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Objective. The goal of this study was to evaluate the stress distribution in a tooth/restoration

system according to the factors “amount of dental remnant” (3 levels) and “restorative

material” (2 levels).

Methods. Three endodontically treated maxillary molars were modeled with CAD software

for  conducting non-linear finite element analysis (FEA), each with a determined amount of

dental remnant of 1.5, 3, or 4.5 mm. Models were duplicated, and half received restorations in

lithium disilicate (IPS e.max CAD), while the other half received leucite ceramic restorations

(IPS Empress CAD), both from Ivoclar Vivadent (Schaan, Liechtenstein). The solids were

imported to analysis software (ANSYS 17.2, ANSYS Inc., Houston, TX, USA) in STEP format.

All  contacts involving the resin cement were considered no-separation, whereas between

teeth  and fixation cylinder, the contact was considered perfectly bonded. The mechanical

properties of each structure were reported, and the materials were considered isotropic,

linearly elastic, and homogeneous. An axial load (300 N) was applied at the occlusal surface

(triploidism area). Results were determined by colorimetric graphs of maximum principal
stress (MPS) on tooth remnant, cement line, and restoration.

 that both factors influenced the stress distribution for all structures;
Results. MPS revealed
the higher the material’s elastic modulus, the higher the stress concentration on the restora-

tion and the lower the stress concentration on the cement line. Moreover, the greater the

dental crown remnant, the higher the stress concentration on the restoration. Thus, the

remaining dental tissue should always be preserved.
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Significance. In situations in which few dental remnants are available, the thicker the restora-

tion, the higher the concentration of stresses in its structure, protecting the adhesive

interface from potential adhesive failures. Results are more promising when the endocrown

is  fabricated with lithium disilicate ceramic.
© 2018 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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Three different restoration geometries (Fig. 1) were obtained
.  Introduction

ue to the complexity of rehabilitating endodontically treated
eeth, several systems have emerged and have been devel-
ped in an attempt to recover function and aesthetics. In cases
f great tooth structure loss, post-retained restorations are
idely used [1]. Among those, prefabricated fiberglass posts
ave received considerable attention in the scientific literature

2–4], industry, and clinicians’ routines due to their advan-
ages such as: aesthetics, homogeneous stress distribution
ue to their elastic modulus similar to that of dentin [5], ease
f handling, and proven clinical success. Despite all the ben-
fits, fiber posts serve only to create adequate retention for
he resin composite core to support a full crown. This indica-
ion is similar to metal posts, in which previous preparation
f the root canal is required, involving removal of part of the
ndodontic obturation and widening of the canal, thereby pos-
ibly decreasing the fracture resistance of dental remnants
6]. Conversely, when a minimum amount of dental remnant
xists, it allows for an adhesive interface between enamel and
ement, enabling an endocrown restoration to be used [7].

An endocrown consists of a monolithic restoration whose
nchorage occurs in the pulp chamber [8]. Its main advan-
age is related to the fact that it does not require root
entin removal for the retainer installation, in addition to
reventing the risk of recontamination during disobturation.
onventional total crown preparations lead to greater tooth
ear, longer clinical time, and laboratory costs compared
ith dental preparations receiving endocrown restorations [7].

ndocrown restorations can be milled by CAD/CAM technol-
gy (Computer-aided Design/Computer-aided Manufacture),
hich minimizes clinical adjustment procedures and the

ncorporation of defects during preparation, as well as allow-
ng the treatment to be performed in a single session [7].
ecent studies have confirmed the use of such a technique for
anufacturing restorations in resin composite, nanoceramic

esin, lithium disilicate glass ceramic [8], zirconia-reinforced
ithium silicate [7,9], hybrid ceramic, and feldspathic ceramic
8,9]. The great number of different materials available that
an be used with such technology allows clinicians to choose
he material that is most suitable for them. In addition,
hose materials might also be used in smaller restorations
uch as ceramic inlays and onlays, in which preparation is
inimally invasive. Thus, an endodontically treated tooth

equiring indirect restoration due to great occlusal destruc-
ion is a candidate to receive the aforementioned materials.
onversely, the pulp chamber is not always used for extra
etention in ceramic restorations, and an endocrown restora-

ion with limited occlusal thickness should be considered for
ooth rehabilitation, taking into account all the benefits of
uch a minimally invasive restorative modality.
For evaluation of the stress distribution generated by mas-
ticatory loads in endodontically treated teeth, finite element
analysis (FEA) has been used [4] due to specimen standard-
ization, low cost, and because it is a numerical method that
offers a means to find an approximate solution. Such analy-
sis is able to detect stress concentration regions that might
undergo failure [10]. Usually, failure origin consists of points
of greater stress concentration previously evidenced by FEA.
Thus, the objective of the present study was to evaluate the
influence of dental remnants (at 3 levels — endocrowns with
different heights) and the type of restorative material (at 2 lev-
els) on the biomechanical behavior of endocrown restorations.
The hypotheses were that (1) the amount of dental remnant
and (2) the type of restorative material would not interfere in
the stress distribution of the rehabilitative procedure.

2.  Materials  and  methods

2.1.  Generation  of  the  geometric  model

A 3D model of a sound tooth was scanned (InEos, Sirona
Dental Systems GmbH, Bensheim, Germany) to generate a
stereolithography file. The file was exported to the CAD soft-
ware Rhinoceros (Rhinoceros version 5.0 SR8, McNeel North
America, Seattle, WA, USA) as a polygon mesh composed of
19,100 faces. For the creation of the geometric model with the
tooth macro-structure, a volumetric model is needed. Thus,
the command “reduce mesh”, available as a plugin in the CAD
software, was used, with 50% relevance to smooth the struc-
ture with all normal faces oriented in the same direction. The
next step was the use of “RhinoResurf”, a reverse engineer-
ing tool that gives the CAD software the ability to reconstruct
NURBS surfaces from a mesh or point cloud with specified
precision. A 3D volumetric model of a molar was then created
based on the surface created by the curve network generated
automatically. Three models were replicated, and the com-
mand “cut plane” was used to cut the crown of each model at
different remnant levels (1.5 mm,  3 mm,  or 4.5 mm).  Each sec-
tioned model had a pulp chamber of 5-mm depth and a 16◦

wall inclination angle. The endocrown was then formed by
the pulp chamber extension, and the portion corresponding
to the occlusal was cut by a Boolean union. The cement layer
was modeled with 70-�m thickness [11] between the internal
surfaces of the restoration and bonding surfaces of the teeth.

2.2.  Finite  element  analysis  (FEA)
to evaluate different amounts of dental remnant (heights).
The three models were inserted into a polyurethane cylinder

https://doi.org/10.1016/j.dental.2018.06.012
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Table 1 – Group distribution according to the amount of dental remnant (mm)  and restorative material type, and
descriptive statistics according to the maximum principal stress peaks (MPa)  obtained in the restoration, cement line,
and tooth.

Group Dental remnant Restorative material Endocrown Cement layer Tooth

Mean SD Min. Max. Mean SD Min. Max. Mean SD Min. Max.

D1.5 1.5 Lithium-disilicate
glass-ceramic

19.6  2.1 17.3 23.5 41.9 1.7 39.8 44.9 14.8 0.9 13.6 16.6
D3 3 17.8 2.6 14.8 22.3 41.0 2.1 38.3 44.6 15.4 1.5 13.1 17.4
D4.5 4.5 18.0 2.8 15.0 22.7 39.6 3.0 32.9 44.6 14.5 1.9 12.4 17.3

L1.5 1.5 Leucite-reinforced
glass-ceramic

17.4  2.0 15.2 20.7 41.7 2.1 39.1 44.5 14.2 0.9 12.7 16.1
L3 3 16.5 2.3 13.4 19.5 40.7 2.1 37.7 44.5 14.1 1.3 12.2 15.8
L4.5 4.5 15.8 2.0 13.5 18.8 38.2 3.5 30.0 43.4 13.8 1.3 12.0 15.9

Fig. 1 – Schematic illustration of the modeling. (A)
Remaining amount of 1.5 mm restored with 4.5 mm
endocrown. (B) Remaining amount of 3 mm restored with a
3-mm endocrown. (C) Remaining amount of 4.5 mm

Fig. 2 – (A) Mesh generation. (b) 300-N load application
restored with a 1.5-mm endocrown.

and duplicated so that half received lithium disilicate glass-
ceramic restorations [IPS e.max CAD/Ivoclar Vivadent, Schaan,
Liechtenstein; elastic modulus (E) = 95 GPa and Poisson ratio
(�) = 0.33] [12], and the other half received leucite-reinforced
glass-ceramic restorations (IPS Empress CAD/Ivoclar Vivadent;
E = 64.9 GPa and � = 0.2) [13], totaling 6 groups (Table 1). The
amount of dental remnant (Enamel, E = 84.1 GPa and � = 0.33;
Dentin, E = 18.6 GPa and � = 0.32) [14,15] and endocrown height
resulted in a 6-mm system for all groups. Polyurethane mimics
bone tissue and is widely used in in vitro and in silico (mathe-
matical) studies due to its elastic modulus (E = 4 MPa), having
been validated as a substitute for human bone tissue. The
incorporated resin cement had E = 6 GPa and � = 0.30 (linear
shrinkage = 2.7%) [11].

The models were imported through STEP format for the
analysis software (ANSYS 17.2, ANSYS Inc., Houston, TX,
USA), in which they were divided into mesh composed of
nodes (196,716) and tetrahedral elements (94,896) (Fig. 2).
The aspect ratio of the mesh elements presented an average
of 1.8 ± 0.5. Mechanical properties of each material/structure

used were inserted into the analysis software, and each
material was considered isotropic, elastic, and homogeneous.
No-separation contacts were considered between restora-
area/points.

tion/resin cement and resin cement/tooth, in which the target
and contact surfaces were tied for the remainder of the analy-
sis, although sliding was permitted. Between the tooth and
the fixation cylinder, the contact was considered perfectly
bonded. In all groups, the model fixation occurred at the base
of the polyurethane cylinder with fixed zero nodal displace-
ments [11], and an axial load of 300 N [16–19] was applied to
the occlusal surface based on the tripoidism concept [20–22].
A mesh convergence test (10%) was performed to guarantee
that it would not interfere with the results [23]. To simulate
polymerization shrinkage effects of adhesive layers and bulk
fill composite, the thermal expansion approach was used.
Assuming a one-degree drop in temperature, the adhesive
layer would shrink and generate stress at the tooth-restoration
interface [11]. Tensile stress peaks recorded from the paths
buccolingually directed and located on the adhesive interface
(on the endocrown intaglio surface, cement layer, and on the
dental remnant) [24] were statistically analyzed by two-way
Analysis of Variance (ANOVA),  ̨ = 0.05.

3.  Results
Maximum Principal Stress (MPS) results were obtained for
the endocrown, cement layer, and dental remnant struc-

https://doi.org/10.1016/j.dental.2018.06.012
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Fig. 3 – MPS  in endocrown restorations (lower view, A–F; coronal view, G–L) according to dental remnant amount (1.5, 3, and
4.5 mm,  from left to right) and restorative material type (first and third rows, lithium disilicate; second and fourth rows,
leucite).

https://doi.org/10.1016/j.dental.2018.06.012
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tures. Data were summarized through colorimetric graphs
(Figs. 3–5). For the endocrown restoration and the cement
layer (Figs. 3 and 4), less stress concentration was observed
for higher remnants, which was even better when the leucite
ceramic was used. On the tooth surfaces, less stress con-
centration was also observed for the higher tooth remnants.
Regarding the restorative material, lithium disilicate pre-
sented more  stress concentration in the restoration and in the
teeth.

A summary of the means, standard deviations, and mini-
mum and maximum values of the stress peaks is presented
in Table 1. Two-way ANOVA of the mean stress peaks showed
that factor material type affected the stress distribution in the
endocrown (p = 0.003) and in the dental remnant (p = 0.019).
Lithium disilicate demonstrated higher mean stresses than
leucite-based ceramic for both the endocrown and the tooth.
For the cement, only the dental remnant influenced the stress

distribution (p = 0.002). The stress generated on the cement
layer was similar between 1.5 and 3 mm of dental remnant,
while the 4.5 mm of dental remnant resulted in less stress.

Fig. 4 – MPS  in cement line according to dental remnant amount
material type (first row, lithium disilicate; and second row, leucit
 ( 2 0 1 8 ) 1466–1473

4.  Discussion

The purpose of this study was to evaluate the influence of
“dental remnant amount” and “restorative material type”
on the biomechanical behavior of endocrown restorations.
Through finite element analysis (FEA) methodology, it was
possible to show that both factors influenced the biome-
chanical behavior of restorations. Thus, the hypotheses of
this study were rejected. With CAD/CAM technology, it is
possible to obtain restorations with less need for adjust-
ments, proper margins, and less incorporation of structural
defects [7]. Among machinable materials, lithium-disilicate-
based ceramics have aesthetic and mechanical qualities
that have been previously substantiated in the literature [8].
Leucite-reinforced glass-ceramic has been evaluated as an
alternative to lithium disilicate for endocrown restorations

and presented bonding strength to dentin similar to that of
lithium disilicate [25], but with lower mechanical strength
[26].

 (1.5, 3, and 4.5 mm,  from left to right) and restorative
e).

https://doi.org/10.1016/j.dental.2018.06.012
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Fig. 5 – MPS  in remaining tooth according to dental remnant amount (1.5, 3, and 4.5 mm,  from left to right) and restorative
m ucit
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aterial type (first row, lithium disilicate; and second row, le

.1.  Endocrown

hrough the present mathematical analysis, it was observed
hat the stress peaks observed in all different restorations
ere not sufficient (27 MPa)  to reach the fracture resistance

hreshold of both materials. Through color graphs, it is sug-
ested that both factors influenced the stress distribution in
ndocrown restorations. Lithium disilicate glass-ceramic con-
entrated more  stress than leucite-reinforced glass-ceramic
Table 1). Regarding the dental remnant amount, the thinner
he restoration, the lower the stress concentration (Fig. 3A–F).
n a longitudinal section, it was observed that the stress
oncentration was mainly on the crown surface (Fig. 3G–L).
owever, considering the stress peaks (n = 20), two-way
NOVA showed that only material type statistically influenced
he stress distribution in the endocrown.
According to the manufacturer, the biaxial flexural

trengths for leucite and lithium disilicate are 160 MPa and
60 MPa,  respectively, allowing for the obtention of restora-
e).

tions of increased load-bearing capacity. Longitudinal studies
are necessary to verify if stress concentration regions gener-
ated in endocrowns would be susceptible to crack propagation
during fatigue. Therefore, the results show that lithium dis-
ilicate concentrates more  stress than leucite in all studied
conditions due to its greater elastic modulus [10], impairing
stress transmission to the surrounding structure. In spite of
the frequent presence of critical regions as observed (Fig. 3),
lithium disilicate presents crystalline particles that increase
the material fracture toughness against mechanical injury
[8,26], leading to superior strength compared with that of
leucite ceramics.

Indeed, adhesive failure is the main reason for failure in
endocrown restorations [27], and such a characteristic might
be complicated in lithium disilicate restorations, since the

stress at the adhesive interface is slightly higher, therefore
making leucite an interesting alternative.

Zhu et al. [10] evaluated the biomechanics of endocrown
restorations in maxillary premolars and found that the

https://doi.org/10.1016/j.dental.2018.06.012
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restoration thickness influenced the stress distribution in the
restoration. The authors showed that thicker endocrowns
concentrated more  stress, leading to lower stress on sur-
rounding structures when compared with that on thinner
restorations, which suggests that there would be no future
detachment. Herein, it was observed that the colorimetric
graphs of the groups were slightly different and that the
stress peaks were not statistically significant. It is important
to emphasize that the previous authors [10] did not simu-
late resin cement shrinkage [11], which could have modified
the results obtained. Also, incident loads on molars are pre-
dominantly axial, and any alteration of tooth anatomy or
off-axis loading would alter the generated stress which, in
turn, could facilitate adhesion loss or tooth fracture, as pre-
viously reported [28,29].

4.2.  Cement  line

The dental remnant factor was significant for the cement line.
Thus, the greater the amount of dental remnant, the lower the
stress concentration in the cement line (Fig. 4A–F). Both mate-
rials presented similar behavior, mainly in the internal portion
of the restoration. Conversely, lithium disilicate presented the
higher stress peak (44.9 MPa)  on the cement line for 1.5 mm
of dental remnant (Table 1). Polymerization shrinkage repre-
sents one of the main causes of leakage in dental restorations,
as reported in the literature [11]. Since cement polymeriza-
tion shrinkage is a centrifugal contraction, the restoration
margins may be more  susceptible to infiltration, facilitating
leakage. The gap formed between restoration and tooth may
be a region susceptible to biofilm accumulation that enables
caries to occur. Through the thermal analogy, it is possible
to simulate, in finite element analysis, the polymerization
shrinkage of the resinous materials through the coefficient of
linear thermal shrinkage value [11]. Herein, the cement lay-
ers presented the highest stress values, ranging from 30 to
44.9 MPa,  compared with the values of stress in the restora-
tions, which reached a maximum of 23.5 MPa (Table 1). The
colorimetric stress map  (Fig. 4) shows little difference between
the groups, but the statistical analysis of the tensile stress
peaks showed that the dental remnant influenced the results.
Further in vitro and clinical studies are necessary to confirm
our theoretical findings.

4.3.  Dental  remnant

Regarding the dental remnant structure, it was observed that
lithium disilicate tends to concentrate more  stress on the
surface of the remaining tooth compared with its leucite-
reinforced glass-ceramic counterpart (Table 1). Enamel is a
dental tissue of high elastic modulus and concentrates stress
whenever it is present. Therefore, regardless of the tooth rem-
nant amount, the stress distribution was the same due to the
presence of surrounding enamel in all groups. The surface of
the surrounding enamel was considerably present (Fig. 5A, D).

It is known that enamel is responsible for greater bond

strength in dental structures, and its maintenance directly
influences restoration longevity [30–32]. This interpretation
is validated, since dentin has a lower elastic modulus and
exhibits a less critical pattern of stress for all groups — a fact
 ( 2 0 1 8 ) 1466–1473

detected due to dentin’s ability to dissipate occlusal loads.
The color pattern generated in dentin is similar for all groups
(Fig. 5). However, since the long-term adhesive stability in
dentin is doubtful [32], it is not possible to assume adequate
maintenance of restorations in service, even if the generated
stress is relatively subtle.

The second factor evaluated, “restorative material type”,
influenced the results related to tooth remnant. Groups
restored with leucite (Fig. 5A–C) presented less stress, thus
suggesting better biomechanical behavior and less probability
of fracture in dental structures compared with lithium disili-
cate ceramic (Fig. 5D–F).

5.  Conclusions

Within the limits of this study, the following conclusions may
be drawn:

- Dental tissue remnant must always be preserved.
- In situations where limited tooth remnant is available, the

thinner the restoration, the higher the stress concentration
in its structure, thus protecting the adhesive interface from
possible adhesive failures.

- Leucite presented a better stress distribution, thus being a
promising alternative to lithium disilicate for the manufac-
ture of endocrown restorations.
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