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Introduction
The common problem in restoring endodontically treated 

teeth is the risk of biochemical deterioration, which might 

be attributed to extensive loss of dental tissue that in-
creases fracture incidence (1). Endocrowns have emerged 
as an innovative restoration option that preserves dental 
structure while enhancing mechanical durability (2). By 

Purpose: This in vitro study aimed to evaluate and compare the fracture resistance and failure modes 
of 3D-printed ceramic-filled hybrid endocrowns with four distinct preparation designs, focusing on the 
mechanical performance and post-endodontic restorative management.

Methods: Forty-eight 3D-printed ceramic-filled hybrid endocrowns were fabricated on 3D-printed ty-
podont molar dies simulating endodontically treated teeth and divided into four groups (n = 12) based 
on preparation designs: Group A (butt joint margin, 2 mm pulp chamber depth), Group B (butt joint 
margin, 4 mm depth), Group C (shoulder margin, 2 mm depth), and Group D (shoulder margin, 4 mm 
depth). After cementation, specimens were subjected to axial loading in a universal testing machine un-
til failure. Fracture resistance values (N) were recorded, and failure patterns were classified under 18.4x 
magnification. Statistical analysis was performed using a Two-Way ANOVA test (α = 0.05). 

Results: Shoulder margin designs demonstrated significantly higher fracture resistance compared to 
butt joint margins (p = 0.001), irrespective of pulp chamber depth. No significant differences were found 
between the 2 mm and 4 mm pulp chamber extensions (p = 0.393). Catastrophic (Type 4) failures were 
predominantly observed in Group C, while Groups A and B showed mainly repairable failure patterns.

Conclusion: Preparation design significantly affects the mechanical integrity of 3D-printed endocrowns 
for post-endodontic restoration. Shoulder margins enhance fracture resistance, although increasing 
pulp chamber depth does not confer additional mechanical benefits. These findings provide valuable 
insights for optimizing preparation strategies in the restorative management of endodontically treated 
posterior teeth.
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combining coronal integration with apical extension, en-
docrowns optimize fracture resistance and provide a reli-
able solution for restorative treatments (3). 

The mechanical performance of endocrowns can be in-
fluenced by their preparation design, which plays a criti-
cal role in force distribution and bonding effectiveness. 
Common designs include a circumferential butt joint or 
shoulder and chamfer margins with ferrule design (4,5). 
A previous study utilizing lithium disilicate ceramic mate-
rial has demonstrated that the shoulder margin designs 
increase the dentin surface available for bonding, while the 
butt-joint design enhances force distribution by placing 
the ceramic under compressive stress (6). This highlights 
how preparation designs can affect the mechanical perfor-
mance of endocrowns by optimizing bonding and reduc-
ing the risk of fracture (7), making fracture resistance a 
fundamental factor in the longevity and mechanical suc-
cess of endocrown restorations (8).

Material choice plays an important role in the longevity 
of the restoration (9). Most dental ceramics are consid-
ered brittle due to their low tensile strength and fracture 
toughness, which are affected by inherent flaws in the ma-
terial. External loads induce tensile stresses that can trig-
ger crack propagation from these flaws (10). To overcome 
the limitations of conventional all-ceramic restorations, 
hybrid ceramics were developed for computer-aided de-
sign and computer-aided manufacturing (CAD/CAM) 
by combining ceramic and composite structures, offering 
enhanced mechanical properties (11).

CAD/CAM systems include both subtractive and additive 
manufacturing, commonly known as three-dimensional 
(3D) printing (12). 3D printing offers several advantages 
over subtractive manufacturing, such as high accuracy, re-
duced material waste, and fabricating restorations, includ-
ing undercuts or inaccessible areas that cannot be milled 
(13). However, only a few 3D-printed hybrid materials are 
available for single crowns, inlays, onlays, and veneers for 
anterior and posterior areas, including occlusal surfaces. 
Recently, VarseoSmile Triniq (Bego, Bremer, Germany), 
a 3D-printed ceramic-filled hybrid material, has been in-
troduced in the market. The manufacturer claims that this 
material offers high dimensional stability, flexural strength 
and modulus, making it suitable for use as a permanent 
restorative material (BEGO Bremer Goldschlägerei Wilh. 
Herbst GmbH & Co. KG, VarseoSmile Triniq technical 
product information data sheet, n.d.). However, despite 
these claims, no studies have yet been conducted to evalu-
ate its performance.

To the author’s knowledge, while studies have evaluated 
the fracture resistance of CAD/CAM hybrid endocrowns 
fabricated via subtractive milling with various preparation 

designs (11,14), no research has specifically examined the 
fracture resistance of 3D-printed ceramic-filled hybrid en-
docrowns across four different preparation designs. There-
fore, the aim of this in-vitro study was to compare the 
fracture resistance of 3D-printed hybrid endocrowns with 
different preparation designs. The null hypotheses tested 
were that (1) different preparation designs would not af-
fect the fracture resistance of 3D-printed hybrid endo-
crowns, and (2) different preparation designs would not 
affect the failure modes of 3D-printed hybrid endocrowns.

Materials and Methods
The sample size calculation was performed using a statisti-
cal software program (G*Power v3.1.9.2, Heinrich Heine 
University, Düsseldorf, Germany) using data from another 
study by Einhorn et al (6). The minimum sample size of 
12 specimens for each group achieved 95% power to detect 
differences, with a significance level of 0.05, to test the null 
hypotheses.  

Teeth Preparation
Typodont maxillary first molar teeth (AG-3 ZE; Frasaco 
GmbH, Tettnang, Germany) were prepared according to 
four preparation designs by one operator (S.Ö). The prepa-
rations were performed under a dental microscope (Zumax 
OMS 2000, Zumax, China) at x18.4 magnification. The 
preparation groups were as follows:

• Group A: Butt-joint margin and a 2 mm pulp chamber 
depth 

• Group B: Butt-joint margin and a 4 mm pulp chamber 
depth 

• Group C: Shoulder (1 mm) margin and a 2 mm pulp 
chamber depth

• Group D: Shoulder (1 mm) margin and a 4 mm pulp 
chamber depth

The following burs were used for the preparation of Group 
A and B, respectively:

• A green belt occlusal-reduction diamond bur 
(D.828.017.G.FGA; Frank Dental GmbH, Gmund, Ger-
many) for 2 mm occlusal reduction 

• A green belt wheel diamond bur (909G-031-FG Coarse 
5/Pk; Meisinger, Neuss, Germany) for 2 mm wide circum-
ferential butt-joint margin preparation

• A red belt conical diamond bur (D.845KR.016.G.FGA; 
Frank Dental GmbH, Gmund, Germany) for pulp cham-
ber preparation with an internal taper of 8° axial walls (15).

• A red belt medium round-end tapered diamond bur 
(D.850.016.FG; Frank Dental GmbH, Gmund, Germany) 
to round down internal lines, eliminate irregularities, and 
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create flat and polished surfaces. 

For Groups C and D, identical burs were used through-
out the whole preparation process in Groups A and B. The 
primary difference in contrast to Groups A and B was the 
following bur:

• A red belt modified shoulder fine W diamond bur 
(848WF-018-FG; Meisinger, Gmund, Germany) to pre-
pare the 1 mm shoulder margin following the first occlusal 
reduction step.

The preparation designs of all groups are shown in Fig. 1. 
Following the preparations, a digital calliper (Micrometer; 
Mitutoyo Corp., Tokyo, Japan) and a periodontal probe 
were used to confirm the measurements of pulp chamber 
depths, margin widths, and occlusal reductions. 

Master die fabrication
The prepared teeth for each group were scanned using a 
digital intraoral scanner CEREC AC Primescan (Dentsply 
Sirona, York, PA, USA). The external CAD data of prepa-
ration scans were processed in InEos X5 software (Dentsp-
ly Sirona, York, PA) (Fig. 1). Standard tessellation language 
(STL) files were obtained and imported by a CAD pro-
gram (Sharp 3D, Budapest, Hungary) for generating and 
creating ready models. A total of 48 single master dies with 
a layer thickness of 50 µm were fabricated from 3D-printed 
model resin (VarseoWax Model; Bego, Bremer, Germany) 
using a 3D printer (Asiga Ultra (50), Sydney, Australia). 
After printing, the master dies were rinsed with 99 % iso-
propanol alcohol for 3 minutes (Form Wash, Formlabs®, 
Somerville, USA) and post-cured twice for 20 minutes at 
60 °C (Form Cure, Formlabs®, Somerville, USA) follow-
ing the manufacturer’s instructions.

Endocrown design
The typodont maxillary molar teeth were scanned before 
and after each preparation, and STL data were obtained 
from each scan. The preparation STL files were used for 
endocrown design, while the initial STL data represented 

the original tooth morphology. All STL data were pro-
cessed using exocad DentalCAD software (exocad GmbH, 
Darmstadt, Germany). The cement space was specified at 
80 µm in the chairside CAD design. The endocrowns were 
fabricated with a 50 µm layer thickness from 3D-printed 
ceramic-filled hybrid material, VarseoSmile Triniq, using 
the 3D printer. The printed endocrowns were cleaned with 
99% isopropanol alcohol for 5 minutes and post-cured 
twice for 20 minutes at 60 °C.

Endocrown Cementation
Endocrowns were loaded with self-adhesive dual-cure resin 
cement (Dentacore; ITENA Clinical, Paris, France) and 
seated on their corresponding teeth. While seating, a stan-
dardized constant load was applied using a weight of 50 N 
to prevent the restoration’s rebounding during cementa-
tion. Any residual cement was cleaned with a micro brush 
(TPC Advanced Technology Inc., CA, USA). Then, endo-
crowns were light-cured for 20 seconds from all surfaces to 
ensure complete polymerization of the resin cement (16). 
After setting, residual cement was gently removed from the 
margins using a no.12 surgical blade (Feather Safety Razor 
Co. Ltd., Osaka, Japan) under the dental microscope.

Fracture resistance test
Before subjecting to the fracture resistance test, the roots 
of the specimen were shielded by a 0.2 mm C-silicone 
putty impression material (Zetaplus, Zhermack, Italy) for 
the periodontal ligament simulation. Vaseline was applied 
inside plastic moulds with a height of 3 cm to provide in-
sulation. Auto-polymerizing acrylic resin (Imicryl Dental, 
Konya, Turkey) were mixed according to the manufac-
turer’s recommendations and poured inside the moulds. 
Then, the specimens were inserted into acrylic resin up to 
2 mm below the cementoenamel junction (CEJ) level of 
master dies (17). The CEJ was determined and marked 
10 mm below the occlusal surface, considering that the 
crown height of the maxillary first molar teeth was approx-
imately 8 mm. After the polymerization was completed, 
the acrylics were removed from the plastic moulds. The 
occlusal surface distance of the endocrowns was measured 
with the digital calliper, and a mark was placed at the cen-
ter point corresponding to the central fossa. The acrylics 
in which the specimens were embedded were fixed to a 
custom-designed metal plate produced in accordance with 
the universal testing machine (MIN 100; Esetron, Ankara, 
Turkey) and a fracture test was performed. Each sample 
was loaded using a metallic loading rod with a spherical 
tip (3.4 mm diameter) travelling at a crosshead speed of 1 
mm/min. The loading rod was adjusted to exactly match 
the marked point, and the load was applied along the long 

Fig. 1. Preparation scan images obtained using a digital intraoral scan-
ner for Group A, Group B, Group C, and Group D. 
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axis of the specimens (Fig. 2A). The maximum axial load 
until the fracture occurred was applied over specimens 
(Fig. 2B). The fracture load was measured in Newton 
(N) and recorded using the corresponding software of the 
testing machine.

Failure mode evaluation
Following the fracture resistance test, the failure modes 
of all specimens were evaluated using the dental opera-
tion microscope at magnification x18.4. Specimens were 
categorized according to fracture pattern examination as 
follows (18):

• Type 1: Complete or partial debonding of the endo-
crown without fracture (favorable failure) (Fig. 3A)

• Type 2: Fracture of the endocrown without tooth frac-
ture (favorable failure) (Fig. 3B)

• Type 3: Fracture of the endocrowns or tooth above the 
level of CEJ (favorable failure) (Fig. 3C)

• Type 4: Fracture of the endocrowns or tooth below the 
level of CEJ (non-favorable or catastrophic failure) (Fig. 
3D)

• Examples of two failure types occurring together were 
observed in each group (Fig. 3E; Fig. 3F).

Statistical Analysis
The data were analyzed using Minitab V14 (Minitab Inc., 
State College, PA, USA). The normality of distribution was 
assessed with the Shapiro-Wilk Test. A Two-Way ANOVA 
was used to compare the parameters that were normally 
distributed according to margin design and pulp chamber 
depth. Descriptive statistics for fracture resistance were pre-
sented as mean ± standard deviation. The significance level 
was set as p < 0.05.

Results
The effects of margin design and pulp chamber depth on 
fracture resistance of 3D-printed hybrid endocrowns and 
the interaction between the two are shown in Table 1. 
Margin design was found to have a statistically significant 
main effect on fracture resistance (p < 0.05), whereas pulp 
chamber depth alone did not show statistical significance 
(p > 0.05). Furthermore, the interaction between margin 
design and pulp chamber depth was not statistically sig-
nificant (p > 0.05) (Table 1).

Descriptive statistics and multiple comparisons of frac-
ture resistance values according to margin design and 
pulp chamber depth are shown in Table 2 and Fig. 4. 
The shoulder margin design showed a significantly high-
er mean value of 660.12 ± 171.63 N, whereas the mean 
fracture resistance for the butt joint design was 503.44 ± 
134.81 N (p < 0.05). The results demonstrated that the 
margin design consistently influenced fracture resistance 
across both pulp chamber depths. Although the highest 
fracture resistance of 678.52 ± 207.52 N was observed 
for the shoulder design and a 2 mm pulp chamber depth 
(Group C), this difference was not statistically significant 
(Table 2) (Fig. 4).

Failure modes are shown in Table 3. Regarding failure 

Table 1. Comparison of fracture resistance values according to 
margin design and pulp chamber depth

  F p η2

Margin design 12.034 0.001 0.215
Pulp chamber depth 0.744 0.393 0.017
Margin design*Pulp chamber depth 0.002  0.962 0.000

F: Two-Way ANOVA Test Statistic; η2: Partial Eta Square.  Statistically significant 
at p < 0.05.

Fig. 3. The figure shows different failure modes of endocrown speci-
mens (a) Type 1 (b) Type 2 (c) Type 3 (d) Type 4 (e) The combi-
nation of Type 1 and Type 2 (f) The combination of Type 2 and 
Type 3 failure modes. *Black lines indicate the cementoenamel 
junction (CEJ).

(a)

(d)

(b)

(e)

(c)

(f)

Fig. 2. (a) Placement of the acrylic block with the embedded endo-
crown into the universal testing machine and application of 
axial loading until the maximum fracture load is reached (b) 
Representative image of a fractured endocrown specimen.

(a) (b)



modes, no differences were observed among the groups 
for type 1 failure. However, type 2 and type 3 failures 
were most frequent in Group B, followed by Group A and 
Group D. Group B also exhibited the lowest incidence of 
type 4 failure, whereas Group C showed the highest in-
cidence of type 4 failure. Examples of two failure types 
occurring together were observed in each group (Fig. 3E; 
Fig. 3F).

Discussion
The long-term success of dental restorations depends sig-
nificantly on their ability to resist fractures and withstand 
the functional forces encountered during mastication. 
Endocrowns have emerged as a reliable post-endodontic 
restorative option for posterior endodontically treated 

teeth, offering both esthetic and mechanical benefits (19). 
In this study, the fracture resistance and failure modes of 
endocrown restorations fabricated using a 3D-printed 
ceramic-filled hybrid material were evaluated against dif-
ferent preparation designs. The results demonstrated that 
both null hypotheses were rejected, indicating that prepa-
ration design significantly affected both fracture resistance 
and failure modes of endocrown restorations.

The mechanical performance of endocrowns can be sig-
nificantly influenced by variations in preparation, includ-
ing margin design and preparation depth (4,5). Forces 
acting on endocrown are distributed as compressive forc-
es over the cervical butt joint margin or as shear forces 
along the axial walls of the shoulder margin design (3). 
Taha et al. (4) reported that adding a short axial wall and 
shoulder finish line (ferrule design) into the preparation 
of endodontically treated teeth restored with endocrowns 
enhances higher fracture resistance compared to the butt 
joint margin design. This may result from the ability of 
the axial walls of shoulder margin design to counteract 
shear stresses and facilitate better load distribution along 
the margin, thereby increasing the fracture resistance (3). 
Similarly, a study by Hassan et al. (20) demonstrated that 
endocrowns with a ferrule design showed higher fracture 
resistance than those without. Consistent with the find-
ings of these studies, the current study revealed that a 
circumferential shoulder margin design showed a greater 
mean fracture resistance compared to the butt joint mar-
gin. In contrast, Al-khafaji and Jasim (21) found that 
endocrowns with butt joint preparation in maxillary first 
premolars showed higher fracture resistance than those 
with a ferrule design. This discrepancy may be attributed 
to differences in teeth group and restoration type and ma-
terial, as they utilized natural premolar teeth and lithium 
disilicate endocrowns in their study, whereas the present 
study used 3D-printed ceramic-filled hybrid materials over 
3D-printed molar dies. Notably, the use of restorative ma-
terials with comparable microstructures may have resulted 
in similar fracture resistance outcomes against different 
margin designs (4).

The influence of preparation depth on fracture resistance 

Table 3. Numbers of different failure modes for endocrown groups 
with different preparation designs

  Type 1 Type 2 Type 3 Type 4

Group A 1 9 9 1
Group B 1 11 11 0
Group C 1 4 8 3
Group D 1 8 9 1

Examples of two failure types occurring together were observed in each group.

Table 2. Multiple comparisons of the mean fracture resistance values according to margin design and pulp chamber depth

                    Pulp chamber depth   

Margin design 2 mm 4 mm Mean ± SD

Shoulder 678.52 ± 207.52A 641.73 ± 133.38A 660.12 ± 171.63
Butt joint 524 ± 176.82B 482.87 ± 76.21B 503.44 ± 134.81
Mean ± SD 601.26 ± 204.4 562.3 ± 133.68 581.78 ± 171.98

Mean ± Standard Deviation (SD); No difference between values with the same letter. Statistically significant at p < 0.05.

Fig. 4. The column chart of fracture resistance values of endocrowns 
with different preparation designs.
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of endocrowns has been the subject of ongoing discus-
sion, with evidence suggesting that deeper pulp chamber 
preparation may enhance their mechanical performance by 
increasing load to failure and reducing stress concentra-
tion (5). Dartora et al. (22) reported that a 5 mm pulp 
chamber depth presented a higher load to failure than a 
1 mm depth, while Hayes et al. (23) found that a 4 mm 
depth exhibited greater fracture resistance compared to 2 
mm, both using lithium disilicate ceramics. Conversely, 
De Kuijper et al. (24) and Ghajghouj et al. (25) reported 
no significant correlation between pulp chamber depth 
and fracture resistance. In agreement with the latter stud-
ies, the present study found no statistically significant dif-
ference between 2 mm and 4 mm pulp chamber depths. 
This variation may be explained using different materials 
across studies, as the material used in this study differs in 
composition compared to the lithium disilicate ceramics 
mentioned in previous studies.

The evaluation of failure modes is a crucial factor in un-
derstanding the long-term mechanical performance of res-
torations (26). In this study, fracture patterns were catego-
rized into four types. Type 4 was defined as nonfavorable 
or catastrophic failure, where the fracture of the endo-
crown occures below the CEJ. Previous studies have clas-
sified failures as favorable or repairable when the fracture 
is at or coronal to the CEJ and irreparable when the frac-
ture is apical to the CEJ (27). Accordingly, in this study, 
Type 1, Type 2, and Type 3 failure modes were consid-
ered repairable, while Type 4 was deemed irreparable. The 
failure mode evaluation revealed that Group C presented 
the highest incidence of Type 4 catastrophic failure, while 
Group A and B predominantly exhibited Type 2 and Type 
3 favorable failures (Table 3). These findings aligned with 
Einhorn et al. (6), who reported in their study that higher 
catastrophic failures were associated with a 2 mm ferrule 
design. Similarly, Magdy et al. (14) found that endo-
crowns with butt joint margin design exhibited a higher 
percentage of repairable failures. Al-shibri and Elguindy 
(16) supported this by reporting that endocrowns with 
butt joint margin design fabricated from hybrid nanoc-
eramics showed 70% of repairable fractures compared 
to 30% of irreparable fractures apical to the CEJ. In the 
present study, the butt joint margin design showed both 
lower fracture resistance and favorable failure modes. This 
may be attributed to the stable surface provided by the 
butt joint design, which resists compressive stresses due 
to its preparation parallel to the occlusal plane. Addition-
ally, from a biomechanical perspective, this design allows 
strain adaptation at the interface between the tooth and 
restoration. However, Magne et al. (28) suggested that 
the axial reduction in the shoulder finish line could reduce 

resin cement thickness relative to the bulk of the material, 
thereby decreasing stress on the material. Considering that 
the shoulder margin design in this study showed higher 
fracture resistance values, further studies are necessary to 
evaluate stress concentrations of endocrown restorations 
with different preparation designs.

The incidence of catastrophic failure was lower across all 
groups than other types of failures. This can likely be at-
tributed to the superior shock-absorbing capacity of hy-
brid ceramic materials compared to all ceramic materials 
(29). The microstructure of hybrid ceramics may enhance 
their resistance to crack propagation, which contributes 
to their lower incidence of catastrophic failures. Support-
ing this, a previous study has shown that lithium disili-
cate ceramic endocrowns presented a higher percentage 
of catastrophic failures compared to hybrid ceramics (30). 
This difference may be due to the rigidity of materials like 
lithium disilicate, which can exhibit stress concentrations 
in critical areas and cause severe fractures, whereas materi-
als with a lower elastic modulus can better distribute stress 
under load (31).

The maximum chewing force was reported as approxi-
mately 850 N, considered a normal force in the molar re-
gion (22). This means that the mean fracture resistance 
for all groups was below the maximum chewing forces 
reported in the literature. However, considering that this 
force will be distributed to the premolar and molar teeth 
in the chewing area, the mean fracture resistance value of 
all groups, 581.78 ± 171.98 N, may be acceptable.

To strengthen the validity of this study, standardized ty-
podont teeth and 3D-printed master dies were used, 
which made it possible to precisely control preparation 
design variables and minimize the variability typically seen 
between extracted natural teeth, such as differences in size, 
morphology, or bonding quality caused by variations in 
enamel and dentin.  In addition, using resin models helps 
overcome common challenges associated with biologi-
cal specimens, such as the need for ethical approval, the 
risk of cross-infection, and complex storage requirements, 
ultimately making laboratory workflows both safer and 
more streamlined (32). To further ensure reproducibility, 
all preparations were performed by a single operator after 
multiple trials. Importantly, a cement space of 80 µm was 
set in the CAD software, as this intermediate value aligns 
with the optimal settings reported for both ceramic mate-
rials (60 µm) and resin composites (120 µm) (33), reflect-
ing the hybrid microstructure of the 3D-printed material 
used. The endocrowns were cemented onto the dies using 
self-adhesive resin cement. As natural human teeth were 
not used in this study, a one-step cementation procedure 
was performed without the need for pretreatment, such as 
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etching, primer, or bonding agent application. Periodon-
tal ligament simulation was also incorporated by applying 
a thin layer of silicone impression material over the root 
portion of the dies to better mimic clinical stress condi-
tions (34).

This in vitro study has several limitations. First, the evalua-
tion of stress distribution within the material was not con-
ducted using finite element analysis, which may provide 
insights into the failure modes of restoration. Addition-
ally, the force applied experimentally had only an axial vec-
tor, omitting lateral or oblique forces that may arise from 
parafunctional movements and affect clinical performance. 
Furthermore, the use of 3D-printed resin models, while 
offering the advantage of experimental standardization, 
does not fully replicate the mechanical and histological 
properties of natural dentin. Interestingly, Munoz-Sanchez 
et al. (35) reported that although 3D-printed model resin 
cannot entirely replace natural teeth in resistance testing, 
they show lower variance in mean strength values, allow-
ing better control over natural variability in tooth size and 
shape. This highlights that while 3D-printed models offer 
a useful platform for initial biomechanical evaluations, fu-
ture studies should complement these findings by incor-
porating natural teeth to strengthen the clinical relevance 
and applicability of the results. Additionally, integrating 
advanced methodologies such as finite element analysis 
and in vivo studies could further enhance our understand-
ing of the performance of different preparation designs 
and materials under complex loading conditions.

Conclusion
Based on the findings of this study, margin design signifi-
cantly influenced the fracture resistance and failure modes 
of 3D-printed ceramic-filled hybrid endocrowns. Shoulder 
margins exhibited superior fracture resistance over butt-
joint designs, while pulp chamber depth alone did not 
yield significant benefits. Notably, a 2 mm pulp chamber 
depth with a shoulder margin showed a higher incidence 
of catastrophic failure compared to a 4 mm depth, sug-
gesting the interplay of preparation geometry and material 
properties. Overall, the combination of a 1 mm shoulder 
margin with a 4 mm pulp chamber depth enhanced frac-
ture resistance and promoted favorable failure modes.
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