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Abstract

Versluis A, Messer HH, Pintado MR. Changes in compac-
tion stress distributions in roots resulting from canal prepar-
ation. International Endodontic Journal, 39, 931-939, 2006.

Aim To examine if canal enlargement with instru-
ments of controlled taper leads to more uniform stress
distributions within a root, thereby reducing fracture
susceptibility.

Methodology Finite element models of a mandibu-
lar incisor were constructed with round and oval canal
profiles, based on measurements from extracted teeth.
The shapes of rotary nickel-titanium instruments
(ProTaper F1, F2, and F3 and ProFile size 30, 0.04
taper and size 30, 0.06 taper; Dentsply Maillefer) were
superimposed on the canals. Equivalent stresses and
circumferential stresses in the root were calculated for a
compaction load.

Results The highest stresses were found at the
canal wall. Round canals showed lower uniform
distributions, whilst oval canals showed uneven
distributions with high concentrations at the buccal
and lingual canal extensions and greater stresses in
the coronal and middle thirds than in the apical

third. Preparation of round canals introduced only
small circumferential stress increases in the apical
half; preparation of oval canals produced substantial
reductions where the canal was enlarged to a smooth
round shape. Even where fins were not completely
eliminated, the maximum stresses were still reduced
by up to 15%. External distal and mesial surfaces of
roots with oval canals showed moderate stress
concentrations that were minimally affected by prep-
arations, whilst stress concentrations emerged on
roots with round canals when preparation sizes
increased.

Conclusions The potential for reducing fracture
susceptibility exists as a result of round canal profiles
achieved and smooth canal taper. Even when fins were
not contacted by the instrument, stresses within the
root were lower and more evenly distributed than
before preparation.

Keywords: finite element analysis, fracture resist-
ance, nickel-titanium, root canal preparation, stress
distribution.
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Introduction

Although vertical root fracture of endodontic origin is an
infrequent event, the consequent tooth loss makes it a
significant clinical concern (Caplan & Weintraub 1997,
Fuss et al. 1999). Factors predisposing to vertical root
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fracture have been investigated using a variety of
experimental approaches and are now reasonably well
understood (Lindauer et al. 1989, Sedgley & Messer
1992, Wilcox et al. 1997, Lertchirakarn et al. 1999).
Whilst many variables are outside the control of the
clinician (natural root morphology, canal shape and
size, dentine thickness), other factors can be addressed
during treatment to reduce fracture susceptibility. These
factors include final canal shape, extent of canal
enlargement, and elimination of irregularities that serve
as sites of stress concentration (Sathorn et al. 2005a).
The advent of rotary nickel-titanium instruments
has led to the possibility of rounder canal profiles and
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more controlled taper than with hand files, and larger
apical preparations have also been recommended
(Glosson et al. 1995, Thompson & Dummer 1997,
Bryant et al. 1998). Complete planing of canal walls
and hence a completely smooth canal shape and taper
remains an elusive ideal (Peters 2004). Nonetheless,
elimination of irregularities in the canal wall and
creation of a smooth, round canal shape throughout
the length of the canal should result in a more uniform
stress distribution and lower overall stresses (Sathorn
et al. 2005a). In association with a potential streng-
thening of roots via adhesive root filling materials
(Cobankara et al. 2002, Teixeira et al. 2004), it is not
unreasonable to ask the question: Can round, smoothly
tapered canal preparations potentially reduce fracture
susceptibility of root-filled teeth?

Oval-shaped root canals, which are found in approxi-
mately 25% of roots (Wu et al. 2000), pose problems
with regard both to the effectiveness of canal prepar-
ation and to fracture susceptibility. The narrow radius
of curvature at the buccal and lingual extensions of the
canal means that these locations serve as sites of stress
concentration (Sathorn et al. 2005b). A prepared canal
that eliminates these narrow extensions will have a
more uniform stress distribution and potentially a
much reduced susceptibility to fracture. However,
several experimental studies using extracted teeth have
demonstrated; however, that the highly flexible nickel-
titanium rotary instruments tend to create a bulge in
the middle part of the canal, leaving the buccal and
lingual extensions largely untouched (Rodig et al
2002, Weiger et al. 2002). Careful circumferential
preparation with hand instruments (Hedstrom files),
Gates Glidden burs or a specially designed device (AET)
have been advocated to achieve more complete planing
of the canal wall (Weiger et al. 2002, Igbal et al. 2004,
Riitano 2005, Sathorn et al. 2005a), though with
variable results.

Experimental fracture studies using extracted teeth
are plagued by a wide variability within groups (often a
three- or fourfold range in fracture loads), which makes
it difficult to demonstrate statistically significant effects
of treatment procedures (Lertchirakarn et al. 1999, Wu
et al. 2004, Lam et al. 2005, Sathorn et al. 2005a).
Despite the recognized limitations of numerical meth-
ods such as finite element analysis, they offer consid-
erable advantages in the systematic investigation of
experimental variables. Even when experimental val-
idation is not possible, carefully constructed models can
provide valuable insights into patterns and mecha-
nisms of clinical failure. In this study, a three-dimen-
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sional finite element model of a mandibular incisor was
constructed to test the effect of canal preparation on
stress distributions within the root during compaction.
Models with either a round or an oval canal profile
were based on measurements from extracted teeth, and
were tested for the effects of a canal preparation
sequence using either ProTaper or ProFile rotary
nickel-titanium instruments (Dentsply Maillefer, Bal-
laigues, Switzerland). The hypothesis tested in the
study was that canal enlargement with instruments of
controlled taper would lead to a more uniform stress
distribution within the root, and thereby potentially
reduce fracture susceptibility.

Materials and methods

Stress distributions in the root of a mandibular right
lateral incisor were evaluated for various canal shapes
using finite element analysis (MSC.Marc, MSC.Software
Corporation, Santa Ana, CA, USA). The three-dimen-
sional external anatomy of the incisor was digitized
using an optical scanner (Comet 100, Steinbichler
Optical Technologies, Neubeuern, Germany) which
generates a point cloud. From this cloud of points, a
fine distribution of surface elements was generated using
Cumulus software (copyright Regents of the University
of Minnesota) (Fig. 1). The geometrical model for the
finite element analysis was created using custom soft-
ware that was specifically developed for automatic
generation of internal volumetric element distributions
(mesh) within digitized dental anatomies. Since the
objective of this study was to evaluate the effect of canal
shape on the stress distribution in the root, only the root
was meshed (0—12 mm, measured from the apex).

Two basic canal shapes were used for the intact
baselines: a round and an oval canal (Fig. 1). The canal
sizes were based on measurements performed on cross-
sections of extracted teeth. The canal diameter dimen-
sions at 12 mm were 0.20 mm mesial-distal by
0.25 mm buccal-lingual for the round canal, and
0.25 mm mesial-distal by 0.60 mm buccal-lingual for
the oval canal. Canal preparations were subsequently
created by superimposing the shape of a rotary
instrument over the intact canal (Fig. 2), without
incorporating any lateral movement that would elim-
inate the buccal and lingual fins of the oval canal. The
file shapes were determined from manufacturer sup-
plied diagrams. Five different files were evaluated:
ProTaper F1, F2, F3 and ProFile size 30, 0.04 taper
and size 30, 0.06 taper (Dentsply Maillefer), each
resulting in a unique canal shape (Fig. 3).

© 2006 International Endodontic Journal
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Figure 1 The external anatomy of a mandibular right lateral incisor was digitized. The root was meshed for two canal types

(round and oval) and additional layers of cementum, periodontal
element analysis.
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Figure 2 The shape of different rotary instruments were superimposed on the intact canals. Shown are the finite element
models of the root for the oval canal before and after preparation with a ProFile 0.04/30 rotary nickel-titanium

instrument (Dentsply Maillefer).

The root was covered with a cementum layer, and
supported via a simulated periodontal ligament in a
bone socket (Fig. 1). The model constraints were
achieved by fixing the bone at the bottom. The
variation of the cementum thickness along the root

© 2006 International Endodontic Journal

surface was based on average cementum thickness
values measured on cross-sections of extracted teeth
(Fig. 1), whilst its mechanical properties were chosen
to be similar to the surrounding bone. The periodontal
ligament was modelled as a soft, 200 pm thick,
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Figure 3 A total of 12 unique canal shapes were created for finite element evaluation after a round or oval canal were
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superimposed by five different rotary nickel-titanium instruments.

Table 1 Mechanical properties applied in the finite element

analysis

Elastic modulus (GPa) Poisson’s ratio
Dentine 14.7° 0.31°
Cementum 0.49 0.30
Periodontal ligament 0.00118° 0.50
Bone 0.49¢ 0.30°

3Sano et al. (1994); °Farah et al. (1989); “Dyment & Synge
(1935); “Moroi et al. (1993).

incompressible layer. Homogeneous isotropic properties
applied in the analysis are listed in Table 1. A uniformly
distributed load (50 N mm™2) was applied on the canal
wall from 1 to 12 mm (measured from the apex),
which simulated lateral pressure during filling.

Results

Root stresses during a simulated compaction procedure
were calculated for the two intact baseline canal shapes
(round and oval) and for when the canals were
prepared with five different rotary instrument sizes.
Modified Von Mises equivalent stress distributions are
shown along the root surfaces and across various cross-
sections (3, 6 and 10 mm) (Fig. 4). The equivalent
stress combines the six stress components from the
three-dimensional stress state according to a relation-
ship known as the Von Mises criterion. Since dentine
strength in tension is approximately three times lower
than in compression (Craig & Powers 2002), the Von
Mises criterion was modified to account for the fact that
tensile stress components are more critical than
compressive (de Groot etal. 1987, Versluis et al
1997). The equivalent stress distribution for the root
with round canal (Fig. 4a) shows the highest stresses at
the canal wall, where they are evenly distributed.
Increasing the preparation size only marginally affects
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the stress levels around the round canal wall; however,
stress levels at the external distal root surface rose as
preparation size increased. The root with oval canal
(Fig. 4b) also shows that the highest stress levels are at
the canal wall, but the distribution is uneven with high
stress concentrations at the buccal and lingual exten-
sions where the radius of curvature is smallest. The
stress distribution around the canal at 3 mm was
lowered and became uniform when its oval shape was
completely rounded by the preparations. A stress
concentration also appears at the external distal root
surface for the intact oval canal, which was little
affected by the subsequent preparations.
Circumferential stresses were determined along the
canal surface. A circumferential stress is the stress
component in the three-dimensional stress field that is
tangentially aligned to the canal surface in the horizontal
cross-sectional plane. Figure 5 shows the range of stress
values between the maximum (solid lines) and minimum
(dashed lines) circumferential stresses along the canal
wall for all intact and prepared canals. The circumfer-
ential stresses around and along the round canal are
uniform, and approximately the same in magnitude for
all preparations (Fig. 5a,b). The stresses around the oval
canal show a wide range between the maximum and
minimum values, indicating high stress concentrations
(Fig. 5c¢,d). Subsequent preparations of the oval canal
eliminated the stress concentrations within the apical
third where the canal was rounded by the rotary
instruments. Where the fins were not completely elim-
inated in the middle and coronal thirds, the stress levels
showed a moderate reduction in stress concentrations.

Discussion

The objective of this study was to evaluate the effect of
rotary nickel-titanium canal preparation on root
stresses, with the well-accepted assumption that

© 2006 International Endodontic Journal



Versluis et al. Canal preparation stresses

a
(round canal) ProTaper F1  ProTaper F2

(b)

(oval canal ProTaper F1  ProTaper F2

ProTaper F3  ProFile .04/30 ProFile .06/30

ProTaper F3  ProFile .04/30 ProFile .06/30

modified Von Mises equival

1t stress (MPa)

Figure 4 Equivalent stress distributions in a root with (a) a round and (b) an oval canal prepared with five different rotary nickel—

titanium instruments when subjected to a uniform wall-pressure of 50 N mm

lowering stress concentrations reduces the risk of
vertical root fractures. Fracture can be initiated during
compaction or functional loading (Rundquist & Ver-
sluis 2006). This study investigated stresses generated
during a simulated compaction. Stress values and their
distribution throughout the root depend on the root
anatomy and loading. The finite element model
constructed for this study was based on the external
root morphology of a mandibular incisor, and the canal
shapes and diameters were based on measurements of
10 incisors. Thus the models created take into account
the complexities of real teeth. Although the distribution
of stresses will vary amongst teeth according to
individual tooth shape and possibly other factors such
as age and history of occlusal stresses, the principles of
changes in stress distribution reported here should be
generally applicable in a clinical situation. The canal
preparations superimposed on the model were also
clinically realistic, with preparations to a final apical
size of 30, and taper of either 0.04, 0.06 (ProFile) or the
variable apical size and taper of ProTaper F1-F3.
Larger apical sizes are recommended by many practi-
tioners. With these instrument sizes and tapers, the
initially round canal was prepared to a smooth, round,
tapered preparation throughout its entire length. The

© 2006 International Endodontic Journal
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oval canal was enlarged to a round shape only in the
apical 3—-4 mm, and in the middle and coronal one-
thirds the canal had a central bulge with uninstru-
mented fins extending buccally and lingually. This
pattern reflects clinical and experimental experience
with oval canals (Rodig et al. 2002, Weiger et al. 2002,
Sathorn et al. 2005a).

Compaction forces were simulated by a uniform
pressure of 50 N mm™> on the canal wall. Regular
compaction forces have been reported to be between 10
and 30 N (1-3 kgf) (Harvey et al. 1981, Lertchirakarn
et al. 1999), whilst fracture loads for mandibular roots
varied widely between 3 and 88 N (Lertchirakarn et al.
1999, 2003, Sathorn et al. 2005b). Since the modulus
of gutta-percha is low compared with the root and
assuming incompressible behaviour, the wall pressure
will approximate the pressure applied on the gutta-
percha. Depending on the diameter of the application
area, a wall pressure of 50 N mm™2 corresponds with
20-40 N compaction force. Thus, the pressure applied
in this study was within a clinically relevant range.
Besides morphology and loading, mechanical properties
also affect the stress conditions. This analysis used
values reported in the dental literature (Table 1). It is
important to note that although natural variation in

International Endodontic Journal, 39, 931-939, 2006
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Figure 5 Circumferential stress ranges along the canal wall surface for a root with a round (a, b) and oval canal (c, d), prepared
with five different rotary nickel-titanium instruments when subjected to a uniform wall-pressure of 50 N mm™2.

tooth morphology and tissue properties precludes a
unique solution, stress calculations can still be validated
by verifying that the predicted mechanical response
corresponds with experimental observations. In a pre-
vious study, circumferential deformation at the external
root surface was measured using strain gauges placed
between the apical and middle third of resected man-
dibular incisors (Lertchirakarn et al. 2003). Reported
circumferential strains (mean + SD) at 62-88 N frac-
ture loads were -402 + 218, -1042 %+ 1601,
1626 £ 1304 and 3440 £ 4692 pstrain for the buc-
cal, lingual, mesial and distal sites, respectively. For
comparison, Table 2 lists the strain values at the
dentine-cementum interface calculated in this finite
element analysis. Despite the wide variation found in the
experimental results, the finite element analysis com-
puted a similar trend where the lowest strains were
found at the buccal and lingual sides, and the highest
strains were found distally. Furthermore, consistent

International Endodontic Journal, 39, 931-939, 2006

with the experimental data, the finite element analysis
indicated compressive strains at the buccal and lingual
surfaces and tensile strains at the mesial and distal
surfaces. When the differences in compaction forces
were taken into account, the calculated strains were
within the same order of magnitude as found in the
experiments.

The finite element results indicated that when an
internal load was applied in models with a round canal,
the stress distribution was low and relatively uniform
both around the canal wall and from apical to coronal
(Fig. 4a). The thickness of the surrounding root dentine
hardly affected this distribution. In contrast, the oval
canal showed much higher stresses and a very uneven
stress distribution, both around the canal wall and from
apical to coronal (Fig. 4b). Stresses were concentrated
at the buccal and lingual canal extensions (location of
sharpest canal concavities), and increased threefold
from the apical 1 mm to the coronal one-half of the

© 2006 International Endodontic Journal
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Table 2 Circumferential strains (pstrain) at the external root surface (dentine—cementum interface) between the apical and middle
third (4 mm from the apex) when the root is subjected to a uniform wall-pressure of 50 N mm™>

Round canal Oval canal

Buccal Lingual Mesial Distal Buccal Lingual Mesial Distal
Intact -13 -10 58 179 -67 -75 359 855
ProTaper F1 —48 -38 231 718 -73 -73 356 950
ProTaper F2 -65 -53 344 1038 -81 -75 404 1138
ProTaper F3 -85 —-68 481 1427 -93 -81 505 1461
ProFile 0.04/30 -41 -32 241 722 -69 -69 365 960
ProFile 0.06/30 -62 —48 328 1003 -79 -72 399 1121

Negative strain values indicate compression, positive values denote tension.

canal. The stress distributions are consistent with those
reported previously (Lertchirakarn et al. 2003, Sathorn
et al. 2005a), based on simpler geometric models.
Stress concentrations were eliminated in the areas
where the sharp edges of the oval canal were com-
pletely smoothed out by the rotary instruments (see the
3 mm cross-sections in Fig. 4b).

Comparatively moderate stress concentrations (less
than half of the stress levels calculated along the
canal surface) were found at the mesial and distal
middle and coronal one-thirds of the proximal
external surfaces of the roots with oval canals
(Fig. 4b). Preparations with different rotary instru-
ment sizes minimally affected the magnitude of these
stress concentrations. In contrast, the root with the
intact round canal showed very little distal and
mesial stress elevation at its root surfaces (Fig. 4a).
However, its external root surface stress levels
increased with increasing rotary instrument diame-
ters, where preparation with the largest instrument
(ProTaper F3) approached the surface stress condi-
tions found for the root with an oval canal. The
observed stress distributions suggest that the bucco-
lingual dimension of the canal space may be a
determining factor for the extent of distal and mesial
proximal surface stresses.

Consistent with previous reports in the literature
(Lertchirakarn et al. 2003, Sathorn et al. 2005a,
Rundquist & Versluis 2006), the finite element analysis
indicated that the highest stresses during simulated
internal compaction loading were not found at the
external root surface, but at the canal wall (Fig. 4).
Therefore, the most clinically significant results from
the current stress analysis are the circumferential
stresses. Preparation of round canals led to only small
increases in circumferential stresses in the apical half
(Fig. 5a,b), with potentially only modest changes in
fracture susceptibility of the root. The maximum

© 2006 International Endodontic Journal

stress values remained approximately the same
after preparation with all instrument sizes, albeit the
maximum circumferential stress values that were
originally confined to the coronal one-third spread
over almost the entire canal length. The stress distri-
bution was also more uniform around the canal wall,
illustrated by the close values of the maximum and
minimum stresses (narrow bands) compared with the
oval canals (Fig. 5¢,d). Large differences between the
maximum and minimum circumferential stress values
(wide bands) were found for the oval canals, confirming
the differences in equivalent stress concentrations
between the two canal types observed earlier (Fig. 4).
In contrast to the round canal, preparation of the oval
canal led to substantial reduction in circumferential
stresses at the canal wall (Fig. 5c,d), particularly in the
apical one-third where the canal was enlarged to a
smooth round shape. Interestingly, in the middle and
coronal thirds, where the buccal and lingual fins were
not completely eliminated, the maximum stresses were
still reduced by up to 15% (with ProTaper F3). Thus,
even though the effect was relatively small when the
fins were not contacted by the instrument, the stresses
within the root were lower and more evenly distributed
than in the intact root before canal preparation. A fully
round preparation, such as was achieved in the apical
one-third, led to a much greater reduction in stress
even in comparison with the uninstrumented canal. If
these results can be extrapolated to the clinical
situation, the potential for reducing fracture
susceptibility exists as a result of the round canal
profiles achieved and the smooth canal taper. Previous
experimental studies using extracted teeth have repor-
ted only small effects of canal preparation on fracture
resistance relative to uninstrumented controls (Coban-
kara et al. 2002, Wu et al. 2004, Zandbiglari et al.
2006); results have varied depending on tooth type,
method of canal preparation and loading system and

International Endodontic Journal, 39, 931-939, 2006
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have been characterized by large variability amongst
teeth.

Conclusions

1. The largest stresses during an internal compaction
load for a mandibular incisor occurred at the canal wall
surface. Where round canals exhibited an even distri-
bution, oval canals caused high stress concentrations
at the buccal and lingual canal extensions.

2. Creating a fully round preparation reduced stress
concentrations. Even when fins were not completely
smoothed by the instruments, the stresses within the
root were reduced by up to 15% and more evenly distri-
buted than in the intact root before canal preparation.
3. The potential for reducing fracture susceptibility
with nickel-titanium instruments exists as a result of
the round canal profiles achieved and the smooth canal
taper.
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