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and torsional load: a finite element study
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Abstract

Introduction: Geometrical designs of nickel-titanium (NiTi) rotary instruments have a considerable influence on
their mechanical performance, and thereby have the tendency to fracture.

Aim: To evaluate the effect of cross-sectional geometry, pitch, taper, and off-center cross-section on the stress
distribution in NiTi instruments under bending and torsion conditions using finite element analysis (FEA).

Materials and methods: Eleven theoretical three-dimensional finite element (FE) models of rotary instruments
were constructed and divided according to the geometric design tested into; group 1 (cross-section geometry):
four FE models with four different cross-section designs (triangle, convex triangular, parallelogram, and rectangle).
Group 2 (pitch): three FE models with different pitches (5, 10, and 15 threads). Group 3 (taper): two FEA models
with two different tapers (0.04 and 0.06). Group 4 (centering): two FEA models (off-centered and centered cross
section). The behavior of the instrument under bending and torsional conditions was analyzed mathematically in
SolidWorks software package.

Results: The pattern of stress distribution was varied by altering cross-sectional geometry, pitch, taper, and off-
center cross section.

Conclusion: No single geometrical design could be beneficial for all stress conditions. To decrease the stress
accumulation during bending of rotary files in curved root canals, the rotary NiTi instruments should be designed
with rectangle cross-section configuration, low pitch, reduced taper, and with centered cross section. This design
improved the flexibility of rotary NiTi instruments. However, to improve the torsional resistance during root canal
preparation of narrow canals, the file should be designed with parallelogram cross-sectional configuration, low
pitch, increased taper, and eccentric cross-section design.
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Background
One of the major problems during root canal prepar-
ation is instrument fracture. Instruments may fracture at
different levels of stress, so various types of NiTi rotary
endodontic instruments systems have been developed to

overcome this problem. The geometrical design of the
NiTi rotary instruments dictates their mechanical behav-
ior and fracture tendency (Ha et al. 2016, 2017; Hamdy
et al. 2019).
The fracture of rotary endodontic instruments during

endodontic treatment of curved root canals is often con-
sidered an enigma for endodontic practitioner. Mainly,
they arise on exceeding torsional or bending stresses
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during function (Rzhanov and Belyaeva 2012). Therefore,
torsion and bending are considered as two essential pa-
rameters of the endodontic files to ensure good perform-
ance and safety (McGuigan et al. 2013).
Raw materials, design, and manufacturing process can

have a significant impact on instrument fracture (Shen
et al. 2016; Gavini et al. 2018). Fracture of the NiTi ro-
tary endodontic instrument may occur due to repeated
bending stresses (compressive and tensile) accumulated
at the point of maximum stress of the file in a curved
root canal. Torsional fracture arises when the tip of the
file becomes locked in the root canal, while the shank of
the rotary instrument continues to rotate (Kim et al.
2012).
The procedure of NiTi rotary instruments manufac-

ture influences their functional quality. The geometrical
design of NiTi rotary instruments affects the clinical per-
formance and durability. Consequently, geometric
optimization is a platform to improving the fracture re-
sistance of NiTi rotary instruments. The geometrical
optimization needs to study each variation in design sep-
arately to achieve the most promising design (Ruddle
et al. 2013).
Although there have been considerable developments

in the design and manufacturing techniques of NiTi ro-
tary instruments, instrumental fracture and separation

remains a concern, particularly in severely curved root
canals. Several investigations have exposed that both tor-
sional stiffness and bending flexibility of a rotary end-
odontic file depend on the geometrical design such as
cross-sectional design, pitch, taper of radial lands rake
angles tip and off-center cross section (Basheer Ahamed
et al. 2018).
Finite element analysis study is a beneficial approach

to evaluate the mechanical performance of endodontic
files and stress distribution. Moreover, it creates a more
controlled condition, allowing evaluation of each geo-
metrical design parameter separately (Tsao et al. 2013;
Jiang et al. 2018).
In terms of cross-sectional shape, various kinds of

NiTi rotary system have been hosted in the market, each
having a unique cross-sectional shape that has a differ-
ent behavior on stress distribution and, hence fracture
tendency. Four cross-sectional shapes may be achieved
such as convex triangle, triangle, rectangular, and paral-
lelogram (Medha et al. 2014). A cross-section shape of
NiTi rotary instruments is the most critical parameter
affecting the instrument fracture, hence lifespan
(Cheung et al. 2011).
During rotary movement of endodontic instruments,

contact between the instrument and root canal walls
generates internal stresses in the instrument and on the

Fig. 1 Experimental simulated conditions diagram. a Cantilever bending with a concentrated load of 1 N applied to the instrument tip. b Shear
moment of 2.5 N mm applied to the shaft with the instrument fixed rigidly at 4 mm from the tip
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root canal wall. While this force is essential for tooth
cutting, it can cause a screw-in effect (an apical driving
force) that may cause over extension of the instrument
beyond the tooth apex (Ha et al. 2016). Geometrically,
parallelogram (slender rectangular) and rectangular
cross-sectional instruments (i.e., one- or two-point con-
tacts) showed lower screw-in forces than triangular and
convex triangular cross-sectional instruments (three-
point symmetrical contacts) (Kwak et al. 2019). A previ-
ous study showed that triangular cross sections result in
more flexibility than square designs for the same file
taper and diameter (Versluis et al. 2012).
Pitch of the file refers to the number of flutes per unit

length. It was revealed that reducing pitch (increasing
threads) constantly reduced the rigidity (stiffness) of the
files. Thus, increasing their flexibility with marked de-
crease in the internal stress of the file (Baek et al. 2011;
Versluis et al. 2012). Taper is the increase in the diam-
eter of file per millimeter increase in length. Taper is
one more feature of file design. It has been shown that
increased taper will increase file rigidity and may pro-
duce a higher screw-in effect (Kwak et al. 2019).
Recently, an off-centered cross-sectional design was

introduced to some endodontic files such as Revo-S sys-
tem and ProTaper Next. The new design depends on

deviation of the rotational center from being in the cen-
ter of the cross section when compared with conven-
tional concentric rotary conventional Ni-Ti file. The
modified off-centered rotational architecture features
produces a bombastic motion of the instrument inside
root canal (snake-like) that decreases the creation of the
stress upon the rotational movement. Thus, reducing
contact of the instrument with wall of canal. Moreover,
it creates more room for easier debris removal (Pasqua-
lini et al. 2015). There are no currently available clinical
studies, until now, regarding the stress patterns of the
off-centered design of the endodontic instruments.
There are demands to revolutionize the designs and

metallurgy of the NiTi rotary instruments to overcome
the problem of fracture of the instruments on use.
Therefore, the aim of the current study was to evaluate
imaginary innovative geometrical design modalities
(cross-sectional geometry, pitch, taper, and off-center
cross section) on the stress distribution in NiTi instru-
ments under bending and torsion conditions using finite
element analysis (FEA).

Materials and methods
Eleven theoretical three-dimensional FE models of rotary
instruments were constructed and divided according to

Fig. 2 A 2D drawing of different designed file cross section. a Triangle cs. b Convex triangular cs. c Rectangle cs. d Parallelogram cs
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tested geometrical design into four groups. Group 1
(cross-section geometry): four FE models with four dif-
ferent cross-section designs (triangle, convex triangular,
rectangle, and parallelogram) but with same taper and
pitch. Group 2 (pitch): three FE models with triangular
cross section and 4% taper were created each one with
different pitch (5, 10, and 15 threads). Group 3 (taper):
two FEA models with same geometrical cross-section
design (triangular) and same pitch, both models differed
only in the tapers (0.04 and 0.06). Group 4 (centricity):
two FEA models with similar rectangular cross section
and similar pitch and taper, they differ only in the

centricity of the cross section (off-centered and centered
cross section). Therefore, finite element analysis offered
the advantage of changing each time only one parameter
while fixing the other features.

FE modeling of NiTi rotary files
The digitalized 3D geometric models were created using
the following steps: the file cross section was drawn in 2D
using CAD, SolidWorks software package (SolidWorks
Premium 2018 x64 Edition, USA). The 2D file with (.prt)
extension was converted into Stereolithographic (.stl)

Fig. 3 Stress distribution during bending of different tested file cross sections. a Triangular cs. b Convex triangle cs. c Rectangular cs. d Parallelogram cs

Fig. 4 Stress distribution during torsion of different tested file cross sections. a Triangular cs. b Convex triangle cs. c Rectangular cs. d Parallelogram cs
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extension to be readable by programming software
(MATLAB, R2014b software) (Galal et al. 2015).
The STL file was imported to MATLAB software to

be converted into Matrix form that reflects the 2D
geometry. Building of 3D model in form of sections was
performed by MATLAB software using the following
unique imaginary different design data: cross section
(cs), pitch, taper, and off-center cross section. The 3D
file models were finalized by building both tip and shaft
of the file using solid works software package. Meshing
of the 3D models was done by (Cosmos, SolidWorks
software package) using curvature-based mesh

Experimental conditions of simulation
The mechanical behaviors of the different models were
analyzed mathematically using SolidWorks software
package under the following under bending and tor-
sional simulated conditions (Fig. 1):

(A). Cantilever bending with a constant load-
deformation was simulated in the form of cantilever
bending by applying a concentrated load of 1 N at the
tip of the file with its shaft held rigidly in place. The von
Mises stress distribution was evaluated (Kim et al.
2009b; Necchi et al. 2010) (Fig. 1a).
(B). Application of a shear moment was simulated in

the form of torsion by applying a load of 2.5 N mm at
the shaft in a clockwise direction normal to the long axis
of the file, though the last 4 mm of the tip was con-
strained rigidly. The stress distribution was evaluated
(Kim et al. 2009b; Necchi et al. 2010) (Fig. 1b).

Testing of different design features
Cross-section configuration
Four different models were created with the same
taper (0.06) and the same pitch (10 threads), but with
different four cross-sectional configurations and

Fig. 5 Stress distribution during bending of different tested file pitch. a 5 threads. b 10 threads. c 15 threads
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surface area (Fig. 2). The four FE models were math-
ematically analyzed under bending and torsional
conditions.

Pitch Three different models were created with the same
cross section design (triangular) and same taper 0.06, but
with different pitch (5, 10, 15 threads). Mathematical ana-
lysis was performed during bending and torsion.

Taper Two models were created with same cross-
section design (triangular) and same pitch (10 threads),
but with two different tapers: 0.04 and 0.06. Mathemat-
ical analysis was performed during bending and torsion
conditions.

Centric and eccentric cross section:
Two models were created with the same cross-section
design (rectangular), same taper 0.06, and same pitch

(10 threads) but with different centricity of the cross sec-
tion. Mathematical simulation was performed under
bending and torsional conditions.

Results
Cross-sections configuration
The maximum von Mises stress upon bending test was
observed on convex triangle cs (1962 MPa), followed by
triangle cs (1535 MPa), then parallelogram cs (870
MPa), while the least amount of stress was related to
rectangular cs (814 MPa) (Fig. 3).
When a torsional test was performed, the maximum

von Mises stresses were related to convex triangular
cross section (4321 MPa), followed by triangular cross
section (4285 MPa), rectangular cross section (2659
MPa), and parallelogram (2307 MPa) (Fig. 4).
Stress distribution during bending was similar in the

four models: the maximum areas of stress concentration

Fig. 6 Stress distribution during torsion of different tested file pitch. a 5 threads. b 10 threads. c 15 threads
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were detected in the cutting edges of the four models;
however, the rectangular cs design showed areas with
more stress concentration which will subject this point
to failure. Stress distribution upon torsional testing was
similarly related to the base of the flutes in the four
models; however, it was more concentrated in the base
of the flutes in the first 2 mm of the triangular cs design.

Pitch
During bending testing, the maximum stress was related
to the 5 threads model (1604 MPa) followed by 10
threads (1542 MPa) then 15 threads (1535 MPa). Under
torsional conditions, the maximum stress was related to
5 threads model (4733 MPa) followed by 10 threads
(4285 MPa) then 15 threads (4022 MPa). Bending test
results showed that increasing the number of threads re-
sulted in decreasing the stress accumulation in the file
models (Fig. 5). Stress distribution showed that max-
imum stress was related to the cutting edges, and it was
more concentrated with decreasing the number of the
threads.
The same results have been obtained during torsional

testing as the results revealed that the increase in the

number of the threads cause a decrease in the von Mises
stress created in the file model both under bending and
torsional conditions (Fig. 6). Stress distribution was simi-
lar in the three models, and it was related to the base of
the flutes.

Taper
During bending, the maximum stress was related to the
0.06 taper model (2443 MPa) while the 0.04 taper model
(1535 MPa) showed less stress accumulation. Under tor-
sion, the maximum stress was related to the 0.04 taper
model (4652 MPa) and not to the 0.06 taper model
(4285 MPa). Bending test results demonstrated that as
the taper of the file increases, the amount of von Mises
stresses increases (Fig. 7).
During the torsional testing, increasing of the taper re-

sulted in decreasing of the amount of von Mises stress
created (Fig. 8).

Centricity of the cross section
During bending, the eccentric cross-section model
showed the maximum stress (841 MPa) while centric
cross-section model showed 814 MPa. During torsion

Fig. 7 Stress distribution during bending of different tested file taper. a 4% taper. b 6% taper
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testing, reduction in stress values have been reported in
the off-centered file (eccentric) (2299 MPa) compared
with centered (centric) cross-sectional file design (2659)
(Figs. 9 and 10).

Discussion
FEA is a convenient tool to investigate complex end-
odontic stress distribution analyses (Jiang et al. 2018).
Moreover, they offer the benefit to investigate each fea-
ture independently under controlled circumstances. It
allows evaluation of different variables in a way that can-
not be done experimentally (Versluis et al. 2012).
Improvement of NiTi rotary metallurgy and thermo-

mechanical treatment enhance their mechanical behav-
ior (Galal 2019; Galal et al. 2019). However, the geomet-
rical design plays a crucial role on the mechanical
behavior of NiTi rotary instruments (Kim et al. 2009b;
Zhang et al. 2011; Ha et al. 2017). Geometry of NiTi ro-
tary instrument decides their rigidity (Hamdy et al.
2019). Hence, clinical efficiency and cutting perform-
ance, as well as fracture incidence that may arise from
bending or torsion stresses generation in an instrument
(Montalvão et al. 2014; Omar et al. 2019).

The von Mises stress distribution along the NiTi ro-
tary file instruments contribute to instrument fracture.
The evaluation of stress distributions in the present
study was done under application of simulated loading
to the clinical situations. Where cantilever bending
stresses simulate the file movement into curved root ca-
nals, shear moment (torsional) stresses simulate that
arises inside a narrow canals when the tip of the file bind
in the root canal during the rotation of shank (Necchi
et al. 2010).
Kim el al. investigated the effect of the cross-sectional

area on bending and torsion conditions. They showed
that the increase in cross-sectional area resulted in in-
creasing the rigidity however increasing the torsional re-
sistance (Kim et al. 2009a). Versluis et al. evaluated the
effect of cross-sectional area and geometry on the mech-
anical behavior of NiTi rotary instruments; they found
that increasing in cross-sectional area decreased the
flexibility of the NiTi rotary instruments (Versluis et al.
2012).
Increasing the cross-sectional area increased the stress

accumulation during bending compared with smaller
cross-sectional area. In this study, the convex triangular

Fig. 8 Stress distribution during torsion of different tested file taper. a 4% taper. b 6% taper
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Fig. 9 Stress distribution during bending of different tested file centricity of the cross section. a Centric cs. b Eccentric cs

Fig. 10 Stress distribution during torsion of different tested file centricity of the cross-section. a Centric cs. b Eccentric cs
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cs design showed the maximum von Mises stress during
bending and torsion; this is due to increasing the surface
area and perimeter of this cs in addition to the three-
point contact with the canal walls that resulted in in-
creased torsional fatigue while decreasing the cross-
sectional area may be attributed to more flexibility of the
file (Kim et al. 2009a). The file model with parallelogram
cross-section design showed less stress concentration
during torsional testing which indicates more resistance
to torsional failure; this may be due to the innovative
cross-sectional design that resulted in only two-point
contacts with the canal walls also decreasing its cross-
sectional area resulted in increasing its flexibility (Kim
et al. 2009a).
Under both bending and torsional conditions, the

maximum stress was related to the five threads model
followed by 10 threads and then 15 threads. This may be
due to the finding reported by Baek et al. that decreasing
the pitch of the file (increase number of threads) in-
creases its flexibility and thus decreases the stresses gen-
eration in both bending and torsional situations (Baek
et al. 2011).
It was noticed that increasing the taper of the file re-

sults in generation of more stresses. This finding was in
agreement with the results of Arbab-Chirani et al. which
may be attributed to the fact that during bending test,
increasing the taper of the file results in building-up of
larger magnitudes of internal stresses, and also it reduces
the flexibility of the file. While during torsional testing,
increasing the taper resulted in reduction in the tor-
sional fatigue (Arbab-Chirani et al. 2011).
The results showed that eccentric cross-section re-

sulted in more stress than centric cross section during
bending stress. This finding is congruent with Ha et al.,
which conclude that the flexibility of the files was re-
duced as the feature of off-center distance being was in-
creased (Ha et al. 2017), while the torsional resistance
increased in the eccentric cs than in the centered
models. This may be due to the presence of two points
of contacts with the canal wall which decreases the
chance of locking the file inside the canal during root
canal preparation (Ghobashy et al. 2016).
Although finite element analysis has the considerable

benefit of being an accurately controlled study as men-
tioned previously, the results of this theoretical study
might have some variations from a clinical study that de-
rived from actual files mainly due to manufacturing
process and surface irregularities (Kim et al. 2010).

Conclusions
The current study used finite element study analysis to
evaluate the effects of cross-sectional shape, pitch, taper,
and centricity of the cs on stress distribution upon bend-
ing and torsion on rotary NiTi instruments. Within the

limitation of this in vitro study, the effects the stresses
and thus the potential fracture under the applied testing
conditions could not be reduced by single NiTi instru-
ment design. Minimizing the stress accumulation under
bending conditions of rotary files during preparation of
curved root canals could be achieved by designed rotary
NiTi instruments with rectangle cross-section configur-
ation, low pitch, reduced taper, and with centered cross
section. This design improved the flexibility of rotary
NiTi instruments. However, to optimize the torsional re-
sistance during root canal preparation of narrow canals,
the file should be designed with parallelogram cross-
sectional configuration, low pitch, increased taper, and
eccentric cross-section design.
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