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Abstract: In order to investigate the effect of piles on tooth
restoration and their service life, micro-computed tomography
(CT) was used to scan the first maxillary canines by
establishing a three-dimensional finite element model for pile
restoration.
with different pile materials were analyzed using a 100 N bite
force. Then, the S-N fatigue characteristic curve of zirconia
material was obtained using experimental data. The fe-safe
fatigue analysis software was used to study the service life of
zirconia piles in teeth. The static analysis results demonstrate
that when fiber piles are used to repair, the stress from the
dentin neck is larger than that by zirconia piles, but the stress
from the apical of the dentin is smaller than that by zirconia
piles. Besides, the stress exerted by fiber piles is lower than
that by zirconia piles. Furthermore, the fatigue analysis results
indicate that under normal conditions, zirconia piles can be

The stress distributions after tooth restoration

used in teeth for over 20 years. Compared with fiber piles,
zirconia piles have a better effect on the repair of tooth defects.
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fatigue life

DOI: 10.3969/j. issn. 1003 —7985.2016. 03. 009

arge area defects on teeth caused by dental caries or
L trauma are very common in the clinical department
of stomatology. With the improvement of the root canal
treatment technology and dental material science, people
have increasingly paid attention to their living standards
and health consciousness. Besides, the residual root and
crown have received more concern than before. In this
context, ceramic materials have become the first choice of
repair materials for dental clinicians''', because of their
advantageous features, such as a gloss approximately sim-
ilar to that of natural teeth, excellent biocompatibility,
perfect light propagation and reflection which can success-
fully reproduce the translucence degree and color depth of
natural teeth, smooth ceramic surface after polishing and
glazing, no degradation in the oral environment, and
wear resistance similar to that of natural teeth.
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A ceramic pile is composed of a cast glass ceramic
pile, a glass-infiltrated ceramic pile and a zirconium pile
(ZrO,). Zirconia ceramics can be stable in the oral cavi-
ty, without the possibility to release harmful impurities,
degrade, or cause cell transformation, non-mutagenic and
carcinogenic effects™. After root canal treatment, the
support force from the residual root of anterior teeth is de-
creased, and a post-core system is needed to enhance the
retention and support for the crown restoration. The need
for a post-core place in the repair process will lead to lo-
cal missing tooth, which causes a significant decrease in
the strength of the teeth in restoration. Therefore, for its
features of outstanding strength and toughness as well as
good stability and abrasion resistance, ZrO, ceramic has
become the first choice for making piles.

Toksavul et al. ' suggested that zirconia ceramic piles
can be applied in clinical treatment. However, zirconia
ceramics have a fatigue phenomenon in the oral environ-
ment. In a low temperature and humid environment, tet-
ragonal zirconia (t-ZrO,) can transit to single phase (m-
ZrO,) owing to the phase transition, namely the effect of
low temperature aging (i.e. low-temperature degradation,
LTD)™™". The moist environment, low temperature and
cyclic stress will lead to the decrease in the mechanical
properties of all ceramic materials and the fracture of the
prosthesis. In addition, the manufacturing process of zirco-
nia ceramic has a great influence on its anti-fatigue perform-
ance. Consequently, this paper focuses on the study of the
effect of zirconia on the stress and fatigue properties.

1 Materials and Methods
1.1 Materials

This paper chooses the first maxillary canines as its re-
search object for their complete dissection form. The Mi-
cro CT system was used for the whole scan, and the out
put results ( Dicom files) were imported into the MIM-
ICS10. 0 software to construct a 3D tooth structure mod-
el. A medullary cave was made in the interior of the tooth
structure (as shown in the yellow zone in Fig. 1), filled
with different materials. A 3-D FEM model of the maxil-
lary canines was established (see Fig. 1). Fig. 1 (a) is
the finite element calculation model for dental restoration
of fiber post. Fig. 1 (b) is the finite element calculation
model for the dental restoration of the zirconia post.

1.2 Methods

In this paper, we only select different materials of pile
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Fig.1 Different pile repair teeth. (a) Fiber pile; (b) Zirconia pile  the masticatory force in different food chewing by meas-

uring masticatory muscle EMG activity with electromyo-
graphy (EMQG).

The average range of chewing force is (165 +135) N,

which is assumed to be a normal distribution. The whole

to repair the teeth. In order to simulate the stress of the teeth
accurately, the material in the model is assumed to be linear
elastic material and its parameters are shown in Tab. 1.

Tab.1 Mechanical properties of dental structures process of masticatory cycle includes the opening and
and materials'""' closing phase and the occlusal phase. A chewing cycle is
Material Elastic modulus/Pa Poisson ratio 0.875 s and shows a pulsation type distribution. The av-
Alveolar bone 13.7 x10° 0.30 erage of the chewing force ( alternating load) is o, =
Pericementum 68.9 x 10° 0.45 82.5 N, and the amplitude is o, = 82. 5 N. The bite
Dentin 18.6 x 10° 0.31 force loaded in the static analysis of the teeth is 100 N, so
Adhesive 8 x10° 0.30 the stress in the chewing load spectrum needs to be re-
Gutta-percha 0.69 x10° 0.45 duced by 100 times, as shown in Fig.3. He'"” tested five
Fiber pile 14 %107 0.28 groups of samples at different loading rates and inferred
Zirconia pile 200 x 107 0.33 the S-N data of the ceramics according to the results ( see
Dental composite resin 8.3x10° 0.28 Tab.2) by a dynamic three-point bending test.
Due to the complicated geometry model of teeth, the 1.6
Hypermesh software is used to create the finite element 1.4
mesh. According to the different gradients of the geomet-
rical size and the stress of the parts, different density tetra- .
hedron element models are adopted. Then, Abaqus soft- £ 1.0
ware is used to analyze the Inp files and export the results. —c-: 0.8
The resin material is relatively soft, so it is used to load = 0.6
the bite force on a small piece of unit area of the tooth O
mesh. In this paper, we use 20 cell nodes to achieve the
added 100 N bite force with each node loaded 5 N. The six 0.2
degrees of freedom of all nodes on the bottom surface of 00 5.5 10 1.5 50 55 3.0 3.5
the alveolar bone are fixed (see in Fig.2). Time/s
The static analysis results from Abaqus software are in- Fig.3 The tooth chewing load spectrum

troduced into the fe-safe software to analyze the fatigue

Tab.2 Calculation results of fatigue life of zirconia
Force/N
50 100 150 200 300 400 500 600
1 2.93 x10% 7.95x10" 3.94 x 10 5.42 x10" 7.56 x 107 1.60 x 10° 1 152.56 8. 860
2 3.95 x10% 1.07 x10" 5.32 x10™ 7.32 x10" 1.03 x10® 2.15 x10° 1557.11 11.969
3 3.77 x10% 1.03 x10* 5.08 x10' 7.00 x 10" 9.80 x 10® 2.05 x 107 148 724.90 1 143.287
4 8
5 1
2

3.30 x 102 8.97 x10" 4.44 x 10" 6.12x10" .57 x107 1.80 x 10° 13 002. 67 99.956
7.13 x 107 1.94 x10" 9.59 x 10" 1.32 x10" .85 x107 3.88 x10° 2 807.55 21.582
Mean 8.50 x 10%8 4.60 x 10" 1.10 x10'® 1.60 x 10" .50 x 108 4.60 x10° 33 448.96 257.130

The Origin software is used to fit the curve based on  curve data above. The Goodman method is used to modi-
the date in Tab.2 and the curve is shown in Fig.4.In the fy the fatigue life because the ceramic material is a type
fe-safe software, the zirconia material is defined using the  of brittle material, and the 1 x 107design life is defined.
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The nephograms of the fatigue life and fatigue safety fac-
tor are obtained through the post-processing module of
Abaqus. The software operation process is shown in Fig.
5.
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Fig.5 Fatigue analysis and calculation process

2 Results

By means of the three-dimensional finite element meth-
od, the stresses distributions of different parts of the tooth
structure under different piles are obtained. The first prin-
cipal stress distributions of the tooth with fiber pile and
zirconia pile are shown in Fig. 6. The dentin and post
core displacements of two different kinds of piles are
shown in Fig. 7. The stresses of different parts of tooth
structure under different piles are shown in Tab. 3.

S/MPa; S/MPa;
45.78 107.13
41.97 98.23
38.16 89.32
34.36 80. 42
30.55 71.52
26.74 62.62
22.93 53.72
19.13 44.82
15.32 35.91
11.51 27.01
7.70 -18. 11
3.90 9.21
0.09 0.31

(e) (d)

Fig. 6 Stress of the dentin in different piles restoration and piles in the tooth. (a) Dentin in fiber pile restoration; (b) Dentin in zirconia

pile restoration; (c) Fiber pile; (d) Zirconia pile
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Fig.7 Displacement of the dentin in different piles restoration and piles in the tooth. (a) Dentin in fiber pile restoration; (b) Dentin in

zirconia pile restoration; (c) Fiber pile; (d) Zirconia pile

Due to the direct contact between the pile and the den-
tin, the stress of different parts of dentin based on two
types of piles repair are compared in Tab. 4.

The fatigue life of the zirconium pile analyzed by the
fe-safe software is shown in Fig. 8.

The average range of the chewing force is nearly about
30 to 300 N and the average chewing is about 4 000 times
a day and 1 x 10° a year, that is to say, the piles probably
need to undergo 10’ times of chewing cycle in the whole
service time'''. It can be known from the fatigue life
that, the shortest life part of the pile is 10**times. This

Tab.3 The maximum stresses of different parts of two models

MPa

Materials Pericementum Dentin Alveolar bone Gutta-percha Pile
Fiber pile 10.62 37.45 27.71 0.003 8 45.78
Zirconia pile 10. 62 37.47 27.71 0.003 9 107.13

Tab.4 The stresses of different parts of dentin in two models

MPa
Materials  Neck 1/3 Middle 1/3 Apical 1/3 Pile/dentin interface
Fiber pile 10.94 27.41 37.45 12.71
Zirconia pile  10.88 26.96 37.47 39.80
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Fig.8 The fatigue life of the zirconia pile in the restoration of
teeth and the local image

part is the stress concentration part, which basically meets
the requirements. Therefore, we can estimate that the av-
erage life of piles is almost 20 years.

3 Discussions

The material of pile is one of the important factors in-
fluencing the stress distribution on tooth tissue to be re-
paired. According to the biomechanical principle, the
force will be absorbed and transmitted by the pile after re-
pair, which will bring about increased stress on the dentin
in the end of pile and reduced stress on its upper part.
The pile with high elastic modulus can accumulate more
stress potential, and transfer stress to the adjacent parts
where the root of dentin has a wedging effect, which may
be prone to the root of longitudinal fracture. As a result,
some scholars believe that it is better to choose the mate-
rial of pile with elastic modulus which is close to that of
dentin and the strength of material is as much as or higher
than that of dentin. Hence, the pile, the binder and the
dentin can form a unified whole, with a better biome-
chanical effect and effective resistance to the fracture of
tooth tissue' ™ >, Nevertheless, other scholars believe
that the low elastic modulus of the pile can produce a
higher stress in the root and the edge of the restoration,
which greatly increases the failure risk of the bond be-
tween the pile and the dentin'® ™. From the finite ele-
ment analysis results in this paper, it can be seen that the
stress on the root tip of tooth is slightly larger than that on
the fiber pile when the zirconia pile is repaired. It is not
difficult to explain. When the pile is applied in teeth res-
toration, it works as a long lever in the teeth. The elastic
modulus of fiber pile is far less than that of the zirconia
pile. In power transmission, fiber pile deformation is rel-
atively large, and thus the pressures on the neck and mid-
dle parts are too large. In comparison, the zirconium pile
deformation is small, which can transfer the force to the
apical of dentin and cause the pressure on the apical of
dentin to be slightly larger than that on the fiber pile. In
accordance to Fig.7 and Fig. 8, the displacement and de-
formation are larger in the neck and middle parts of dentin
in tooth repair with fiber pile, which can be proved. San-
tos et al. "' also thought that the fiber pile can exert more
stress on the dentin, so the stress on the pile/dentin inter-
face is small. Nonetheless, the zirconia pile contrasts the
fiber pile. In the pile/dentin interface, more stress is

formed, which reduces the stress on the neck part of den-
tin. This shows that we should pay more attention to the
treatment of the pile/dentin interface in the use of zirconi-
a. The appropriate bonding methods and materials should
be selected in order to improve the service life of the re-
pair body"".

For the elastic modules of the two kinds of piles in this
paper, one is smaller, and the other is larger, compared
with the dentin. Additionally, the stresses on the surface
of dentin contrast each other. From the clinical perspec-
tive, the service life of fiber pile is about ten years, and
common damage generally occurs in the neck of crown.
Zirconia pile can well reduce the stress on the neck of
crown, and thereby lessen crown damage. For this rea-
son, it is assumed that the repair effect of zirconia pile is
better compared with fiber pile, and it is expected that an
elastic range of material can be found. Material in this
range utilized to repair teeth can make the average stress
on the tooth relatively small and the stress on dentin sur-
face relatively uniform. Moreover, it can prevent the re-
paired pile from not only the neck fracture caused by a
low elastic modulus but also the apical fracture caused by
a high elastic modulus.

The S-N curve and fatigue limit of the material can only
represent the fatigue property of the standard smooth speci-
mens. In the actual process of dental restoration, the pile
can be varied, and the main influence factors for the fa-
tigue limit of the pile are listed as follows: 1) Pile geome-
try and surface roughness; 2) Random variation of bite
force; 3) Acid and alkali corrosion of oral saliva;
4) Changes in the oral environment temperature, etc. In
the course of finite element static calculation and fatigue
calculation, all the materials are assumed to be isotropic
materials, which will bring errors to the simulation itself.
As all the materials in the oral cavity are a few indicators
for fatigue testing of the system, they can only be utilized
to replace the industrial material parameters, which will
increase the possibility of failure.

4 Conclusion

In this research, three-dimensional finite element mod-
els are established for the pile restoration with different
materials of the first maxillary canines, and a detailed
mechanics analysis is made. The results show that differ-
ent materials have disparate influences on the stress of
dentin. In restorations with different piles, the stresses on
the dentin are the largest. However, the material with
lower elastic modulus causes the stress on the neck of
dentin to be larger compared with other materials. In
view of this, long-term application of that kind of materi-
al may result in damage to different parts of dentin. Com-
bined with clinical manifestations of fiber posts, it can be
found that longer use time of zirconia pile can better re-
duce the stress on the neck of dentin and lessen coronal
damage. Given this, zirconia pile is better than fiber
pile. Furthermore, it is believed that a suitable pile mate-
rial can be found, so that the average stress on the tooth
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can be reduced to the minimum.

Based on the fatigue analysis of zirconia pile utilized
for teeth repair, a conclusion is drawn, namely that the
lifetime of the point with the maximum stress on the zir-
conia pile is the shortest. As can be seen from the graph-
ics of fatigue life, a zirconia pile tends to break off at the
fracture surface and the 1/3 end of the tooth. Finally, the
useful service life of zirconium pile in human teeth can
reach almost 20 years on the basis of relevant experimen-
tal data. In consequence, the research presented in this pa-
per lays a solid foundation for the wide application of zirco-
nia pile in clinic.
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