corp, Canton, 
MA, USA)

5 mm/
min with 
a 5 kN 
load cell

Chen 
et al.
(2020)

Re-
search 
article

1. Enlighten AATemp (En-
lighten Materials, Taiwan)
2. NextDent C&B MFH 
(NextDent, Netherlands)
Enlighten AA

1. MiiCraft Ultra 
125(Taiwan)-DLP
2. Phrozen 
Sonic(Taiwan)- Mono-LCD

none Rectangular- 
2 × 2 × 25 mm

none Universal test-
ing machine 
(QC-513B1; Com-
etech, Taiwan)

1 mm/
min with 
a 500 N 
load cell

Cho et 
al.
(2019)

Re-
search 
article

1. ZMD-1000B TEMPORARY 
(Dentis, Daegu, Korea)
2. 3DCNB-500 (DIO, Busan, 
Korea)

1.ZENITH U(Dentis, Daegu, 
Korea)-SLA
2. ZENITH D( Dentis, 
Daegu, Korea)-DLP
3. PROBO(DIO, Busan, 
Korea)-DLP

0° Rectangular- 
25 × 2 × 2 mm

Thermo-
mechanical 
Aging (37 °C 
for 24 h)

Universal testing 
machine (Instron 
Co., Canton, Or-
ange, CA, USA)

90° angle 
to the 
samples 
at a rate 
of 1 mm/
min

Creen 
et al.
(2022)

Re-
search 
article

1. Polylactic acid (FDM, 
Nanovia, Louargat, France)
2. TemporaryCB®(Formlabs, 
Berlin, Germany)

1. Ultimaker 3®(Ultimaker, 
Utrecht, Netherlands)-FDM
2. Form 3(Formlabs, Berlin, 
Germany )-SLA

0° Rectangular- 
25 × 2 × 2 mm

none Universal testing 
machine (Au-
tograph AGS-X, 
Shimadzu, Kyoto, 
Japan)

0.75 mm/
min with 
a 500 N 
load cell

Table 1 Characteristics of the studies included in the qualitative synthesis (n = 11)
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Synthesis of results
The SUCRA plot results demonstrate a clear rank-
ing among the 3D printing systems in terms of flexural 
strength. The SLS system stands out with the highest 
SUCRA value of 77.70%. Following closely, the SLA sys-
tem ranks second with 63.83%. The DLS system achieves 
a moderate performance with 59.95%, while the FDM 
system ranks lower at 46.27%. On the other hand, both 
LCD and DLP systems demonstrate lower performance, 
with 28.85% and 23.40%, respectively, positioning DLP as 
the system with the weakest flexural strength among the 
compared technologies (Fig. 3).

The league table further confirmed these findings. Sig-
nificant differences were observed between SLS and mul-
tiple other systems, including DLP (-14.58, CI: -22.67 to 
-6.48), LCD (-14.65, CI: -25.54 to -3.59), FDM (-12.87, 
CI: -23.30 to -2.52), SLA (-11.41, CI: -18.74 to -4.01), 
and DLS (-10.89, CI: -21.23 to -0.67). These large nega-
tive SMD values indicate that SLS performed signifi-
cantly better in terms of flexural strength compared to 
all other systems. In contrast, the differences between 
other systems such as DLP, LCD, FDM, and SLA were 
much smaller and mostly statistically non-significant, as 

Study Article 
type

Resin 3d printing system Print-
ing 
Angle

Sample shape 
and size

Aging 
procedure

Flexural 
strength testing 
machine

Load 
and 
speed

El-
lakany 
et al.
(2022)

Re-
search 
article

1. SLA ND resin (NextDent 
C&B MFH, produced in 
Soesterburg, Netherlands)
2. DLP AS resin (ASIGA 
DentaTooth, produced in 
Erfurt, Germany)

1. NextDent 5100(Next-
Dent, Soesterburg, 
Netherlands)-SLA
2. Asiga MAX UV(ASIGA, 
Erfurt, Germany)-DLP

90° Rectangular- 
2 × 2 × 25 mm

Thermo-
mechanical 
aging(50,000 
cycles of 
thermal 
cycling 
between 
temperatures 
of 5 °C and 
55 °C)

Instron 8871: A 
universal testing 
machine(Instron 
Co., Norwood, 
MA, USA)

Lim et 
al.
(2021)

Re-
search 
article

1. ZMD-1000B Temporary 
(Dentis, Daegu, Korea)
2. Detax Freeprint Temp 
(Detax, Ettlingen, Germany)

1. Zenith U (Dentis, Daegu, 
Korea)-SLA
2. Asiga Max UV (Asiga, 
Sydney, Australia)-DLP

none Beam- 25 mm × 
2 mm × 2 mm

none Universal Testing 
Machine (UTM): 
Instron 5848 
(Instron, Canton, 
USA)

2 mm/
min with 
maxi-
mum 
load

Pantea 
et al.
(2022)

Re-
search 
article

1. NextDent C&B MFH 
(NextDent by 3D Systems, 
Vertex B.V., Soesterberg, 
The Netherlands)
2. HARZ Labs Dental Sand 
(HARZ Labs, Riga, Latvia)

1.NextDent 5100 (Next-
Dent by 3D Systems, Vertex 
B.V., Soesterberg, The 
Netherlands)-DLP
2.Phrozen Sonic Mini 4 K 
(Phrozen Technology, 
Xiangshan Dist., Hsinchu, 
Taiwan)-LCD

30° Rectangular- 
80 mm length × 
20 mm width × 
5 mm thickness

hydrothermal 
aging

The Universal 
Testing Machine 
(Walter + Bai LFV 
300, Walter + Bai 
AG, Löhningen, 
Switzerland

5 mm/
min

Park et 
al.
(2020)

Re-
search 
article

1. C&B NextDent (NextDent 
Co., Soesterberg, The 
Netherlands)
2. Standard (GPGR04) 
(Formlabs Co., Somerville, 
Massachusetts, USA)
3. PLA (ColorFabb Co., Belf-
eld, The Netherlands )

1. NextDent 5100 (Next-
Dent Co., Soesterberg, The 
Netherlands)-DLP
2. Form 2 (Formlabs Co., 
Somerville, Massachusetts, 
USA)-SLA
3. Creator Pro (FlashForge 
Co., Zhejiang, China)-FDM

30° • Shape: Three-
unit fixed dental 
prosthesis
• Size: The con-
nector between 
the premolar and 
the molar was 
5.5 mm wide and 
5.5 mm tall, while 
the connector 
between the two 
premolars was 
4 mm wide and 
5 mm tall

hydrothermal 
aging

Instron 8871 
(Instron Co., 
Norwood, OH, 
USA)

1 mm/
min- 10 
kN

Simon-
eti et 
al.
(2022)

Re-
search 
article

1. SLS Nylon 12 PA2201 
(Stratasys Direct Manufac-
turing, Valencia, California, 
USA)
2. Gray Resin (Formlabs Inc, 
Somerville, Massachusetts, 
USA )

1. SLS 3D Printer(• Stratasys 
Direct Manufacturing, Va-
lencia, California, USA)-SLS
2. Form 2 (SLA 3D Printer) 
(Formlabs Inc, Somerville, 
Massachusetts, USA)-SLA

30° Rectangular- 
4 mm x 2 mm x 
10 mm

hydrothermal 
aging

DL500 Uni-
versal Testing 
Machine(São 
José dos Pinhais, 
Paraná, Brazil)

0.5 mm/
min- A 
1000-N 
load cell

Table 1 (continued) 
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evidenced by SMD values close to zero and confidence 
intervals crossing zero (Fig. 4).

The forest plot visually confirmed these findings, illus-
trating that the largest differences in flexural strength 
were seen between SLS and other systems, particu-
larly DLP and LCD. The plot highlighted the substantial 
advantage of SLS, with large negative standardized mean 
differences compared to other systems. Meanwhile, the 
comparisons between DLP, LCD, FDM, and SLA were 
much closer to the zero line, indicating minimal differ-
ences in flexural strength (Fig. 5).

Publication/Reporting bias
Comparisons such as DLP vs. SLA, DLS vs. SLA, FDM 
vs. SLA, and DLP vs. FDM showed no contribution from 
evidence with suspected bias, and these comparisons 
were evaluated as having a low risk of bias. Furthermore, 
the small-study effect evaluations did not reveal signifi-
cant concerns in these comparisons (Supplemental Table 
2).

However, some concerns arose in a few specific com-
parisons. The comparison between DLP and LCD showed 
that 100% of the evidence contributing to this compari-
son came from pairwise comparisons with suspected 
bias, raising some concerns. Additionally, the compari-
son between LCD and SLS/FDM/DLS also had 33.3% of 
evidence with suspected bias favoring LCD. Moreover, 
certain comparisons, such as DLS vs. LCD and FDM vs. 

LCD, were flagged with high risk of bias, primarily due to 
suspected bias in a portion of the contributing evidence. 
In these cases, the bias assessment suggested favoring 
LCD over DLS and FDM, although the impact of small-
study effects was minimal (Supplemental Table 2).

Assessment of confidence in network meta-analysis
For comparisons of DLP vs. SLA, DLS vs. SLA, FDM 
vs. SLA, DLP vs. DLS, DLP vs. FDM, DLS vs. FDM, and 
LCD vs. SLS, the confidence was rated as high. These 
comparisons showed no major concerns across most 
domains. Specifically, there were no concerns regarding 
within-study bias, indirectness, imprecision, or hetero-
geneity. However, for all these comparisons, major con-
cerns were raised regarding incoherence, yet this did not 
significantly affect the high confidence rating due to the 
robustness of the evidence in other domains (Table 3).

In several comparisons, the confidence was rated as 
moderate, primarily due to concerns in specific domains. 
For example, in the comparison between DLP vs. LCD, 
there were some concerns related to within-study bias 
and reporting bias, along with major concerns about 
incoherence, which lowered the overall confidence to 
a moderate level. Similarly, the comparison of SLA vs. 
SLS showed some concerns regarding reporting bias and 
heterogeneity, leading to a moderate confidence rating 
despite no significant issues in other domains (Table 3).

Table 2 Risk of bias assessment of included studies based on ROBDEMAT
D1: Bias in Planning and Alloca-
tion 

D2: Bias in Sample/Specimen 
Preparation 

D3: Bias in Outcome Assess-
ment 

D4: Bias in Data 
Treatment and Out-
come Reporting

Author/Year Con-
trol 
Group

Random-
ization of 
Samples

Sample Size 
Rationale and 
Reporting

Standard-
ization of 
Sample 
Materials

Identical 
Experimental 
Conditions 
across Groups

Adequate and 
Standardized 
Testing Proce-
dures/ Outcomes

Blinding 
of the 
Testing 
Operator

Appro-
priate 
Statistical 
Analysis

Report-
ing Study 
Out-
comes

Cho et al. (2019) SR NR NR SR SR SR NR SR SR
Park et al. (2020) SR NR NR SR SR SR NR SR SR
Simoneti et al. 
(2020)

SR NR NR SR SR SR NR IR SR

Chen et al. (2020) NR NR NR SR SR SR NR IR IR
Lim et al. (2021) SR NR NR SR SR SR NR SR SR
Crenn et al. 
(2022)

SR NR SR SR SR SR NR IR SR

Ellakany et al. 
(2022)

SR NR SR SR SR SR NR SR SR

Pantea et al. 
(2022)

SR NR NR SR SR IR NR NR SR

Allgeal et al. 
(2022)

NR NR SR SR SR SR NR SR IR

Al-Mutairi et al. 
(2023)

SR NR NR SR SR SR NR SR SR

Alzaid et al. 
(2023)

SR NR SR SR SR SR NR SR SR

IR: Insufficiently reported; NR: Not reported; SR: Sufficiently reported
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Other comparisons that received a moderate rating 
include DLP vs. SLS, DLS vs. SLS, FDM vs. SLS, and LCD 
vs. SLA. In these cases, the primary issues were related 
to heterogeneity and incoherence, both of which were 
flagged as areas of concern. For instance, in the DLP vs. 
SLS comparison, some concerns about heterogeneity and 
major concerns regarding incoherence contributed to 
the moderate confidence rating. Similarly, in DLS vs. SLS 
and FDM vs. SLS, concerns about heterogeneity, coupled 
with incoherence, led to the reduction in confidence 
(Table 3). Certain comparisons, such as DLS vs. LCD and 
FDM vs. LCD, were assigned a low confidence rating. 
The main reason for this low rating was the high risk of 
reporting bias combined with major concerns regarding 
incoherence (Table 3).

Discussion
The purpose of this systematic review and network meta-
analysis was to explore and compare the flexural strength 
of PFDPs produced by various 3D printing technologies. 

The fabrication of temporary dental restorations plays 
a critical role in clinical practice, and ensuring their 
mechanical durability, particularly flexural strength, is 
essential for patient outcomes. While traditional meth-
ods such as PMMA have been widely used [21], recent 
advancements in 3D printing offer new opportunities for 
improving the mechanical properties of these restora-
tions [6]. This study hypothesized that different 3D print-
ing systems would exhibit varying degrees of flexural 
strength, which could influence their clinical application 
and reliability. Based on the findings, the null hypoth-
esis that there is no significant difference in the flexural 
strength of PFDPs fabricated using various 3D printing 
systems was rejected, as notable variations were observed 
among the systems.

Our findings align with the results reported by Saini, 
et al. [22], who conducted a systematic review and meta-
analysis focusing on the flexural strength of provisional 
restorations fabricated using different resins across vari-
ous 3D printing techniques. Their study highlighted that 

Fig. 3 SUCRA (Surface Under the Cumulative Ranking Curve) plot
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the mechanical properties, including flexural strength, 
are significantly influenced by resin composition and 
polymerization processes. The key findings of this anal-
ysis indicate that among the evaluated 3D printing sys-
tems, SLS and SLA systems consistently demonstrated 
higher flexural strength compared to other technologies. 
These results are clinically significant as flexural strength 
is a critical property for the durability of provisional den-
tal prostheses [17]. The superior performance of SLS and 
SLA systems suggests that these technologies are more 
suitable for producing restorations that can withstand 
functional loads, reducing the likelihood of fractures dur-
ing the provisional phase. Therefore, the findings of this 
study can inform clinicians in selecting the most appro-
priate 3D printing systems for the fabrication of durable 

and reliable provisional restorations, ultimately improv-
ing patient outcomes.

The results of this study align with several previous 
investigations that have highlighted the superior flexural 
strength of SLS and SLA systems in dental applications. 
Numerous studies have demonstrated that SLA systems 
exhibit significantly higher mechanical durability com-
pared to DLP [13, 14, 16, 19] and FDM [10] technolo-
gies. However, some discrepancies exist in the literature 
regarding the performance of SLA systems. Al-Mutairi 
[9] and Alzaid, et al. [12] found no significant difference 
between SLA, DLS, and DLP systems. While there is 
substantial evidence supporting the high performance of 
SLA systems, only the study of Simoneti, et al. [18] has 
demonstrated that SLS systems surpass SLA in flexural 

Fig. 4 Detailed league table of Standardized Mean Differences (SMD) with 95% Confidence Intervals (CI) for pairwise comparisons of 3D printing systems
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strength. Most comparisons involving SLS in our net-
work analysis are therefore indirect, relying heavily on the 
findings from the aformentioned study. These variations 
may be attributed to differences in experimental condi-
tions, such as resin composition, aging procedures, or the 
angle at which samples are printed. Thus, while our find-
ings contribute to a growing body of evidence support-
ing the use of SLA and SLS systems, further research may 
be needed to explore the conditions under which other 
printing technologies could offer comparable mechanical 
performance.

The superiority of SLA and SLS systems over DLP and 
DLC systems in terms of flexural strength can be attrib-
uted to several factors. First, SLA and SLS technologies 

produce more homogeneous and high-resolution prints, 
which reduces the number of microstructural defects 
within the material, thereby enhancing mechanical 
strength [23]. In SLA systems, the photopolymeriza-
tion process enables stronger interlayer bonding, which 
contributes to improved fracture resistance [24]. In SLS 
systems, laser sintering creates a denser bond between 
material particles compared to traditional additive 
manufacturing techniques, minimizing internal voids 
and resulting in higher mechanical durability [25]. On 
the other hand, DLP and DLC systems may suffer from 
microvoids and surface roughness during layer-by-layer 
production, which can negatively affect their mechani-
cal properties [26]. Additionally, differences in resin 

Fig. 5 Forest plot of Standardized Mean Differences (SMD) for pairwise comparisons of 3D printing systems based on flexural strength measurements
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properties and material curing processes may also con-
tribute to the performance gap. Parameters such as resin 
viscosity, curing speed, and the intensity of the light 
source in each technology play a crucial role in deter-
mining internal stresses during printing, which directly 
impacts flexural strength [27].

Each 3D printing system evaluated in this study offers 
unique advantages and limitations that can influence 
their suitability for fabricating provisional fixed dental 
prostheses. SLA systems are known for their high pre-
cision and superior surface finish, which enhance the 
mechanical properties of printed restorations. However, 
SLA systems require thorough post-curing to achieve 
optimal flexural strength, adding time and complexity to 
the workflow [28]. SLS systems demonstrated the high-
est flexural strength, attributed to their ability to create 
dense, homogeneous structures without the need for 
support materials. Despite this, SLS systems are cost-
intensive and involve complex powder-handling proce-
dures, limiting their accessibility [29]. DLP systems offer 
faster printing speeds and good detail resolution but may 
exhibit lower mechanical performance due to potential 
microvoids and weaker interlayer bonding [29]. LCD sys-
tems are a cost-effective alternative; however, their prints 
tend to have reduced durability compared to SLA and 
SLS [30]. FDM systems, while the most affordable and 
widely available, produce restorations with lower surface 
quality and flexural strength, making them less suitable 
for demanding clinical applications [31]. These distinc-
tions highlight the importance of carefully selecting the 
printing technology based on clinical requirements, bud-
get constraints, and desired material properties.

The comparison between additive manufacturing (3D 
printing) and subtractive methods, such as CAD/CAM 
milling, provides valuable context for interpreting the 

findings of this study. Ribeiro, et al. [32] emphasized that 
CAD/CAM PMMA resins consistently exhibit superior 
mechanical properties, such as higher flexural strength 
and lower porosity, compared to 3D-printed resins, due 
to their homogeneous structure and lack of layer-by-layer 
fabrication . Similarly, Gad, et al. [33] highlighted that 
while 3D printing offers unmatched precision and cus-
tomization capabilities, subtractive techniques remain 
advantageous for producing materials with higher resis-
tance to mechanical stress, particularly for long-term 
provisional restorations . The versatility and cost-effec-
tiveness of 3D printing, however, make it an attractive 
option for cases requiring rapid fabrication or unique 
geometries.

The heterogeneity observed among the included stud-
ies likely influenced the overall results of this network 
meta-analysis. One notable factor previously considered 
was the variation in printing angles. While most studies 
used a 0° or 90° printing angle, some utilized a 30° angle, 
which may have affected the flexural strength of the 
printed prostheses. A 30° angle could introduce anisot-
ropy in the printed layers, making certain regions more 
susceptible to mechanical stress and reducing overall 
strength [34, 35]. However, recent evidence suggests that 
printing orientation (e.g., 0° vs. 90°) does not significantly 
influence the flexural strength or elastic modulus of 
3D-printed resins, as demonstrated by Espinar, et al. [36]. 
Nevertheless, this difference in layer orientation may 
explain the variability in the mechanical performance 
of similar systems across different studies. Furthermore, 
the type of resin used in each study likely played a signifi-
cant role in the results. Different resin formulations vary 
in their polymerization behavior, mechanical properties, 
and compatibility with specific 3D printing technolo-
gies. For instance, resins designed for DLP systems may 

Table 3 CINeMA tool table
Comparison Number 

of studies
Within-study 
bias

Reporting bias Indirectness Imprecision Heterogeneity Incoherence Confi-
dence 
rating

DLP: LCD 1 Some concerns Some concerns No concerns No concerns No concerns Major concerns Moderate
DLP: SLA 5 No concerns Low risk No concerns No concerns No concerns Major concerns High
DLS: SLA 1 No concerns Low risk No concerns No concerns No concerns Major concerns High
FDM: SLA 1 No concerns Low risk No concerns No concerns No concerns Major concerns High
SLA: SLS 1 No concerns Some concerns No concerns No concerns Some concerns Major concerns Moderate
DLP: DLS 0 No concerns Low risk No concerns No concerns No concerns Major concerns High
DLP: FDM 0 No concerns Low risk No concerns No concerns No concerns Major concerns High
DLP: SLS 0 No concerns Low risk No concerns No concerns Some concerns Major concerns Moderate
DLS: FDM 0 No concerns Low risk No concerns No concerns No concerns Major concerns High
DLS: LCD 0 No concerns High risk No concerns No concerns No concerns Major concerns Low
DLS: SLS 0 No concerns Low risk No concerns No concerns Some concerns Major concerns Moderate
FDM: LCD 0 No concerns High risk No concerns No concerns No concerns Major concerns Low
FDM: SLS 0 No concerns Low risk No concerns No concerns Some concerns Major concerns Moderate
LCD: SLA 0 Some concerns Low risk No concerns No concerns No concerns Major concerns Moderate
LCD: SLS 0 No concerns Low risk No concerns No concerns No concerns Major concerns High
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not perform as well in SLA systems due to differences in 
curing mechanisms [24]. This could lead to inconsisten-
cies in flexural strength measurements across studies that 
used different resin materials, even if they employed the 
same printing technology.

Another consideration is that while this analysis 
focused on comparing 3D printing technologies, differ-
ent brands of printers within the same technology may 
yield different results. For example, SLA systems from 
one manufacturer might outperform those from another 
due to differences in hardware precision, light source 
quality, or resin compatibility [37]. These brand-specific 
variations could contribute to discrepancies in mechani-
cal performance observed within the same technology 
group. Additionally, some studies tested rectangular 
samples, while others used fixed dental prostheses, which 
could have influenced the flexural strength results. Rect-
angular samples provide a more standardized and repro-
ducible testing format, whereas fixed dental prostheses 
introduce more complex geometries that may better 
mimic clinical conditions but also create more variability 
in mechanical performance. The complexity of the pros-
thesis design, such as connector thickness and the distri-
bution of material stress points, could lead to differing 
results in flexural strength tests [33].

Another factor that influences the heterogeneity across 
studies is testing protocol, including the load and speed 
applied during flexural strength testing, which var-
ies across studies [33]. Differences in loading rates or 
maximum forces can significantly impact the outcome, 
as faster loading rates may induce earlier failure, while 
higher load capacities can push materials beyond their 
expected functional limits [35]. These methodological 
variations highlight the importance of standardizing test-
ing conditions when comparing 3D printing systems to 
ensure more consistent and comparable results.

One of the key limitations of this network meta-anal-
ysis is the relatively small number of direct comparisons 
available between the 3D printing systems. The highest 
number of direct comparisons occurred between DLP 
and SLA systems, with only five studies included in this 
category. For other comparisons, the available data were 
even more limited, with some being represented by only 
one direct comparison study. Furthermore, many of the 
comparisons in this analysis were derived indirectly, 
through the network structure, rather than from direct 
head-to-head studies. While indirect comparisons can 
still provide valuable insights, they are inherently less 
reliable than direct evidence due to the potential for con-
founding variables and differences in study designs.

The limited number of direct comparison studies raises 
concerns about the overall confidence in the results, par-
ticularly for comparisons that were based predominantly 
on indirect evidence. For example, while the DLP vs. SLA 

comparison is supported by a relatively higher number 
of studies, comparisons between systems such as FDM 
and SLS, or LCD and SLS, rely heavily on indirect data, 
reducing the confidence we can place in these results. 
The use of indirect evidence introduces additional uncer-
tainty, as it combines results from studies that may differ 
in terms of materials, methodologies, or testing condi-
tions, potentially amplifying any biases or inconsistencies 
present.

Another limitation lies in the exclusive reliance on in 
vitro data. While these studies provide controlled condi-
tions to assess flexural strength, they do not fully repli-
cate the complex oral environment, where factors such 
as temperature fluctuations, humidity, and dynamic 
mechanical loading may significantly influence the per-
formance of 3D-printed provisional restorations. Future 
research should focus on standardizing testing proto-
cols to reduce heterogeneity and improve comparabil-
ity among studies. Moreover, clinical trials are needed 
to validate the findings from in vitro studies and explore 
the long-term performance of 3D-printed provisional 
restorations under real-world conditions. Investigat-
ing patient-centered outcomes, such as comfort and 
aesthetics, as well as the cost-effectiveness of different 
3D printing systems, would further enhance the clinical 
applicability of this technology.

As a result, while the overall findings point to SLS 
and SLA systems performing better in terms of flexural 
strength, the strength of this conclusion is more robust 
for SLA than for others. Caution is warranted when 
interpreting the results of comparisons based on indi-
rect evidence, and more direct comparison studies are 
needed to confirm the relative performance of other sys-
tems. Additionally, future research should explore strate-
gies to enhance the mechanical properties of provisional 
restorations further. For instance, studies have demon-
strated that glass fiber reinforcement can significantly 
improve the flexural strength of polymer-based dental 
materials [8] . Incorporating reinforcement techniques, 
such as embedding fibers or nanoparticles, may offer 
innovative solutions for increasing the durability and 
reliability of temporary restorations fabricated using 3D 
printing technologies. Until more high-quality, head-to-
head studies are conducted to validate these approaches 
and provide stronger evidence, the reliability of some 
comparisons remains limited, and clinicians should con-
sider these uncertainties when making decisions based 
on the available data.

Conclusion
This systematic review and network meta-analysis pro-
vides evidence that SLS and SLA systems, when employ-
ing appropriate resin materials and optimal machine 
settings, consistently demonstrate superior flexural 
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strength compared to other 3D printing technologies, 
including LCD and DLP. These findings highlight the 
mechanical advantages of SLS and SLA systems in fabri-
cating PFDPs under their respective optimal conditions.

However, the limited number of direct comparison 
studies and the reliance on indirect evidence for certain 
comparisons may influence the confidence in some of the 
results. Further studies are necessary to validate these 
findings under standardized and clinically relevant con-
ditions, ensuring that each technology is evaluated using 
consistent parameters and materials.
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