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ARTICLE INFO ABSTRACT

Keywords: The aim of this in vitro study was to evaluate the effect of the combinations of two different intraoral scanners
CAD/CAM ) (I0S), two milling machines, and two restorative materials on the marginal/internal fit and fatigue behavior of
Dental ceramics endocrowns produced by CAD-CAM. Eight groups (n= 10) were considered through the combination of TRIOS 3
Fatigue (TR) or Primescan (PS) IOS; 4-axes (CR; CEREC MC XL) or 5-axes (PM; PrograMill PM7) milling machines; and

Intraoral scanners
Marginal/internal fit
Milling machine

lithium disilicate (LD; IPS e.max CAD) or resin composite (RC; Tetric CAD) restorative materials. Specific surface
treatments were applied to each material, and the bonding to its corresponding Endocrown-shaped fiberglass-
reinforced epoxy resin preparations was performed (Variolink Esthetic DC). Computed microtomography (pCT)
was performed to assess the marginal/internal fit, as well as a mechanical fatigue test (20 Hz, initial load = 100
N/5000 cycles; step-size = 50 N/10,000 cycles until a threshold of 1500 N, then, the step-size was increased if
needed to 100 N/10,000 cycles until failure or a threshold of 2800 N) to evaluate the restorations long-term
behavior. Complementary analysis of the fracture features and surface topography in scanning electron micro-
scopy was performed. Three-way ANOVA and Kaplan-Meier test (a = 0.05) were performed for marginal/in-
ternal fit, and fatigue behavior data, respectively. PS scanner, CR milling machine, and RC endocrowns resulted
in a better marginal fit compared to their counterparts. Still, the PM machine resulted in a better pulpal space fit
compared to the CR milling machine. Regardless of the scanner and milling machine, RC endocrowns exhibited
superior fatigue behavior than LD ones. LD endocrowns presented margin chipping regardless of the milling
machine used. Despite minor differences in terms of fit, the ‘I10S” and ‘milling machine’ factors did not impair the
fatigue behavior of endocrowns. Resin-composite restorations resulted in a higher survival rate compared to
glass-ceramic ones, independently of the digital devices used in the workflow.

1. Introduction (usually 3-4 mm depth), indicated especially in cases with limited inter-
occlusal space, as it preserves more residual tooth structure and does

Diverse rehabilitation options are suggested for endodontically treated require less preparation height compared to conventional post-retained
teeth, which can be performed directly or indirectly, as inlays, onlays, crowns (4-5 mm minimum of supracrestal dental tissue) (Govare and
overlays, crowns, or endocrowns (Lenz et al., 2023; Mannocci et al., 2022). Contrepois, 2020; Mannocci et al., 2022; Saratti et al., 2021).
The latter involves a restoration with an extension inside the pulp chamber Computer-aided-design-computer-aided-manufacturing (CAD-CAM)
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technology is one of the possible methods for fabricating endocrowns with
high precision, and reduced clinical time (He et al., 2021) which evolves a
sequence of steps.

The several stages in the CAD-CAM digital workflow, spanning from
tooth preparation to the definitive restoration bonding, can exert an
influence on the mechanical behavior of milled endocrowns. Initially, a
scanning device is used to create a 3D image of the prepared teeth
(Alghazzawi, 2016). This stage is executed utilizing intraoral scanners
(I0S), and these devices can vary in scanning principles (i.e. active
triangulation, confocal microscopy, active wavefront sampling, or even
a combination of these principles) leading to potential accuracy varia-
tions (Abduljawad and Rayyan, 2022; Alghazzawi, 2016; Gurpinar and
Tak, 2022; Pilecco et al., 2023). Afterward, the endocrown design is
created in software, guiding the restoration’s production in a milling
machine using a subtractive process. Various factors introduced in this
machining step, such as the number of axes, rotation speed, lubricant
liquid, and the diamond burs’ characteristics, can also affect the ob-
tained restoration (Alajaji et al., 2017; Alghazzawi, 2016; Ayres et al.,
2023; Blatz and Conejo, 2019; Pilecco et al., 2024).

Along with that, to fabricate via CAD-CAM the endocrowns resto-
rations, different restorative materials have been suggested including
polycrystalline ceramics, glass-ceramics, and resin composite materials
(Dartora et al., 2019; Govare and Contrepois, 2020; Zheng et al., 2022a).
Intrinsic material properties are directly related to the endocrown per-
formance. Regarding elastic modulus, the higher this material property,
the greater the stress concentrates within the restoration, leading to less
tensile stress in the cement layer, favoring ceramic-based materials, such
as lithium disilicate (He et al., 2021; Tribst et al., 2018; Yildirim et al.,
2022; Zheng et al., 2022a). This material stands out due to its ability to
strongly bond to the resin cement and, consequently to the tooth
structure, especially considering the dependency of the bonding pro-
cedure for endocrowns due to its limited preparation height (Al-Dab-
bagh, 2021; Govare and Contrepois, 2020). On the contrary, a material
with a lower elastic modulus, like resin-based materials, can promote a
more uniform load distribution (Al-Dabbagh, 2021; Sedrez-Porto et al.,
2020; Vijayakumar et al., 2021). Additionally, CAD-CAM resin com-
posite blocks offer advantages in terms of ease of adjustment, milling,
and repair (Duan and Griggs, 2015).

All those previously raised fabrication variables evolved in the CAD-
CAM workflow need to be critically assessed regarding the consequences
in the endocrown final aspect. One significant outcome to consider is the
marginal and internal fit within the tooth structure (Hassouneh et al.,
2023). Since IOS relies on the object’s light transmission, the intra-
coronary preparation may be a challenge to the image acquisition pro-
cess (Gurpinar and Tak, 2022). This may lead to poorly adapted
restorations, resulting in an unfavorable biological outcome, in terms of
periodontal health and facilitation of the dissolution of the bonding
agent (Holmes et al., 1989; May et al., 2012). Furthermore, a thicker
resin cement layer can affect the load distribution and adversely affect
the fatigue behavior (Martini et al., 2019; May et al., 2012; Seo et al.,
2009). It is important to consider that the intaglio surface of indirect
restorations, along with the cement layer, serves as points of origin for
fractures due to the concentration of tensile stress in these regions
(Tribst et al., 2018; Da Fonseca et al., 2018). This susceptibility to fail-
ure, arising from fatigue, highlights the importance of meticulous
attention to these areas during restoration procedures (Kruzic et al.,
2018; Zhang et al., 2013).

While previous studies have individually investigated the influence
of different I0S, fabrication methods, and restorative materials on the
marginal and internal fit of endocrowns (Abduljawad and Rayyan, 2022;
Ayres et al., 2023; Gurpinar and Tak, 2022; Hassouneh et al., 2023;
Soliman et al., 2022; Zheng et al., 2022b; Zimmermann et al., 2019),
more research is needed to better understand the role and consequences
of each factor on the endocrowns marginal/internal fit. This knowledge
is critical for comprehending their behavior under cyclic load applica-
tion, a condition that restorations naturally face in the oral environment,
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especially considering that the clinical longevity of dental restorations
will inevitably be dependent on their fatigue behavior (Kruzic et al.,
2018).

Therefore, the aim of this in vitro study is to evaluate the effect of
combinations between two intraoral scanners, two milling machines,
and two restorative materials on both the marginal/internal fit and fa-
tigue behavior of CAD-CAM milled endocrowns. The tested hypotheses
are that different scanners (i), and milling devices (ii) would affect the
marginal/internal fit of the endocrowns; that different digital workflows
(iii) would result in different endocrown fatigue behavior; and that
different restorative materials (iv) would respond differently for all
explored outcomes.

2. Materials and methods
2.1. Study design

This in vitro study takes into consideration three factors: (i) I0S
system — a confocal microscopy-based (TRIOS 3, 3Shape — TR) or with
combined technology (confocal microscopy + active triangulation;
CEREC Primescan AC, Dentsply Sirona — PS); (ii) milling machine — 4-
axes (CEREC MC XL, Dentsply Sirona) or 5-axes (PrograMill PM7, Ivo-
clar AG); and (iii) CAD-CAM restorative material — lithium disilicate
glass-ceramic (LD, IPS e.max CAD, Ivoclar AG) or resin composite (RC,
Tetric CAD, Ivoclar AG), as illustrated in Fig. 1.

2.2. Specimen preparation

First, dies were milled using a lathe (Diplomat 3001; Nardini) on the
fiberglass-reinforced epoxy resin (Protec Produtos Técnicos Ltda.)
(Dalla-Nora et al., 2024; Kelly et al., 2010) considering preparation for
the crown (n= 10) with a ferrule shoulder preparation (depth = 1.2 mm
and radii = 0.5 mm) (Venturini et al., 2018). After, a single trained
operator adapted each substrate preparation into an endocrown format
(Fig. 2). A decrease in the preparation height was performed by grinding
the substrate in a polishing machine (Ecomet/Automet 250, Buehler)
using a diamond disk (Dia-Grid Diamond Discs #120, Allied High Tech
Products, Inc.) until a preparation height of 2 mm (Dartora et al., 2018).
Then, a diamond bur (FG #3131, KG Sorensen) was used in a multiplier
contra-angle (Smax M95 up to 200,000 min ™!, Nakanishi Inc.) coupled
to a micromotor (Kavo Dental). The contra-angle was fixed in a modified
optical microscope (Missau et al., 2018) to ensure precision by main-
taining the diamond bur perpendicular to the occlusal face of the die. A
preparation simulating the pulpal chamber area (Fages and Bennasar,
2013) was carried out by deepening the diamond bur to the substrate
base, in the center of the occlusal face, until its entire extension (4 mm;
Fig. 2). The extrusion of each wall was defined by the inclination of the
diamond bur active part, keeping an axial remainder with 2 mm of
thickness.

To allow the digitalization procedure, a typodont model was adapted
to allow the fitting of the different dies (Fig. 1). Each die was positioned
into the model and scanned according to the study design using TR or PS.
The resulting STL files were sent to each design software (TRIOS Design
Studio 21.2.3, 3Shape; and CEREC 4.5.2 software, Dentsply Sirona) in
which endocrowns (n= 10) with an occlusal thickness of 1.5 mm and a
cement space of 120 pm were planned. Milling was performed in 4-axis
(CR) or 5-axis (PM) machines. Each machine was configured properly
according to the manufacturer instructions - wet-milling, step bur 128,
and cylinder pointed bur 128 for CR; PrograMill tool red g2.8, g2.0, and
gl.0 for PM, considering the two restorative materials (LD or RC).
Following, LD endocrowns were crystallized in a furnace according to
the manufacturer’s instructions (Speed Crystallization in the Programat
CS4, Ivoclar AG), and RC ones remained untouched. Each endocrown
was tested into its corresponding die before bonding procedures, to
guarantee optimal setting.
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Fig. 1. Flow chart of the study design and illustration of the adapted typodont model for the endocrown scanning procedure (TR, TRIOS 3; PS, Primescan; CR, CEREC

MC XL; PM, PrograMill PM7; LD, lithium disilicate; RC, resin composite; n = 10).

Fig. 2. Illustration of the steps to prepare the fiberglass-reinforced epoxy resin substrate to receive an endocrown restoration.

2.3. Bonding procedure

The restorations and dies were cleaned in an ultrasonic bath with
70% alcohol for 5 min. Then, each material was treated as recommended
by its manufacturer or referenced in the literature. The dies were etched
with hydrofluoric acid (<5% IPS Ceramic etching-gel, Ivoclar AG) for
60 s (Schestatsky et al., 2019), washed out with air-water spray for 30 s,
air-dried, and received the application of a light-curing

single-component dental adhesive for 20 s with posterior air-drying
(Adhese Universal, Ivoclar AG), which was not light-cured. LD
bonding surface was etched with <5% hydrofluoric acid for 20 s,
washed out with an air-water spray for 30 s, air-dried, and a silane
coupling agent was actively applied (Porcelain Silane, B.J.M. Labora-
tories Ltd) for 15 s, kept it to react for another 45 s and gently air-dried.
RC bonding surface was sandblasted with 50 pm aluminum oxide (10
mm distance, 1 bar pressure; Ossido di Alluminio, Henry Schein),
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cleaned in an ultrasonic bath with 70% alcohol for 5 min, and an ad-
hesive was actively applied (Adhese Universal, Ivoclar AG) for 20 s with
posterior air-drying, without light-curing. Finally, a dual-cure resin
cement (Variolink Esthetic DC, Ivoclar AG) was manipulated, the
endocrowns settled into the dies with a standardized load device (500
g), the cement excess was removed with a micro brush, and light cured
(Starlight Uno, Mectron) for 40 s in each direction (0°, 90°, 180°, 270°,
and on the top).

2.4. Marginal and internal fit

A computed microtomography analysis (LCT - SkyScan 1172 Micro-
CT, Bruker) was run in each individual bonded specimen, with the
following parameters: 100 Kv, 100 pA, source-object distance= 89.510
mm, source-detector distance= 217.578 mm, pixel binning= 9.01 pm,
exposure time/projection= 846 ms, aluminum and copper (Al + Cu)
filter; pixel size= 14.83 um, averaging= 5, rotation step= 0.6°, resulting
in a total of 414 slices per specimen. To reconstruct the images in a
specific software (NRecon, Bruker, Billerica), different parameters were
used for each restorative material (LD/RC respectively), as follows:
smoothening= 0/2, misalignment compensation= 5/4.5, ring artifacts
reduction= 10/2, beam-hardening correction= 30/40%. Later, for
assessment of marginal and internal fit, the reconstructed images were
inserted into a software (Data Viewer, Bruker Kartuizersweg 3B) to
create sagittal and coronal sequential images, where three slices of each
direction were selected and analyzed at ImageJ 1.53t (National In-
stitutes of Health) (Freitas et al., 2020; Vag et al., 2020) considering 2
regions of interest (ROI) for marginal gap (Holmes et al., 1989) and 9
ROIs for internal fit (Zheng et al., 2022b), resulting in 66 measurements
per specimen (Fig. 3) (Nawafleh et al., 2013). For this, a single trained
operator began with the identification of the exact midpoint of the
specimen. Subsequent slices were then selected in a consistent manner,
utilizing directional movements (mesial and distal directions) relative to
the initial slice. This systematic approach ensures a standardized process
for selecting the three slices, thereby maintaining consistency and reli-
ability in scientific measurements.

2.5. Fatigue test and fractographic analysis

A mechanical fatigue test was carried out in an electric mechanical
testing machine (Instron ElectroPuls E3000, Instron) using an acceler-
ated cyclic fatigue approach (Valandro et al., 2023) under a 20 Hz fre-
quency (Velho et al., 2020). A stainless-steel hemispherical piston (=
40 mm) was positioned in the center of the occlusal surface of the
specimen immersed in distilled water. An adhesive tape (110 pm) was
interposed between the piston and specimen. A 100 N load was applied

ial-occlusal angle B

.

)
‘Axial-occlusal angle D

<
&
=
£
s
w
b
&
S
b
%
=

":4 Axial-occlusal angle C

S

ginal gap A
1}\ Cervical-axial angle A

!v Pulpal angle A

= Mart
b |

i

s Cervical-axial angle B
]
2 Marginal gap B

-

Pulpal angle B
g

Pulpal space

Fig. 3. Representative figure of the measured regions of interest (ROI) for the
marginal and internal measurements of specimens after the pCT analysis.
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first for 5000 cycles to guarantee the relation between the specimen and
the piston. After that, the load was increased by 50 N for every 10,000
cycles, and the test was carried out until failure was detected or a
threshold of 1500 N was reached; in case of survival up to this step
(1500 N), the step was increased to 100 N for every 10,000 cycles, until
failure or test completion at 2800 N. Failure detection was carried out by
the specimen transillumination at the end of each step to verify the
presence of cracks or fractures. Data on fatigue failure load (FFL) and
number of cycles for failure (CFF) were collected for statistical analysis.

Failed specimens were analyzed qualitatively in a stereomicroscope
(10 x ) and in a Scanning Electron Microscopy (SEM; VEGA-3G; Tescan)
by a single trained and experienced operator (R.V.M.) to characterize
the failure origin. A topographic analysis in SEM was performed in one
additional specimen per group, considering the milling machines and
restorative material, after it was sputter-coated with gold.

2.6. Statistical analysis

A power estimation of the statistical analysis was performed
(G*Power software) using a one-way Analysis of Variance (ANOVA) post
hoc power analysis based on a= 0.05, sample size= 80, and effect size=
3.28 using the FFL means and the mean standard deviation. Two sta-
tistical software (IBM SPSS Software v.21, IBM; and Statistix 10,
Analytical Software) were used for analyzing the different tested out-
comes (a= 0.05). A three-way ANOVA was conducted for marginal/in-
ternal fit. The Kaplan-Meier test and Log-rank (Mantel-Cox) were
performed for survival analysis. Furthermore, the mechanical reliability
of the respective digital flows and different materials of the restorations
was analyzed by Weibull Analysis (SuperSMITH Weibull 4.0k-32 soft-
ware program) using the maximum likelihood estimation method
(confidence interval 95%).

3. Results

The power was estimated in 1-f= 1.00 (100%). According to a three-
way ANOVA, the three factors (intraoral scanner, milling machine, and
restorative material), along with their interactions, exert varying effects
on each outcome examined in this study (Table 1). In regard to the
marginal gap (Table 1, Table 2, and Table 3), it is seen that the PS
scanner, CR milling machine, and RC endocrowns exhibited superior fit
in comparison to their counterparts. At the cervical-axial angle, the PS
scanner and CR milling machine led to a better fit. Nevertheless, there
were no significant differences when it came to different materials used.
As for the axio-occlusal angle, the TR scanner resulted in a better fit,
while the milling machine and the restorative material did not show
significant effects. Conversely, for the pulpal angle, the I0OS used was not
relevant, while the PM machine and LD restorations exhibited a better
fit. There was no difference between the I0S and the restorative mate-
rials in the pulpal space, but the use of the PM machine resulted in a
better fit.

Considering the fatigue behavior outcomes (Table 1, Table 4, and
Fig. 4), the combination of TR scanner and PM milling machine yielded
worse fatigue behavior compared to TR-CR and PS-PM (P< 0.05).
Nevertheless, irrespective of the scanner and milling machine used,
resin-based endocrowns exhibited higher FFL and CFF than LD ones (P<
0.05). The combination of PS and PM devices resulted in higher survival
rate for LD compared to PS-CR and TR-CR (P< 0.05), although it was
similar to TR-PM (P> 0.05). The mechanical reliability was not different
among the tested groups (Table 4).

Fractographic analysis showed that failures initiated from the
restoration inner surface and grew towards the occlusal surface of the
endocrowns (Fig. 5). It is possible to visualize multiple directions of
crack propagations, arrest lines, and the compression curl, indicating
that the failure occurred and propagated during the fatigue test/cyclic
load application. In this sense, the main critical area to initiate the
fracture seems to be concentrated in the internal axio-occlusal angles. A
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Table 1
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Three-way ANOVA for marginal, internal fit, and fatigue failure load data, considering the factors intraoral scanner, milling machine, restorative material, and their

association.

Marginal gap

Cervical-Axial angle

Factors SS DF MS F P Factors SS DF MS F I3
Scanner device 42,947 1 42,947 5.95 0.015 Scanner device 21,613 1 21,613 5.11 0.024
Milling machine 40,547 1 40,547 5.62 0.018 Milling machine 62,905 1 62,905 14.86 0.001
Material 31,591 1 31,591 4.38 0.037 Material 9888 1 9888 2.34 0.127
Scanner"Milling machine 161,746 1 161,746 22.42 <0.001 Scanner"Milling machine 12,812 1 12,812 3.03 0.082
Scanner“Material 33,217 1 33,217 4.60 0.032 Scanner“Material 17,468 1 17,468 413 0.042
Milling machine”Material 54,647 1 54,647 7.58 0.006 Milling machine”Material 43,484 1 43,484 10.28 0.001
Scanner"Milling machine*Material 2092 1 2092 0.29 0.590 Scanner"Milling machine”Material 7532 1 7532 1.78 0.182
Axial-occlusal angle Pulpal Angle

Factors SS DF MS F 14 Factors SS DF MS F P
Scanner device 50,584 1 50,584 12.09 0.001 Scanner device 10,441 1 10,441 0.90 0.342
Milling machine 6153 1 6153 1.47 0.225 Milling machine 408,045 1 408,045 35.27 <0.001
Material 2928 1 2928 0.70 0.403 Material 292,392 1 292,392 25.27 <0.001
Scanner"Milling machine 96,376 1 96,376 23.04 <0.001 Scanner"Milling machine 22,253 1 22,253 1.92 0.166
Scanner“Material 29,665 1 29,665 7.09 0.008 Scanner“Material 10,613 1 10,613 0.92 0.338
Milling machine*Material 83,596 1 83,596 19.98 <0.001 Milling machine”Material 1798 1 1798 0.16 0.693
Scanner"Milling machine*Material 1 1 1 0.00 0.986 Scanner"Milling machine’Material 135,946 1 135,946 11.75  0.001
Pulpal Space Fatigue Failure Load

Factors SS DF MS F P Factors SS DF MS F P
Scanner device 7316 1 7316 0.92 0.338 Scanner device 153,125 1 153,125 3.12 0.081
Milling machine 544,188 1 544,188 68.28 <0.001 Milling machine 125 1 125 0.00 0.959
Material 180 1 180 0.02 0.881 Material 3.31 1 3.31 675.64 <0.001
Scanner"Milling machine 6675 1 6675 0.84 0.361 Scanner"Milling machine 351,125 1 351,125 7.16 0.009
Scanner“Material 13,760 1 13,760 1.73 0.189 Scanner”Material 21,125 1 21,125 0.43 0.514
Milling machine*Material 16,544 1 16,544 2.08 0.150 Milling machine"Material 210,125 1 210,125 4.28 0.042
Scanner"Milling machine*Material 19,482 1 19,482 2.44 0.119 Scanner"Milling machine”Material 120,125 1 120,125 2.45 0.122

SS, Sum of squares; DF, degrees of freedom; MS, Mean square.
@ Significant p-values (<.05) are marked in bold letters.

Table 2

Mean and standard deviation (in pm) for the pairwise comparisons for marginal and internal adaptation data considering the factors IOS, milling machine, and

restorative material isolated.

Factor Marginal gap Cervical-axial angle Axio-occlusal angle Pulpal angle Pulpal space
Scanner TR 120.3 (91.0)® 185.3 (68.7)° 132.6 (62.0)* 225.5 (114.9)* 230.9 (74.3)*
PS 106.9 (82.1)* 175.8 (63.4)* 142.8 (68.7)° 218.9 (107.7)* 238.7 (112.9)*
Milling machine CR 107.1 (66.3)* 172.4 (56.8)* 135.9 (61.9)* 204.7 (118.7)* 235.4 (96.1)*
PM 120.1 (103.1)® 188.6 (73.6)° 139.5 (69.1)* 239.6 (99.5)% 234.2 (82.3)*
Restorative material LD 119.3 (74.4)° 177.3 (53.3)* 138.9 (63.8)* 242.8 (99.6)® 268.5 (106.3)°
RC 107.9 (97.5)* 183.7 (76.9)* 136.5 (67.5)* 201.6 (119.6)* 201.1 (83.5)*

“Different capital letters according to 3-way ANOVA with Tukey’s post hoc for each measuring point separately (o = .05).

wavy pattern from the diamond burs is noticeable in RC endocrowns
(Fig. 6). This pattern is less pronounced in LD endocrowns, but a cracked
margin is visible in this material regardless of the milling machine used
(Fig. 6). It is also noteworthy that the burs promoted different topog-
raphy patterns depending on the restoration region milled. As they
approached the axial walls and marginal areas, the pattern became more
linear, which can be attributed to the burs’ lateral contact during mill-
ing. Meanwhile, in the occlusal and pulpal walls, the marks corre-
sponded to the burs’ tip (Fig. 6).

4. Discussion

This study showed that all studied factors; scanner device, milling
machine, restorative materials, and digital workflows, had a significant
influence on the marginal/internal fit and fatigue behavior of CAD-CAM
milled endocrowns. Therefore, all four tested hypotheses were accepted.

Achieving a proper fit is crucial to the success and predictability of
clinical rehabilitation, especially when considering the endocrowns
limited preparation height (Bindl et al., 2006; Dartora et al., 2019).
Therefore, the workflow used to fabricate these elements has an

important role in ensuring properly adapted restorations (Ayres et al.,
2023). However, the complexity of the endocrown preparation, partic-
ularly the depth of the pulpal chamber, represents a challenge, espe-
cially concerning digital image acquisition with intraoral scanners and
the reproducibility of details by the milling machine (Ayres et al., 2023;
Baldi et al., 2023; Gurpinar and Tak, 2022). This challenge was
corroborated herein (Tables 2 and 3) as the misfit at the pulpal angle and
space generally exceeded the planned space of 120 pm, indicating over
milling (Zheng et al., 2022b; Zimmermann et al., 2019).

As mentioned before, IOS relies on light-dependent technology,
where the length and depth of the acquisition field critically affect
restoration fit (Baldi et al., 2023; Gurpinar and Tak, 2022). Previous
studies have shown that the Primescan exhibits higher trueness
compared to the TRIOS 3, particularly for complex restoration designs
(Gurpinar and Tak, 2022). This difference can be attributed to variations
in acquisition principles and the depth of field. Primescan uses a com-
bination of technologies, including active triangulation and dynamic
confocal microscopy, while the TRIOS 3 relies only on a simplified
version of confocal microscopy, which captures in-focus images at
selected depths (Gaintantzopoulou and El-Damanhoury, 2016; Logozzo
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Table 3
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Results for marginal and internal fit (pm), depicting means, standard deviations (SD), and 95% confidence intervals (95% CI) for each group obtained through 3-way
ANOVA and Tukey’s post-hoc for the triple factor association (Scanner’Milling machine”Material).

Groups Marginal gap (n = 120) Cervical-axial angle (n = 120)  Axial-occlusal angle (n = Pulpal Angle (n = 120) Pulpal Space (n = 60)
240)
Mean (SD) CI 95% Mean (SD) CI 95% Mean (SD) CI 95% Mean (SD) CI 95% Mean (SD) CI 95%

TR-CR- 144.5(80.2)®  130.0-159.0  184.1 (65.2) 172.3-195.9  149.6 142.5-156.7  210.0 (75.3) 196.4-223.6  266.3 (42.7) 255.3-277.3
LD ABC (55.8) B¢ BC cD

TR-CR- 109.1 (75.2) 95.5-122.7 162.9 (63.6) 151.5-174.4 126.1 119.0-133.3 272.6 (163.0) 243.1-302.1 255.4 (64.4) 238.7-272.0
RC ABC A (56.2) A D BCD

TR-PM- 119.4 (97.8) 101.7-137.0  188.6 (57.3) 178.2-198.9  125.9 117.6-134.1  199.4 (85.9) 183.9-215.0  207.4 (74.6) 188.2-226.7
LD BCD BC (64.9) * AB AB

TR-PM- 108.3 (104.0) 89.5-127.1 205.5 (80.6) 191.0-220.1  128.7 120.1-137.3  219.9(101.7)  201.5-238.3 194.5(83.9)*  172.8-216.1
RC ABC c 67.4)» BC

PS-CR- 96.3 (41.2) AB 88.9-103.8 167.8 (42.3) 160.2-175.4 137.9 128.1-147.7 243.5(135.5) 219.0-267.9 283.6 (172.8) 283.6-328.3
LD AB (77.1) %8 c D

PS-CR- 78.6 (39.2) A 71.5-85.6 174.9 (51.5) 165.6-184.2  130.0 123.2-136.8  245.2 (64.2) 233.6-256.8  268.5(33.7)°  259.9-277.3
RC AB (53.5) 2 cD

PS-PM- 117.2 (58.5) 106.7-127.8 168.8 (42.4) 161.2-176.5 142.4 135.7-149.1 166.1 (73.8) 152.7-179.4 184.3 (42.0) A 173.5-195.2
LD BCD AB (52.4) "B A

PS-PM- 135.6 (136.4) 110.9-160.2  191.6 (97.7) 174.0-209.3  161.0 150.5-171.6  220.9(121.2)  199.0-242.8  218.3 (111.5) 189.5-247.1
RC c» BC (83.0) € BC ABC

TR, TRIOS 3; PS, Primescan; CR, CEREC MC XL; PM, PrograMill PM7; LD, lithium disilicate; RC, resin composite.
@ Different capital letters in each column indicate statistical differences according to 3-way ANOVA and Tukey’s post-hoc for the triple factor association (Scan-

ner*Milling machine*Material) with a= .05.

Table 4

Mean, standard deviation, and confidence interval (CI 95%) of fatigue failure
load (FFL) and number of cycles for failure (CFF) of the different tested groups.
Weibull Modulus (m) for FFL is also expressed.

Groups FFL CFF
Mean CI 95% m’ Mean CI 95%
(SD)° (SD)°
TR- 835 765-905 8.5 152,000 138,075-165,924
CR- (Cnk (5.1-12.5) (19,465)
LD A D
TR- 2270 2070-2470  10.7 362,000 342,035-381,965
CR- (279) (6.1-16.9) (27,908)
RC A A A
TR- 885 824-946 12.3 163,000 150,027-175,973
PM- (85) (7.1-19.1) (18,135)
LD CD A CD
TR- 1960 1805-2115  11.1 331,000 313,494-348,506
PM- (217) (6.5-17.0) (24,472)
RC B A B
PS-CR- 835 758-912 8.1 152,000 136,528-167,472
LD (108) (4.8-12.2) (21,628)
D A D
PS-CR- 2180 1947-2413 7.6 354,000 330,771-377,229
RC (326) (4.4-11.8) (32,472)
AB A AB
PS- 995 881-1109 6.8 184,000 161,266-206,734
PM- (159) (4.0-10.4) (31,780)
LD C A C
PS- 2290 2055-2525 7.6 364,000 340,528-284,473
PM- (328) (4.5-11.7) (32,812)
RC A A A

TR, TRIOS 3; PS, Primescan; CR, CEREC MC XL; PM, PrograMill PM7; LD,
lithium disilicate; RC, resin composite.

# Different capital letters in each column indicate statistical differences ac-
cording to Kaplan-Meier and log-rank (Mantel-Cox) with a= .05.

b Similar capital letters indicate statistical similarities due to confidence in-
terval overlapping between groups.

et al., 2014). This, coupled with the shallower depth of field for the
TRIOS 3 (14 mm) (Zhang et al., 2021) compared to the Primescan (20
mm), may explain the fit differences at various points. The Primescan
resulted in better marginal and cervical-axial angle fit, whereas the
TRIOS 3 outperformed the axio-occlusal angle, which is an easier point
to be scanned. Nonetheless, both I0S struggled to consistently capture
the pulpal chamber preparation, as this region is inherently more
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Fig. 4. Survival plots for the tested groups considering the fatigue failure load
(A) and number of cycles for failure (B) data. Censored data represents speci-
mens that survived the fatigue testing protocol.

difficult to be scanned (Gaintantzopoulou and El-Damanhoury, 2016;
Ghoul et al., 2020; Gurpinar and Tak, 2022).

Apart from the number of axes (4 vs. 5), the milling machines also
differ in the diamond burs used during the subtractive process. These
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Fig. 5. Representative fractographic analysis of the different materials — lithium disilicate and resin composite under SEM. Dashed arrows indicate the direction of
crack propagation, the straight arrows indicate the arrest lines, and the asterisk indicates the compression curl. It is possible to visualize that the failure started from

the restoration inner surface and continued forward to the occlusal surface.

Group Region Pulpal space (1000x) Occlusal (500%)

CR-LD

CR-RC

PM-LD

PM-RC

Margin (150x)

Fig. 6. Surface pattern resultant from the milling machines and the 2 materials. In the RC endocrowns, a wavy pattern is visible resulting from milling in the PM7,
which is not noticeable in the LD endocrowns. Despite that, at the margins, the LD restorations showed chipping.

differences include the number of burs (2 vs. 3), the diameter size (1.35
+ 1.75 mm vs. 2.8 + 2.0 + 1.0 mm), rotation speed (42,000 vs. 60,000
rpm), and the milling path (Alghazzawi, 2016). In this study, the CEREC
MC XL milling machine (4-axis) demonstrated better marginal and
cervical-axial angle fit, while the PrograMill PM7 (5-axis) resulted in
better pulpal angle and pulpal space fit. This may be explained by the
different milling paths (Bosch et al., 2014), which are evident in the
topographic analysis using SEM. The 4-axis machine appears to yield a
more uniform and smoother pattern in the margin and cervical angle,
while the 5-axis, which employs a smaller tip-bur for a detailed inner
surface process, resulted in a considerably smaller gap in the pulp
chamber area (Ayres et al., 2023; El Ghoul and Salameh, 2021;

Zimmermann et al., 2019).

The choice of restorative material in the final stage of the digital
workflow significantly affects the marginal and internal fit (Papa-
diochou and Pissiotis, 2018). Previous studies have indicated that dif-
ferences in fit were expected considering the contrasting microstructures
and machinability between glass-ceramic and resin composite materials
(Ayres et al., 2023; Ghoul et al., 2020; Rippe et al., 2017; Zheng et al.,
2022b; Zimmermann et al., 2019). The brittle nature of lithium disilicate
ceramic and its susceptibility to chipping during the milling process,
especially at the margin (Curran et al., 2017; Rippe et al., 2017; Zim-
mermann et al., 2019), led to increased misfit in this area compared to
the resin composite material, mainly when using the TR-CR workflow.
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This is visibly demonstrated in the SEM topographic figures (Fig. 6).
However, no difference was observed between the restorative materials
in the cervical-axial angle, axio-occlusal angle, and pulpal space. It is
known that angle areas and pulpal chamber space are inherently more
challenging to accurately reproduce through milling, which seems to be
the primary factor (Zheng et al., 2022b; Zimmermann et al., 2019).
Nonetheless, in the pulpal angle area, the lithium disilicate restorations
exhibited a better fit compared to the resin composite ones, particularly
for the TR-CR and PS-PM workflows (Ghoul et al., 2020; Hassouneh
et al., 2023). Despite the advantages of resin composite material in terms
of machinability during the subtractive process, it may also result in
material over-removal in some regions due to its softer nature compared
to LD (Coldea et al., 2015).

Despite the interaction between scanners, milling machines, and
restorative material not significantly affecting the fatigue failure load of
endocrowns according to the factorial analysis, the factors material,
paired association between scanner*milling machine, and between
milling machine*material were statistically significant (Table 1). Thus,
some noteworthy features can be highlighted. Resin composite exhibited
higher survival rates compared to lithium disilicate ceramic irrespective
of the scanner and milling device used (Pivetta Rippe et al., 2019). This
can be attributed to the lower elastic modulus of resin-based materials
compared to ceramics, along with their resilient properties, favoring
their mechanical behavior, especially when adhesively bonded
(Al-Dabbagh, 2021; Dartora et al., 2019; Zheng et al., 2021, 2022a).
Among the resin composite restorations, slight statistical differences in
fatigue data were found when comparing TR-PM-RC to TR-CR-RC and
PS-PM-RC. However, these differences may not be great enough to
induce clinically relevant effects. Additionally, it is worth mentioning
that one specimen in the PS-PM-RC group survived the fatigue test
(Fig. 4). Similarly, statistical differences were found among lithium
disilicate groups (PS-PM-LD compared to PS-CR-LD and TR-CR-LD), but
considering the overlapping of confidence intervals, these differences
may also not be clinically relevant. Therefore, the fatigue behavior of the
endocrowns fabricated with different workflows seems to be highly
dependent on the restorative material microstructure (Ayres et al., 202.3;
Pivetta Rippe et al., 2019; Sedrez-Porto et al., 2019, 2020).

It is important to highlight that the failures initiated from the axio-
occlusal angle, known as a stress concentration area (Tribst et al.,
2018, 2021; Zheng et al., 2021). Thus, it is logical to assume that the
discrepancies noted at the pulpal preparation, related to the depth of the
pulpal chamber, are not in a critical area. Based on that, it is also logical
to understand why the failures herein were more related to differences
in material properties rather than variations in the digital workflow. It is
also important to highlight that it was considered an endocrown with
ferrule preparation herein; however, recent studies have shown that this
does not improve the marginal adaptation and the mechanical behavior
of endocrowns restoration (Mannocci et al., 2022; Rocca et al., 2021).
Therefore, for future studies considering endocrowns restoration fit and
fatigue behavior, the ferrule preparation can be omitted. Finally, it is
important to emphasize that this study has some inherent limitations, as
it did not consider an anatomical restoration, and it did not include an
assessment of aging effects. Nevertheless, the authors are not aware of
any previous study that has evaluated endocrowns made with different
digital workflows and restorative materials and their impact on fatigue
behavior associated with marginal/internal fit.

5. Conclusion

The TRIOS 3 yielded in better axio-occlusal fit, the Primescan
exhibited a better fit for marginal gap and cervical-axial angle. However,
the choice of 10S did not affect the pulpal chamber preparation fit.
CEREC MC XL resulted in better marginal and cervical-axial fit, while
the PrograMill PM7 presented better pulpal chamber fit. The mechanical
fatigue behavior of the endocrowns was not affected by the choice of the
scanner or the milling machines, however, the restorative material

Journal of the Mechanical Behavior of Biomedical Materials 155 (2024) 106557

played a significant role. The resin-based restorations resulted in a
higher survival rate and smoother margins with better marginal fit
compared to the lithium disilicate ones.
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