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Objective: To evaluate the cyclic fatigue fracture resistance, torsional fatigue, and angular deflection of Re-
ciproc Blue (RB), WaveOne Gold (WOG), One Reci (OR), and Plex RC-One (RC-One) instruments for managing
root curvatures in simulated canals.

Methods: A sample size calculation determined 10 samples per group (5 instruments for the cyclic fatigue
test and 5 for the torsional fatigue test) for detecting significant differences. The study included 40 NiTi instru-
ments (25 mm) from four reciprocating systems groups: RB R25, WOG 25, OR 25, and RC-One 25. Instruments
were inspected for defects. Bending tests assessed memory control. Static cyclic fatigue tests used an artifi-
cial 60° curved canal with motorized activation. Torsional fatigue followed I1SO 3630-1, measuring torque and
angular deflection until failure. Fractured surfaces were analyzed using automated image analysis and mea-
sured with Rhinoceros 8.0 software. Statistical analysis included central tendency and dispersion measures,
followed by ANOVA to identify statistically significant differences between groups.

Results: The bending test showed RC-One retained shape after pressure, while RB exhibited moderate resis-
tance. WOG and OR did not demonstrate satisfactory bending resistance. Analysis of cyclic fatigue revealed RC-
One had the highest resistance, followed by RB, OR, and WOG (p<0.001). RB required the highest torque for frac-
ture, followed by RC-One, WOG, and OR (p<0.001). WOG had the lowest deflection angle at fracture, followed by
OR, RB, and RC-One (p=0.0399). SEM and intelligent automated image processing analysis showed RC-One and
RB had wear zones indicative of slow fracture, while WOG and OR displayed 100% rapid fracture dimples. RC-
One had 41.86% slow fracture and 54.14% rapid fracture, while RB had 17.83% slow and 82.17% rapid fracture.
Torsion tests revealed similar features in RC-One and RB, supporting their high and similar torsional resistance
and deflection, unlike WOG's lower resistance and OR's lowest resistance with the highest deflection.

Conclusion: The best performance in the bending test was obtained by RC-One, followed by RB, while most
failures were observed in WOG and OR. RC-One showed significantly higher cyclic fatigue resistance in
severe curvatures than RB, WOG, and OR. RB and RC-One exhibited very similar torsional resistance values,
significantly higher than OR and WOG. RC-One displayed superior angular deflection results compared to
the other instruments.
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« Theclinical applicability of the results obtained in cyclic fatigue, torsional fatigue, angular deflection, and bending tests

in the management of curved canals.

« The concept of slow fracture and rapid fracture and its clinical applicability in the use of reciprocating instruments as a
preventive control mechanism for instrument fractures by deforming before failure.

« The bending test is a mechanism to evaluate the controlled memory of instruments, which is crucial for preserving the
original anatomy of the canal and for resistance to cyclic and torsional stress by adapting to and respecting the canal's

original shape.

« The influence of conducting the study at body temperature and its direct clinical analogy in the behavior of alloys re-
garding cyclic and torsional fatigue resistance, as well as in the bending test.

« The advancement of intelligent automated image processing, specifically in image recognition, to determine areas of

rapid and slow fracture to quantify these zones.

INTRODUCTION

Instrument fractures in endodontics at a clinical level are con-
sidered a situation of maximum stress for the professional (1).
The incidence of fracture of nickel-titanium (NiTi) instruments
ranges between 1.3%-10.0% (2), where it has been reported
that 93.6% of endodontists have experienced instrument frac-
tures in the clinical practice of their profession. Instruments
fractures generates additional time for the clinician to extract
it and puts the success of the treatment at risk (3).

Two fracture mechanisms of endodontic instruments have
been described: cyclical flexural and torsional fatigue. Flexu-
ral cyclic fatigue is characterized by the tension/compression
cycles that the instrument experiences at the point of its max-
imum flexion in a curvature (4, 5). This mode of failure is attrib-
uted to the repetitive stresses exerted on the outermost fibers
of the file while rotating in a curved root canal, leading to
eventual fracture. On the other hand, torsional fatigue occurs
when the tip of an instrument binds to the canal wall, causing
the stem to continue rotating and surpassing the elastic limit
of the metal, resulting in instrument fracture (6).

Additionally, the angular deflection must be considered. This
property represents the deformation a file can withstand before
a torsional failure when the file is rotating. This property is eval-
uated in degrees, and a higher deflection angle indicates that
the file can undergo both plastic and elastic deformation when
the tip is blocked, thus avoiding fracture of the instrument (4, 5).

The skill of the operator influences these two types of fractures
and angular deflection, his knowledge of the anatomy knowl-
edge in the preparation of curved root canals, and kinematics
of the instruments (7).

The design and manufacturing of the instruments are also fac-
tors of great importance. The tip, the transition angle, cutting
angles, edges, and helical angle of the instrument also influ-
ence its resistance to fracture (7, 8). On the other hand, kine-
matics will also influence this resistance, where reciprocating
movement has been shown to improve endurance compared
to continuous rotational movement (8).

The instrument alloy is subjected during its manufacturing
to heat treatment processes that change its metallographic

expression according to the austenite-martensite transforma-
tion phases, both at room temperature and at 37°C, which also
modifies its resistance to different causes of fracture (8).

This treatment involves continuous heating and cooling,
which alters the properties of the alloy and induces oxidation
of the surface layer, resulting in distinctive colors such as gold,
blue or cobalt (9). These changes significantly improved the
instruments' resistance to cyclic fatigue, both in terms of flex-
ural and torsional stresses, and enhanced their flexibility com-
pared to conventional superelastic wires (10).

Alloys with controlled memory (CM) have also been devel-
oped, characterized by being in the martensitic phase at body
temperature. Owing to their exceptional flexibility and mem-
ory control, these wires are particularly well-suited for navi-
gating complex anatomies, including severe curvatures, while
enhancing resistance to flexural fatigue (11).

With these types of advances in instrument design and alloy
evolution, the analysis of cyclic flexural and torsional fatigue
studies does not report a correlation with clinical practice, as it
takes a purely technical approach. However, its results cannot
be separated from the clinical application (12).

Therefore, it is important to carefully analyze the selection
of an instrument for managing a given root canal curvature.
The influence of the instrument's design, the alloy composi-
tion, and the type of movement employed all contribute to
generating greater security and efficacy in managing varying
degrees of canal curvature (13).

For this reason, this study compared four reciprocating instru-
ments with similar characteristics in their design and types of
latest generation alloys including Reciproc Blue (RB), WaveOne
gold (WOG), One Reci (OR), and Plex RC-One (RC-One), to pro-
vide a clinical response to cyclic fatigue studies, which can be
achieved through a clear and repeatable methodology with
study models that closely approximate clinical reality (12).

Instrument fractures often combine cyclic and torsional fa-
tigue (14), These tests should be performed at body temper-
ature (37°C) to resemble a patient's clinical conditions, and it
could be inferred which instrument is the safest in managing
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severe curvatures, having the lowest probability of fracture,
and preserving the original anatomy of the canal as much as
possible during endodontic therapy (15).

Therefore, the purpose of this study is to evaluate the cyclic
fatigue fracture resistance, torsional fatigue, and angular de-
flection levels of the RB, WOG, OR, and RC-One instruments,
and to determine which instrument is the safest in the man-
agement of root curvatures in simulated canals.

MATERIALS AND METHODS

This study was conducted in accordance with the Declaration of
Helsinki and approved by the ethics committee of Santa Maria
University under the number CBUSM-0723 dated 03/15/2023
and following the PRILE guidelines (Fig. 1). The sample calcu-
lation was performed based on previous study using G*Power
v3.1 for Mac (Heinrich Heine, University of Disseldorf, Dussel-
dorf, Germany) by selecting the ANOVA: Fixed effects, omnibus,
one-way of the F test family (16-22) (Table 1). An alpha-type
error of 0.05, a beta power of 0.95, and an effect size of 0.80
were used. The six initial results of each test were taken into
consideration. For the time to fracture, maximum torque, angle
of rotation, and maximum load tests, a total of 8 instruments
per group were determined, respectively. Then, a final sample
size was set at 10 instruments per group for each test.

In this study, a total of 40 (n=10 per instrument studied) NiTi
instruments (length=25 mm) from four different reciprocating
systems with a tip diameter of 25 were included: RB R25 (size
#25, taper 0.08 taper 5% from mm?), WOG 25 (size #25, 0.07
taper 5% taper, from mm?3), OR 25 (size #25, 0.06 taper), and
RC-One 25 (size #25, 0.06 taper). Table 1 presents the charac-
teristics of the studied instruments. Before testing, all instru-
ments underwent a thorough inspection for structural defects
using a stereomicroscope (Carl Zeiss, LLC, Oberkochen, Ger-
many) at 16x magnification, with none being excluded from
the study. Each instrument used in the study was standardized
at a length of 25 mm, with 10 instruments from each brand
allocated for cyclic and torsional fatigue testing.

Bending Test

A bending test was conducted to assess the memory control
capacity of the file. The file handle was securely fixed in a vise,
and a calibrated force of 2.5 newtons was applied to the tip
using a dynamometer. The stem was then rotated counter-
clockwise while attempting to maintain the file at an angle of
at least 45°, preventing longitudinal movement. This test eval-
uated the file's ability to retain its curved shape or straighten
under the applied force.

Static Cyclic (Flexural) Fatigue Test

This test was conducted using a stainless-steel device equipped
with an artificial canal to accommodate five 25 mm instruments
from each system, with a 0.2 mm margin to facilitate movement;
the size and taper of each instrument were replicated by insert-
ing a guide cylinder, enabling a consistent simulation of an in-
strument confined within an artificial curved canal with a 60°
curvature angle, 5 mm radius, and the center of curvature po-
sitioned 5 mm from the tip, as outlined in previous studies (22)
(Fig. 2a, b); the arch and guide cylinder included a 1 mm deep
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slot 5 mm from the top to match the contra-angle height, allow-
ing the instrument to remain curved and freely rotate between
the cylinder and external arc; each reciprocating system's five
instruments were activated using a 6:1 reduction handpiece
driven by a motor with controlled torque (Silver Reciproc, VDW),
with all rotary motion systems operated at 150/30 turning an-
gles and 300 rpm to ensure standardized conditions, while a
high-flow synthetic oil (Super Oil; Singer Co Ltd, Elizabethport,
New Jersey) was applied to minimize friction; timing began
upon motor activation and ceased immediately upon visual
and/or audible detection of instrument fracture, recorded using
a digital timer, with video recording conducted simultaneously
to capture the exact moment of fracture for further analysis.

Torsional Fatigue Test

Torsional fatigue tests were conducted following the guide-
lines outlined in ISO 3630-1 (2019E) using a torsion machine
as previously described (23). This testing aimed to determine
the average torque values and the maximum angular deflec-
tion necessary for each instrument until failure.

Torque values were assessed by measuring the force exerted
on a small load cell through a lever arm linked to the torque
axis. The rotation angle was monitored and controlled using a
resistive angular transducer connected to a process controller.
Before testing, the handle of each instrument was removed at
the point where it was attached to the shaft. The end of the
shaft was secured to a chuck connected to a reversible gear
motor. The instrument's tip, 3 mm from its end, was clamped in
another chuck with brass jaws to prevent slippage (Fig. 3a). The
counterclockwise rotation speed was set to 2 rpm. The maxi-
mum resistance to torsion and angular rotation was recorded,
which were reported in newtons and degrees using a specifi-
cally designed computer program (Analdgica, Belo Horizonte,
MG, Brazil) (Fig. 3b). All tests were conducted at 37°C body tem-
perature to simulate the clinical conditions of a patient (24).

Descriptive Area Analysis

A descriptive analysis of the fractured surfaces of the instru-
ments was conducted by selecting a random sample from
each file. Photomicrographs were captured and imported
into an image software as follows: Image processing was per-
formed using ImageJ by converting the image to grayscale to
increase contrast and highlight the edges and dimples. Subse-
quently, the image was binarized to separate the dimples from
the background, adjusting the necessary threshold. The edges
were then segmented to determine the contours of the dim-
ples, allowing the marking of the rapid and slow fracture zones.
Finally, zonal division was performed, calculating the size and
density of the dimples to classify them into slow and rapid frac-
ture zones. Then images were imported into the Rhinoceros
8.0 software, which allows for the reconstruction of curves and
surfaces that can be mathematically evaluated. This software
enabled the measurement of areas, volumes, and perimeters
in the images with a margin of error of less than 1% (24, 25).
Through this process, the areas of rapid and slow fracture were
observed, allowing for an analysis of cyclic fatigue and an ex-
planation of the results obtained in the study. The images were
imported into the software, and the measurement scales in mi-
crons were programmed. The scaling was then carried out us-
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RATIOMALE: Instrument fractures in endodontics are common, leading to
increased treatment time and jeopardizing success rates. Understanding cyclic
fatigue, torsional strength, and angular deflection in NiTi instruments is crucial
for improving clinical outcomes

AlM: To evaluale the cyclic fatigue fraclure resistance, torsional fatigue, and
angular deflection of Reciproc Blue (RE), WaveOne Gold (WOG), One Reci
{OR), and Plex RC-One (RC-One) instruments in managing root curvatures in
simulated canals

ETHICAL APPROVAL: CEUSM-0723

v

SAMPLES: Atotal of 40 NiTi instruments from four reciprocating systems

v

EXPERIMENTAL GROUPS: Four groups based on the instrument type:
RB - Reciproc Blue (n=10); WOG - WaveOne Gold (n=10); OR - One Reci
(n=10); RC-One - Plex RC-One (n=10)

v

OUTCOME ASSESSED: Performance melrics include cyclic fatigue resistance,
torsional strength, and angular deflection.

v

RESULTS: The bending test showed RC-One retained shape after pressure,
while RB exhibited moderate resistance. WOG and OR did not demonstrate
satisfactory bending resistance. Analysis of cyclic fatigue revealed RC-One had
the highest resistance, followed by RE, OR, and WOG (p<0.001). RE required
the highest torque for fracture, followed by RC-One, WOG, and OR (p<0.001).
WOG had the lowest deflection angle at fracture, followed by OR, RB, and RC-
One (p=0.0399). SEM and intelligent automated image processing analysis
showed RC-One and RB had wear zones indicative of slow fracture, while WOG
and OR displayed 100% rapid fracture dimples. RC-One had 41.86% slow
fracture and 54.14% rapid fracture, while RE had 17.83% slow and 82.17%
rapid fracture. Torsion tests revealed similar features in RC-One and RE,
supporting their high and similar torsional resistance and deflection, unlike
WOG's lower resistance and OR's lowest resistance with the highest deflection.

v

COMNCLUSIONS: The best performance in the bending test was obtained by
RC-One, followed by RB, while most failures were observed in WOG and OR.
RC-One showed significantly higher cyclic fatigue resistance in severe
curvatures than RB, WOG, and OR. RB and RC-One exhibited very similar
torsional resistance values, significantly higher than OR and WOG. RC-One
displayed superior angular deflection results compared to the other instruments.

v

FUNDING DETAILS: N/A

v

COMNFLICT OF INTEREST: Mone

Figure 1. PRILE flowchart
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TABLE 1. Characteristics of the studied reciprocating files

Alloy

Section
profile

Transition Taper Helical
angle

angle

Speed

Motion

Reciprocating

system

Martensitic

S Shape

Variable

Variable 8% first 3 mm.

Large

Inactive

300 rpm

150/30

Reciproc blue (16, 17)

Blue heating 550°C

Cooling 120°C
Martensitic

4% of 3-6 mm and 5%

of 6-16 mm

Rectangular

shape

Constant

Variable 7% first 3 mm.
6% of 4-10mm 3% of

10-16 mm

150/30 350 rpm Semi Large

Wave One Gold (WOG)

(18)

Gold heating 400°C

Cooling 120° C
Martensitic

active

Triangular Variable triple

Variable

6% constant

350 rpm Inactive Short

170/60

OneReci (OR) (19, 20)

Cobalt heating 700°C
Cooling 120°C

helix up to 4mm 4-6mm
transition zone S shape

6-16mm

electropolished finish

Martensitic

Modified convex triangular
in the first three mm
S shape 6-16 mm

Variable

500 rpm Inactive Short 6% Constant

160/40

Plex RC - One (RC-One)

21

Silver Modify at 37°C

electropolished finish

RC: Reciproc Blue
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TABLE 2. Resistance to cyclic fatigue in seconds of 4 types of files

File N Mean SD Min Max
Reciproc Blue 5 282.4 45.51 240 360
WaveOne Gold 5 124.2 27.11 83 146
OneReci 5 221.2 25.67 180 248
Plex RC-One 5 1215.8 282.47 730 1735

Anova p<0.0001. Tukey'’s post hoc test showed statistically significant differences
between Plex RC-One and the three other instruments (Reciproc Blue p=0.001,
WaveOne Gold p=0.001, OneReci p=0.001). SD: Standard deviation, Min: Mini-
mum, Max: Maximum

TABLE 3. Torque in Newtons of 4 types of files at the time of fracture

File N Mean SD Min Max
Reciproc Blue 5 1.72 0.15 1.5 1.9
WaveOne Gold 5 1.16 0.05 1.1 1.2
OneReci 5 0.44 0.09 0.3 0.5
Plex RC-One 5 1.32 0.19 1.0 1.6

Anova p<0.0001. Tukey's post hoc test showed statistically significant differences
between all pairwise comparisons, except for Plex RC-One and Reciproc Blue
p=0.1034

ing the guides present in the photomicrographs, and the cyclic
fatigue zones were drawn on the image using the curve with
the control points command. Finally, the analyze command
was used to obtain the physical properties and area, taking the
total silhouette of the fractured surface of the file as 100%. This
was followed by the evaluation of the slow and rapid fracture
zones, with the measurements recorded in an Excel database
to calculate the percentage of the analyzed areas.

Statistical Analysis

Statistical analysis was conducted for each of the files analyzed,
presenting measures of central tendency (mean) and disper-
sion (standard deviation, minimum, and maximum values) to
describe the cyclic fatigue behavior in terms of the time until
fracture in seconds, as well as torsion (N) and deflection angle
in degrees. A Kolmogorov-Smirnov test was used to verify if the
data presented a normal distribution. Subsequently, an ANO-
VA test was carried out to determine if there were statistically
significant differences among the various files assessed. Finally,
Tukey’s post hoc test was used for pairwise comparisons.

RESULTS

During the bending test, the RC-One file retained its shape
after the applied pressure, while RB exhibited moderate resis-
tance to bending. In contrast, WOG and OR did not demon-
strate satisfactory levels of bending resistance (Fig. 4a, b).

The analysis of cyclic fatigue resistance, as detailed in Table 2,
revealed a significant difference in the time until fracture, with
RC-One demonstrating the highest resistance, followed by RB,
OR, and WOG, respectively (Anova p<0.001).

Table 3 describes the behaviour of the torque in Newtons re-
quired for fracture, finding that it was significantly higher in
the RB file, followed by RC-One, WOG, and finally OR (Anova
p<0.001).
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Figure 2. (a) Image of the system used for the cyclic fatigue test. (b) Close-up image of the system showing the

60-degree angle and 5mm radius forming parameters used for the cyclic fatigue test

Figure 3. (a) Image of the universal testing machine used for torsional testing. (b) Closer image showing the

instrument positioned for torsional testing

Table 4 outlines the behaviour of the deflection angle in de-
grees at the moment of fracture, revealing that it was signifi-
cantly lower in the WOG file, followed by OR, RB, and finally
RC-One (Anova p=0.0399).

SEM analysis of the fractured surfaces revealed the presence of
cyclic fatigue zones characterized by rapid or ductile fracture,
marked by large dimples and areas exhibiting wear or metal
deformation before failure. At 100x magnification, distinct
wear zones were observed in the RC-One and RB files (Fig. 5¢,
e), unlike the OR and WOG files, which displayed 100% dimple
formations indicative of rapid fracture. At 1000x magnification,

the RC-One showed a 41.86% slow fracture area and 54.14%
rapid fracture area (Fig. 5h), while RB exhibited a 17.83% slow
fracture area and 82.17% rapid fracture area (Fig. 5b). In con-
trast, WOG and OR files did not present any slow fracture areas,
displaying 100% dimples characteristic of rapid fracture (Fig.
5d-f) (Table 5). The torsion test revealed concentric abrasion
marks and fibrous dimple marks in the center of rotation for
all instruments, indicating torsional failure. The RB and RC-One
images (Fig. 6a-g) were very similar, with larger features ob-
served in the WOG and OR (Fig. 6¢c-e), supporting the results
where RC-One and RB exhibited high and similar torsional
fracture values, accompanied by comparable angular deflec-
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Figure 4. (a) The Reciproc Blue (RB), WaveOne Gold (WOG), One Reci (OR), and Plex RC-One (RC-One) files before the bending test. (b) Results

of the flexural and controlled memory test, demonstrating each file's ability to maintain its curved shape or straighten under applied forces. The Plex

RC-One file exhibited the greatest flexibility and controlled memory, followed by Reciproc Blue. In contrast, One Reci and WaveOne Gold displayed

the least flexibility and controlled memory

TABLE 4. Deflection angle at the moment of fracture of 4 different
types of files

FILE N Mean SD Min Max
Reciproc Blue 5 399.54 39.25 365.7 464.2
WaveOne Gold 5 290.38 16.80 2704 3144
OneReci 5 390.69 91.42 202.9 484.7
Plex RC-One 5 414.30 65.65 329.1 504.7

Anova p=0.0399. Tukey’s post hoc test showed statistically significant differences
only between WaveOne Gold and Plex RC-One (p=0.03), and between WaveOne
Gold and Reciproc Blue (p=0.045)

tion, unlike the WOG, which presented lower resistance to
torque and less angular deflection, and the OR, which showed
the lowest torsional resistance but highest angular deflection.

DISCUSSION

Cyclic fatigue studies often face criticism for their limited clin-
ical applicability, primarily due to insufficient interpretation
and correlation between study models and the characteristics
of instruments used in practice. While in vitro studies control
all variables to replicate clinical conditions, their findings must
maintain clinical relevance to be valuable. When designed
with scientific rigor, these studies can lay a solid foundation
for future clinical research (26).

TABLE 5. SEM analysis of the fractured surfaces revealed the presence of cyclic fatigue zones

Cyclic fatigue

System 100x 1000x
Area Area um? Area % Area Area um? Area %
RB Area total 227269.35 100 Area total 11785.74 100
Slow fracture area 70866.83 31.18 Slow fracture area 2101.91 17.83
Rapid fracture area 298136.18 68.82 Rapid fracture area 9683.83 82.17
WOG Area total 170329.48 100 Area total 11833.72 100
Slow fracture area 0.00 0.00 Slow fracture area 0.00 0.00
Rapid fracture area 170329.48 100.00 Rapid fracture area 0.00 0,00
OR Area total 49086.87 100 Area total 11964.40 100
Slow fracture area 0.00 0.00 Slow fracture area 0.00 0.00
Rapid fracture area 49086.87 100.00 Rapid fracture area 0.00 0.00
RC-One Area total 58053.12 100 Area total 12032.07 100
Slow fracture area 24302.28 41.86 Slow fracture area 4964.25 41.26
Rapid fracture area 33750.84 58.14 Rapid fracture area 7067.82 58.74

SEM: Scanning electron microscopy, RB: Reciproc Blue, WOG: WaveOne Gold, OR: OneReci, RC: Plex RC-One
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Figure 5. Fracture surface analysis of instruments under scanning electron microscopy (SEM). Reciproc Blue

(RB): (a) (100X): Arrows indicate crack zones; dotted area marks the wear zone (metal deformation prior to fail-
ure). (b) (1000X): Lower section shows dimples characteristic of rapid fatigue fracture; upper section displays a
small wear zone indicative of slow fracture. WaveOne Gold (WOG): () (100X): Arrows highlight crack zones. (d)
(1000X): Arrows denote widespread dimples across the section, consistent with rapid fracture. One Reci (OR):
(&) (T00X): Arrows identify crack zones. (f) (1000X): Arrows point to dimples throughout the section, indicative
of rapid fracture. Plex RC-One (RC-One): (g) (100X): Arrows mark crack zones; dotted area highlights the wear
zone (pre-failure deformation). (h) (1000X): The lower section exhibits a small dimple area (rapid fracture due
to metal fatigue); the upper section shows a large wear zone characteristic of slow fracture.
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188k m BoBB39

Figure 6. Torsion test results showing concentric abrasion marks and fibrous dimples at the center of rotation for

all instruments, indicative of torsional failure. (3, b) Reciproc Blue (RB), (¢, d) WaveOne Gold (WOG), (e, f) One

Reci (OR), (g, h) Plex RC-One (RC-One)

It has been reported that artificial canals should replicate the
size and taper of instruments to ensure that different nickel-ti-
tanium (NiTi) instruments can follow a consistent canal tra-
jectory in terms of radius and curvature angle (27). However,

this study faced challenges because the tested instruments
had varying tapers. To standardize testing conditions, a single
tapered artificial canal was utilized for all groups, featuring a
diameter of 0.40 mm at the most apical portion and a taper of
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0.06 mm. Although this simulated canal was not specifically
designed for each instrument, all instruments fit adequately
within it. Additionally, the tests were conducted at body tem-
perature which is crucial for mimicking clinical conditions and
ensuring that results apply to real clinical scenarios (28-30).

The static cyclic fatigue model was used in a laboratory-con-
trolled environment, as described by previous studies (22, 31).
In this method, the instruments are mounted in a stabilized
handpiece and rotate freely in an artificial canal with prede-
fined features and under specific conditions until the instru-
ments fracture. This method reduces some biases, increasing
the validity and reproducibility of the method, which allows
a better understanding of the resistance of the behaviour of
instruments. Therefore, it is questionable a recent editorial
stated that the results of cyclic fatigue are useless for clinicians
(32), especially under the justification that such information
must be provided by the manufacturer. Additionally, an exten-
sive discussion in the endodontic literature is moved regard-
ing the use of a dynamic cyclic fatigue test. This methodology
induces less localized mechanical stress, increasing the time
and number of cycles to fatigue (33, 34). On the other hand, it
is essential to emphasize that static methods can provide bet-
ter information on the impact of different design features of
the instruments or NiTi alloy (35).

Dynamic models also have notable disadvantages that must
be considered. Depending on the design of the tube or artifi-
cial groove, torsional stress can occur, complicating the ability
to distinguish the type of fatigue experienced (36). A recent
critical appraisal highlighted that standardization of the axial
motion of the instrument without any lateral movement in-
ducing torsional loads is complicated. Additionally, it noted
that lateral motion during the rotating instrument could in-
duce a second bending point at the beginning of the tube or
artificial groove, modifying the results of the dynamic test (32).
Consequently, this study opted for static testing, as dynamic
analysis may introduce additional variables beyond those re-
lated to the instrument type.

Although the artificial canal does not perfectly replicate the
complexity of real root canal anatomy, the cyclic fatigue device
used in this study follow the ISO specification (3630-1). Also,
this artificial canal model allowed a laboratory-controlled en-
vironment and equal laboratory conditions for all instruments
tested, reducing possible biases. However, it is important to
emphasize that the mechanical results of the instruments can
be different during root canal preparation because the clinical
conditions are not the same as those of the test, which is a
limitation of the method (37, 38).

The systems examined in this study—Reciproc Blue (RB),
WaveOne Gold (WOG), One Reci (OR), and Plex RC-One, uti-
lize a reciprocating motion that has been shown in the liter-
ature to enhance resistance to torsional fatigue and angular
deflection relative to continuously rotating systems (12, 24).
The counter-rotating cycles, characterized by low angular ro-
tations opposite to the cutting direction, further contribute to
preventing torsional fractures (28, 37). Consequently, the eval-
uation and comparison of these systems are highly objective,
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as their performance is directly linked to the specific motion
employed. This allows for clinical applicability across various
degrees of canal curvature complexity.

In this study, all reciprocating systems were tested under con-
sistent conditions of speed and rotational angles, facilitat-
ing a more objective comparison. Each instrument exhibits
distinct design features—such as tip geometry, transition
angles, helical configurations, tapering, and cross-sectional
profiles—that may account for the observed results (Table 1).
These findings hold clinically relevant implications regarding
the selection and application of these instruments based on
their unique characteristics (39).

The systems analyzed in this study utilize martensitic alloys
with varying degrees of flexibility, achieved through temper-
ature modifications, including abrupt heating and cooling
changes, as well as exposure to body temperature (33). Con-
ducting the study at body temperature (35°+1°C) allows for
results that can be directly extrapolated to clinical settings, fa-
cilitating an understanding of instrument performance across
different levels of complexity. This approach highlights the
impact of heat treatment on bending, torsion, and angular de-
flection characteristics, which are influenced by the austenite-
martensite transformation and the varying austenite finishing
temperatures of thermo-mechanically treated NiTi alloys (12,
18). Martensitic instruments were chosen because NiTi instru-
ments in the austenitic phase have a superelastic tendency to
straighten in curvature, pressing against the outer wall of the
canal. This leads to greater resistance to displacement and an
increased likelihood of fracture compared to straight canals
(40). Consequently, the findings from this study are more
clinically relevant than those obtained at room temperature,
emphasizing the importance of instrument design and alloy
properties in managing curved canals effectively.

In the flexural fatigue test, the curvature angle was standard-
ized at 60°, combined with a radius of 5 mm, and the center of
the curvature was located 5 mm from the instrument tip. There-
fore, the results among the evaluated instruments can be com-
pared, minimizing the risk of altering the outcomes (32, 41).

Fractured files were examined using SEM and intelligent auto-
mated image processing to analyze failure mechanisms. The
length of fractured instruments and surface characteristics
were assessed to determine if design features—such as cross-
sectional profile or taper—contributed to fractures or if alloy
fatigue was responsible (42).

Two types of fractures—rapid and slow—were identified using
intelligent automated image processing for precise evaluation
(43, 44). Rapid fractures displayed dimples under SEM analysis,
indicating separation without prior deformation; conversely,
slow fractures exhibited wear areas where deformation oc-
curred before failure (45). These findings highlight how elastic
and plastic deformations can precede fractures, allowing clini-
cians to discard instruments before catastrophic failures occur.

In the flexural fracture resistance tests, RC-One exhibited the
highest resistance with a duration of 1250 seconds, significant-
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Figure 7. Locations of fracture points for each instrument: (a) Reciproc

Blue (RB) fractures occurred between 3 and 5 millimeters, where the
instrument's taper changes. (b) WaveOne Gold (WOG) fractures were
consistently observed between 3 and 6 millimeters, corresponding to a
change in the instrument's taper. (c) One Reci (OR) fractures were lo-
cated between 3 and 5 millimeters, where the instrument's section pro-
file changes. (d) Plex RC-One (RC-One) fractures occurred at various

locations a|ong the instrument, indicating metal Fatigue

ly different from the other evaluated reciprocating systems. RB
showed a value of 284.2 seconds, with a statistically significant
difference compared to WOG, but not with OR, which showed
values of 221.2 seconds. WOG exhibited the lowest cyclic fa-
tigue resistance in bending, with a duration of 124.2 seconds.

In the case of RC-One, the fractures were observed at various
locations along the instrument (Fig. 7d), indicating that the
fractures resulted from continuous cyclic metal fatigue rath-
er than an instrument design defect. The other instruments
evaluated in this study may have been influenced by the 37°C
temperature used during the experiments, which differs from
the conditions in previous studies (37). In the case of RB, the
explanation for these results may be due to its blue marten-
sitic alloy that can be affected by the body temperature at
which this study was conducted, where the alloy did not have
the same resistance as RC-One (38). The fracture site in RB is
between millimeter 3 and millimeter 5 (Fig. 7a) where the in-
strument design changes its taper. In OR, the fracture site was
observed between millimeters 3 and 5 (Fig. 7c), where the
cross-sectional profile changes. In WOG, the fracture site was

consistently observed between 3 and 6 millimeters (Fig. 7b),
where the instrument changes in taper.

These findings coincide with the observations made using
SEM, where RC-One showed the largest areas of slow fracture
and small areas of dimples characteristic of rapid fracture, fol-
lowed by RB, which exhibited less deformation before fracture,
evidenced by small areas of slow fracture (22). In contrast, both
OR and WOG did not reveal wear areas characteristic of slow
fracture on the fracture surface of the instrument, indicating
that they do not deform before fracturing. Instead, large areas
of dimples typical of rapid fracture were visible.

OR demonstrated cyclic fatigue values of 221.2 seconds, sur-
passing those of WOG but significantly lower than those of
RC-One and RB. This disparity may be attributed to the alloy's
sensitivity to the experimental conditions at body tempera-
ture. Clinically, fractures were consistently observed between
3 and 5 millimeters (Fig. 7c), where the instrument transitions
from a variable triangular triple helix with a greater central
mass to an S-shaped profile with a lower central mass. Despite
maintaining a constant taper and variable helical angle, this
design change likely impacted the instrument's fatigue resis-
tance. Scanning electron microscopy (SEM) images (Fig. 5e, f)
revealed no slow fracture wear zones on the fracture surface,
indicating that the instrument did not deform before fractur-
ing. Instead, the surface exhibited dimples characteristic of
rapid fracture, which helps explain the observed results.

WOG exhibited the lowest flexural cyclic fatigue resistance,
with a duration of 124.2 seconds. The temperature of 37°C dur-
ing the study may have influenced its performance. Clinically,
fractures were consistently noted between 3 and 6 millimeters
(Fig. 7b), where the instrument transitions from 7% to 5% conic-
ity. Its rectangular cross-section, which has a greater central
mass compared to other instruments, along with a constant
helical angle, likely contributed to these results. SEM images
(Fig. 5¢, d) also showed no wear zones indicative of slow frac-
ture on the fracture surface, suggesting that it did not deform
before fracturing. Instead, large areas of dimples characteristic
of rapid fracture were evident, further elucidating the findings.
Overall, the design of WOG and the properties of its alloy ap-
peared to have a more significant impact on its performance
compared to the other evaluated instruments. These findings
are consistent with another study indicating that WOG per-
formed inferiorly to RB under dynamic conditions (32).

The torsion and angular deflection tests were conducted accord-
ing to I1SO 3630-1, securing 3 mm of the tip and the axis of the
instruments while rotating them counterclockwise at a speed of
2 RPM and a torque of 2.5 NcM at body temperature (37°C) (46).
Therefore, conducting these tests under the same conditions
and at body temperature makes the results more objective than
if they had been performed at room temperature (47).

Regarding the torsion resistance tests, their use in reciprocat-
ing files is controversial, as the kinematics help prevent tor-
sional fracture. In this case, the concept of angular deflection
becomes particularly important (5). RB exhibited the highest
torsional resistance at 1.7 Ncm, followed by RC-One at 1.32
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Ncm, with no significant differences between the two. WOG
ranked third with values of 1.16 Ncm, and lastly, OR showed
the lowest torsional resistance values at 0.44 Ncm.

When considering the angular deflection values, the highest
value corresponds to RC-One: 414.30°, followed by RB with
399.54°, OR with 390.69°, and finally WOG with 290.38 degrees.
Interpreting the torsion and angular deflection values together,
we find that RB and RC-One exhibited high torsional resistance
with no significant differences. This similarity indicates compa-
rable torsional resistance between the two instruments. How-
ever, RC-One demonstrated a greater angular deviation. This
disparity highlights the greater plastic and elastic deformation
experienced by RC-One under torsional forces before fracture.
On the other hand, RC-One's greater cutting ability results in
lower torsional demand for cutting compared to RB (21).

In contrast, OR and WOG exhibited lower torsion and angular
deflection values, indicating a potential to reduce action time
and minimize bending and torsional fatigue. OR showed the
lowest torsional resistance, along with a large angle of deflec-
tion, suggesting that its alloy and design aim to control defor-
mation by employing low torque values, which is consistent
with its capacity for plastic and elastic deformation (33).

It is essential to differentiate between slow fracture and rapid
fracture. Slow fracture occurs when an instrument's angular
deflection leads to torsional stress, allowing it to deform with-
out breaking. This initial deformation, known as elastic defor-
mation, results from reversible changes in the instrument's
microstructure, enabling recovery of its original shape after
a temperature cycle. In contrast, permanent deformation is
termed plastic deformation, which causes irreversible failures
in the metallic structure and ultimately leads to fracture (48).
These concepts are crucial for future studies on cyclic fracture
involving advanced alloys.

Instruments that exhibit cycles or larger areas of slow fracture
demonstrate greater angular deflection, allowing for plastic
deformations before fracture. This characteristic enhances
their resistance to flexural and torsional stress (49), a finding
supported by the results of this study.

In the bending test, RC-One exhibited the greatest flexibility
among all the instruments, maintaining its shape as a charac-
teristic of controlled memory, followed by RB, which demon-
strated much lower flexibility and controlled memory. OR and
WOG did not show a good degree of flexibility. This property is
essential for withstanding the results of cyclic flexural fatigue,
and its clinical applicability is important for preserving con-
trolled memory (22). Such flexibility is particularly beneficial in
managing curved canals.

Taking all the results of the study into account, finding clinical
applicability is of utmost importance for the endodontist. With
knowledge of the alloys and designs of the instruments, it can
be inferred that RC-One is the safest instrument for any type of
curvature, especially in severe curves. RB is an option for clin-
icians to manage curvatures, while OR and WOG are suitable
for managing moderate curvatures. Thus, with the limitations
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of this study, it was found that RC-One presents significantly
higher levels of cyclic fatigue resistance in simulated canals
with severe curvatures compared to RB, OR, and WOG, respec-
tively. The torque resistance values are very similar for RB and
RC-One, being significantly higher than those of OR and WOG.
Additionally, the degree of angular deflection showed that RC-
One yielded better results than RB, OR, and WOG.

One of the limitations of this study is that the use of artificial
canals does not fully replicate the complexity of natural root
canal anatomy. While artificial models allow for controlled ex-
perimentation, they may not accurately reflect the intricate
anatomical variations and irregularities found in real teeth. This
discrepancy could impact the generalizability of the findings to
clinical scenarios, as the behavior of endodontic instruments in
artificial canals may differ from their performance in actual root
canal systems. Future recommendations include conducting
similar studies with larger sample sizes that incorporate diverse
root canal anatomies or test additional instrument systems.

CONCLUSION

Based on the limitations of this study, it was observed that the
best performance in the bending test was obtained by Plex
RC-One, followed by Reciproc Blue, while the most failures
were observed in WaveOne Gold and One Reci. Plex RC-One
exhibits significantly higher levels of resistance to cyclic fa-
tigue in simulated canals with severe curvatures compared to
Reciproc Blue, WaveOne Gold, and One Reci. Regarding torque
resistance, Reciproc Blue and Plex RC-One demonstrate similar
levels, surpassing One Reci and WaveOne Gold. Additionally,
Plex RC-One displayed superior results in angular deflection
compared to Reciproc Blue, One Reci, and WaveOne Gold.
Therefore, it can be inferred that Plex RC-One is an excellent
choice for managing canals with severe curvatures, while Re-
ciproc Blue, WaveOne Gold, and One Reci are suitable options
for handling mild to moderate curvatures.
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