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Abstract: Previously published studies have investigated the influence of instrument access on cyclic
fatigue resistance. However, no studies have evaluated the relationship between angulated access
and torsional resistance. The aim of this study was to investigate the influence of the angle of access
on the torsional resistance of endodontic instruments. One hundred and eighty instruments were
selected: 90 F-One Blue 25/04 and 90 HeroShaper 25/04 instruments. Three subgroups (1 = 30) for
each instrument type (A and B) were established according to the angle of insertion of the instruments
inside the artificial canal (0°, 10° and 20°). The tests were performed using a custom-made device
consisting of the following: a motor that can record torque values of 0.1 s; interchangeable stainless-
steel canals with different curvature (0°, 10° and 20°) that allow the instrument’s angulated insertion
and keep it flexed during testing procedures; and a vise used to secure the instrument at 3 mm from
the tip. Torque limit was set to 5.5 Ncm, and each instrument was rotated at 500 rpm until fracture
occurred. Torque to fracture (TtF) was registered by the endodontic motor, and the fragment length
(FL) was measured with a digital caliper. Fractographic analysis was performed using a scanning
electron microscopy (SEM) evaluation to confirm the cause of failure. TtF values and fragment length
(FL) values were statistically analyzed using one-way analysis of variance (ANOVA) test and the
Bonferroni correction for multiple comparisons across the groups with significance set to a 95%
confidence level. Regarding the F-One Blue instruments, the results showed a higher TtF for group
A3 (20°) than for group Al (0°) and group A2 (10°), with a statistically significant difference between
group A3 and the other two groups (p < 0.05), whereas no statistically significant difference was
found between group Al and group A2 (p > 0.05). Regarding the HeroShaper instrument, the results
showed the highest TtF for group B3, with a statistically significant difference between the three
subgroups B1, B2 and B3 (p < 0.05). The results showed that the torsional resistance increases as the
angle of instrument access increases with a varying intensity, according to the crystallographic phase
of the instrument selected.

Keywords: access cavity; endodontic instruments; fracture resistance; torsional fracture

1. Introduction

As demonstrated by previous studies, the intracanal separation of nickel-titanium ro-
tary instruments could influence the short- and long-term outcome of endodontic therapies,
and this is considered a major concern for general dentists and endodontists [1]. This can
occur because the instrument fragment could limit shaping and disinfection procedures,
increasing the possibility of leaving bacteria inside the root canal system [2]. Even when the
fragment is removed, the long-term prognosis is affected, because the fragment’s removal
could result in a more demolitive procedure, which could compromise the root canal wall
thickness and the tooth resistance [1,3].
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Fortunately, instrument separation incidence rate is not too frequent, since it has been
reported that the range for stainless steel instruments is between 0.25% and 6%, whereas
the range for NiTi rotary instruments is between 1.3% and 10.0% [1,4,5]. As demonstrated
by Sattapan et al., the main causes of intracanal rotary instruments’ failure arise from an
excessive flexural and/or torsional stress and cyclic fatigue that overcome the plastic limit
of nickel-titanium alloy [6]. Regarding this, torsional failure occurs when the tip of the
endodontic rotary instrument remains blocked between dentinal walls and its coronal part
continues to rotate [7,8].

Over the years, in order to reduce the incidence of intracanal separation due to
torsional load, manufacturers have improved the instruments’ mechanical features, such
as type of alloy, thermal treatments, motion and geometric design (e.g., cross-section,
instrument length, taper, pitch and rake angle), but sudden fracture can still occur [9-13].

The long-term outcome of endodontic therapies has been demonstrated to be influ-
enced by dentinal tooth loss as well as by chemo-mechanical disinfection and obturation
quality [14,15]. The fracture strength of endodontically treated teeth principally arises
from dentinal loss due to root canal shaping and access cavity extent, as well as from
prosthetic rehabilitation procedures. Regarding root canal instrumentation, it has been
reported that as the canal taper and diameter of the coronal preparation increase, the frac-
ture susceptibility of the tooth also increases [16]. Despite this, Wang et al. demonstrated
with a finite element analysis that the crucial anatomical regions in terms of biomechanics
and fracture resistance of endodontically treated teeth are the cervical third and the root
furcation, because they significantly influence stress distribution through dentinal tissues.
Conservative endodontic access cavities are able to preserve such crucial dentine compared
with traditional access cavities [17,18].

The difference between traditional access cavities and conservative and/or ultracon-
servative ones is fundamentally based on the obtainment of a straight-line access to the
middle third of the root canal, without the sacrifice of a larger amount of sound dentine.
Traditional access cavity can result in an unnecessary removal of dental hard tissue from
the chamber roof and peri-cervical region, reducing the fracture strength of teeth [19]. On
the other hand, minimally invasive approaches, despite saving dental tissues, influence
the insertion angle of endodontic instruments, increasing flexural stress and reducing their
cyclic fatigue resistance [19]. In a recent study, Pedulla et al. simulated the influence of
the angle of file access on the cyclic fatigue resistance of endodontic rotary instruments,
showing that their inclined insertion to the endodontic canal system decreases their cyclic
fatigue resistance [20].

Despite this, there have been no studies to date that investigate the relationship
between angled insertion of endodontic rotary instruments and their behavior under
torsional stresses. As such, the aim of this research was to investigate whether the angle of
insertion could influence the torsional resistance to fracture of an endodontic instrument.
The null hypothesis was that the torsional resistance of an endodontic instrument does not
vary between straight-line access (angle access = 0°) and angled accesses (10° and 20°).

2. Materials and Methods

One hundred and eighty new instruments were selected for the study: 90 F-One
Blue 25/04 (Fanta, Shanghai, China) and 90 HeroShaper 25/04 (Micro-Mega, Besancon,
France) instruments. These instruments were chosen because they share the tip diameter
#25 and the taper 0.04 but differ in their crystallographic phase at room temperature: F-One
Blue 25/04 is martensitic, whilst HeroShaper 25/04 is austenitic. The use of instruments
with the same tip diameter and taper is fundamental to standardize the testing device as
explained below.

Before submission to a static torsional test, each instrument was inspected and mea-
sured under a stereomicroscope (Carl Zeiss Microimaging, Gottingen, Germany) at 20 x
magnification to detect any sign of deformation, and none of them were discarded.
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A

Instruments were divided into two groups according to the endodontic rotary instru-
ment systems (A for F-One Blue and B for HeroShaper) and then into three subgroups
according to the three different angulation accesses, which simulate different instrument
insertions: straight-line access (subgroup 1), 10°-angle access (subgroup 2) and 20°-angle
access (subgroup 3).

2.1. Static Torsional Test with Different Angle of Insertion

The static torsional tests were performed using a custom-made device. This device
was composed of an electric motor and a 1:1 handpiece that was able to record torque values
every 0.1 s with a precision of 0.05 Nem (Kavo, Biberach, Germany). It was also composed
of a support apparatus that was able to firmly secure the instrument at 3 mm from the tip
and guide the instrument insertion at the determined angle, assuring reproducibility. The
support apparatus was composed of a vise and an interchangeable stainless-steel canal
simulator with a pre-determined curvature degree (0°, 10° and 20°), allowing instrument
angulated insertion (Figure 1). Instruments were rotated at a constant speed of 500 rpm and
a torque limit of 5.5 Ncm until fracture occurrence. Torque to fracture (TtF) was recorded
for each instrument by the electric motor.

B

Figure 1. Schematic representation of the custom-made support apparatus simulating angulated access of NiTi instruments

used in the static torsional test: (A) the support apparatus in its entirety, (B) its sectional view. (a) The upper part of the

vise can fix the interchangeable artificial canal (20°-angled in figure); (b) the inferior part of the wise can firmly secure

the instrument at 3 mm from its tip; (c) the artificial stainless-steel canal with predetermined curvature; (d) schematic

representation of the NiTi instrument. The upper portion of the instrument is connected to the endodontic motor.

2.2. Fragment Length Measurement

In order to evaluate the quality of the performed tests, the fragment length of the frac-
tured instruments was measured with a digital caliper (0.01 mm of sensitivity) considering
the length from the tip of the fractured instrument to the fractured surface on the other
extremity.
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2.3. Statistical Analysis

TtF values and fragment length (FL) values were statistically analyzed using one-way
analysis of variance (ANOVA) test and the Bonferroni correction for multiple comparisons
across the groups with significance set to a 95% confidence level.

2.4. Scanning Electron Microscopy Observation

In order to evaluate the topographic features of the surface and confirm the cause of
fracture, five NiTi rotary instruments fragments for each subgroup were randomly selected
and then observed under a scanning electron microscopy (SEM) (Hitachi High-Technologies
Corporation, Tokyo, Japan).

All of the fractured surfaces of each subgroup were examined at x250, x500 and
%1000 magnification for cross-sectional observation and at x25, x50 and %200 magnifica-
tion for the axial observation for the F-One Blue, using an accelerating voltage set between
3.00 kV and 4.00 kV and a working distance ranging from 6.0 mm to 27.4 mm according to
the focus.

For the F-One Blue groups, additional acquisitions were performed in order to evi-
dence the torsion damage on the axial flat surface.

3. Results

All results are summarized in Table 1.

Table 1. Summary of the results of TtF and FL with mean values and standard deviations according to the different

endodontic rotary instrument systems.

F-One Blue 25/04 HeroShaper 25/04
Group Al Group A2 Group A3 Group B1 Group B2 Group B3
(Straight-Line (10°-Angled (20°-Angled (Straight-Line (10°-Angled (20°-Angled
Access) Access) Access) Access) Access) Access)
TtF (Ncm) 0.57 +0.03 0.61 4+ 0.02 0.78 +0.02 0.80 4 0.07 1.05 £ 0.04 1.30 £ 0.06
Fragment 3.04 £02 3.35 £ 0.09 3.26 +0.18 3.10 £ 0.08 3.06 £ 0.4 321 +0.10
Length (mm)

3.1. Torque to Fracture (TtF) with Different Angle of Insertion

According to the data, TtF of the instruments inserted in a straight canal was
0.57 & 0.03 Ncm for F-One Blue (group Al) and 0.80 £ 0.07 for HeroShaper (group B1), and
TtF of the instruments inserted with an angulation of 10° was 0.61 £ 0.02 Ncm for group
A2 and 1.05 = 0.04 for Group B2, whilst TtF of instruments inserted with an angulation of
20° was 0.78 = 0.02 Nem for group A3 and 1.30 % 0.06 for group B3. For both instruments,
statistical analysis pointed out a statistically significant difference between the 20°-groups
and the two other groups (0° and 10°) (p < 0.05). No statistically significant difference was
found between group Al and group A2 (p > 0.05), whilst one was found between group Bl
and group B2 (p > 0.05).

3.2. Fragment Length (FL) Measurement

Regarding FL, no statistically significant differences between the three A and B sub-
groups were found (p > 0.05), with mean values and standard deviations of 3.04 £ 0.2 mm,
3.35 & 0.09 mm and 3.26 £ 0.18 mm for groups Al, A2 and A3, respectively, and of
3.10 £ 0.08 mm, 3.06 £ 0.4 mm and 3.21 £ 0.10 mm for groups B1, B2 and B3, respectively.
These results evidenced the quality and the reproducibility of the test.

3.3. Scanning Electron Microscopy Observation and Fractographic Analysis

The fractographic analysis after SEM evaluation of the fractured fragments showed
the typical features of fracture arising from excessive torsional load, showing concentric
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circular abrasion marks and fibrous dimples near the center of rotation, evidenced by

round-shaped circumferential lines (Figures 2—4).
No differences were detected in terms of fractographic analysis among the subgroups

and the different insertion angles.

3500 3.00kV,5.2mm x1.00k SE

50.0um

200um |SU:

50.0pm

200pm 0 4.00kV 6.1mm x500 SE , A 100pm | SU3500

Figure 2. SEM images of fractured surface of three samples of F-One Blue 25/04 in a transversal view at different
magnification after torsional fatigue testing. (A1-A3) Figures represent SEM images of instruments fractured after torsional
test performed with a straight insertion in the artificial canal, respectively at 250, 500x and 1000 x magnification; (B1-B3)
SEM images, respectively at 250, 500 x and 1000x magnification, after torsional test performed with an insertion angle
of 10°; (C1-C3) SEM images, respectively at 250 x, 500x and 1000 x magnification, after torsional test performed with an
insertion angle of 20°. The concentric circular abrasion marks and fibrous dimples near the center of rotation evidenced by
the red circumferential lines are clearly represented in all samples despite the different angle of insertion.
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Figure 3. SEM images of fractured surface of three samples of F-One 25/04 in a transversal view at different magnification
after torsional fatigue testing. Figures represent SEM images of instruments fractured after torsional test performed with
a straight insertion in the artificial canal, respectively at 250x, 500x and 1000x magnification; (B1-B3) SEM images,
respectively at 250, 500 x and 1000 x magnification, after torsional test performed with an insertion angle of 10°; (C1-C3)
SEM images, respectively at 250, 500 x and 1000x magnification, after torsional test performed with an insertion angle
of 20°. The concentric circular abrasion marks and fibrous dimples near the center of rotation evidenced by the red
circumferential lines are clearly represented in all samples despite the different angle of insertion.
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Figure 4. SEM images of fractured surface of three samples of HeroShaper 25/04 in a transversal view at different
magnification after torsional fatigue testing. Figures represent SEM images of instruments fractured after torsional test
performed with a straight insertion in the artificial canal, respectively at 250, 500 x and 1000 x magnification; (B1-B3)
SEM images, respectively at 200x, 500 x and 1000 x magnification, after torsional test performed with an insertion angle
of 10°; (C1-C3) SEM images, respectively at 250, 500 x and 1000 x magnification, after torsional test performed with an
insertion angle of 20°. The concentric circular abrasion marks and fibrous dimples near the center of rotation evidenced by
the red circumferential lines are clearly represented in all samples despite the different angle of insertion.

4. Discussion

Dentinal structural loss and tooth weakening are two of the greatest concerns of
dentists regarding prosthetic rehabilitation and long-term success after endodontic ther-
apies [18,21]. For this reason, different strategies have been proposed with the aim of
preserving dental hard tissues, which could be reassumed in the concept of minimally
invasive endodontics (MIE) [19,22,23]. As such, the extent of the access cavity and the
integrity of coronal dentin, the taper of canal preparation and the preservation of the
cervical region and root furcation of teeth have been thoroughly investigated [18,24]. Wang
et al. stated that the taper of canals, despite not influencing the stress distribution in the
canal wall, does not have a significant impact on the stress distribution of the whole tooth
in comparison with the dentinal preservation of the cervical region and root furcation. In
fact, those structures play a key role in dispersing functional stresses through the long axis
of the tooth, ensuring its long-term stability [18].
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However, the minimally invasive access cavities, such as conservative and ultra-
conservative cavities, could compromise root canal instrumentation if they are not well
managed [25,26]. The major complaints against constricted cavities are the inadequacy
in cleaning, shaping and filling the root canal system, with an increased possibility of
procedural errors, such as ledge formation, apical block or instrument failure, mostly due
to a non-straight-line access of the endodontic rotary instrument to the root canal [19].

Regarding this, Pedulla et al. recently assessed that when increasing the angle of
access of file, its mechanical behavior in terms of cyclic fatigue resistance decreases. The
authors demonstrated that an inclined insertion could decrease cyclic fatigue resistance of
NiTi rotary instruments when compared with straight-line access [20]. This occurs because
when increasing the angle access, the flexural stress acting on the instrument increases.

On the contrary, the present research aimed to investigate the influence of the angled
access on torsional resistance of nickel-titanium rotary instrument, because there are no
data available on this theme. According to the results and the statistical analysis of this
study, the null hypothesis was rejected. The 20°-angled access groups showed a statisti-
cally significant higher torque to fracture than that of the control groups (straight canals)
(p < 0.05) for both endodontic rotary instruments selected. The F-One Blue instruments
inserted in the artificial canal at an angle of 20° showed a torsional resistance 37% higher
than that of the control group, whilst the HeroShaper instruments showed an increase
of 63%.

The rationale behind these phenomena can be found in the relationship between
the flexural stress and the torsional behavior of NiTi rotary instruments, which was first
discussed by Seracchiani et al. [27]. According to this study, the registered torque to fracture
of a NiTi rotary instrument can be mathematically defined as a combination of flexural and

torsional stress as follows:
3
M:\/Mf;—i—lez (1)

T represents the torque, and My, is the moment of bending forces. The latter depends on
the radius and degrees of curvature; the cross-sectional design; and the Young modulus,
which is defined by the characteristics of the material, such as alloy and heat treatment,
and, thus, it is different depending on the crystallographic phase of the instruments.

Regarding the 10°-angled access groups, no statistically significant differences were
found when comparing group A2 with group Al. However, statistically significant dif-
ferences were found when comparing group B2 with group Bl (with an increase in the
torsional resistance of 31% for the HeroShaper inserted with an angulation of 10°). These
results could have occurred because the bending moment acting on the 10°-angled F-One
Blue instruments, contrary to 10°-angled HeroShaper, was not sufficient to significantly
increase torsional resistance. According to this study, a higher angulation of the instrument
results in a higher resistance to torsional load with different percentages in relation to the
geometric characteristics and the crystallographic phase of the instruments, as evidenced
by the results of this research.

The progressive increase in percentage of the torsional resistance in relation to the
higher insertion angulation could have occurred because the moment of bending forces
influences the operative torque exponentially rather than linearly. Thus, it is reasonable that
when gradually increasing the angle of file access, the operative torque is more influenced.
Further investigations are suggested to clarify the limits of the angle of access and the
increase in torsional resistance according to the selection of the proper instrument in
relation to its mechanical and geometrical characteristics.

F-One Blue 25/04 (Fanta, Shanghai, China) and HeroShaper 25/04 (Micro-Mega,
Besancon, France) instruments were selected for this research. The first instrument is
characterized by a flat design, which is demonstrated to increase cyclic fatigue resistance
due to the reduced cross-sectional mass. Moreover, heat treatment (AF™-R Wire Tech,
Fanta, Shanghai, China) allows them to be martensitic at room temperature [28]. As
previously mentioned, heat treatment significantly influences the material’s characteristics,
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such as its Young modulus. Thus, different results in terms of torsional resistance were
evidenced for the austenitic HeroShaper instruments when subjected to flexural moments.
The latter, in fact, have a higher Young modulus than that of martensitic ones, and, thus,
their bending moment is higher in the case of comparable characteristics, such as tip
diameter and taper [29]. Increasing the bending moment value increases the registered
torque to fracture.

Moreover, in addition to the crystallographic phase, in the computing of the different
increase in terms of torsional resistance, the cross-sectional design plays a key role [30].
F-One Blue instruments have a flat S-shaped cross-section, while HeroShaper instruments
have a triple helix cross-section, and, according to the above-mentioned formula, the
geometric features play a crucial role in determining the bending moment acting on a
flexed instrument.

Thus, the different crystallographic phase and the different geometric characteristics
can explain the different percentage increases in torsional resistance.

The findings of this research, with the results obtained by Pedulla et al., could clarify,
in terms of torsional and cyclic fatigue resistance, the mechanical behavior of an endodontic
instrument when it is inserted in a root canal with a given angulation [20]. Since cyclic
fatigue resistance is negatively affected by the angle of file access, whilst the torsional
resistance is improved by it, it is reasonable to suggest the use of martensitic NiTi instru-
ments when conservative access cavities are performed, because martensitic alloys better
withstand cyclic fatigue due to their ductility, flexibility and plasticity. While torsional
resistance is improved by the bending moment acting on the instruments during their
flexed insertion, both cyclic fatigue and torsional resistance are thoroughly influenced
by the mechanical (alloy or heat-treatment) and geometric (pitch, cross-sectional design,
taper etc.) features of the selected instruments [30,31]. Caution should be used when
generalizing the relationship between the mechanical behavior and the angle of access of
NiTi rotary instruments, because an angled insertion could improve the torsional resistance
to fracture. However, it will simultaneously affect the cyclic fatigue resistance.

The present study aimed to investigate the influence of the angled access on torsional
resistance of nickel-titanium rotary instruments through a static torsional test; thus, it did
not consider dynamic torsional stresses acting on the instrument during intra-operational
dentinal cutting. Moreover, it simulated the insertion of the instrument when it reached
the apical portion of the canal while the segment subjected to bending moment was in
the coronal third. Since the latter is larger and heavier than the apical portion, due to its
increased dimension, it can be deduced that it is subjected to a higher bending moment
than a flexed apical segment of the instrument. Therefore, a lower increase in torsional
resistance could be expected if the torsional test is performed by blocking the instrument
tip as the apical part of the instrument engages the curvature, simulating the first phase of
canal instrumentation.

In the present research, only the as-received endodontic instruments were included,
but according to a study published by Loska et al., which evidenced the mechanical
property changes after their prolonged clinical use, different results could be expected for
clinically used instruments [32]. Moreover, in the present study, the surface treatment was
not considered, so its influence on the mechanical properties of the selected instruments
was not considered [33]. For these reasons, further studies are needed.

5. Conclusions

Within its limitation, this study investigated the relationship between angulated
instrument insertion and its mechanical behavior in terms of torsional resistance. The
results showed that when increasing the angle of instrument access, the torsional resistance
to fracture increases with different percentages, according to the crystallographic phase
and the geometric characteristics of the endodontic instruments.

In conclusion, considering the evidence present in literature regarding the relationship
between cyclic fatigue and the insertion angle [20], the use of martensitic instruments
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could be suggested when conservative or ultra-conservative access cavities are performed,
because their cyclic fatigue resistance is higher than that of austenitic ones, with the
torsional resistance compensated by the flexural moment acting on the instrument.

Author Contributions: Conceptualization, M.S. and A.Z.; methodology, O.D.; software, D.D.N.;
validation, D.D.N., L.T. and G.G.; formal analysis, M.S.; investigation, A.Z.; resources, M.S.; data
curation, D.D.N..; writing—original draft preparation, A.Z.; writing—review and editing, M.S.;
visualization, O.D.; supervision, L.T.; project administration, G.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable for this article.

Acknowledgments: The authors would like to thank the Electron Microscopy Laboratory Pietro M.
Motta of La Sapienza University of Rome for providing helpful support during SEM observations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Madarati, A.A.; Hunter, M.].; Dummer, PM. Management of intracanal separated instruments. J. Endod. 2013, 39, 569-581.
[CrossRef] [PubMed]

2. Seven, N.; Cora, S. Effectiveness of different irrigation systems in the presence of intracanal-separated file. Microsc. Res. Tech.
2019, 82, 238-243. [CrossRef] [PubMed]

3. Wohlgemuth, P.; Cuocolo, D.; Vandrangi, P,; Sigurdsson, A. Effectiveness of the GentleWave System in Removing Separated
Instruments. J. Endod. 2015, 41, 1895-1898. [CrossRef]

4. Spili, P; Parashos, P.; Messer, H.H. The impact of instrument fracture on outcome of endodontic treatment. . Endod. 2005, 31,
845-850. [CrossRef] [PubMed]

5. Igbal, M.K,; Kohli, M.R.; Kim, J.S. A retrospective clinical study of incidence of root canal instrument separation in an endodontics
graduate program: A PennEndo database study. J. Endod. 2006, 32, 1048-1052. [CrossRef]

6.  Sattapan, B.; Nervo, G.J.; Palamara, ].E.; Messer, H.H. Defects in rotary nickel-titanium files after clinical use. ]. Endod. 2000, 26,
161-165. [CrossRef] [PubMed]

7. Sattapan, B.; Palamara, ].E.; Messer, H.H. Torque during canal instrumentation using rotary nickel-titanium files. ]. Endod. 2000,
26, 156-160. [CrossRef]

8. Gambarini, G.; Miccoli, G.; Di Nardo, D.; Del Giudice, A.; Mazzoni, A.; Seracchiani, M.; Testarelli, L. Torsional resistance of
two new heat treated nickel titanium rotary instruments: An in vitro evaluation. Pesquisa Brasileira em Odontopediatria e Clinica
Integrada 2020, 20, 1-7. [CrossRef]

9. 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] [PubMed]

10. Zupang, J.; Vahdat-Pajouh, N.; Schifer, E. New thermomechanically treated NiTi alloys—A review. Int. Endod. ]. 2018, 51,
1088-1103. [CrossRef]

11. 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 2021, 109, 568-573. [CrossRef] [PubMed]

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

13. 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]

14. Ng, Y.L.; Mann, V,; Rahbaran, S.; Lewsey, ].; 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. ]. 2007, 40, 921-939. [CrossRef] [PubMed]

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

16. Munari, L.S.; Bowles, W.R.; Fok, A.S.L. Relationship between Canal Enlargement and Fracture Load of Root Dentin Sections.
Dent Mater. 2019, 35, 818-824. [CrossRef]

17. Yuan, K; Niu, C; Xie, Q.; Jiang, W.; Gao, L.; Huang, Z.; Ma, R. Comparative evaluation of the impact of minimally invasive

preparation vs. conventional straight-line preparation on tooth biomechanics: A finite element analysis. Eur. J. Oral Sci. 2016, 124,
591-596. [CrossRef] [PubMed]


http://doi.org/10.1016/j.joen.2012.12.033
http://www.ncbi.nlm.nih.gov/pubmed/23611371
http://doi.org/10.1002/jemt.23165
http://www.ncbi.nlm.nih.gov/pubmed/30636084
http://doi.org/10.1016/j.joen.2015.08.015
http://doi.org/10.1097/01.don.0000164127.62864.7c
http://www.ncbi.nlm.nih.gov/pubmed/16306815
http://doi.org/10.1016/j.joen.2006.03.001
http://doi.org/10.1097/00004770-200003000-00008
http://www.ncbi.nlm.nih.gov/pubmed/11199711
http://doi.org/10.1097/00004770-200003000-00007
http://doi.org/10.1590/pboci.2020.156
http://doi.org/10.1016/j.joen.2011.05.032
http://www.ncbi.nlm.nih.gov/pubmed/21846549
http://doi.org/10.1111/iej.12924
http://doi.org/10.1007/s10266-020-00572-2
http://www.ncbi.nlm.nih.gov/pubmed/33245455
http://doi.org/10.3390/app10165604
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/10.1016/j.dental.2019.02.015
http://doi.org/10.1111/eos.12303
http://www.ncbi.nlm.nih.gov/pubmed/27704709

Materials 2021, 14, 3744 11 of 11

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wang, Q.; Liu, Y;; Wang, Z.; Yang, T.; Liang, Y.; Gao, Z.; Fang, C.; Zhang, Y. Effect of Access Cavities and Canal Enlargement on
Biomechanics of Endodontically Treated Teeth: A Finite Element Analysis. J. Endod. 2020, 46, 1501-1507. [CrossRef]

Silva, E.; Pinto, K,; Ferreira, C.; Belladonna, F; De-Deus, G.; Dummer, P.; Versiani, M. Current status on minimal access cavity
preparations: A critical analysis and a proposal for a universal nomenclature. Int. Endod. J. 2020, 53, 1618-1635. [CrossRef]
Pedulla, 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. . Endod. 2020, 46, 431-436. [CrossRef]
[PubMed]

Wolters, W.].; Duncan, H.E; Tomson, P.L.; Karim, L.LE.; McKenna, G.; Dorri, M.; Stangvaltaite, L.; van der Sluis, L.W.M. Minimally
invasive endodontics: A new diagnostic system for assessing pulpitis and subsequent treatment needs. Int. Endod. |. 2017, 50,
825-829. [CrossRef]

Biirklein, S.; Schéfer, E. Minimally invasive endodontics. Quintessence Int. 2015, 46, 119-124.

Clark, D.; Khademi, ]. Modern molar endodontic access and directed dentin conservation. Dent. Clin. N. Am. 2010, 54, 249-273.
[CrossRef]

Sabeti, M.; Kazem, M.; Dianat, O.; Bahrololumi, N.; Beglou, A.; Rahimipour, K.; Dehnavi, F. Impact of Access Cavity Design and
Root Canal Taper on Fracture Resistance of Endodontically Treated Teeth: An Ex Vivo Investigation. J. Endod. 2018, 44, 1402-1406.
[CrossRef]

Patel, S.; Rhodes, J. A practical guide to endodontic access cavity preparation in molar teeth. Br. Dent. J. 2007, 203, 133-140.
[CrossRef]

Krishan, R.; Paqué, F.; Ossareh, A.; Kishen, A.; Dao, T.; Friedman, S. Impacts of Conservative Endodontic Cavity on Root Canal
Instrumentation Efficacy and Resistance to Fracture Assessed in Incisors, Premolars, and Molars. |. Endod. 2014, 40, 1160-1166.
[CrossRef] [PubMed]

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] [PubMed]

Gambarini, G.; Miccoli, G.; Seracchiani, M.; Khrenova, T.; Donfrancesco, O.; D’Angelo, M.; Galli, M.; Di Nardo, D.; Testarelli, L.
Role of the Flat-Designed Surface in Improving the Cyclic Fatigue Resistance of Endodontic NiTi Rotary Instruments. Materials
2019, 12, 2523. [CrossRef]

Thompson, S.A. An overview of nickel-titanium alloys used in dentistry. Int. Endod. J. 2000, 33, 297-310. [CrossRef] [PubMed]
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] [PubMed]

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. |. 2020, 10, 221-225.

Loska, S.; Basiaga, M.; Pochrzast, M.; Lukomska-Szymariska, M.; Walke, W.; Tyrlik-Held, J. Comparative characteristics of
endodontic drills. Acta Bioeng. Biomech. 2015, 17, 75-83. [PubMed]

Bumbalek, M.; Joska, Z.; Pokorny, Z.; Sedlak, J.; Majerik, J.; Neumann, V.; Klima, K. Cyclic Fatigue of Dental NiTi Instruments
after Plasma Nitriding. Materials 2021, 14, 2155. [CrossRef] [PubMed]


http://doi.org/10.1016/j.joen.2020.06.013
http://doi.org/10.1111/iej.13391
http://doi.org/10.1016/j.joen.2019.11.015
http://www.ncbi.nlm.nih.gov/pubmed/31911005
http://doi.org/10.1111/iej.12793
http://doi.org/10.1016/j.cden.2010.01.001
http://doi.org/10.1016/j.joen.2018.05.006
http://doi.org/10.1038/bdj.2007.682
http://doi.org/10.1016/j.joen.2013.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25069925
http://doi.org/10.1016/j.joen.2020.10.011
http://www.ncbi.nlm.nih.gov/pubmed/33096192
http://doi.org/10.3390/ma12162523
http://doi.org/10.1046/j.1365-2591.2000.00339.x
http://www.ncbi.nlm.nih.gov/pubmed/11307203
http://doi.org/10.1016/j.joen.2021.04.017
http://www.ncbi.nlm.nih.gov/pubmed/33915175
http://www.ncbi.nlm.nih.gov/pubmed/26688191
http://doi.org/10.3390/ma14092155
http://www.ncbi.nlm.nih.gov/pubmed/33922722

	Introduction 
	Materials and Methods 
	Static Torsional Test with Different Angle of Insertion 
	Fragment Length Measurement 
	Statistical Analysis 
	Scanning Electron Microscopy Observation 

	Results 
	Torque to Fracture (TtF) with Different Angle of Insertion 
	Fragment Length (FL) Measurement 
	Scanning Electron Microscopy Observation and Fractographic Analysis 

	Discussion 
	Conclusions 
	References

