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Abstract

Purpose: The purpose of this study was to identify optimal post and core
materials for central incisors without ferrules using three-dimensional finite
element analysis and three-point bending tests. Methods: Stress analyses
were performed with six models: cast metal post and core (MP), composite
resin core alone, straight fiber-reinforced post-composite resin core (FSR),
tapered fiber-reinforced post-composite resin core, straight titanium post-
composite resin core (TSR), and tapered titanium post-composite resin core
(TTR). A 100-N load was applied to the lingual surface at a 45° angle to the
long axis of the tooth. Maximum von Mises stress distributions were calcu-
lated with finite element analysis software. Five samples each of composite
resin, straight fiber-reinforced post, straight titanium post, straight fiber-
reinforced post and composite resin, and straight titanium post and compo-
site resin were subjected to three-point bending tests, followed by analysis of
variance and Tukey’s multiple comparison test. Results: Stress distribution
was optimal on TTR. Maximum von Mises stress on the cervical side of the
post was greatest in TSR (693 MPa) and TTR (556 MPa). Maximum stress on
the apical side of the post was greatest in MP (110 MPa). Maximum stress in
surrounding dentin was lowest in MP (203 MPa) and TTR (250 MPa). Gap
distance was smallest in MP (0.09 mm) and largest in FSR (0.26 mm). Mean
maximum three-point bending force was lowest in composite resin (26.9 N/mm)
and highest in titanjium post and composite resin (97.1 N/mm). Titanium
post bending strength was consistently greater than that of the fiber-rein-
forced post (p < 0.01). Conclusion: These results revealed optimal stress dis-
tribution and high bending strength with the tapered titanium post and resin
combination, suggesting that this combination can most effectively prevent
root or post fracture in an anterior tooth without a ferrule.
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1. Introduction

Tooth loss because of dental caries and periodontal disease has decreased in ac-
cordance with the increasing promotion of dental prevention and maintenance
care approaches. Root fracture in devitalized teeth has thus become one of the
leading causes of extraction [1]. Metal posts and cores have long been used to
treat devitalized teeth; however, the risk of root fracture because of a higher elas-
tic modulus (compared with dentin) has frequently been reported [2] [3] [4].
Composite resin cores with prefabricated posts are increasingly used to reduce
the risk of root fracture because the elastic modulus of composite resin cores is
lower than that of metal cores. High-strength stainless-steel metal posts have
been used as prefabricated posts [2] [3]; however, they have limitations such as
poor esthetics due to the metal color, as well as a greater elastic modulus than
that of either dentin or composite resin. Therefore, glass fiber-reinforced com-
posite posts are now frequently used. These posts are advantageous because their
modulus of elasticity is similar to that of dentin and comparable with that of
metal posts and cores; moreover, they exhibit white semitransparency and do
not cause esthetic interference with the crown prosthesis (typically encountered
in the use of ceramics) [4]. In an in vitro fatigue test with repeated loading, root
fracture occurred with a cast metal post and core, but not with a composite resin
core used with a metal post or glass fiber post [5]. Furthermore, in a 15-year re-
trospective clinical study, the incidence of root fracture was significantly greater
in teeth with metal cores than in those with composite resin cores [6].

Previous studies have shown relationships between root fracture and post and
core materials, as well as between root fracture and ferrule status (presence or
absence) [7] [8] [9]. Because resistance to wedge-like loads and torque transmit-
ted through a post can be achieved by securing a ferrule [10], the application of
an appropriate ferrule by orthodontic extrusion and surgical periodontal treat-
ment is recommended for teeth without ferrules. Compared with vertical frac-
ture, fracture and detachment of the post and tooth neck fracture occur more
frequently in a glass fiber-reinforced post [11] [12]; therefore, the use of a glass
fiber-reinforced post may reduce the risk of complications leading to extraction
in teeth where posts are secured by ferrules.

Retreatment is challenging in teeth without ferrules because the supracrestal
tissue attachment cannot be secured in vertical root fractures or in fractures of
the coronal region of the root, which are indicated for extraction. Therefore, for
severely damaged teeth without ferrules, appropriate posts and cores differ from

those used in teeth with ferrules. In this study, three-dimensional finite element
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analysis and three-point bending tests were performed with various post and
core systems to identify optimal post and core materials for central incisors
without ferrules. The null hypothesis was that the combination of titanium post
and composite resin would not be effective for preventing root fracture and post

fracture in central incisors without ferrules.

2. Material and Methods

In the three-dimensional finite element analysis, stress analyses were performed
with six models: a cast metal post and core (MP), a composite resin core without
a post (RP), a straight fiber-reinforced post and composite resin core (FSR), a
tapered fiber-reinforced post and composite resin core (FTR), straight titanium
post-composite resin (TSR), and tapered titanium post-composite resin (T'TR).

DICOM data (KaVo 3D eXam; resolution: 200pum, tube voltage: 120 kV, tube
current: 5 mA, acquisition duration: 7 s) of a maxillary central incisor without
caries acquired for orthodontic treatment from a teenage female patient were
converted to Standard Triangle Language data with Invivo 5.3 Medical Design
Studio (KaVo, Biberach, Germany). A three-dimensional model of this tooth
with the periodontal ligament, cortical bone, cancellous bone, and gingiva was
constructed based on these data with Geomagic Freeform Plus V2019.2.50 64-bit
(3D SYSMEMS, South Carolina, USA).

Gutta-percha was retained (5 mm) in the apical region, the post length was set
at two-thirds of the root canal, and the thickness was set at a 1 mm diameter at
the tip of the post. Straight and tapered posts were designed with diameters of 1
mm each, with 2° of tapering. The ferrule was set at 0 mm and the crown was
repaired with IPS e.max Press (lithium disilicate) in the models (Figure 1(a) and
Figure 1(b)).
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Figure 1. Six distinct post and core materials were simulated for central incisors without
ferrules. Gutta-percha was left (5 mm) in apical region, post length was set at two-thirds
of root canal, and thickness was set at 1 mm diameter at tip of post. Straight and tapered
posts were designed with diameters of 1 mm each, with 2° of tapering. Ferrule was set at 0
mm and crown was repaired with IPS e.max Press (lithium disilicate) in models (a)
straight fiber-reinforced post and composite resin core (FSR) and straight titanium post-
composite resin (TSR) or (b) tapered fiber-reinforced post and composite resin core
(FTR) and tapered titanium post-composite resin (TTR). Load of 100 N was applied to
center of lingual surface at 45° angle to long axis of tooth.
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The models constructed with Geomagic Freeform Plus were output in SOLID-
WORKS (R) 2018 x64 Edition SP3.0 (Dassault Systémes SolidWorks Corpora-
tion) of analysis software, followed by element division (mesh). The total num-
ber of nodal points was 91,088, while the total number of nodal elements was
52,507. The characteristics of all materials in the models are shown in Table 1
[13]-[18]. Under the constraint condition, the post and core were adhered to the
crown; they were in contact with dentin, but did not adhere to it.

A load of 100 N was applied to the center of the lingual surface at an angle of
45° to the long axis of the tooth. Maximum von Mises stress distributions in the
post (cervical and apical sides) and surrounding dentin for each model were
calculated with the finite element analysis software SOLIDWORKS (R) 2018 x64
Edition SP3.0. The distance of the gap generated between dentin and the core
material in the sagittal view was also measured.

The three-point bending test was performed to investigate the bending strengths
of five types of test pieces: composite resin (resin), fiber-reinforced post (fiber),
titanium post (titanium), fiber-reinforced post and composite resin (fiber/resin),
and titanium post and composite resin (titanium/resin).Five fiber-reinforced
posts (GC fiber post) (diameter: 1.0 mm, length: 14 mm) and titanium posts
(ParaPost XP, Coltene/Whaledent, Ohio, USA) (diameter: 1.0 mm, length: 14
mm) each were used for the respective fiber and titanium groups. Five test pieces
each of fiber/resin and titanium/resin groups were prepared by placing fi-
ber-reinforced and titanium posts in the center and designing a jig for composite
resin (Clearfil DC core Automix one, Kuraray Noritake, Tokyo, Japan) adhe-
rence around them. Fiber posts were etched with phosphoric acid, washed with
water, and dried; they were then pretreated with Ceramic primer (Clearfil Ce-
ramic Primer Plus, Kuraray Noritake, Tokyo, Japan). Titanium posts were sand
blasted at 0.15 MPa from a distance of 10 mm, then ultrasonically cleaned and
dried for 10 minutes; they were then pretreated with Alloy Primer (Kuraray No-
ritake Dental, Inc.). The diameter was set to 1.8 mm and the length was set to

Table 1. Characteristics of all materials in models.

Structure/Material Elastic Modulus (MPa) Poisson Ratio Reference
1 Dentin 18,600 0.31 [13]
2 Ligament 68.9 0.45 [13]
3 Cortical bone 13,700 0.30 [13]
4 Cancellous bone 1370 0.30 [13]
5 Gingiva 19.6 0.30 [13]
6 Gutta-percha 0.69 0.45 [13]
7 Gold alloy post 95,000 0.33 [14]
8 Composite resin 12,000 0.33 [15]
9 Glass fiber-reinforced composite posts 40,000 0.26 [16]
10 Titanium post 103,400 0.33 [17]
11 Crown (IPS e.max Press) 82,300 0.22 [18]
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14 mm in resin, fiber/resin, and titanium/resin groups. Sample size was deter-
mined with a power analysis to provide statistical significance (a = 0.05) at 80%
power, on the basis of previous findings [19] [20]. All measurements were ob-
tained by investigators who were blinded to the experimental conditions.

The three-point bending test was performed at a distance between fulcrums of
10 mm and speed of 0.5 mm/s with an Autograph AGS-X (Shimadzu Corpora-
tion, Kyoto, Japan). The maximum load representing the force that destroyed
the test piece was applied to five types of test pieces for comparisons.

GraphPad Prism 5.0 for Mac OS X (GraphPad Software Inc., San Diego, CA,
USA) was used to analyze the values in each group. All data in the three-point
bending test were represented as the mean * standard deviation and were sub-
jected to analysis of variance; the Tukey multiple comparison test was used for

post hoc analysis. The level of significance was set at p < 0.05.

3. Results

The contour diagram in finite element analysis showed that strong stress was
loaded on the entire MP over the apical side, whereas stress was concentrated on
the cervical side of the post in RP, FSR, FTR, and TSR. The distribution on TTR
was intermediate between the former and latter, showing the lowest stress con-
centration (Figure 2).

Maximum von Mises stress distribution on the cervical side of the post was
greater in TSR (693 MPa) and TTR (556 MPa) than in MP (321 MP), RP (250
MP), FSR (296 MPa), or FTR (291 MPa) (Figure 3(a)). Furthermore, maximum

MP FSR TSR TTR
Sagittal
plane
\ . ‘ |

Frontal
Figure 2. Contour diagram showing stress distributions for all models (sagittal and fron-

RP

FTR

plane

tal planes). Abbreviations: MP, metal post and core; RP, composite resin core without
post; FSR, straight fiber-reinforced post and composite resin core; FTR, tapered fiber-
reinforced post and composite resin core; TSR, straight titanium post-composite resin;
TTR, tapered titanium post-composite resin.
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Figure 3. Maximum von Mises stress distributions for all models: (a) cervical side in post;
(b) apical side in post, (c) in surrounding dentin; and (d) distance of gap generated be-
tween dentin and core material in sagittal view. Abbreviations: MP, metal post and core;
RP, composite resin core without post; FSR, straight fiber-reinforced post and composite
resin core; FTR, tapered fiber-reinforced post and composite resin core; TSR, straight ti-
tanium post-composite resin; TTR, tapered titanium post-composite resin.

stress on the apical side of the post was greater in MP (110 MPa) than in RP (12
MPa), FSR (14 MPa), FTR (19 MPa), TSR (24 MPa), or TTR (40 MPa) (Figure
3(b)). Maximum stress in surrounding dentin was lower in MP (203 MPa) and
TTR (250 MPa) than in RP (347 MPa), FSR (400 MPa), FTR (358 MPa), or TSR
(390 MPa) (Figure 3(c)).

The gap distance was smallest in MP (0.09 mm). The largest gap (0.26 mm)
was evident in FSR and was similar to the gaps in FTR (0.24 mm), RP (0.24
mm), and TSR (0.23 mm). The gap distance in TTR (0.18 mm) was between the
distance evident in MP and the distances evident in FSR, FTR, RP, and TSR
(Figure 3(d)).

Three-point bending caused fracture in the composite resin and fiber-rein-
forced post at a load near the maximum stress. In contrast, fracture did not oc-
cur due to plastic deformation in the titanium post, which is a ductile material.
Therefore, the maximum load was calculated from the bending load-deflection
curve at the proportional limit.

The results of the three-point bending test are shown in Figure 4. The mean
maximum force of the resin was 26.86 + 1.91 N, that of fiber was 51.45 + 1.11 N,
and that of titanium was 65.12 £ 0.89 N. Moreover, the mean maximum force of
fiber/resin was 75.53 = 7.52 N and that of titanium/resin was 97.12 + 7.82 N.
Regardless of the presence or absence of composite resin, the bending strength
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Figure 4. Three-point bending test revealed that max-
imum force loaded on fiber/resin was approximately
2.8-fold greater than that on resin, while maximum
force loaded on titanium/resin was approximately 1.3-
fold greater than that on fiber/resin. Data are expressed
as mean * standard deviation. (a) p < 0.01 vs resin
group, (b) p < 0.01 vs fiber group, (c) p < 0.01 vs tita-
nium group, (d) p < 0.01 vs fiber/resin group (n = 5).

of the titanium post was greater than that of the fiber-reinforced post (p < 0.01).
In addition, the maximum force loaded on fiber/resin was approximately 2.8-
fold greater than that loaded on the resin, while the maximum force loaded on

titanium/resin was approximately 1.3-fold greater than that loaded on fiber/resin.

4. Discussion

The results of this study supported rejecting the null hypothesis. The results of
the finite element analysis and three-point bending test indicated that the com-
bination of the tapered titanium post and composite resin more effectively pre-
vented fracture, compared with the glass fiber-reinforced post, in an anterior
tooth without a ferrule.

In a three-dimensional finite element analysis, it is important to construct an
analytical model that is similar to the approach used in actual clinical practice.
Previous studies used a model with a thick post [21] [22] or a model that did not
undergo flare preparation in accurate canal treatment [23]. In this study, flare
preparation was performed in accordance with the principle of root canal treat-
ment; post and core models were used that avoided excess post formation cor-
responding to the root canal. The results were markedly affected by the adhe-
rence condition of the model. In clinical practice, adhesion in the deep part of a
root canal is difficult to achieve despite the application of adhesive resin cement
to the post [24]. Moreover, long-term repeated loading destroys the adhesive in-
terface, leading to complications that include detachment of the post and root
fracture [5] [25]. Therefore, to simulate a state in which adhesive resin cement
loses its adhesive strength due to repeated loading, a condition was used that did
not involve the adhesion of dentin to the post and core. In previous finite ele-

ment analysis studies, a contour diagram showing stress distribution was only
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evaluated in the sagittal plane. In this study, the contour diagram was compared
in both the sagittal and frontal planes, which clearly revealed differences among
the groups.

Notably, finite element analysis showed that stress was loaded on the entire
MP to the post tip, whereas stress was only loaded on the shallow region of the
post in RP, FSR, FTR, and TSR; these findings suggested that the risk of vertical
fracture of the root was lower when using a composite resin core with a prefa-
bricated post than when using a cast metal post. However, in the composite resin
core with a prefabricated post (FSR, FTR, and TSR), high stress was loaded on
dentin of the tooth neck, whereas less stress was loaded on the tapered titanium
post. When horizontal fracture occurs in the tooth neck in teeth without fer-
rules, it is not possible to secure the supracrestal tissue attachment without per-
forming extraction or crown lengthening surgery; thus, extraction may be indi-
cated. A tapered titanjum post may effectively reduce the risk of horizontal frac-
ture in the tooth neck region.

The gap distance is related to resistance to detachment of the post and core, as
well as the risk of secondary caries induced by the elution of cement. The risk of
detachment decreases with smaller gap distances, which may prevent secondary
caries. The results in this study showed that the gap distance in the metal post
was significantly smaller than that of any other system; although cast metal posts
are at a risk of root fracture, the elution of cement and crown detachment is
presumably minimized, thereby preventing fracture of the post itself. In contrast,
the gap distance was larger in the composite resin core with a prefabricated post
than in MP; the smallest value among prefabricated posts was evident for the ta-
pered titanium post, suggesting that detachment does not readily occur in ta-
pered titanium posts, which may reduce the risk of secondary caries.

Importantly, when a parafunction such as bruxism is present, an excessive oc-
clusal force is generated, thus increasing the risk of post fracture. Therefore, a
post material with stronger bending strength should be selected to reduce this
risk of post fracture. In the three-point bending test, the maximum forces of fi-
ber/resin and titanium/resin were 75.53 and 97.12 N, indicating that the bending
strength of the titanjium post was approximately 1.3-fold greater than that of the
fiber post. This result was consistent with the findings of previous clinical stu-
dies in which the frequency of fiber post fracture was high [11] [12], but con-
trasted with previous findings that the modulus of elasticity of a fiber post was
small and similar to that of dentin, while its bending strength was similar to that
of a metal post.

The findings of a 15-year clinical study showed better outcomes with the
combination of an existing metal post and resin core than with a cast metal post
[6]. Furthermore, a fatigue test with bovine teeth revealed that the fracture in-
tensity of the combination of a thin metal post and resin core was significantly
greater than the fracture intensities of combinations of a cast metal post, resin
post, and fiber post with resin core [26]. In a fatigue test of teeth with a thin root

canal wall and damaged root canal region, a tooth with a metal post in the entire
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root canal and tooth with combination with resin around the thin metal post
were compared; the results showed that fracture intensity increased by up to
50% in the combination of the thin metal post with resin [27].

In a systematic review concerning post-retained single crowns [28], a post
with a high elastic modulus was recommended for teeth without ferrules. In
this study, stress distribution assessed with finite element analysis was similar
between the straight fiber-reinforced post with composite resin and the straight
titanium post with composite resin, implying that both preparations may pre-
vent root fracture. However, in teeth without ferrules, the titanium post with
composite resin showed a high elastic modulus; this approach may be more
effective because it is capable of preventing both post fracture and root frac-
ture.

When the contour diagram prepared with the finite element analysis was
compared between straight and taper types among titanium posts, stress was
scattered over a wider range in the tapered titanium post than in the straight ti-
tanium post. In contrast, there was almost no difference between the straight
and tapered types of fiber-reinforced post, both of which exhibit elastic modulus
relatively similar to that of dentin and resin, suggesting that the use of a tapered
post is more effective than a straight post for stress distribution when the elastic
modulus is high.

There were a few limitations in this study. First, this study did not fully reflect
actual biological conditions because the von Mises stress and gap distance were
measured using finite element analysis. Second, occlusal force was only applied
to one direction in each analysis. This aspect of the model did not accurately re-
flect actual jaw movement or occlusion. Overall, because this study was based on
finite element analysis, a study of actual in vivo conditions will be necessary in

the future.

5. Conclusions

On the basis of the findings of this finite element analysis study, the following
conclusions were drawn:

1) In a tooth without a ferrule, stress distribution with the titanium straight
post and resin combination was similar to that with the fiber post and resin com-
bination; bending strength was also high, suggesting that this combination is less
likely to cause root or post fracture.

2) Compared with the straight post, the combination of a titanium taper post

and resin was more capable of dispersing stress in a tooth without a ferrule.
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