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Aim: The aim of this study was to evaluate the flexural strength properties of three different aged and 
nonaged 3D-printed resins built by different 3D printing systems used in dental applications. Materials 
and Methods: Bars (2 × 2 × 25 mm) were additively fabricated using a 3D printer and different dental 
crown resins (Saremco Crowntec, Senertek P-Crown V2, and Senertek P-Crown V3) per the manufacturers’ 
recommendations. Each subgroup was divided into aged and nonaged subgroups (n = 10 bars per group). 
Thermocycling procedures (5º to 55ºC; 5,000 cycles) were performed under favorable conditions for the aged 
subgroups from each material. Flexural strength (MPa) was measured in all samples using a universal test 
machine. Results: When both aged and nonaged resins are compared, significant differences were found 
in flexural strength measurements (P < .001). The highest flexural strength was observed in the Saremco 
Crowntec group, while the lowest flexural strength was observed in the Senertek P Crown V2 group. The 
flexural strength measurements of Saremco Crowntec and Senertek P Crown V3 displayed no significant 
difference between their aged and nonaged groups (P > .05), while Senertek P Crown V2 (P = .039) showed 
significant differences between its aged and nonaged groups. Conclusions: Saremco Crowntec showed 
the highest flexural strength both in aged and nonaged groups, while Senertek P Crown V2 had the lowest 
strength. The artificial aging process decreased flexural strength values in all 3D-printed resin groups.  
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Technologic developments have been advancing at an incredible pace and are 
replacing many methods and materials that have been routinely used in dentistry 
for many years. Initially used in dentistry in 1985 to manufacture single crowns 

and bridges, CAD/CAM technology is now being used to manufacture various types 
of dental appliances.1 Using CAD/CAM technology, dental appliances can be produced 
either by subtractive manufacturing, which is the milling of a block-shaped material, 
or by additive manufacturing (also known as 3D printing), which is the layering of 
printable polymers.2 Additive 3D printing has a number of advantages compared to 
subtractive manufacturing, such as decreased material waste, the absence of burr 
wear, and the ability to manufacture more complex shapes.3,4 
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In recent years, the use of 3D printing in dentistry has 
become quite common due to its easy-to-use technol-
ogy and accuracy, which has improved greatly. Now, 
advanced 3D printing machines exist with increased 
types of printing materials, such as polymer resin, metal, 
plastic, and ceramic. 3D printers are now affordable 
and lighter. Moreover, multiple objects can be built si-
multaneously with a chairside design. The two main 3D 
printing methods used are stereolithography (SLA) and 
digital light projection (DLP). To build 3D structures, SLA 
polymerizes consecutive layers of photosensitive liquid 
polymer using a focused beam of ultraviolet (UV) light,5 
while DLP uses a digital projector screen that flashes light 
through the entire layer.6 The DLP technique has the 
advantage of faster layer fabrication than SLA.7 

3D printing is used in a variety of dental applica-
tions, such as manufacturing orthodontic appliances, 
clear aligners, orthodontic retainers, craniofacial os-
seous scaffolds, surgical guides, 3D-printed models, 
fixed prostheses, implant prostheses, complete den-
tures,8 maxillofacial reconstruction,9 implants,10 occlusal 
splints,11 removable partial dentures,12 inlay and onlay 
restorations,13 digital space maintainers, nasoalveolar 
molding appliances, and pediatric dental crowns.14 

For the 3D printing of dental appliances, various ma-
terials can be used. These appliances must endure the 
changes in the intraoral environment, such as tempera-
ture changes, the forces that occur during mastication, 
and parafunctional habits such as bruxism. Physiologic 
values of occlusal forces during mastication vary be-
tween 10 and 120 N, and a dental appliance should 
resist these forces in the intraoral environment.15 For 
dentists to choose the appropriate 3D-printing material, 
the mechanical properties of these materials and their 
behavior in intraoral conditions must be known. As well 
as the type of 3D printing technique, several additional 
factors affect the physical and mechanical behavior of 
the printed product, such as the material composition, 
printing orientation, postcuring time, layer thickness, and 
aging.2,16 The main determining factor of a restorative 
material’s mechanical behavior is its flexural strength 
and therefore must be analyzed.17 

Even as extensive innovations occur in 3D-printing 
technology, the number of studies in the literature com-
paring the mechanical properties of different materials in 
different aging conditions remains limited. Therefore, this 
study aimed to compare the flexural strength properties 
of three different aged and nonaged 3D-printed resins 
built by different 3D-printing systems used in dental 
applications. 

MATERIALS AND METHODS

The G*Power 3.1 program (alpha error probability = .05,  
power value 0.85, effect size 0.70) found that the total 

number of required samples was 52. The samples pre-
pared for the present study were designed in a rect-
angular shape (2 × 2 × 25 mm) in accordance with 
ISO 4049 standards, using Tinkercad online design 
program. Designs were saved in .stl format. Samples 
were produced using three different materials: two 
different permanent crown resins with ceramic filler 
(P-crown Version 2 and P-crown Version 3, Senertek) 
and a flowable polymer based on methacrylic acid 
ester for production of permanent crowns (Crown-
tec, Saremco). Twenty samples were prepared for 
each material. During 3D printing, all samples were 
produced perpendicular to the table and with a  
50-µm layer thickness, in accordance with the manu-
facturers’ recommendations. Senertek P-crown V2 and  
P-crown V3 samples were produced on Anycubic Photon 
Mono X (LCD-based SLA printer; 405-nm light source,  
3,840 × 2,400 XY resolution per 0.05 mm, 0.01-mm Z 
resolution, 192 × 120 × 245–mm build volume). Sarem-
co Crowntec samples were produced in the NexDent 
5100 LCD1 3D Printer as a closed system according to 
the manufacturer’s recommendations.

Postcuring procedures were carried out accord-
ing to the manufacturers’ recommendations. While 
Senertek dental resins were washed (35 W) in etha-
nol alcohol for 3 minutes and cured in UV light for 
20 minutes (36 W), Saremco Crowntec resins were 
wiped with ethanol and dried, and then cured in 
a curing machine (LC-3DPrint Box, NextDent) for  
30 minutes. 

After postcuring, the resin groups were each divided 
into aged and nonaged subgroups (n = 10 samples 
per group). Nonaged samples did not receive any ad-
ditional treatment. For the aged samples, thermocycling 
(HaakeW15, Thermo Haake) was applied for 10,000 
cycles between 5º and 55ºC (± 2º), with a dwell time 
of 30 seconds and a transfer time of 5 seconds.

A total of 60 samples (six subgroups) were each loaded 
in the three-point test on a customized apparatus with 
two supports (20 mm apart) and fixed on a universal 
testing machine (Shimadzu, Instron) (Fig 1). Forces were 
applied to the center of the sample at a speed of 0.5 mm/
minute. The following formula was used to calculate the 
flexural strength values in MPa: 

Flexural strength = 3 × failure force at the fracture 
point (F) × (support span length/2) × width × (bar 
thickness)2 

Statistical Analysis
For statistical analysis, SPSS for Windows (version 26.0, 
IBM) was used. After normality test, the parametric tests 
one-way ANOVA (with post hoc Tukey HSD test) and 
independent t test were used. The significance level 
was set at P < .05.
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RESULTS

Table 1 shows the flexural strength comparisons be-
tween different nonaged 3D-printed resins. The flexural 
strength was found to be significantly different between 
different nonaged resin groups (P < .001). Pairwise com-
parisons showed that there were significant differences 
between each group, except for the Senertek P Crown 
V2 and Senertek P Crown V3 groups. Saremco Crowntec 
resin had the highest flexural strength, while Senertek P 
Crown V2 had the lowest strength. 

Table 2 shows the flexural strength comparison be-
tween different aged 3D-printed resins. A significant 
difference was found between the aged resins (P < .001), 
and pairwise comparisons showed significant differences 
between each group. Saremco Crowntec had the highest 

flexural strength, while Senertek P Crown V2 had the 
lowest strength. 

Table 3 shows the flexural strength comparison be-
tween different aged and nonaged 3D-printed resins. 
While Senertek P Crown V2 showed significant differ-
ences (P = .039) between its nonaged and aged groups, 
Senertek P Crown V3 and Saremco Crowntec had no 
significant difference between their aged and nonaged 
groups.

DISCUSSION

Dentistry has seen an increased interest in 3D printing 
techniques, as digitalization has also increased in every 
aspect of life, including dental applications. Accordingly, 
new 3D-printing materials are constantly being produced 

Table 1   Comparison of the Flexural Strength of 
Nonaged 3D-Printed Resins

Mean, MPa SD , MPa P*

Senertek P Crown-V2 63.13A 7.25

< .001Senertek P Crown-V3 71.81A 7.03

Saremco Crowntec 92.06B 9.08

Groups with different uppercase letters are significantly different (Tukey 
HSD test, P < .05).
*One-way ANOVA.

Table 2   Comparison of the Flexural Strength of 
Aged 3D-Printed Resins

Mean, MPa SD, MPa P*

Senertek P Crown V2 57.08A 4.60

< .001Senertek P Crown V3 65.88B 5.52

Saremco Crowntec 88.04C 9.14

Groups with different uppercase letters are significantly different (Tukey 
HSD test, P < .05).
*One-way ANOVA.

Table 3  Comparison of the Flexural Strength of Aged and Nonaged 3D-Printed Resins

Mean, MPa SD, MPa P*

Senertek P Crown V2
Nonaged 63.13 7.25

.039
Aged 57.08 4.60

Senertek P Crown V3
Nonaged 71.81 7.03

.050
Aged 65.88 5.52

Saremco Crowntec
Nonaged 92.06 9.08

.337
Aged 88.04 9.14

*Independent t test.

Fig 1  Experimental setup of specimens to measure flexural strength. 
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for dental use. It is therefore essential to comprehend 
the mechanical behavior of various 3D-printing materi-
als used to manufacture different dental appliances in 
order to select the correct printing material. Flexural 
strength values could be used as an indicator of the clini-
cal performance of the materials. Therefore, the present 
study evaluated the flexural strength of three different 
aged and nonaged 3D-printed resins manufactured by 
different 3D-printing systems. To the present authors’ 
knowledge, this study is the first to compare the flexural 
strength properties of these specific materials. 

The production conditions of resins produced by rap-
id prototyping technology greatly affect their physical 
and mechanical characteristics. Alharbi et al5 previously 
showed that improved mechanical properties were de-
tected when the specimens were vertically printed with 
layers oriented perpendicular to the load direction. Ac-
cordingly, the specimens in the present study were pro-
duced perpendicular to the table. The fabrication method 
and printing layer thickness also affect the properties of 
a 3D-printed specimen.7,18,19 The present samples were 
fabricated according to the manufacturer’s recommen-
dations, and with a layer thickness of 50 µm. Accord-
ing to the manufacturers, a postcuring procedure (15 to 
30 minutes) must be implemented for 3D-printed resins 
via a UV lightbox to decrease the amount of residual 
monomer.2 As the postcuring time increases, the flexural 
strength also increases.2,19 The present specimens were 
subjected to UV light for 20 and 30 minutes, according 
to the manufacturer’s recommendations. The three-point 
test is a common method of determining the flexural 
strength of 3D printed resins and has been used in previ-
ous studies,20–23 and thus this method was used herein. 

The type of 3D printing material significantly affected 
the flexural strength in the present study. The results 
showed that there was a significant difference between 
the flexural strength of the three nonaged resins. Sen-
ertek P Crown-V2 and Senertek P Crown-V3 resins 
showed significantly worse flexural strength compared to 
Saremco Crowntec. The mean flexural strength ranged 
from 63.13 to 92.06 MPa in the nonaged 3D-printed 
resins. All tested materials showed flexural strengths  
> 50 MPa, which is accepted as the minimum require-
ment for polymer-based crowns.24 Differences in flexural 
strength may be due to the different chemical composi-
tions of the materials, different printing methods with 
different polymerization patterns, and postcuring time.

In the oral environment, thermal changes occur quite 
frequently. Considering that temperature changes can 
affect the properties of a 3D-printed material, these 
properties must be analyzed in environments that mimic 
the intraoral environment. Thermocycling is an artificial 
aging method that is used to mimic the temperature 
changes that biomaterials are exposed to during their 
intraoral usage, affecting the properties of the printed 

resin. Thermocycling increases the water sorption and 
solubility of 3D-printed materials while decreasing the 
translucency.25,26 The aged specimens in the present 
study were thermocycled for 10,000 cycles, simulating 
2 years of intraoral use.15 

Gad et al27 investigated the strength properties of 
3D-printed denture base resin and indicated that ther-
mocycling significantly lowered the flexural strength. In 
accordance with their study, the present results showed 
that thermocycling caused poorer flexural strength in all 
three tested resin groups when compared to the non-
thermocycled samples. This decrease in flexural strength 
may be associated with increased water absorption of 
the resin.27 The mean flexural strength ranged from 
57.08 to 88.04 MPa in the aged 3D-printed resins. Just 
like in nonaged resins, the highest flexural strength value 
in the aged group was detected in Saremco Crowntec, 
while the lowest value was seen in Senertek P Crown-V2, 
which should be considered. Although flexural strength 
decreased in all groups after aging, all tested materials 
still showed flexural strengths > 50 MPa.

Nevertheless, the flexural strength values of aged and 
nonaged groups were significantly different only in the 
Senertek P Crown V2 group, while the decrement of flex-
ural strength in the aged groups of the Senertek P Crown 
V3 and Saremco Crowntec groups did not result in signifi-
cant differences between the aged and nonaged groups. 
This revealed that Senertek P Crown V3 and Saremco 
Crowntec were more durable to temperature changes 
in terms of flexural strength, while Senertek P Crown V2 
was more susceptible. This difference could also be at-
tributed to the differences in the chemical compositions 
of the materials, different printing methods with different 
polymerization patterns, and the postcuring procedures.

Although thermocycling was included in the present 
study, some limitations still exist in terms of mimick-
ing the oral environment, such as lack of mastication 
forces, saliva, and more anatomically relevant specimens. 
Further studies that include these conditions should be 
conducted. Additionally, the present results need to be 
further expanded by carrying out different production 
conditions and by investigating other mechanical and 
physical properties of the materials.

CONCLUSIONS

Saremco Crowntec showed the highest flexural strength 
both in aged and nonaged specimens, while Senertek P 
Crown V2 had the lowest flexural strength. Thermocy-
cling resulted in decreased flexural strength values in all 
three materials. However, the only significant difference 
between aged and nonaged resin groups was detected 
in the Senertek P Crown V2 group. Because these ma-
terials are newly developed, further studies are needed 
to evaluate their different properties.
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