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Abstract: Since the introduction of Nickel-Titanium alloy as the material of choice for the manu-
facturing of endodontic rotary instruments, the success rate of the root canal therapies has been
significantly increased. This success mainly arises from the properties of the Nickel-Titanium alloy:
the biocompatibility, the superelasticity and the shape memory effect. Those characteristics have led
to a reduction in time of endodontic treatments, a simplification of instrumentation procedures and
an increase of predictability and effectiveness of endodontic treatments. Nevertheless, the intracanal
separation of Nickel-Titanium rotary instruments is still a major concern of endodontists, with a
consequent possible reduction in the outcome rate. As thoroughly demonstrated, the two main causes
of intracanal separation of endodontic instruments are the cyclic fatigue and the torsional loads.
As results, in order to reduce the percentage of intracanal separation research and manufacturers
have been focused on the parameters that directly or indirectly influence mechanical properties
of endodontic rotary instruments. This review describes the current state of the art regarding the
Nickel-Titanium alloy in endodontics, the mechanical behavior of endodontic rotary instruments and
the relative stresses acting on them during intracanal instrumentation, highlighting the limitation of
the current literature.
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1. Introduction

The history of Endodontics is characterized by two eras, divided each other by the
introduction of Nickel-Titanium (NiTi) alloy as the most eligible material for the manufac-
turing of endodontic rotary instruments. Its introduction, in fact, has thoroughly changed
the instrumentation procedures of endodontic root canal systems, so as to be considered
as a technological revolution which established the beginning of the modern endodontics.
The exact moment of this passage corresponds to the publishment by Walia et al. of the
article titled “An initial investigation of the bending and torsional properties of Nitinol root
canal files”, in which for the first time the Authors proposed the NiTi alloy as a material for
the manufacturing of endodontic instruments, considering the great success that this alloy
was having in orthodontics [1]. In this article the Authors highlighted the limitations of
the instrumentation of root canal system with stainless-steel (SS) manual files, that could
be summarized in the ledge or zip formation, the canal perforation or transportation and
the separation of the instruments, especially in the endodontic treatment of canals with
severe curvatures [2–4]. These complications mainly arise from the stiffness of the SS alloy,
especially with the increase of the instrument diameter.

In the following years, several Authors proposed the use of NiTi instruments at
high rotational speed with the use of engine-driven endodontic motors, by exploiting the
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mechanical properties of NiTi alloy, such as superelasticity and shape memory effect [5–7].
The technological revolution, with the innovations made by the production processes in
the field of instruments manufacturing, in particular with regard to their dimensions and
conicity, greatly facilitated the instrumentation procedures of root canals, improving their
chemo-mechanical disinfection increasing the success rates of endodontic treatments [8].

In the light of the above, the introduction of NiTi in Endodontics has brought some
undisputed advantages, summarized essentially in three points [7,9].

1.1. Advantages in Using NiTi Rotary Instruments

• Reduction in time of endodontic treatments

Instrumentation technique with manual SS files requires a larger number of tools and
longer operating times. Instead, the increased cutting efficiency of NiTi rotary instruments
and the use of increased taper instruments allow clinicians to improve these parameters of
endodontic treatment [10–12].

• Simplification of instrumentation procedures

The special properties of the NiTi instruments have made it possible to considerably
simplify the instrumentation technique compared to the traditional procedural steps carried
out through the use of SS files [11,13,14]. Thanks to the better mechanical characteristics of
rotary instruments than manual ones, it’s possible to shape the root canals respecting their
original trajectories not altering their original anatomy [15,16].

• Increase of predictability and effectiveness of endodontic treatments

The superelasticity of NiTi alloy ensures the use of endodontic instruments with an
increased taper without an excessive risk of fracture due to bending or cyclic fatigue, im-
proving the process of root canal shaping and therefore of root canal filling [17]. For all these
reasons, the success rates of endodontic treatments performed with NiTi rotary instruments is
significantly greater than those performed with SS manual instruments [18–22].

1.2. Nickel-Titanium Alloy

The fundamental characteristics that allow endodontists and manufacturers of consid-
ering the NiTi as the material of choice for the production of endodontic rotary instruments
reside in the intrinsic properties of this material.

The Nitinol was discovered in 1959 by William J. Buehler, metallurgist at the U.S. Naval
Ordinance Laboratory, through the fusion of 55% Nickel with 45% Titanium, leading to the
creation of an alloy with peculiar characteristics of superelasticity and shape memory, that
initially saw its only use in naval and military fields, but then it was, in a far-sighted way,
also employed in the medical field, particularly in orthodontics and endodontics [23,24].

The success behind the NiTi alloy resides in its biological and mechanical proper-
ties that make the NiTi alloy unique and particularly suitable for the manufacturing of
endodontic rotary instruments: biocompatibility [25], corrosion resistance [23,26], shape
memory effect and superelasticity.

The last two properties have a key role in determining the mechanical behaviour of
NiTi rotary instruments. The first one, the shape memory effect, allows NiTi instruments to
“memorize” a certain form and return by heating to its original form thanks to the phase
transition between two crystallographic phases: a crystalline phase (called martensitic
phase) which is stable below a certain critical temperature, and an austenitic phase that
is stable above that critical temperature. The second one, the superelasticity, allows NiTi
alloy, when mechanically loaded, to be reversibly deformed to very high strains (up to 8%)
by the creation of a stress-induced phase, called Stress Induced Martensite (SIM). However,
when the load is removed, the new SIM becomes unstable and the NiTi regains its original
shape (Figure 1) [27–29].
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Figure 1. Schematic representation of phase crystallographic transformation of NiTi alloy induced by stress or temperature
variation. Austenite has a body-centred cubic crystal lattice, whilst martensite can be divided in two different forms with
different crystallographic organization: the twinned martensite that forms the structure of a closely packed hexagonal lattice
and the deformed martensite or the detwinned martensite when there is a ‘flipping over’ type of shear [27].

The mechanical responses of the NiTi alloy under certain load can be represented
through a stress/deformation graph (Figure 2). The stress and strain curve could be
divided by three vertical line (A, B and C in Figure 2) that individuate on the graph
three different areas according to the crystallographic organization of the NiTi alloy: the
austenitic region in which the alloy is composed by austenite; the austenitic/martensitic
region (also called R-phase) in which there is a partially transformation of austenite in
martensite, according to the application of stress; the martensite region in which the
total amount of austenite is transformed in martensite above certain loads [27,30]. Below
certain load, the transformation induced by mechanical stress is totally reversible (elastic
deformation) as a direct consequence of the superelasticiy, however if a yield strength is
exceeded the deformation becomes irreversible (plastic deformation) and the endodontic
instrument is permanently damaged [31].
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Figure 2. Schematic representation of the stress and strain curve showing the crystallographic transformation according to
the induced stress.

Nevertheless, NiTi endodontic instruments, when subjected to stress that exceeds the
limits of elasticity of the material, undergo plastic transformations and then fracture, if the
stress is not removed. However, these limit values are much higher than those of the SS
instruments of the same size and shape [1].

Reassuming, the transformation between different crystallographic phase could arise
from the application of stress, the variation of temperature or a combination of these two
factors. According to that, the NiTi alloy can exist in the solid state in three different
crystalline phases, that differ between them for the three-dimensional atomic organization
and for the mechanical properties: austenitic, martensitic and intermediate R phases [27].

In the austenitic phase the NiTi alloy is characterized by a crystal structure with
a body-centered cubic lattice that makes it stable at high temperatures and gives the
alloy rigidity (high modulus of elasticity) and superelasticity, with very low plasticity
characteristics. On the contrary, through a decrease of the temperature below the critical
transformation temperature range (TTR) the NiTi alloy changes its crystallographic phase
in the twinned martensitic phase, characterized by a closely packed hexagonal lattice
(Figure 3). In this form the NiTi alloy shows stability at lower temperature with greater
flexibility, cyclic fatigue resistance, softness and ductility, and exhibits the shape memory
effect when heated [32,33]. Instead, the intermediate R-phase does not have a precise
crystalline conformation but is rather a hybrid between the two phases described above. It
is characterized by the possibility of its atoms to move between adjacent crystalline planes,
continuously oscillating between an austenitic and martensitic organization.



Bioengineering 2021, 8, 218 5 of 18
Bioengineering 2021, 8, x FOR PEER REVIEW 5 of 19 
 

 

Figure 3. Diagrammatic representation of the temperature hysteresis diagram of NiTi alloy. (Ms) martensite start temper-

ature, (Mf) martensite finish temperature, (As) austenite start temperature, (Af) austenite finish temperature. Since TTR 

strongly depends on different parameters such as blank wire, heat-treatment, manufacturing procedures and design, de-

fining universal As, Af, Ms and Mf is almost impossible. However, for example, considering martensitic NiTi instruments 

the As temperature could range from 25 °C to 45 °C and Af temperature from 35 °C to 55 °C, whilst Ms temperature could 

range from 20 °C to 50 °C and Mf temperature from −25 °C to −35 °C. Regarding conventional NiTi instruments the As 

temperature could range from −30 °C to 5 °C and Af temperature from 5 °C to 20 °C, whilst Ms temperature could range 

from 20 °C to 10 °C and Mf temperature from −5 °C to −20 °C [32,34]. 

As mentioned above, the martensite is not stable at intracanal temperature, so the 

conventional NiTi alloy is in the austenitic configuration, stable at high temperature. 

However, a change in the transformation temperatures (martensite start temperature 

(Ms), martensite finish temperature (Mf), austenite start temperature (As), austenite finish 

temperature (Af)) can be induced by thermal and mechanical treatments in such a way 

that endodontic instruments could be martensitic at the room temperature (Figure 3) 

[34,35]. With the aim of examining the TTR the most common method is the differential 

scanning calorimetry (DSC) analysis, that allows the evaluation of the transformation tem-

perature trough controlled cooling and heating process [30]. However, sometimes the re-

sults of DSC analyses of NiTi rotary instruments are inaccurate due to the small dimen-

sions of the endodontic instruments. For this reason, other analysis could be needed to 

confirm the results of DSC, such as XRD, micro-XRD, metallographic examination and 

scanning electron microscopy (SEM) observations [30]. 

Over the years, different thermal treatments have been proposed by manufacturers 

with the aim to obtain NiTi endodontic instruments with ever better mechanical perfor-

mance (Table 1) [35]. 

  

Figure 3. Diagrammatic representation of the temperature hysteresis diagram of NiTi alloy. (Ms) martensite start tem-
perature, (Mf) martensite finish temperature, (As) austenite start temperature, (Af) austenite finish temperature. Since
TTR strongly depends on different parameters such as blank wire, heat-treatment, manufacturing procedures and design,
defining universal As, Af, Ms and Mf is almost impossible. However, for example, considering martensitic NiTi instruments
the As temperature could range from 25 ◦C to 45 ◦C and Af temperature from 35 ◦C to 55 ◦C, whilst Ms temperature could
range from 20 ◦C to 50 ◦C and Mf temperature from −25 ◦C to −35 ◦C. Regarding conventional NiTi instruments the As
temperature could range from −30 ◦C to 5 ◦C and Af temperature from 5 ◦C to 20 ◦C, whilst Ms temperature could range
from 20 ◦C to 10 ◦C and Mf temperature from −5 ◦C to −20 ◦C [32,34].

As mentioned above, the martensite is not stable at intracanal temperature, so the
conventional NiTi alloy is in the austenitic configuration, stable at high temperature.
However, a change in the transformation temperatures (martensite start temperature
(Ms), martensite finish temperature (Mf), austenite start temperature (As), austenite finish
temperature (Af)) can be induced by thermal and mechanical treatments in such a way that
endodontic instruments could be martensitic at the room temperature (Figure 3) [34,35].
With the aim of examining the TTR the most common method is the differential scanning
calorimetry (DSC) analysis, that allows the evaluation of the transformation temperature
trough controlled cooling and heating process [30]. However, sometimes the results of
DSC analyses of NiTi rotary instruments are inaccurate due to the small dimensions of
the endodontic instruments. For this reason, other analysis could be needed to confirm
the results of DSC, such as XRD, micro-XRD, metallographic examination and scanning
electron microscopy (SEM) observations [30].

Over the years, different thermal treatments have been proposed by manufacturers
with the aim to obtain NiTi endodontic instruments with ever better mechanical perfor-
mance (Table 1) [35].
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Table 1. Overview of NiTi alloy used for the manufacture of endodontic instruments.

Alloy Crystallographic Phase NiTi System

Conventional NiTi alloy Austenitic

Mtwo
OneShape

ProFile
ProTaper Universal

RaCe, BioRaCe, iRace
F360, F6 Skytaper

EdgeTaper

R-phase Austenitic
Twisted File

Twisted File Adaptive
K3XF (not twisted)

M-Wire Austenitic with small amounts of
R-phase and martensite

ProFile Vortex
ProFile GT Series X

ProTaper Next
Reciproc
WaveOne

CM Wire Martensitic with varying amounts
of austenite and R-phase

Hyflex CM
THYPOON Infinite Flex NiTi Files

V-Taper 2H
Hyflex EDM

Gold heat-treated Martensitic with varying amounts
of austenite and R-phase

ProTaper Gold
WaveOne Gold

Blue heat-treated Martensitic with varying amounts
of austenite and R-phase

ProFile Vortex Blue
Reciproc Blue

Rotate

MaxWire Martensitic (20 ◦C),
austenitic (35 ◦C)

XP-endo Finisher
XP-endo Shaper

T-Wire Martensitic with varying amounts
of austenite and R-phase 2Shape

C-Wire Martensitic with varying amounts
of austenite and R-phase

OneCurve
RECI One

FireWire Martensitic with varying amounts
of austenite and R-phase

EdgeOne Fire
EdgeSequel Sapphire
EdgeTaper Platinum

EdgeFile X7

AF-R Wire Martensitic with varying amounts
of austenite and R-phase AF-One

FKG heat treatment
Phase transition ranging from

32 ◦C to 35 ◦C (between
martensite and austenite)

R-Motion file System
Race Evo

1.3. Evaluation of Mechanical Properties of NiTi Endodontic Rotary Instruments

As described above, the introduction of Nickel-Titanium as the alloy of choice for the
manufacturing of endodontic instruments has significantly revolutionized the shaping
procedure and, thus, the root canal treatments. Nevertheless, the intracanal separation
of endodontic rotary instruments remains one of the most concerns for endodontists.
However, it has been demonstrated that the presence of a fractured instrument in itself
does not definitely compromise the outcome of endodontic therapy, but surely requires a
large investment of time and resources [36].

As reported by Sattapan et al., the two main causes of intracanal separation of NiTi
endodontics instruments are cyclic fatigue and torsional stresses [37].

1.3.1. Cyclic Fatigue Resistance

The cyclic fatigue accumulation is an unavoidable consequence of tension–compression
strain cycles to which the instrument is subjected in the point of maximum curvature
(Figure 4) [38]. As a result, the risk of fracture due to flexural fatigue can never be zeroed,
but only limited, until these instruments are used in continuous or alternating rotation in
curved canals.
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Figure 4. SEM image of fractured surface of a F2 EdgeTaper Platinum (Albuquerque, NM, USA) in a
transversal view at ×600 magnification after cyclic fatigue testing. Dimples and microvoids visibly
spread on the fractured surface constitute a typical feature of ductile fracture, which origins from the
external part of the instruments with visible crack (evidenced by yellow arrows).

With the aim of reducing the probability of intracanal failure arising from cyclic or
flexural fatigue, the manufacturers and researchers have increasingly focused on the deter-
mination of those parameters that are directly or indirectly involved in the determination
of cyclic fatigue resistance and flexibility of endodontic rotary instruments. In a general
view, those parameters could be divided into three groups: the anatomy-related factors,
the instrument-related factors and the factors related to the instrumentation technique
and strategy.

The first group is composed by those factors that characterize the anatomy of the
root canal system. Pruett et al. in 1997 proposed a new method for the evaluation of the
complexity of the root canal anatomy, adding to the Schneider’s method another parameter:
the radius of curvature of the root canal [38]. It has been demonstrated that in case of the
same degrees of curvature, a smaller radius of curvature greatly reduces the resistance
to cyclic fatigue of endodontic instruments. Accordingly, increasing the curvature angle
and reducing the radius of curvature, endodontic instruments will be subjected to greater
flexural stress, reducing their ability to withstand cyclic fatigue [38]. Thus, in order to
prevent cyclic fatigue failure, the knowledge of the root canal anatomy is a fundamental
prerogative [39,40].

Regarding the instrument-related factors, two parameters in particular must be men-
tioned: the heat-treatments, as described above, and the metal mass or the volume per
millimeters (Vol per mm) [41–43]. Grande et al. have stated that there is a statistically
significant relationship between the Vol per mm and the cyclic fatigue resistance of en-
dodontic instruments, and that instruments with similar Vol per mm, and then mass, at the
point of maximum stress show similar cyclic fatigue resistance. This innovative parameter,
according to the Authors, allows to group in a single parameter all those geometric char-
acteristics that, until then, were thought to have a crucial role in the determination of the
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cyclic fatigue resistance such as the number of blades, the size of the instrument, the taper
and the inner core area [44].

The factors related to the instrumentation technique and the strategy used are mainly
related to the access cavity design, the choice of the setting of speed and the motion used
(continuous or reciprocating motion). As stated by Pedullà et al. a conservative access
cavity could lead to an angled insertion of endodontic instruments inside the root canal
system and the consequent decrease of their cyclic fatigue resistance arising from the
increase of the flexural stress derived from their angulation of insertion [45]. As regards
the use of endodontic instruments, it has been demonstrated that reducing the rotational
speed, the time before fracture increases due to the lower number of cycles carried out in
the same given time period, however, the rotational speed per se does not affect the number
of rotations to fracture [46]. Finally, it has been demonstrated that the use of reciprocating
movements (alternating clockwise and counterclockwise rotation movements) significantly
reduces the cyclic fatigue of the instruments, increasing their resistance [47,48].

1.3.2. Torsional Resistance

Torsional failure occurs when an apical part of the endodontic instrument, more
frequently the tip, operating in continuous or alternating rotation, remains blocked in the
dentinal wall and its coronal portion continues to rotate, causing its fracture (Figure 5) [37].
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Figure 5. SEM image of fractured surface of a F-One #20 (Fanta Dental, Shanghai, China) in a
transversal view at ×800 magnification after torsional testing. The typical features of fracture arising
from excessive torsional load, showing concentric circular abrasion marks and fibrous dimples near
the center of rotation are evidenced by the round-shaped circumferential line.

Even the parameters that influence the torsional resistance of NiTi endodontic rotary
instruments could be divided in the same three groups evidenced in reference to the cyclic
fatigue resistance [49].

The anatomy related factors include all the characteristics of the tooth that contribute
to the generation of torsional stresses such as: the diameter of the canal, the radius and
degrees of curvature, the hardness of the dentin and the length of the canal [50–52].
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Otherwise, in the third group there are all those factors that characterize the clinical
approach to endodontic therapy such as: the extension of the access cavity, the coronal
preflaring, the glide path, the use of high and low torque engines, the instrumentation
technique (crown-down, step back, simultaneous instrumentation technique, etc.), the
amplitude and intensity of the pecking-motion and the type of motion used (reciprocating
or continuous motion) [53–59]. Contrarily to the cyclic fatigue resistance, a constricted
access cavity improves the torsional resistance of endodontic instruments [60]. In fact, it
has been stated that increasing the bending moment acting on an endodontic instrument, as
it happens during the angled insertion of the instruments in the conservative access cavity,
the torsional resistance increases [60,61]. In other words, according to Di Nardo et al.,
constricted access cavity could impose a coronal curvature to NiTi instruments, increasing
the bending moment acting on them [60]. An increased bending moment, according to
Seracchiani et al. is able to increase the torsional resistance of NiTi instruments since the
two parameters are strictly correlated as discussed in the next subparagraph [61].

Finally, the second group consists of all those structural factors that characterize an
endodontic instrument, such as the cross-sectional design, the type of the alloy and its
crystallography phase, the manufacturing processes, the pitch, the helix and the rake angle,
the length of the instrument and the taper [49,55,62–64]. As many studies have shown, the
design of the cross-section is one of the most important parameters that can significantly
determine the torsional stiffness of a NiTi endodontic instrument, since it thoroughly
influences its mechanical properties [62,65,66]. Berutti et al. have been demonstrated that
different cross-sectional designs allow a different distribution of torsional stresses; the
more stresses are uniformly spread along the instrument, the more its torsional stiffness
increases [67]. Nevertheless, the actual relationship between the cross-sectional design
of the instrument and its torsional stiffness seemed to be unclear and, specifically, it was
unclear which aspect of the instrument cross-section played a major role in determining the
resistance of the instruments to torsional stresses. Recently, Zanza et al. identified the key
factor in determining the torsional resistance of NiTi endodontic rotary instruments. Based
on their study, the parameter that showed the most significant correlation with torsional
resistance is the polar moment of inertia [68]. According to this, the Authors stated that the
mass and area are not so crucial in terms of absolute value, but instead, it is relevant how
they are distributed in relation to the center of rotation. Thus, the more the mass and the
area are spread far from the pivot center, the more the polar moment of inertia is and the
more the torsional resistance is [68].

1.3.3. Combined Torsional and Flexural Stresses

Recently, greater attention has been focused on understanding the interaction between
bending and torsional stress in order to better comprise the mechanical phenomena behind
the root canal instrumentation [61,69]. In fact, the NiTi endodontic rotary instruments
during shaping procedure are always subjected to both flexural and torsional stresses
and surely further studies are needed to eviscerate their reciprocal influence in a more
detail [70,71].

Seracchiani et al. concluded that in static situation flexural stresses significantly
influence the torsional resistance of instruments with a blocked tip. This is due to the fact
that the torque, in case of curved canal, is not only caused by torsional moment, but also
by flexural loads [61]. Thus, it can be stated that increasing the curvature degrees of root
canal the torsional resistance of instruments increases.

On the contrary, Iacono et al. with the aim of investigating the influence of torsional
loads on cyclic fatigue of NiTi endodontic instruments proposed a novel testing device [69].
The device is a usual cyclic fatigue testing device with a standardized load on the apical
5 mm providing a uniform real-time load. The Authors concluded that an increase of
apical torsional load led to a decrease of cyclic fatigue resistance [69]. However, even if the
above-mentioned research add novelty to the current knowledge, the influence of torsional
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loads on cyclic fatigue in the point of maximum curvature, where the bending moment
acts, is still unknow. Therefore, further research should be conducted on this theme.

Another limitation on this topic is the static condition used in the methodology of the
published research. In fact, in order to comprise in a more detail the reciprocal relationship
between cyclic fatigue and torsional resistance, a dynamic evaluation of these phenomena
is mandatory [72].

1.3.4. Bending Ability

The flexibility of NiTi endodontic rotary instruments is defined as the ability to be
bent without being irreversibly deformed and still retaining their original form [73]. As
previously stated by several studies, the enhanced flexibility in comparison to SS manual
instruments arises from the NiTi alloy superelasticity and the ability to start a stress-induced
transformation of the parent β-phase, characterized by the reversible transition of austenite
to martensite [73–75]. Moreover, the increased bending ability of NiTi alloy is highlighted
by the NiTi Young’s modulus (modulus of elasticity), an intrinsic characteristic of the alloy,
that is lower than the stainless-steel one [1].

As demonstrated, an increased flexibility of NiTi endodontic instruments allows a
more suitable canal enlargement since the instrument is more able to follow the curved
anatomy of root canals and to maintain a central position within the canal [1,5,76–78]. Flex-
ibility is influenced by several factors, among those the most important is undoubtedly the
heat-treatment that allows instrument to be martensitic at ambient or intracanal tempera-
ture [35]. However, there are other factors related to the bending ability of NiTi instruments,
such as the alloys chemical composition, the geometric design such as cross-section, inner
core area, taper and pitch [30,79,80].

According to the bending test assessed by ISO 3630-1, the flexibility of an endodontic
instrument is evaluated by clamping 3 mm of its tip in a chuck and applying an angular
deflection of 45◦. The force generated to bend the instrument is registered as the bending
resistance, thus, low bending results are indicative of the high material flexibility [81].

Recently, Miccoli et al. proposed a new bending test device able to evaluate the
flexibility of NiTi instruments at different length from the tip (i.e., 3, 6 and 9 mm), providing
a more representative description of the bending ability of NiTi instruments [82].

The main limitation of bending tests is always the staticity of the evaluation. In fact,
those tests do not take into account the dynamicity of instrumentation procedures, not
considering the rotation of NiTi instruments at high speed, thus, the clinical relevance of
these static tests has been considered low by many researchers, since clinical usage can be
affected by several other factors [83]. Despite this, static bending tests with static torsional
and cyclic fatigue tests remain a good manner to establish the basic mechanical properties
of NiTi instruments, that should be implemented with dynamic investigations such as the
evaluation of centering ability, canal transportation, shaping ability and cutting efficiency,
so a reliable evaluation of the performance of different NiTi instruments can be performed
through a multimethod approach [83].

1.4. Centering Ability, Canal Transportation and Shaping Ability

The main goal of shaping procedure is undoubtedly the mechanical removal of vital
and/or necrotic tissues form the root canal system, simultaneously allowing the creation
of an adequate space for the chemical disinfection and obturation [84]. According to this,
root canal instrumentation could be considered as the most crucial phase during root canal
treatment, in which clinicians must avoid any procedural error in order to not compromise
the outcome of the endodontic treatment [85,86]. As stated by Gorni et al. the alteration of the
root canal morphology is one of the most significant parameters in determining the outcome
of endodontic retreatments, since inferior cleansing can be performed specifically aimed at
the anatomical irregularities created by previous treatment [87]. Regarding this, the most
common procedural errors during root canal treatments could be synthetized in: ledges, strip
perforations, excessive thinning of canal walls, and canal transportation [1,88,89].



Bioengineering 2021, 8, 218 11 of 18

Considering the above-mentioned reasons, the preservation of the original root canal
morphology is one of the most important features that characterized endodontic instru-
ments. In fact, during the evaluation of the performance of NiTi rotary instruments the
shaping ability should be considered. As stated by several Authors, the shaping ability
could be considered as a macro-group of characteristics that comprises centering ability,
canal transportation, difference between canal volume before and after therapy and the
ratio between touched an untouched dentinal area [90–95].

The two main popular and thoroughly validated methods used to evaluate these
factors are the Micro-Computed Tomography (CT) and the SEM analysis, singularly used
or in combination, that allow a precise calculation of the interested measurement trough
the aid of digital software [90,92]. In our opinion Micro-CT imaging should be preferred
because it is non-destructive 3-dimensional analysis and gives high-resolution images to
precisely evaluate the untouched area, volume changes, and transportation in comparison
to SEM analysis that requires the split of the teeth [90]. However, the SEM analysis could
be used to evaluate debris and smear layer removal since it allows their direct measure-
ment without using complex software for the voxel interpretation of Micro-CT images,
nevertheless, also those measurements have some limitation, such as the bi-dimensional
analysis of debris and smear layer, that does not allow measurement of the thickness of
both parameters analyzed [96–98].

The most widely used centering ability and canal transportation evaluation method
is the superimposition of root canal anatomy images before and after instrumenta-
tion [16,90,99,100]. The differences reside in the acquisition method used. Obviously the
most accurate is the Micro-CT, followed by the CBCT and bi-dimensional radiograph.
During Micro-Ct analysis, scans of each specimen before and after shaping procedures
are overlapped using algorithms, allowing a consistent location of various dimensional
measurements, such as the measurement of transportation across different (pre- and post-
shaping) CT scans [95].

According to Silva et al., the shaping ability can be evaluated measuring the untouched
canal area and the quantification of accumulated hard-tissue debris. Using the Micro-CT
analysis, the first one is calculated as a percentage of the number of static voxels (voxels
present in the exact same position on the canal surface before and after instrumentation)
using the following formula [101,102]:

(Number of static voxels × 100): (total number of surface voxels).
The latter, instead, is calculated as the percentage volume of the original canal mor-

phology after intersecting the stacks of sound and instrumented root canal system [103],
where material with density similar to dentine inside instrumented canal regions, which
were previously occupied by air, was considered debris [104,105].

As pointed out by several studies, the parameters that influence the centering ability,
canal transportation and shaping ability of NiTi endodontic instruments are fundamentally
related to the morphology (cross section, pitch, taper and helix angle), heat-treatment
and instrumentation procedures (speed and motion) [99,106]. Htun et al. stated that the
Gentlefile (GF; MedicNRG, Kibbutz Afikim, Israel) is able to achieve great results in terms of
superior smear layer removal, less remaining debris and canal transportation in comparison
to other NiTi instruments because of its ultraflexibility, high rotational speed, and shaping
by abrading [92]. In addition, Velozo et al. in a review of the literature pointed out that XP-
endo® Shaper instrument (FKG Dentaire, La Chaux-de-Fonds, Switzerland) in comparison
to other NiTi systems showed greater shaping ability because of the possibility to use it
at higher speed and its morphology, characterized by booster tip with an asymmetrical
rotation that guarantee an expansion [107].

Despite the recent advances and innovations in kinematics and metallurgical and
mechanical characteristics, none of the NiTi instrument systems are capable of shaping root
canals to the ideal form, leaving a certain percentage of untouched canal [108–110].
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2. Materials and Methods

A search for articles on the mechanical characteristics, testing and future perspective
was performed using PubMed electronic database.

In this case, 458 articles were screened, and only 98 studies were included, exclusively
for the purpose of analyzing the mechanical characteristics of these instruments.

According to the authors, only some articles about NiTi rotary instruments which best
represented the aim of this study were selected.

The only articles selected and not related to these intentions previously set out were
considered only for the technical specifications and considerations on the ownership of the
NiTi instruments.

All research articles concerning NiTi rotary files that did not provide significant
indications about the mechanical, physical and application properties of this instruments,
or for its improvement, were excluded from this study.

Furthermore, the article that more than others represented the indication for the daily
use of this technology and for its future development, was included in this analysis.

3. Results

As established, the improvements introduced in the endodontic technique by these
instruments are extremely relevant, and here summarized in their main characteristics:

• Reduction in time of endodontic treatments,
• Simplification of instrumentation procedures,
• Increase of predictability and effectiveness of endodontic treatments.

3.1. Thermal Treatments

Over the years, different thermal treatments have been proposed by manufacturers
with the aim to obtain NiTi endodontic instruments with ever better mechanical perfor-
mance, with excellent clinical results. In fact, it is reported that, with the same shape
characteristics, different thermal treatments on NiTi endodontic instruments seem to have
a considerable influence on the resistance of the instruments if subjected to different
stresses [42–44,52,61].

3.2. Cyclic Fatigue and Torsional Stress Resistance

The two main causes of intracanal separation of NiTi endodontics instruments are
cyclic fatigue and torsional stresses, and on these over the years new instruments have
been developed that are able to withstand increasingly considerable stresses.

Regarding cyclic fatigue and the instrument-related factors, two parameters in partic-
ular must be mentioned: the heat-treatments, as described above, and the metal mass or
the volume per millimeters (Vol per mm) [41–43]. This innovative parameter, according
to the Authors, allows to group in a single parameter all those geometric characteristics
that, until then, were thought to have a crucial role in the determination of the cyclic
fatigue resistance such as the number of blades, the size of the instrument, the taper and
the inner core area. The factors related to the instrumentation technique and the strategy
used are mainly related to the access cavity design, the choice of the setting of speed and
the motion used (continuous or reciprocating motion). A conservative access cavity could
lead to an angled insertion of endodontic instruments inside the root canal system and
the consequent decrease of their cyclic fatigue resistance arising from the increase of the
flexural stress derived from their angulation of insertion. It has been demonstrated that
reducing the rotational speed, the time before fracture increases due to the lower number
of cycles carried out in the same given time period, however, the rotational speed per se
does not affect the number of rotations to fracture [45–47].

Regarding torsional stress resistance, this is mainly influenced by the extension of the
access cavity, the coronal preflaring, the glide path, the use of high and low torque engines,
the instrumentation technique (crown-down, step back, simultaneous instrumentation
technique, etc.), the amplitude and intensity of the pecking-motion and the type of motion
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used (reciprocating or continuous motion) [65–68]. Since it is still unclear which aspect of
the instrument cross-section played a major role in determining the resistance of the instru-
ments to torsional stresses, recently, some Authors identified the key factor in determining
the torsional resistance of NiTi endodontic rotary instruments [68]. Based on their study,
the parameter that showed the most significant correlation with torsional resistance is the
polar moment of inertia. Some Authors concluded that in static situation flexural stresses
significantly influence the torsional resistance of instruments with a blocked tip [61]. On
the contrary, other Authors concluded that an increase of apical torsional load led to a
decrease of cyclic fatigue resistance [69].

3.3. Bending Tests

Although to date dynamic tests are conventionally considered the best for the complex
and comparative evaluation of the characteristics of the different instruments, static bend-
ing tests with static torsional and cyclic fatigue tests remain a good manner to establish the
basic mechanical properties of NiTi instruments, that should be implemented with dynamic
investigations such as the evaluation of centering ability, canal transportation, shaping
ability and cutting efficiency, so a reliable evaluation of the performance of different NiTi
instruments can be performed through a multimethod approach [83].

3.4. Centering Ability

As pointed out by several studies, the parameters that influence the centering ability,
canal transportation and shaping ability of NiTi endodontic instruments are fundamentally
related to the morphology (cross section, pitch, taper and helix angle), heat-treatment and
instrumentation procedures (speed and motion) [99,106].

4. Discussion

The main drawback of several studies is the limited analysis performed for the com-
parison of NiTi systems. In other words, most of research are focalized on the static
characteristics of instruments such as static cyclic fatigue, torsional loads and flexibility,
not considering their reciprocal interaction and all dynamic factors that, in our opinion,
are the main parameters that characterized endodontic systems [111]. Obviously, static
mechanical behavior is fundamental to assess the basic performance of NiTi instruments,
but its interpretation during clinical practice is pointless since it does not resemble the real
clinical scenario [83]. Results arising from static tests should not be interpreted as isolated
factors but should be considered in a general and more complete view. As mentioned
before, the main goal of instrumentation is to establish an adequate root canal volume that
allows chemical disinfection and obturation. Thus, flexibility and torsional resistance are
only secondary parameters if shaping ability is not considered. For those reasons, as stated
by Silva et al., multimethod research that investigate both static and dynamic performance
of NiTi instruments should be strongly recommended in order to give to original research
an actual clinical significance [83].

Regarding this, we strongly encourage researcher to make effort to stipulate novel
methodology that allow a complete comprehension of mechanical and metallurgical behav-
ior of NiTi rotary instruments in order to achieve significant comparison between different
NiTi systems.

5. Conclusions

The knowledge of the properties of NiTi alloy and an in-depth understanding of
the mechanical behavior of endodontic instruments during instrumentation procedure is
mandatory in order to improve techniques, instrument design and their clinical use. Intra-
canal separation of NiTi endodontic rotary instruments is still one of the major concerns of
endodontists, even if the success rate of root canal therapy is high. Reducing the percentage
of instrument failure is a fundamental future perspective and a deep comprehension of The
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NiTi alloy and stresses acting on the endodontic instruments during shaping procedures
are needed to achieve this goal.
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19. Taşdemir, T.; Aydemir, H.; Inan, U.; Unal, O. Canal preparation with Hero 642 rotary Ni-Ti instruments compared with stainless
steel hand K-file assessed using computed tomography. Int. Endod. J. 2005, 38, 402–408. [CrossRef]

20. Cheung, G.S.; Liu, C.S. A retrospective study of endodontic treatment outcome between nickel-titanium rotary and stainless steel
hand filing techniques. J. Endod. 2009, 35, 938–943. [CrossRef]

21. Del Fabbro, M.; Afrashtehfar, K.I.; Corbella, S.; El-Kabbaney, A.; Perondi, I.; Taschieri, S. In Vivo and In Vitro Effectiveness of
Rotary Nickel-Titanium vs Manual Stainless Steel Instruments for Root Canal Therapy: Systematic Review and Meta-analysis.
J. Evid. Based Dent. Pract. 2018, 18, 59–69. [CrossRef]

22. Makanjuola, J.O.; Umesi, D.C.; Oderinu, O.H. Treatment outcome of manual versus rotary techniques in single-visit endodontics
for patients in a Nigerian Teaching Hospital: A randomized clinical trial. J. West Afr. Coll. Surg. 2018, 8, 44–75.

23. Buehler, W.J.; Wang, F.E. A summary of recent research on the nitinol alloys and their potential application in ocean engineering.
Ocean. Eng. 1968, 1, 105–120. [CrossRef]

24. Kauffman, G.B.; Mayo, I. The Story of Nitinol: The Serendipitous Discovery of the Memory Metal and Its Applications. Chem.
Educator 1997, 2, 1–21. [CrossRef]

25. Speck, K.M.; Fraker, A.C. Anodic polarization behavior of Ti-Ni and Ti-6A1-4V in simulated physiological solutions. J. Dent. Res.
1980, 59, 1590–1595. [CrossRef]

26. Pedullà, E.; Grande, N.M.; Plotino, G.; Palermo, F.; Gambarini, G.; Rapisarda, E. Cyclic fatigue resistance of two reciprocating
nickel-titanium instruments after immersion in sodium hypochlorite. Int. Endod. J. 2013, 46, 155–159. [CrossRef] [PubMed]

27. Thompson, S.A. An overview of nickel-titanium alloys used in dentistry. Int. Endod. J. 2000, 33, 297–310. [CrossRef] [PubMed]
28. Ounsi, H.F.; Nassif, W.; Grandini, S.; Salameh, Z.; Neelakantan, P.; Anil, S. Evolution of Nickel-titanium Alloys in Endodontics.

J. Contemp. Dent. Pract. 2017, 18, 1090–1096.
29. Tabassum, S.; Zafar, K.; Umer, F. Nickel-Titanium Rotary File Systems: What’s New? Eur Endod. J. 2019, 4, 111–117.
30. Zhou, H.; Peng, B.; Zheng, Y.-F. An overview of the mechanical properties of nickel–titanium endodontic instruments. Endodontic

Topics. 2013, 29, 42–54. [CrossRef]
31. Hamilton, R.F.; Sehitoglu, H.; Chumlyakov, Y.; Maier, H.J. Stress dependence of the hysteresis in single crystal NiTi alloys. Acta

Materialia 2004, 52, 3383–3402. [CrossRef]
32. McKelvey, A.L.; Ritchie, R.O. Fatigue-crack growth behavior in the superelastic and shape-memory alloy nitinol. Metall. Mater.

Trans. A 2001, 32, 731–743. [CrossRef]
33. Shen, Y.; Zhou, H.M.; Zheng, Y.F.; Peng, B.; Haapasalo, M. Current challenges and concepts of the thermomechanical treatment of

nickel-titanium instruments. J. Endod. 2013, 39, 163–172. [CrossRef]
34. Alapati, S.B.; Brantley, W.A.; Iijima, M.; Clark, W.A.; Kovarik, L.; Buie, C.; Liu, J.; Ben Johnson, W. Metallurgical characterization

of a new nickel-titanium wire for rotary endodontic instruments. J. Endod. 2009, 35, 1589–1593. [CrossRef] [PubMed]
35. Zupanc, J.; Vahdat-Pajouh, N.; Schäfer, E. New thermomechanically treated NiTi alloys—A review. Int. Endod. J. 2018, 51,

1088–1103. [CrossRef]
36. Panitvisai, P.; Parunnit, P.; Sathorn, C.; Messer, H.H. Impact of a retained instrument on treatment outcome: A systematic review

and meta-analysis. J. Endod. 2010, 36, 775–780. [CrossRef]
37. Sattapan, B.; Nervo, G.J.; Palamara, J.E.; Messer, H.H. Defects in rotary nickel-titanium files after clinical use. J. Endod. 2000, 26,

161–165. [CrossRef]
38. Pruett, J.P.; Clement, D.J.; Carnes, D.L. Cyclic fatigue testing of nickel-titanium endodontic instruments. J. Endod. 1997, 23, 77–85.

[CrossRef]
39. Leonardi Dutra, K.; Haas, L.; Porporatti, A.L.; Flores-Mir, C.; Nascimento Santos, J.; Mezzomo, L.A.; Corrêa, M.; Canto, G.D.L.

Diagnostic Accuracy of Cone-beam Computed Tomography and Conventional Radiography on Apical Periodontitis: A Systematic
Review and Meta-analysis. J. Endod. 2016, 42, 356–364. [CrossRef] [PubMed]

40. Reda, R.; Zanza, A.; Mazzoni, A.; Cicconetti, A.; Testarelli, L.; Di Nardo, D. An update of the possible applications of magnetic
resonance imaging (Mri) in dentistry: A literature review. J. Imaging 2021, 7, 75. [CrossRef]

http://doi.org/10.4317/medoral.16.e454
http://doi.org/10.1007/s10266-019-00455-1
http://doi.org/10.1016/j.joen.2009.12.038
http://doi.org/10.3390/jcs5040099
http://doi.org/10.1111/j.1365-2591.2005.00961.x
http://doi.org/10.1016/j.joen.2009.04.016
http://doi.org/10.1016/j.jebdp.2017.08.001
http://doi.org/10.1016/0029-8018(68)90019-X
http://doi.org/10.1007/s00897970111a
http://doi.org/10.1177/00220345800590100601
http://doi.org/10.1111/j.1365-2591.2012.02100.x
http://www.ncbi.nlm.nih.gov/pubmed/22831397
http://doi.org/10.1046/j.1365-2591.2000.00339.x
http://www.ncbi.nlm.nih.gov/pubmed/11307203
http://doi.org/10.1111/etp.12045
http://doi.org/10.1016/j.actamat.2004.03.038
http://doi.org/10.1007/s11661-001-1008-7
http://doi.org/10.1016/j.joen.2012.11.005
http://doi.org/10.1016/j.joen.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19840654
http://doi.org/10.1111/iej.12924
http://doi.org/10.1016/j.joen.2009.12.029
http://doi.org/10.1097/00004770-200003000-00008
http://doi.org/10.1016/S0099-2399(97)80250-6
http://doi.org/10.1016/j.joen.2015.12.015
http://www.ncbi.nlm.nih.gov/pubmed/26902914
http://doi.org/10.3390/jimaging7050075


Bioengineering 2021, 8, 218 16 of 18

41. Di Nardo, D.; Gambarini, G.; Seracchiani, M.; Mazzoni, A.; Zanza, A.; Giudice, A.; D’Angelo, M.; Testarelli, L. Influence of
different cross-section on cyclic fatigue resistance of two nickel-titanium rotary instruments with same heat treatment: An in vitro
study. Saudi Endod. J. 2020, 10, 221–225.

42. Seracchiani, M.; Miccoli, G.; Reda, R.; Zanza, A.; Obino, F.V.; Bhandi, S.; Gambarini, G.; Testarelli, L. A comprehensive in vitro
comparison of mechanical properties of two rotary endodontic instruments. World J. Dent. 2020, 11, 185–188.

43. Bhandi, S.; Seracchiani, M.; Donfrancesco, O.; Reda, R.; Mazzoni, A.; Nottola, S.; Familiari, G. Nickel-Titanium Rotary Instruments:
An In Vitro Comparison (Torsional Resistance of Two Heat-treated Reciprocating Files). J. Contemp. Dent. Pract. 2021, 22, 361–364.
[CrossRef] [PubMed]

44. Grande, N.M.; Plotino, G.; Pecci, R.; Bedini, R.; Malagnino, V.A.; Somma, F. Cyclic fatigue resistance and three-dimensional
analysis of instruments from two nickel-titanium rotary systems. Int. Endod. J. 2006, 39, 755–763. [CrossRef]

45. Pedullà, E.; La Rosa, G.R.M.; Virgillito, C.; Rapisarda, E.; Kim, H.C.; Generali, L. Cyclic Fatigue Resistance of Nickel-titanium
Rotary Instruments according to the Angle of File Access and Radius of Root Canal. J. Endod. 2020, 46, 431–436. [CrossRef]

46. Kitchens, G.G., Jr.; Liewehr, F.R.; Moon, P.C. The effect of operational speed on the fracture of nickel-titanium rotary instruments.
J. Endod. 2007, 33, 52–54. [CrossRef]

47. Pedullà, E.; Grande, N.M.; Plotino, G.; Gambarini, G.; Rapisarda, E. Influence of continuous or reciprocating motion on cyclic
fatigue resistance of 4 different nickel-titanium rotary instruments. J. Endod. 2013, 39, 258–261. [CrossRef]

48. Pedullà, E.; Corsentino, G.; Ambu, E.; Rovai, F.; Campedelli, F.; Rapisarda, S.; Rapisarda, E.; Grandini, S.; La Rosa, G.R. Influence
of continuous rotation or reciprocation of Optimum Torque Reverse motion on cyclic fatigue resistance of nickel-titanium rotary
instruments. Int. Endod. J. 2018, 51, 522–528. [CrossRef]

49. Gambarini, G.; Seracchiani, M.; Zanza, A.; Miccoli, G.; Del Giudice, A.; Testarelli, L. Influence of shaft length on torsional behavior
of endodontic nickel–titanium instruments. Odontology 2020, 109, 568–573. [CrossRef]

50. Peters, O.A.; Peters, C.I.; Schönenberger, K.; Barbakow, F. ProTaper rotary root canal preparation: Assessment of torque and force
in relation to canal anatomy. Int. Endod. J. 2003, 36, 93–99. [CrossRef]

51. Boessler, C.; Peters, O.A.; Zehnder, M. Impact of lubricant parameters on rotary instrument torque and force. J. Endod. 2007, 33,
280–283. [CrossRef]

52. Gambarini, G.; Seracchiani, M.; Piasecki, L.; Valenti Obino, F.; Galli, M.; Di Nardo, D.; Testarelli, L. Measurement of torque
generated during intracanal instrumentation in vivo. Int. Endod. J. 2019, 52, 737–745. [CrossRef]

53. Roland, D.D.; Andelin, W.E.; Browning, D.F.; Hsu, G.H.; Torabinejad, M. The effect of preflaring on the rates of separation for
0.04 taper nickel titanium rotary instruments. J. Endod. 2002, 28, 543–545. [CrossRef]

54. Yared, G.; Sleiman, P. Failure of ProFile instruments used with air, high torque control, and low torque control motors. Oral Surg.
Oral Med. Oral Pathol. Oral Radiol. Endod. 2002, 93, 92–96. [CrossRef]

55. Parashos, P.; Messer, H.H. Rotary NiTi instrument fracture and its consequences. J. Endod. 2006, 32, 1031–1043. [CrossRef]
56. Ha, J.H.; Park, S.S. Influence of glide path on the screw-in effect and torque of nickel-titanium rotary files in simulated resin root

canals. Restor. Dent. Endod. 2012, 37, 215–219. [CrossRef]
57. Tokita, D.; Ebihara, A.; Nishijo, M.; Miyara, K.; Okiji, T. Dynamic Torque and Vertical Force Analysis during Nickel-titanium

Rotary Root Canal Preparation with Different Modes of Reciprocal Rotation. J. Endod. 2017, 43, 1706–1710. [CrossRef] [PubMed]
58. Kwak, S.W.; Ha, J.H.; Cheung, G.S.; Kim, H.C.; Kim, S.K. Effect of the Glide Path Establishment on the Torque Generation to the

Files during Instrumentation: An In Vitro Measurement. J. Endod. 2018, 44, 496–500. [CrossRef]
59. Kimura, S.; Ebihara, A.; Maki, K.; Nishijo, M.; Tokita, D.; Okiji, T. Effect of Optimum Torque Reverse Motion on Torque and Force

Generation during Root Canal Instrumentation with Crown-down and Single-length Techniques. J. Endod. 2020, 46, 232–237.
[CrossRef]

60. Di Nardo, D.; Zanza, A.; Seracchiani, M.; Donfrancesco, O.; Gambarini, G.; Testarelli, L. Angle of Insertion and Torsional
Resistance of Nickel–Titanium Rotary Instruments. Materials 2021, 14, 3744. [CrossRef]

61. Seracchiani, M.; Miccoli, G.; Di Nardo, D.; Zanza, A.; Cantore, M.; Gambarini, G.; Testarelli, L. Effect of Flexural Stress on
Torsional Resistance of NiTi Instruments. J. Endod. 2021, 47, 472–476. [CrossRef]

62. Baek, S.H.; Lee, C.J.; Versluis, A.; Kim, B.M.; Lee, W.; Kim, H.C. Comparison of torsional stiffness of nickel-titanium rotary files
with different geometric characteristics. J. Endod. 2011, 37, 1283–1286. [CrossRef]

63. Vivan, R.R.; Alcalde, M.P.; Candeiro, G.; Gavini, G.; Caldeira, C.L.; Duarte, M.A.H. Torsional fatigue strength of reciprocating and
rotary pathfinding instruments manufactured from different NiTi alloys. Braz. Oral Res. 2019, 33, e097. [CrossRef] [PubMed]

64. Gambarini, G.; Cicconetti, A.; Nardo, D.D.; Miccoli, G.; Zanza, A.; Testarelli, L.; Seracchiani, M. Influence of different heat
treatments on torsional and cyclic fatigue resistance of nickel-titanium rotary files: A comparative study. Appl. Sci. 2020, 10, 5604.
[CrossRef]

65. Camps, J.J.; Pertot, W.J.; Levallois, B. Relationship between file size and stiffness of nickel titanium instruments. Endod. Dent.
Traumatol. 1995, 11, 270–273. [CrossRef] [PubMed]

66. Kim, H.C.; Kim, H.J.; Lee, C.J.; Kim, B.M.; Park, J.K.; Versluis, A. Mechanical response of nickel-titanium instruments with
different cross-sectional designs during shaping of simulated curved canals. Int. Endod. J. 2009, 42, 593–602. [CrossRef] [PubMed]

67. Berutti, E.; Chiandussi, G.; Gaviglio, I.; Ibba, A. Comparative analysis of torsional and bending stresses in two mathematical
models of nickel-titanium rotary instruments: ProTaper versus ProFile. J. Endod. 2003, 29, 15–19. [CrossRef]

http://doi.org/10.5005/jp-journals-10024-3081
http://www.ncbi.nlm.nih.gov/pubmed/34267004
http://doi.org/10.1111/j.1365-2591.2006.01143.x
http://doi.org/10.1016/j.joen.2019.11.015
http://doi.org/10.1016/j.joen.2006.09.004
http://doi.org/10.1016/j.joen.2012.10.025
http://doi.org/10.1111/iej.12769
http://doi.org/10.1007/s10266-020-00572-2
http://doi.org/10.1046/j.1365-2591.2003.00628.x
http://doi.org/10.1016/j.joen.2006.11.007
http://doi.org/10.1111/iej.13042
http://doi.org/10.1097/00004770-200207000-00015
http://doi.org/10.1067/moe.2002.118095
http://doi.org/10.1016/j.joen.2006.06.008
http://doi.org/10.5395/rde.2012.37.4.215
http://doi.org/10.1016/j.joen.2017.05.010
http://www.ncbi.nlm.nih.gov/pubmed/28735792
http://doi.org/10.1016/j.joen.2017.09.016
http://doi.org/10.1016/j.joen.2019.11.007
http://doi.org/10.3390/ma14133744
http://doi.org/10.1016/j.joen.2020.10.011
http://doi.org/10.1016/j.joen.2011.05.032
http://doi.org/10.1590/1807-3107bor-2019.vol33.0097
http://www.ncbi.nlm.nih.gov/pubmed/31664360
http://doi.org/10.3390/app10165604
http://doi.org/10.1111/j.1600-9657.1995.tb00502.x
http://www.ncbi.nlm.nih.gov/pubmed/8617161
http://doi.org/10.1111/j.1365-2591.2009.01553.x
http://www.ncbi.nlm.nih.gov/pubmed/19467053
http://doi.org/10.1097/00004770-200301000-00005


Bioengineering 2021, 8, 218 17 of 18

68. Zanza, A.; Seracchiani, M.; Di Nardo, D.; Reda, R.; Gambarini, G.; Testarelli, L. A Paradigm Shift for Torsional Stiffness of
Nickel-Titanium Rotary Instruments: A Finite Element Analysis. J. Endod. 2021, 47, 1149–1156. [CrossRef]

69. Iacono, F.; Pirani, C.; Gatto, M.R.; Prati, C.; Peters, O. Combining apical torsional load and cyclic fatigue resistance of NiTi
instruments: New approach to determine the effective lifespan of rotary instruments. Aust. Endod. J. 2021. online ahead of print.
[CrossRef]

70. Santos, C.B.; Simões-Carvalho, M.; Perez, R.; Vieira, V.T.L.; Antunes, H.S.; Cavalcante, D.F.; De-Deus, G.; Silva, E.J.N.L. Torsional
fatigue resistance of R-Pilot and WaveOne Gold Glider NiTi glide path reciprocating systems. Int. Endod. J. 2019, 52, 874–879.
[CrossRef]

71. Zanza, A.; Seracchiani, M.; Reda, R.; Di Nardo, D.; Gambarini, G.; Testarelli, L. Role of the Crystallographic Phase of NiTi Rotary
Instruments in Determining Their Torsional Resistance during Different Bending Conditions. Materials 2021, 14, 6324. [CrossRef]

72. Gambarini, G.; Miccoli, G.; D’Angelo, M.; Seracchiani, M.; Obino, F.V.; Reda, R.; Testarelli, L. The relevance of operative torque
and torsional resistance of nickel-titanium rotary instruments: A preliminary clinical investigation. Saudi Endod. J. 2020, 10,
260–264.

73. Viana, A.C.; Chaves Craveiro de Melo, M.; Guiomar de Azevedo Bahia, M.; Lopes Buono, V.T. Relationship between flexibility
and physical, chemical, and geometric characteristics of rotary nickel-titanium instruments. Oral Surg. Oral Med. Oral Pathol. Oral
Radiol. Endod. 2010, 110, 527–533. [CrossRef] [PubMed]

74. Bahia, M.G.A.; Martins, R.C.; Gonzalez, B.M.; Buono, V.T.L. Physical and mechanical characterization and the influence of cyclic
loading on the behaviour of nickel-titanium wires employed in the manufacture of rotary endodontic instruments. Int. Endod. J.
2005, 38, 795–801. [CrossRef]

75. Hamdy, T.M.; Galal, M.; Ismail, A.G.; Abdelraouf, R.M. Evaluation of Flexibility, Microstructure and Elemental Analysis of Some
Contemporary Nickel-Titanium Rotary Instruments. Open Access Maced J. Med. Sci. 2019, 7, 3647–3654. [CrossRef]

76. Park, H. A comparison of Greater Taper files, ProFiles, and stainless steel files to shape curved root canals. Oral Surg. Oral Med.
Oral Pathol. Oral Radiol. Endod. 2001, 91, 715–718. [CrossRef] [PubMed]

77. de Arruda Santos, L.; López, J.B.; de Las Casas, E.B.; de Azevedo Bahia, M.G.; Buono, V.T. Mechanical behavior of three
nickel-titanium rotary files: A comparison of numerical simulation with bending and torsion tests. Mater. Sci. Eng. C Mater. Biol.
Appl. 2014, 37, 258–263. [CrossRef]

78. Razcha, C.; Zacharopoulos, A.; Anestis, D.; Mikrogeorgis, G.; Zacharakis, G.; Lyroudia, K. Micro-Computed Tomographic
Evaluation of Canal Transportation and Centering Ability of 4 Heat-Treated Nickel-Titanium Systems. J. Endod. 2020, 46, 675–681.
[CrossRef]

79. Yahata, Y.; Yoneyama, T.; Hayashi, Y.; Ebihara, A.; Doi, H.; Hanawa, T.; Suda, H. Effect of heat treatment on transformation
temperatures and bending properties of nickel-titanium endodontic instruments. Int. Endod. J. 2009, 42, 621–626. [CrossRef]

80. Hou, X.; Yahata, Y.; Hayashi, Y.; Ebihara, A.; Hanawa, T.; Suda, H. Phase transformation behaviour and bending property of
twisted nickel-titanium endodontic instruments. Int. Endod. J. 2011, 44, 253–258. [CrossRef]

81. Testarelli, L.; Plotino, G.; Al-Sudani, D.; Vincenzi, V.; Giansiracusa, A.; Grande, N.M.; Gambarini, G. Bending properties of a new
nickel-titanium alloy with a lower percent by weight of nickel. J. Endod. 2011, 37, 1293–1295. [CrossRef]

82. Miccoli, G.; Cicconetti, A.; Gambarini, G.; Del Giudice, A.; Ripanti, F.; Di Nardo, D.; Testarelli, L.; Seracchiani, M. A New Device
to Test the Bending Resistance of Mechanical Endodontic Instruments. Appl. Sci. 2020, 10, 7215. [CrossRef]

83. Silva, E.; Martins, J.N.R.; Lima, C.O.; Vieira, V.T.L.; Braz Fernandes, F.M.; De-Deus, G.; Versiani, M.A. Mechanical Tests,
Metallurgical Characterization, and Shaping Ability of Nickel-Titanium Rotary Instruments: A Multimethod Research. J. Endod.
2020, 46, 1485–1494. [CrossRef] [PubMed]

84. Chugal, N.; Mallya, S.M.; Kahler, B.; Lin, L.M. Endodontic Treatment Outcomes. Dent. Clin. North Am. 2017, 61, 59–80. [CrossRef]
[PubMed]

85. Ng, Y.L.; Mann, V.; Rahbaran, S.; Lewsey, J.; Gulabivala, K. Outcome of primary root canal treatment: Systematic review of the
literature—Part 1. Effects of study characteristics on probability of success. Int. Endod. J. 2007, 40, 921–939. [CrossRef] [PubMed]

86. Ng, Y.L.; Mann, V.; Rahbaran, S.; Lewsey, J.; Gulabivala, K. Outcome of primary root canal treatment: Systematic review of the
literature—Part 2. Influence of clinical factors. Int. Endod. J. 2008, 41, 6–31. [CrossRef]

87. Gorni, F.G.; Gagliani, M.M. The outcome of endodontic retreatment: A 2-yr follow-up. J. Endod. 2004, 30, 1–4. [CrossRef]
88. Lin, L.M.; Rosenberg, P.A.; Lin, J. Do procedural errors cause endodontic treatment failure? J. Am. Dent. Assoc. 2005, 136, 187–193.

[CrossRef]
89. Song, M.; Kim, H.C.; Lee, W.; Kim, E. Analysis of the cause of failure in nonsurgical endodontic treatment by microscopic

inspection during endodontic microsurgery. J. Endod. 2011, 37, 1516–1519. [CrossRef]
90. Sousa-Neto, M.D.; Silva-Sousa, Y.C.; Mazzi-Chaves, J.F.; Carvalho, K.K.T.; Barbosa, A.F.S.; Versiani, M.A.; Jacobs, R.; Leoni, G.

Root canal preparation using micro-computed tomography analysis: A literature review. Braz. Oral Res. 2018, 32, e66. [CrossRef]
[PubMed]

91. Drukteinis, S.; Peciuliene, V.; Dummer, P.M.H.; Hupp, J. Shaping ability of BioRace, ProTaper NEXT and Genius nickel-titanium
instruments in curved canals of mandibular molars: A MicroCT study. Int. Endod. J. 2019, 52, 86–93. [CrossRef] [PubMed]

92. Htun, P.H.; Ebihara, A.; Maki, K.; Kimura, S.; Nishijo, M.; Okiji, T. Cleaning and Shaping Ability of Gentlefile, HyFlex, EDM, and
ProTaper Next Instruments: A Combined Micro-computed Tomographic and Scanning Electron Microscopic Study. J. Endod.
2020, 46, 973–979. [CrossRef] [PubMed]

http://doi.org/10.1016/j.joen.2021.04.017
http://doi.org/10.1111/aej.12495
http://doi.org/10.1111/iej.13068
http://doi.org/10.3390/ma14216324
http://doi.org/10.1016/j.tripleo.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20868997
http://doi.org/10.1111/j.1365-2591.2005.01016.x
http://doi.org/10.3889/oamjms.2019.811
http://doi.org/10.1067/moe.2001.114159
http://www.ncbi.nlm.nih.gov/pubmed/11402288
http://doi.org/10.1016/j.msec.2014.01.025
http://doi.org/10.1016/j.joen.2020.01.020
http://doi.org/10.1111/j.1365-2591.2009.01563.x
http://doi.org/10.1111/j.1365-2591.2010.01818.x
http://doi.org/10.1016/j.joen.2011.05.023
http://doi.org/10.3390/app10207215
http://doi.org/10.1016/j.joen.2020.07.016
http://www.ncbi.nlm.nih.gov/pubmed/32721485
http://doi.org/10.1016/j.cden.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/27912819
http://doi.org/10.1111/j.1365-2591.2007.01322.x
http://www.ncbi.nlm.nih.gov/pubmed/17931389
http://doi.org/10.1111/j.1365-2591.2008.01484.x
http://doi.org/10.1097/00004770-200401000-00001
http://doi.org/10.14219/jada.archive.2005.0140
http://doi.org/10.1016/j.joen.2011.06.032
http://doi.org/10.1590/1807-3107bor-2018.vol32.0066
http://www.ncbi.nlm.nih.gov/pubmed/30365607
http://doi.org/10.1111/iej.12961
http://www.ncbi.nlm.nih.gov/pubmed/29858500
http://doi.org/10.1016/j.joen.2020.03.027
http://www.ncbi.nlm.nih.gov/pubmed/32418616


Bioengineering 2021, 8, 218 18 of 18

93. Velozo, C.; Silva, S.; Almeida, A.; Romeiro, K.; Vieira, B.; Dantas, H.; de Sousa, F.B.; De Albuquerque, D.S. Shaping ability of
XP-endo Shaper and ProTaper Next in long oval-shaped canals: A micro-computed tomography study. Int. Endod. J. 2020, 53,
998–1006. [CrossRef] [PubMed]

94. Muruganandhan, J.; Sujatha, G.; Poorni, S.; Srinivasan, M.; Boreak, N.; Al-Kahtani, A.; Mashyakhy, M.; Chohan, H.; Bhandi,
S.; Raj, A.; et al. Comparison of Four Dental Pulp-Capping Agents by Cone-Beam Computed Tomography and Histological
Techniques—A Split-Mouth Design Ex Vivo Study. Appl. Sci. 2021, 11, 3045. [CrossRef]
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