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Abstract

Objectives This study aimed to evaluate a digital multi-piece zirconia post-crown to restore a mandibular second molar
with extensive coronal loss and limited restoration space, and to compare the stress distribution between endocrowns made
of zirconia or alloy and CAD/CAM multi-piece zirconia post-crowns.

Material and methods Four three-dimensional finite element analysis models of a mandibular second molar with extensive
coronal loss and limited restoration space were created as follows: (A) intact molar; (B) zirconia endocrown restored molar;
(C) multi-piece post-crown restored-molar with tapered nail; (D) multi-piece post-crown restored molar with T-shaped nail.
Models C and D were divided into two subgroups according to the material type: C1/D1, zirconia; C2/D2, NiCr alloy. The
maximum modified von Mises failure criterion (mvM) stresses were calculated, and the stress distribution was recorded to
analyze the effects of the restoration and material types on the biomechanical properties of dentin and prosthesis.

Results The maximum mvM stress of dentin in model B (33.80 MPa) was lower compared with models C (C1, 37.81 MPa;
C2, 36.36 MPa) and D (D1, 36.34 MPa; D2, 34.97 MPa) under vertical load, but the opposite was observed under oblique
load. The highest mvM stress was concentrated in the nail region located in the root canal, and the T-shaped nail values were
greater than the tapered nail, whereas model D with T-shaped nail showed a lower mvM stress level in dentin compared with
Model C with tapered nail.

Conclusions The digital multi-piece zirconia post-crown is a potential approach to restore mandibular second molars with
extensive coronal loss and limited restoration space.

Clinical relevance The digital multi-piece zirconia post-crown has potential to restore mandibular second molars with exten-
sive coronal loss and limited restoration space using an innovative approach.
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Introduction

The molars of Asians and Europeans are relatively smaller
than that of Oceanians and Africans [1, 2], resulting in
P< Chen Chen shorter occluso-cervical dimension, which can lead to an

cechicy @njmu.edu.cn insufficient retention of potential restorations. The antago-
nist teeth are prone to elongate when a mandibular second
molar with excessive loss of coronal tissue is not restored
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[4]. Full crowns are commonly used to restore mandibular
second molars with normal occluso-cervical dimension.
Mandibular second molars that present with insufficient
occluso-cervical dimension should be modified with aux-
iliary features, such as grooves/boxes. However, mandibu-
lar second molars with excessive loss of coronal tissue that
cannot benefit from auxiliary features should be restored
with a post-and-core crown, which is needed to increase
the retention through extending sufficient length of the post
in the root canal [5]. Unfortunately, post-and-core crowns
fail to restore mandibular second molars with excessive
loss of coronal dental tissue and limited restoration space
given the 3-mm minimum threshold of occluso-cervical
dimension [6]. Rehabilitation of these mandibular second
molar with extensive coronal loss and limited restoration
space remains a major challenge. Therefore, direct filling,
orthodontic treatment, and crown lengthening surgery are
available alternative methods in these cases. However, direct
filling is inferior to achieve functional and esthetic effects
compared with indirect restorations [7, 8]; orthodontic treat-
ment is time-consuming and costly, bringing great pain to
patients [9]; and crown lengthening surgery is traumatic
and time-consuming as well as shortening the actual length
of the root in the alveolar bone which leads to long-term
instability [10]. Endocrown has been recently developed to
restore molars with excessive loss of dental tissue and insuf-
ficient restoration space, especially in cases of molars with
narrow and frequently curved canals [5, 8, 11-13]. Tooth
reduction is decreased with endocrowns compared with
post-and-core crown, and no interference between the root
canals occur [14]. Through three-dimensional finite element
analysis (FEA), studies have shown that leucite-reinforced
ceramic endocrowns had lower modified von Mises failure
criterion (mvM) stress level in dentin compared with con-
ventional leucite-reinforced ceramic crowns supported by
fiber-reinforced composite post-and-core [15]. Moreover,
the endocrowns in molars are less susceptible to damage
compared with the post-core crown [15]. However, not all
studies have shown positive results. Previous reports have
shown that root fractures, debonding, excessive preparation
of the pulp chamber, and inconformity to the concept of
“minimally invasive” was accompanied with endocrown res-
toration. The endocrown cannot connect with the root, and
thus was easily fractured when the residual tooth tissue was
weak, and the force was uneven [16].

A multi-piece metal post-crown restoration design has
been proposed to obtain enough retention in the root canal
and to avoid interference between the root canals [17]. How-
ever, this restoration has shown disadvantages, including
limited precision, corrosion, high technical sensitivity in the
wax casting process, and shortcomings of metal in esthet-
ics [18-22], and its original intention was not for restor-
ing mandibular second molar with extensive coronal loss
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and limited restoration space. However, a multi-piece metal
post-crown design can be improved to potentially restore
mandibular second molar with extensive coronal loss and
limited restoration space.

The aim of the present study was to introduce a CAD/
CAM zirconia post-crown with a special nail structure that
can potentially be used as an alternative for restoring man-
dibular second molar with extensive coronal loss and limited
restoration space. FEA was applied to evaluate the effective-
ness of the structure introduced post-crown in comparison
with the endocrown and metal post-crown. Advantages of
this design include smaller trauma, lower technical sensi-
tivity, and applicability for digital design and processing.
The null hypothesis tested was that no differences would
be found in the mvM stress and stress distribution between
zirconia/alloy endocrown and CAD/CAM multi-piece zir-
conia post-crown.

Materials and methods
Generation of FEA models

Our study was approved by the Ethical Committee Depart-
ment, Affiliated Hospital of Stomatology, Nanjing Medical
University (Protocol no. PJ2019-091-001).

The maxillary and mandibular arches of a patient with
normal occlusion were digitized by a CBCT (NewTom,
Italy) scan with a voxel dimension of 100 um (approved
by Ethical Committee Department, Affiliated Hospital of
Stomatology, Nanjing Medical University, number: PJ2019-
091-001). The obtained scans of the lower left second
molar were processed with MIMICS software (MIMICS
19.0, Materialise, Belgium). Scan datasets were introduced
into the FEA ANSYS software (ANSY Workbench 18.0,
PA, USA), and four FEA models were fabricated through
precise calculations using the software program. The peri-
odontal ligament and the trabecular were simulated around
the models. The periodontal ligament thickness was 0.2 mm,
and the cortical bone thickness was 2 mm [15].

The X-axis and Z-axis in all models showed the molar lin-
gual surface and mesial surface, respectively, and the Y-axis
was directed upward. Four FE models are described in detail
as follows.

Model A: intact molar

The occluso-cervical dimension of the crown was 3 mm to
simulate a molar with a low occluso-cervical dimension.
The bucco-lingual diameter was 10.5 mm, and the distal
root length and mesial root length were 10.2 and 9.8 mm,
respectively (Fig. 1).
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Fig. 1 Meshed models of
molars, and molars restored by
different restorations. a Intact
molar; b tooth restored by
endocrown; ¢ tooth restored by
multi-piece post-crown with
tapered nail; d tooth restored
by multi-piece post-crown with
T-shaped nail

(a)

(c)

Model B: zirconia endocrown restored molar

The tooth model was sectioned perpendicular along the long
axis from the cusps, at a distance of 2 mm. Within the pulp
chamber, a cube with a dimension of 6.3x5.2%x5.7 mm>
was created and joined with the divided portion of the crown
[15]. The thickness of the cement layer between the prepared
tooth and the crown was set as 0.1 mm (Fig. 1) [12].

Model C: multi-piece post-crown restored molar
with tapered nail

A zirconia full crown supported by posts was divided verti-
cally into sections along the tooth’s long axis at 2 mm from
the cusp tips [23]. Then two simulated posts were introduced
into the mesial and distal canals of the second lower molar
model at a depth of 5.8 mm and 6.2 mm, respectively, and
their diameters were 1/3 of the root diameter. Subsequently,
the post in the distal canal was then joined to the cube at the
same dimension as in model B, while the post in the mesial
canal was separated from the cube and penetrated through its
interior to the occlusal surface of the post-crown, which was
defined as nail (Fig. 1). The cement layer thickness was set
at 0.1 mm, as well as between the nail and the post-crown.

(b)

(d)

Model D: multi-piece post-crown restored molar
with T-shaped nail

Model D is an innovation based on model C, wherein the
nail was designed as T-shaped. Detailed clinical design and
manufacturing of the digital multi-piece zirconia post-crown
with T-shaped nail are included in “Supplementary Materi-
als.” The T-shaped nail creation process was as follows: (1)
the diameter of the nail located above the root canal orifice
was approximately 1 mm wider than the part below the root
canal orifice, and (2) a 120° slope was formed at the joint
of the two parts (Figs. 1 and 2). Schematic representations
of digital multi-piece zirconia post-crowns with one or two
T-shaped nails are shown in Fig. 2.

Model C and model D were divided into two subgroups
according to material types as follows: model C1/D1—zir-
conia; model C2/D2—NiCr alloy.

Mesh generation
For calculation purposes, the tooth models were meshed and
redefined by 8-node parametric elements that contained 3

degrees of freedom per node. Information on the nodes and
elements is shown in Table 1.
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Fig.2 Schematic representa-
tions of a digital multi-piece zir-
conia post-crown with T-shaped
nail; b multi-piece post-crown
with one T-shaped nail; and ¢
multi-piece post-crown with
two T-shaped nails

Table 1 Information of nodes
and elements in the finite
element models
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Models Code Nodes Elements
Intact molar A 147,326 86,287
Zirconia endocrown restored molar B 186,654 101,267
Multi-piece post-crown restored molar with tapered nail C 222,345 120,331
Multi-piece post-crown restored molar with T-shaped nail D 246,239 134,226
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Boundary condition and load application

The materials used were homogenous, isotropic, linearly
elastic, and flawless. FEA models were securely fixed within
the alveolar bone, and no movement was allowed in any
direction.

The vertical (axial) load was exerted directly toward the
models’ occlusal surfaces to simulate the normal occlusal
load using five diverse contact points, including three points
on the outer aspects of buccal cusps and two points on the
inner aspects of lingual cusps. A load of 600 N was verti-
cally applied to the restoration to simulate the maximum bite
force; meanwhile, loads of 225 N were applied from three
different directions (vertically, at a 45° angle, and horizon-
tally) to simulate masticatory force [24].

Material properties

The endocrown and zirconia multi-piece post-crown were
made of e.max ZirCAD (Ivoclar, Vivadent AG, Schaan,
Lichtenstein) and were luted to the tooth using a Variolink II
composite cement (Ivoclar, Vivadent, Schaan, Lichtenstein).
NiCr multi-piece post-crown (KENNAMETAL, PA, USA)
was luted to tooth structures with glass ionomer cement
(Ketac Cem Easymix, 3M ESPE St. Paul, MN, USA). The
values for elasticity modulus and Poisson’s ratio of the den-
tin [15, 25], periodontal ligament [23, 26], cortical bone
[27], trabecular bone [27], zirconia [28], NiCr alloy [23],
composite luting cement [23], and glass ionomer cement
were entered [29]. The data are detailed in Table 2. The
materials used in our study model differed in tensile and
compressive strength, but they were isotropic, homogenous,
and linearly elastic [23].

Analysis mode

The maximum mvM stress for models with restorations was
calculated and stress distribution was recorded to analyze

Table 2 Mechanical characteristics of the materials

Materials Modulus of elastic-  Poisson’s ratio
ity (GPa)
Dentin 18.6 0.31
Periodontium 0.05 0.45
Cortical bone 13.7 0.30
Trabecular bone 1.37 0.30
Zirconia 210 0.24
NiCer alloy 188 0.33
Glass ionomer cement 7.56 0.35
Resin cement 8.3 0.35

the effects of the restoration type and material type on the
biomechanical properties of dentin and prosthesis.

Results

The stress distributions are shown in Figs. 3, 4 and 5, and the
maximum mvM stresses in models with restoration under
vertical and oblique loads (MPa) are shown in Figs. 6 and
7, respectively.

Effects of restoration type on mvM stress

The maximum mvM stress of dentin in model B with endo-
crown (33.80 MPa) was lower compared with model C (C1:
37.81 MPa; C2: 36.36 MPa) and model D (D1: 36.34 MPa;
D2: 34.97 MPa) with post-crown under vertical load, but
the opposite was found under oblique load (model B:
15.66 MPa; model C1: 9.00 MPa; C2: 8.65 MPa; model
D1: 8.45 MPa; D2: 8.19 MPa). The maximum mvM stress of
dentin in model D was lower than that in model C, whereas
the stress values in the T-shaped nail were greater compared
with the tapered nail, and zirconia nail in model D1 obtained
the highest mvM stress compared with nails in other tooth
models.

Effects of material type on mvM stress

Regardless of restoration type, at the restoration, dentin, and
post, the maximum mvM stress values of models C1/D1
(restored tooth with zirconia) were higher compared with
those of model C2/D2 (restored tooth with NiCr alloy).

Effects of restoration type and material type
on stress distribution

The stress distribution was significantly affected by the
restoration type, whereas in the same model groups, the
stress distribution of subgroups with different materials was
similar.

In model B, the highest mvM stress of the restoration
was concentrated on the functional cusp of the zirconia
endocrown. In the cement, the maximum mvM stress was
recorded around the zirconia crown shoulder.

In model C and model D, the mvM stress in the posts
significantly was higher compared with the pulp chamber
under vertical load, and the highest mvM stress of the nails
was situated on the region of the nails that were located in
the root canal. According to the stress distribution on dentin,
the stress of the root canal orifice where the tapered nail was
located was greater than the root canal orifice where the post
connected to the post-crown was located (model C), whereas
this result was not found in model D with T-shaped nail.

@ Springer
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Fig. 3 Distribution of the mvM stresses in model B with zirconia
endocrowns under vertical load and oblique load. Distribution of the
mvM stresses in zirconia endocrowns under vertical load (A) and

Discussion

According to FEA results, the highest mvM stress value of
dentin in the models of various restorations was 38.81 MPa,
which is far lower than the fracture strength of healthy den-
tin (232-305 MPa) [24], suggesting that both the zirconia
endocrown and the newly digital metal/zirconia multi-piece
post-crowns were safe.

The fracturing of restorations is an important factor that
contributes to the failure of mandibular second molar with
extensive coronal loss and limited restoration space [30].
Fatigue failures of restorative materials in mandibular sec-
ond molar with extensive coronal loss and limited restora-
tion space might result from normal or increased functional
stresses [3]. Crown fractures are caused by insufficient thick-
ness of restorations and/or interocclusal space [31]. Because
of the lower coefficient of friction in zirconia material than
in enamel, when excessive occlusal pressure was applied,
the occlusal crown was thinned, and the enamel of the
antagonist tooth caused a hole in the zirconia crown [32].
Fortunately, the new digital zirconia multi-piece post-crown
ensured enough thickness in the occlusal surface because of
the adequate space from the pulp chamber.

@ Springer
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oblique load (B). (a, b) The mvM stresses in zirconia endocrowns;
(c) the mvM stresses in composite resin luting cement; (d) the mvM
stresses in dentin

Tooth fracture is another main concern for mandibular
second molars with extensive coronal loss and limited resto-
ration space. A 1.5-2-mm ferrule has shown a positive effect
on the fracture resistance of mandibular second molars with
extensive coronal loss and limited restoration space [33].
The residual height of the walls is low (less than 2 mm),
thus not allowing for the ferrule effect during the prepara-
tion of a crown [30], which could increase the risk of tooth
fracture [34].

In the present study, the maximum mvM stress of dentin
in model B with an endocrown was lower compared with
models of post-crown under vertical loads, including the
designed multi-piece zirconia post-crown. However, under
oblique load, the results were reversed because the maxi-
mum mvM stress of dentin in model B with an endocrown
was higher compared with that in models of post-crowns,
suggesting an increased risk in tooth fracture. A previous
report has shown that the root fractures for endocrowns is
6%, and that most failures (71%) are due to loosening [5].
For restoration using endocrowns, the intracoronal depths
of molars decreased the fracture resistance of endodonti-
cally treated teeth [35], which was more significant when
the depth of intracoronal extension of endocrowns was lower
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(A) a:
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Fig.4 Distribution of the mvM stresses in model C with multi-piece
zirconia post-crown under vertical load and oblique load. Distribution

of the mvM stresses in multi-piece zirconia post-crown under verti-
cal load (A) and oblique load (B). Distribution of the mvM stresses

(such as 1 mm). The lower the extension of the endocrowns,
the greater tendency of rotating and falling off with the
stressed side as the fulcrum occurs. Meanwhile, a greater
depth of the pulp chamber is achieved through preparing
dentin more deeply. However, this technique cannot be con-
sidered minimally invasive or a conservative alternative
approach [35]. The maximum difference between the mvM
stresses in finite element models of mandibular molars with
various restorations was 14.7 MPa, and the minimum was
approximately 1 MPa. Although the maximum mvM stresses
among the groups were similar, the retention effect was sig-
nificantly different. The endocrown depended on box form
retention, and the multi-piece post-crown relied on box form
retention and radicular retention of root post, and the latter
was obviously stronger because of the additional retention
[8, 15].

Materials with a higher elastic modulus concentrate
more stresses, thus, may transmit undamped stresses at
the tooth-and-material bonded interface [5]. The multi-
piece post-crowns made from two materials in the present
study showed that the highest mvM stress values of dentin

(B)a

(D) a

»
>
.
®

in model C with multi-piece NiCr post-crown under vertical load (C)
and oblique load (D). (a, b) The mvM stresses in multi-piece post-
crown; (c) the mvM stresses in nail; (d) the mvM stresses in dentin

in models restored with multi-piece zirconia post-crown
were slightly higher compared with those in corresponding
models repaired with multi-piece NiCr post-crown, which
might be attributed to the extremely high elastic modulus of
zirconia [36, 37]. Fortunately, the stress value was far less
than the flexural strength of dentin. Nevertheless, it should
be noted that the stress is transferred from the post with
high elastic modulus to the dentin with low elastic modulus
during the process of mastication, forming concentration
in the root, which increases the risk of root fracture. Thus,
optimization of the structure or shape of zirconia nails is
required to avoid stress concentration in zirconia materials
or tooth tissue.

The shape of the previous nails in the cast multi-piece
post-crown was tapered [38, 39], whereas little attention
has been shown to problems with the shapes of metal
nails because of the adequate bending strength provided
by metal and alloy. However, zirconia is ceramic and tends
to fracture due to brittleness [40, 41]. According to the
stress distribution of the nails in model C and model D,
the stresses of the nails were concentrated at the region
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Fig.5 Distribution of the mvM stresses in model D using a multi-
piece zirconia post-crown under vertical load and oblique load. Dis-
tribution of the mvM stresses in a multi-piece zirconia post-crown
under vertical load (A) and oblique load (B). Distribution of the

located in the root canals, which was consistent with a
previous study [42], wherein the stress was accumulated
within the cast post core and apical 1/3 region of the tooth
in a post core cast system; the stress was distributed to the
cervical 1/3 region of the tooth and to the supporting bone
structure in a fiber composite laminate post core system.
In addition, the maximum mvM stress of zirconia nail was
higher than that of NiCr nail within the same model, indi-
cating that healthy dentin should be retained as much as
possible to reduce the risk of root fracture when manufac-
turing a multi-piece post-crown with zirconia materials.
However, the highest stress values were lower than the
flexural strength of the zirconia material (900-1200 MPa)
[43, 44]. Simultaneously, attention should be paid to the
appropriate diameter of the zirconia post itself to avoid
fracture. Regardless of the materials, the highest mvM
stress of the dentin post-crown using T-shaped nails was
lower compared with that of the post-crown using tapered
nails, suggesting that the nail designed and manufactured
by digital technology with a certain diameter difference
and angle was more conducive to the stress dispersion of

@ Springer

mvM stresses in model D using a multi-piece NiCr post-crown under
vertical load (C) and oblique load (D). (a, b) The mvM stresses in
multi-piece post-crowns; (c) the mvM stresses in a nail; (d) the mvM
stresses in dentin

dentin. Therefore, the null hypothesis that no differences
would be found in the mvM stress and stress distribution
between zirconia/alloy endocrown and CAD/CAM multi-
piece zirconia post-crown was rejected.

Clinicians should consider parafunctional occlusal load
when planning treatment. Parafunctional loading has been
shown to increase stress in the cortical bone tissue [45];
thus, the maximum mvM stress of restorations should
increase. Moreover, Mendonca et al. reported that single
posterior crowns may be more susceptible to micromove-
ment above the physiological limit under masticatory func-
tion [46].

Noticeably, it was not possible to include all factors pre-
sent in the oral cavity with computer simulations. The dura-
bility of restorations was determined not only by the stiffness
and strength of the materials from which they are made, but
also by their resistance to cyclic loading, process of aging,
hardness, abrasion, wear, etc. The present results should be
confirmed by clinical studies to recommend the proposed
restoration design, including parafunctions, which should
improve safety and treatment planning.
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Fig.6 Maximum mvM stresses in finite element models of mandib-
ular molars with various restorations under vertical load. Model B:
zirconia endocrown restored molar; model C1: zirconia multi-piece
post-crown restored-molar with tapered nail; model C2: NiCr alloy
multi-piece post-crown restored-molar with tapered nail; model D1:
Zirconia multi-piece post-crown restored molar with T-shaped nail;
model D2: NiCr alloy multi-piece post-crown restored molar with
T-shaped nail

e Restoration

\Y

Maximal stresses mvM (MPa)

Model B

Model C1

Model C2  Model D1 Model D2

Fig.7 Maximum mvM stresses in finite element models of mandib-
ular molars with various restorations under oblique load. Model B:
Zirconia endocrown restored molar; model Cl1: zirconia multi-piece
post-crown restored-molar with tapered nail; model C2: NiCr alloy
multi-piece post-crown restored-molar with tapered nail; model D1:
zirconia multi-piece post-crown restored molar with T-shaped nail;
model D2: NiCr alloy multi-piece post-crown restored molar with
T-shaped nail

Conclusions

Within the limitations of the present study, the following
conclusions can be drawn:

1. The digital multi-piece zirconia post-crown is a poten-
tial alternative approach for restoring mandibular second
molars with extensive coronal loss and limited restora-
tion space.

2. The maximum mvM stress of dentin in the digital multi-
piece zirconia post-crown was higher compared with
the zirconia endocrown under a vertical load. Under an
oblique load, the maximum mvM stress of dentin in the
digital multi-piece zirconia post-crown was lower than
that in the zirconia endocrown.

3. In the digital multi-piece zirconia post-crown, a
T-shaped nail design was recommended because it pre-
sented a lower mvM stress level in dentin compared with
the tapered nail design.
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