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Abstract
Background: The aim of this study was to evaluate the mechanical behavior of M-wire, controlled memory (CM),
and R-phase files under bending and torsion conditions and compare it to the mechanical response of NiTi file
with the same geometry using finite element analysis.
Methods: A geometric model of HyFlex file size 25 and taper 0.06 was generated by micro-computed tomographic
and stereomicroscope scanning. The file FE model was built using MATLAB and SolidWorks software. Four FE files
models were constructed with different material properties, the data for the M-wire, CM, R-phase, and NiTi alloys
were obtained from the literature. The mechanical behavior of the different models under bending and torsion was
analyzed mathematically in SolidWorks software package.
Results: Under bending conditions, the maximum Von Misses stress value was related to NiTi file model (330 MPa),
followed by M-wire (311 MPa), then CM file model (191 MPa), while the least amount of stress value was related to
R-phase file model (169 MPa). When torsion test was performed the maximum stress value was also related to NiTi
file model (270 MPa), followed by M-wire (261 MPa), then CM file model (191 MPa), while the least amount of stress
value was related to R-phase file model (188 MPa).
Conclusions: Metallurgical improvement of rotary files resulted in increasing the flexibility and the torsional
resistance of these files.
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Background
In recent decades, nickel-titanium (NiTi) rotary files have
gained increasing popularity over stainless steel files in
root canal preparation due to the superelastic behavior of
nitinol-based materials. NiTi files present several advantages compared with stainless steel files, such as higher
flexibility, fewer canal aberrations, and a shorter procedural duration. However, fracture of NiTi files remains a
concern in clinical practice. An instrument might fracture
at various levels of stress or strain, with or without any apparent signs of plastic deformation adjacent to the fracture
site. This is due to the presence of residual stresses in the
instrument after use. Two mechanisms of fracture have
been proposed, torsional (shear) and flexural (fatigue).
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There are several contributing factors that affect the
fracture of rotary NiTi instruments (Saber 2008), and to
improve the fracture resistance of NiTi rotary files,
manufacturers have introduced new alloys with higher
mechanical properties. Most rotary NiTi files are
fabricated from near-equiatomic NiTi alloys, which contain approximately 55 wt.% nickel (Santos et al. 2013).
Testarelli et al. (2011) compared the bending properties of
the HyFlex instruments with other NiTi rotary instruments. The results revealed that the Hyflex instruments
were the most flexible, but the comparisons were made
among instruments with different geometric designs. Several studies of the stresses generated in NiTi instrument
have been completed using finite-element (FE) analysis.
FEA allows easy evaluation of the influence of various materials on the mechanical properties of the same geometric
model. Thus, differences resulting from the geometry of
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the instruments are eliminated. The aim of the present
study was to evaluate the mechanical behavior of M-wire,
controlled memory (CM), and R-phase files under bending and torsion conditions and compare it to the mechanical response of NiTi file with the same geometry using
finite element analysis.

Materials and methods
Creation of a finite element model for NiTi files

Real-size, a digitized model of HyFlex CM file (Coltene,
Whaledent), size 25 and taper 0.06, was obtained by
micro-computed tomography scanning (GE Discovery
VCT, Germany) to obtain a 3D geometric model. The
file was imaged using a stereomicroscope (Technival 2,
Carlzeiss JENA) at × 5, × 10, and × 16 magnifications to
obtain a detailed shape. To build the file’s 3D model, the
file cross section was drawn in 2D using computer-aided
design programs CAD (SolidWorks software package).
The 2D file with (.prt) extension was converted into
stereolithographic (.stl) extension to be readable by programming software (MATLAB software). Building of 3D
model in form of sections was performed by MATLAB
software using the following data: taper of the file,
change in pitch length, and cross section. After building
of the 3D model on MATLAB, the file model was
imported to computer-aided design programs CAD
(SolidWorks software package). The file (.stl) extensions
were converted to (.prt or .sldprt) to be edited by
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computer-aided design programs CAD (SolidWorks
software package). Finishing of the file 3D model was
performed by building the tip and the handle of the file
using computer-aided design programs CAD (SolidWorks software package). Using computer-aided design
programs CAD (SolidWorks software package) FE model
for the file was done. The meshing of the model was
done by (Cosmos, SolidWorks software package) using
linear, six-node trihedral elements. The final FE model
of the HyFlex instrument consisted of 5268 elements
with 9206 nodes (Fig. 1).
Mathematical analysis of FE models

The mathematical analysis of files was performed on
SolidWorks software package. The necessary parameters
to describe each model were entered. For CM file, model
data were extracted from the stress-strain relationships
determined by Zhou et al. (2012) for the 48 CM-wire
tested at room temperature. The material properties for
M-wire file model are obtained from the stress–strain relationships found in the literature (Montalvão et al. 2014).
The parameters used to describe the model of the R-phase
file superelastic NiTi were derived from stress-strain curve
determined by Santos et al. (2016). The nonlinear, stress–
strain behavior of the NiTi material was entered for NiTi
file model during the mathematical analysis. The Young’s
modulus of the alloy was 36 GPa, while the Poisson’s ratio
was 0.3 according to Wang (2007).

Fig. 1 a 2D drawing of HyFlex file cross section in SolidWorks software. b, c The building of the 3D model of HyFlex file in MATLAB software. d
3D models of HyFlex file. e Meshing of the FE models of HyFlex file
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Bending

Cantilever bending was simulated for the four FE models
by applying a concentrated load of 1 N at the tip of the
file with its shaft rigidly held in place (Kim et al. 2009).
The vertical displacement was measured, and the von
Mises stress distribution was evaluated.
Torsion

Application of a shear moment (torsion) 2.5 N.mm moment of force was applied to the shafts of the four
models in a clockwise direction (Kim et al. 2009), while
the last 4 mm of the tip was rigidly constrained. The
stress distribution was evaluated.

Results
Bending

When bending test was performed, the maximum stress
value was related to NiTi file model 333 MPa with displacement 2.26 mm, followed by M-wire file model 311
MPa and 2.44 mm displacement, then CM file model 191
MPa and 3.39 mm displacement. On the other hand, the
least value of stress was related to R-phase file model 169
MPa with 9.75 mm displacement. Stress distribution
showed that maximum stress value was related to the cutting edges of the apical 4 mm of all files (Fig. 2) (Table 1).
Torsion

When the torsion test was performed, the maximum
stress value was related to NiTi file model 2.70 MPa
followed by M-wire file model 2.61 MPa, then CM file
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model 1.91 MPa. The least stress value was related to Rphase file model 1.88 MPa. Stress distribution showed
that the maximum von Mises stress of was situated at
the base of the flutes just below the constrained 4 mm of
apical end of the all tested files (Fig. 3) (Table 1).

Discussion
In the present study, finite element analysis (FEA) was
used to compare the mechanical behavior of conventional NiTi, M-wire, CM, and R-phase files during bending and torsion. FEA is the method of choice for
theoretical analysis of the mechanical behavior of NiTi
files which subjected to complex loading forces. It offers
the advantage that individual variables and combinations
of variables can be tested systematically in a way that is
not possible experimentally. The same geometric model
was used for all types of files models to eliminate the influences of geometrical characteristics so the difference
in the mechanical property of the models would be the
result of the different metallurgy (Santos et al. 2016).
NiTi alloy may present two main properties, SE (pseudoelasticity) and shape memory effect (SME). The SE is
related to the presence of stable austenite that when the
alloy is subjected to load, it gives rise to B19 stressinduced martensite. This phase is unstable at temperatures above Af and thus returns to austenite by a reverse
transformation when the load is removed, and the strain
is recovered (Santos et al. 2013). Therefore, the working
temperature for conventional superelastic NiTi files
must be above the Af (Otsuka and Wayman 1998;

Fig. 2 a–d Stress distribution during bending of CM-wire, M-wire, R-phase, and NiTi FE models, respectively
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Table 1 Showing the maximum stresses value during bending and torsion and showing the maximum displacement during
bending of files with different metallurgy
Alloy

Max. stress during bending (MPa)

Max. displacement during bending (mm)

Max. stress during torsion (MPa)

CM-wire

191

3.39

1.91

M-wire

311

2.44

2.61

R-phase

169

9.75

1.88

NiTI

333

2.26

2.70

Otsuka and Ren 2005). There is a third phase besides
B19 martensite and austenite called R-phase, that is
formed in some cases as an intermediate phase during
transformations between austenite and martensite. The
transformation temperatures affected by thermomechanical processing, and it is possible to obtain stable austenite, R-phase, martensite, or an alloy containing a
mixture of these phases (M-wire) depending on the
manufacturing process. R-phase is less stiff than the
other two phases, thus allowing for stress relaxation during deformation of endodontic instruments inside root
canals; this means that the loads needed to deform files,
either in bending or in torsion is also much smaller. The
mechanical properties of the NiTi alloy affected by the
phases present; thus, thermomechanical treatments
consider a modern technique of developing new
endodontic instruments with improved mechanical
properties (Santos et al. 2016).
When bending test was performed, NiTi file model
showed the greatest flexural rigidity, and the lowest
displacement; this was in full agreement with Montalvão et al. (2014). The lowest stress value and the
maximum displacement was related to R-phase file
model during the bending simulation, which indicates
a superior flexibility of this alloy. This was in full
agreement with Figueiredo et al. (2009) who

concluded that martensite has a fatigue life 100 times
greater than that of austenite. This behavior is related
to the crack propagation mechanism in martensite,
which occurs through the large number of branched
cracks that formed along the numerous interfaces
present in the martensitic phase. The crack propagation is very slow because of the dissipation of energy
produced by the branching of the cracks. While, in
the superelastic NiTi, the cracks form a limited number of branches which leads to decrease the energy
consumption and the increase the crack (McKelvey
and Ritchie 2001). Martensite is induced more easily
in R-phase than in austenite, and it can be favorable
for a greater fatigue life. R-phase has a much smaller
stiffness than the other two phases, thus allowing for
stress relaxation during deformation of endodontic
instruments inside root canals; this means that the
loads needed to deform files, either in bending or in
torsion, are also much smaller. CM file model showed
less Von Misses values than M-wire and NiTi FE
models did during bending. This was in full
agreement with Santos et al. (2013) who reported that
CM files do not present the rebound effect after
unloading, and their original shape is restored after
autoclaving. The behavior of these files due to the
presence of stable martensite means that the working

Fig. 3 a–d Stress distribution during torsion of CM-wire, M-wire, R-phase, and NiTi FE models, respectively
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temperature is below the Af. Stable martensite is
known for the capacity to recover the original shape
by reverse transformation after heating the deformed
martensite to temperatures above the Af. These temperatures are related to the nickel content of the alloy
and to the thermomechanical treatment for NiTi wire.
M-wire FE model showed more stress values and less
displacement than CM file model did; this was in full
agreement with Pongione el al (2012) who compared
the mechanical properties of M-wire and CM alloys.
On the other hand, the maximum Von Misses stress
was related to NiTi FE model; this was in full agreement with Montalvao et al. (2014).
When bending test was performed, stress distribution
was similar in the four models, and it was related to the
cutting edges of the apical half of the files, so the core
was preserved from the damaging effect of the stress
concentration (Santos et al. 2013). This stress distribution was expected from the mechanics of bending a
beam of triangular cross section; this was in full agreement with Kim et al. (2009) and Berutti et al (2003).
When torsion test was performed again the least amount
of Von Misses stress was related to R-phase FE model
followed by CM model then M-wire FE model, while the
maximum amount of Von Misses stress was related to
NiTi FE models. The mechanical behavior of the files
was related to the thermomechanical treatment effect on
the alloy; this was in full agreement with Santos et al.
(2013). Stress distribution was similar in the four file
models, and it was related to the base of flute immediately below the constrained area; this was in full agreement with Kim et al. (2009).

Conclusion
Metallurgical improvement of rotary files resulted in increasing the flexibility and the torsional resistance of
these files. The type of the alloy used in manufacturing
of rotary files affects its mechanical properties. R-phase
file model showed the highest flexibility and torsional resistance among the tested groups, while CM file model
was more flexible and torsional resistance than M-wire
file model. The least flexibility and torsional resistance
were related to NiTi file model.
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