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Abstract
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element analysis of the effects of three preparation techniques
on stresses within roots having curved canals. International
Endodontic Journal, 42, 220-226, 2009.

Aim To compare stress distribution within roots
having curved canals prepared by three preparation
techniques when subjected to occlusal loads and
condensation loads as a consequence of different filling
techniques.

Methodology Three
(crown-down, step-back and reverse-flaring) were
compared by finite element analysis (FEA). Based on
an established FEA model within curved canal, three
modified models prepared by different preparation
techniques were established by replacing original
canal with prepared ones. FEA was performed to
investigate the stress distribution under occlusal
forces, which were simulated by loads of 500 N in
four directions (buccal, lingual, mesial and distal), at O
(vertical), 30, 45 and 60° to the longitudinal axis of
the tooth. In addition, vertical and lateral condensation

preparation techniques

processes at the curvature were simulated to determine
the influence of different canal filling techniques on stress
distribution.

Results When the occlusal and the filling loads were
applied, stress distribution around the curvature and the
orifice had little change on the three modified prepared
models. The reverse-flaring technique resulted in the
least stress with the lateral condensation process. In the
case of vertical condensation, the maximum von Mises
stress (46.205 MPa) occurred near the loading site. The
model also revealed a tendency for stress concentration
(30.635 MPa) just below the compacting level.
Conclusions The study confirms that appropriate
canal preparation techniques in simulated curved
canals have little influence on stress distribution
around the curvature or the orifice. However, vertical
compaction induced high stress in the region just
below the loading site.

Keywords: crown-down technique, finite element
analysis, reverse-flaring technique, simulated canals,
step-back technique.
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Introduction

Based on the properties of different material, finite
element analysis (FEA) is used to determine the
distribution of stress and strain when a structure is
subjected to force. FEA can be adapted for use in the
analysis of stresses that occur during compaction of
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filling material and occlusal procedures. For example,
the effects of rotary NiTi and hand preparation were
examined by FEA, with the results demonstrating that
susceptibility to root fracture was reduced when the
canal was smooth and round (Sathorn et al. 2005a).
Other factors, such as dentine thickness (Lertchira-
karn et al. 2003b, Sathorn et al. 2005b), and internal
and external root morphology (Lertchirakarn et al.
2003a) could also potentially influence fracture sus-
ceptibility of roots.

Recently, high-resolution microfocus computed
tomography (CT) has been wused successfully in
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endodontics, especially when measuring the dimen-
sions of canal system for use in FEA. In previous
studies (Hubscher et al. 2003, Peters et al. 2003),
microfocus CT produced valid root canal details in
three dimensions, providing a method of estimating
canal preparation techniques. Using microfocus CT, a
precise FEA model of a curved canal was established
(Cheng et al. 2007). To make the model repeatable
and comparable, simulated curved canals with uni-
form shape were selected as prototype canals, and a
suitable extracted single-root tooth was chosen as the
outline.

This study, based on the FEA model (Cheng et al.
2007), aimed at showing the stress distribution on
endodontically treated teeth with curved canals under
various loads and at determining the differences
between three preparation techniques. Subsequently,
vertical and lateral compaction loads during filling
were simulated and estimated by FEA.

Materials and methods

Instrumentation procedure

Three simulated canals (Dentsply Maillefer, Ballaigues,
Switzerland) were selected randomly and fixed rigidly
on a horizontal table. All subsequent procedures were
undertaken by the same person.

Before use, stainless steel endodontic (SS) files
(Dentsply Maillefer) for step-back technique and
reverse-flaring technique were curved by a flexobend
device (Dentsply Maillefer) to a curvature of approxi-
mate 30°. A precurved size-10 file was placed into the
canal to its end-point. The working length (WL) was set
0.5-mm short of this length. Then, the canals were
prepared as follows.

Sample 1: crown-down technique

The WL was 16.8 mm. ProTaper instruments were
used according to the manufacturer’s instructions as
follows: S1 (6 mm), Sx (8 mm), S1 (16.8 mm), S2
(16.8 mm), F1 (16.8 mm) and F2 (16.8 mm). Finally,
a size-25 file was placed at the WL and a ‘snug’ fit
achieved. Copious irrigation with 1.0% NaOCl was used
throughout the procedure.

Sample 2: step-back technique

A size-10 file and size-15 file could reach the WL
(16.7 mm) without preparation. Then, using serial
step-back preparation, the apical region was enlarged
to size-25 at full WL. To create a flared shape each
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instrument beyond size-25 was inserted 1 mm short of
the length of previous instrument up to size-40.
Irrigation with 1.0% NaOCl was used throughout the
preparation.

Sample 3: reverse-flaring technique (Yang et al. 2004)
First, size-10 and size-15 SS files were used to reach the
WL (16.5 mm). The coronal 4 mm of the canal was
initially prepared using a size-40 SS file. The canal
preparation progressed in a step-down fashion in 3 mm
increments with each smaller file size, down to a size-
30 file. The apical region was then prepared according
to the step-back technique to accept a size-25 file at the
WL. Copious irrigation with 1.0% NaOCl was used
throughout the procedure.

Development of finite element models

A three-dimensional FEA model within a curved
canal was established by integrating a simulated
canal and a natural tooth (Cheng et al. 2007). As
judged by direct vision and radiography, a mandib-
ular incisor with a canal similar in shape to the
simulated canal was selected. The incisor was fixed
with wax to maintain its position so that its curva-
ture was parallel to that of the simulated canal.
A micro-focus CT scanner (made by the Institute of
Applied Electronics, China Academy of Engineering
Physics, Mianyang, China) was used to scan the
above models. The data were reconstructed to obtain
a canal and a tooth model separately. After integra-
tion and modification, a final three-dimensional model
with a smooth surface and a mostly centred canal
was established.

Using clinical guidelines, the model was altered to
accommodate canal preparation. An opening was set in
the middle of the lingual fossa, with its end connected
to the orifice of the canal. The canal was filled
with gutta-percha from the apex to root canal orifice,
with 1 mm of zinc phosphate cement placed coro-
nally with amalgam on the surface. The thin cemen-
tum was neglected and the wall of the root was
assumed to be dentine only. A periodontal ligament
(PDL) was modelled as a 250-um-thick shell surround-
ing the root and finished 1.5 mm apical to the
cementoenamel junction. A cube of alveolar bone was
modelled around the PDL. (Table 1) lists several typical
tissue properties from the literature (Telli et al.1999).

Based on this model, three postoperative models were
established by replacing the original canal. All the
simulated canals were placed at the same level before
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Table 1 Material properties

Young’'s

modulus Poisson’s
Material (N mm™) ratio
Enamel 8.41 x 10* 0.300
Dentine 2.00 x 10* 0.310
Periodontal ligament 5.00 x 10" 0.490
Alveolar bone 1.40 x 10* 0.150
Cold gutta-percha 3.00 x 102 0.485
Warm gutta-percha 3.00 x 10° 0.485

scanning to eliminate horizontal differences. Postoper-
ative canal images were rotated so that they were
parallel to the original canal and then moved to the
same position as the original image. During the
procedure, rotating angle and moving distance were
carefully measured to maintain precision. Figure 1
shows the three-dimensional models of the original
canal and three prepared canals (CDT, SBT and RFT).

Boundary conditions and applied load

The tooth structure was loaded within its elastic range,
and static linear analysis was performed. In this case,
all loads were applied slowly until maximal values were
attained. When the loads remained constant and the
FEA model calculations had no variations, FEA was
performed with the ABAQUS FEA software (ABA-
QUS6.5, ABAQUS Inc., Providence, RI, USA).

The model was loaded with a simulated 500 N force
(Ichim et al. 2006) in four directions (buccal, lingual,
mesial and distal), at O (vertical), 30, 45 and 60° to the
longitudinal axis of the tooth. All the loads were applied
onto the middle 2 x 2 mm? area of the incisal edge on
the model.

Figure 1 Three-dimensional model of four canals: (a) original
model (0), (b) CDT, (c) SBT and (d) RFT.
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To simulate compacting loads, a hypothetical force of
50 N (Rundquist & Versluis 2006) was applied. For
lateral compactions, forces were loaded at four
sites — buccal, lingual, mesial and distal (the curving
direction was regarded as distal). This case described the
cold gutta-percha material below the loading level.
The space above it, without tight filling, was substi-
tuted by empty elements. The loading was limited to a
selected spot, allowing for an appropriate simulation of
a spreader inserting into the canal between the
wall and the gutta-percha layer during the root filling
process.

A vertical force was loaded onto gutta-percha to
represent the pressure of a plugger during warm
vertical compaction (WVC). The warm gutta-percha
acted as an incompressible fluid, capable of pressing
against the surface it touched but not able to distort in
shear. Compacting was loaded at a selected level at the
curvature (5 mm from the apex). In the first stage of
the root filling process, the apical region of that canal
was assumed to be filled with warm gutta-percha.
Thus, the Young’s modulus of the gutta-percha
(Table 1) was different from that reported in a previous
report (Telli et al.1999).

Results

Occlusal loads

Occlusal forces were loaded onto three postoperative
models. The results demonstrated that stress distribu-
tion in these postoperative models were similar
(Fig. 2a). Differences were not obvious at loads of 30
or 45°. When the loading angle increased to 60°, the
three postoperative models had higher stress values
than the original. The difference was also influenced by
loading directions. In four directions, the distal load led
to the highest stress values, and the buccal load had the
least effect (Fig. 2b,c). Figure 3 showed the stresses of
SBT model. Mesial (26.513 MPa) and distal loadings
(27.398 MPa) led to higher stresses than buccal
(18.745 MPa) and lingual loadings (20.911 MPa).
The result remained the same in other postoperative
models.

Condensation loads

Three postoperative models had similar stress distribu-
tions when condensation loads were applied. In the SBT
model, vertical condensation loads resulted in much
higher stress values than lateral forces, and the
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Figure 2 Maximal stresses of five apical regions under
(a) vertical loading, (b) buccal load of 60°, (c) distal load of
60°.

maximal stress was 46.205 MPa (Figs 4 and 5).
Especially in the region 2—4 mm from the apex (just
below the curvature), the difference was obvious
(30.653 MPa vs. 6.536 MPa.). The colour plot analysis
gave an impression of stress concentration areas under
vertical and lateral loads (Fig. 4). Vertical load induced
an extended area of high stress below the loading level,
while lateral loads led to a stress concentration area
limited to the loading site.

When three prepared samples were compared, the
maximal stress values for vertical loads showed little
difference. However, under lateral loads, the CDT model
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Figure 3 Maximal stresses of five apical regions under loads of
60° at four directions (SBT).

had the highest stress (37.4 MPa) while the RFT model
had the least stress (25.8 MPa) (Fig. 6a).

Discussion

In this study, the stress distribution within roots having
curved canals when prepared by three preparation
techniques was studied by FEA. Such a comparison
might be useful for clinicians or manufacturers in
selecting or designing instruments and techniques able
to provide the best effects.

A previous study had shown that FEA was capable of
evaluating stress distribution in roots with curved
canals. In the present experiment, FEA models used in a
previous study were modified (Versluis et al. 2006).
Three postoperative models were established by replac-
ing the inner canal, leaving the outline form
unchanged to limit the interfering factors. For precise
and credible modification, the new canals should be set
at the same place as the original canal, which required
that they had the same X-, Y- and Z-axis values. First,
all the simulated canals were set at a horizontal level to
eliminate differences in the Y axis. Next, they were
rotated and shifted to have the same position in the X—Z
plane. Finally, these canals were moved to the site of
the original canal to replace it. This method establishes
comparable and uniform FEA models within curved
canals, but it only represents a simple condition. For
example, simulated canals are so small that any
technique will prepare them to a round cross section,
a result not always presents in a real canal. In addition,
dentine thickness in a simple root is relatively homog-
enous. By inserting a prepared canal from a plastic
block into a model of a natural tooth, dentine thickness
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Figure 4 (a) Vertical compaction, (b) lateral compaction at the buccal point, (c) lateral compaction at the lingual point, (d) lateral
compaction at the mesial point and (e) lateral compaction at the distal point. The black points on the figures represent the loading

sites. Each colour represents a range of stress values (in MPa), corresponding to the scale.
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Figure 5 Maximal stresses at five apical regions under the
vertical and lateral compactions of SBT.

is lost as a realistic factor. Furthermore, FEA results
could only be evaluated as qualitative, because the
results are theoretical. However, some other techniques
such as strain-gauge techniques could validate root
surface strain results obtained from FEA. The combi-
nation of modelling and strain-gauge measurement
could yield more information regarding the mechanism
of vertical root fracture (Lertchirakarn et al. 2003Db).
In this study, all canals were prepared according to
the manufacturer’s instructions. Figure 1 provides a
three-dimension model of the three canals, with a full-
scale view. It was easier to see transportation at the
apex and an overcutting at the curvature after SBT
preparation, while CDT formed a better centred and
continuously tapered canal. Compared with the other
two techniques, the RFT specimen had two main
features. First, the apical one-third of the RFT canal
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Figure 6 Maximal stresses at five apical regions in the three
postoperative models: (a) under lateral compaction, (b) under
vertical compaction.

was similar to the SBT canal, but was smaller and had
less transportation at the apex. The result may have
something to do with the features of RFT. For example,
in the apical region, RFT required fewer steps than SBT.
As a result, excessive cutting was reduced. Second, the
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upper two-thirds of the canal, though prepared accord-
ing to a crown-down sequence, were not as large as the
CDT model.

It was concluded that although the prepared canals
varied in shape, little difference occurred in stress
distribution around the root curvature and apex. The
three preparation techniques had similar effects on
simulated canals. After appropriate preparation, canals
were enlarged and the stress increased to an extent
below the tensile strength of dentine (50-100 MPa)
(Craig et al. 1987, Sano et al. 1994). This finding was
similar to that reported previously (Lam et al.2005).

In addition to the occlusal forces, lateral and vertical
filling techniques were tested. The conditions were
represented by a force of 50 N. Data were collected at
the level of curvature, because it was a checking point
for preparation and was accessible to a plugger. The
results revealed that vertical compaction led to greater
stress than lateral compaction. It coincided with the
previous FEA of a maxillary canine (Telli and Gulkan
1998). In the case of the vertical condensation process,
maximum von Mises stress (46.205 MPa) appeared at
the loading level. The maximum stress value calculated
in this study was close to the reported tensile strength
of dentine (50-100 MPa). It was reported that a force
of 10-30 N was safe for WVC (Telli & Gulkan 1998).
These results suggest that excessive vertical compact-
ing force (50 N) was likely to cause root fracture.

Vertical compaction also produced a stress concen-
tration area below the compacting level (30.635 MPa).
This might be attributed to the anatomy of curved
canal because downward pressure was primarily
passed down from the loading site to the curved part.
Comparing the three techniques, RFT led to the least
stress under lateral loads. As indicated above, RFT had
combined features of both the CDT and SBT models,
and as a result, it gave a thicker dentine wall around
the curvature, reducing stress under different loadings.

Conclusions

The effect of three preparation techniques on stress
distribution within roots having curved canals was
studied. Three techniques (crown-down, step-back and
reverse-flaring techniques) showed similar stress distri-
bution in the lower part of FEA model when occlusal
loads and condensation loads were applied. In the case
of vertical condensation, maximum stress was close to
the reported tensile strength of dentine. The warm
vertical compaction technique was likely to create root
fractures when excessive compaction forces (50 N)
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were loaded. The model also revealed a tendency for
stress concentration below compacting level.
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