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Abstract

Introduction: The aim was to compare the cyclic fatigue resistance and the macroscopic, microscopic, and
elemental characteristics of three reciprocating endodontic systems. Materials and Methods: An in vitro
experimental study was conducted with 3 groups (n=20): WaveOne Gold (WOG), Roll Wave Blue (RWB), and
TF4 Gold (TF4). Cyclic fatigue resistance was assessed using a custom device with artificial curved canals and an
endodontic motor operating in reciprocating motion. The fracture time (FT), in seconds, and the number of cycles
to fracture (NCF) were the parameters evaluated in this analysis. Macroscopic analysis was performed using macro
photography to assess the pitch, its distribution along the instrument, and the cutting edges. Microscopic analysis
was performed using scanning electron microscopy (SEM) to examine surface and cross-sectional features.
Additionally, energy-dispersive X-ray spectroscopy (EDX) was used to determine the elemental composition. Data
from the cyclic fatigue analysis were analyzed using the Kruskal-Wallis test and Dunn's post hoc test (0=0.05).
Results: RWB showed the highest resistance to cyclic fatigue, with higher FT and NCF values. The pitch and its
distribution differed among all groups. SEM analysis revealed a higher loss of cutting-edge sharpness on TF4
instruments and greater tip deformation on WOG when used. EDX analysis showed no significant differences in
elemental composition among the systems. Conclusion: RWB demonstrated superior cyclic fatigue resistance.
Additionally, the systems had similar chemical compositions but differed in performance, which could be associated
with variations in their alloy characteristics, design, and heat treatment.
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Introduction

Following this milestone, the industry began producing

In the early 2000s, the concept of asymmetric motion was
proposed in mechanized endodontics. This kinematics involves
the rotation of the endodontic instrument in opposite directions to
optimize cutting, debris removal, and fracture resistance [1, 2]. This
kinematics, also called reciprocating motion, was based on the
"balanced force" concept, which was initially proposed for manual
instrumentation and later inspired the kinematics for mechanized
systems [3, 4]. Specifically, Yared proposed combining the flexibility
of NiTi with asymmetric reciprocating motion. For this purpose, he
employed a motor that allowed programming of the reciprocating
motion and used a ProTaper F2 instrument with 144" clockwise and
72" counterclockwise rotation. These preliminary observations
demonstrated promising results in reducing instrument separation
while maintaining the original canal morphology [1].

specific to harness reciprocating motion. This
development led to Reciproc (VDW, Munich, Germany) and
WaveOne (Dentsply Sirona, Charlotte, NC, USA). These systems

were designed with improved alloys, optimized geometries, and

systems

electronically controlled motors to apply reciprocating motion in
a standardized and safe manner [5].

WaveOne Gold (WOG) (Dentsply Sirona) is the evolution
of the WaveOne,
predecessor is the gold heat treatment, which gives the

and the main distinction from its

instrument its characteristic golden color [6]. WOG exhibits
higher resistance to cyclic fatigue compared with WaveOne
and Reciproc [7]. Its improved flexibility allows it to navigate
safely through curved canals, reducing the risk of iatrogenic
injuries [8] and maintaining the original canal curvature
during instrumentation [9].
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Recently, alternative reciprocating systems, also known as
replica-like instruments, have been launched on the market and
gained popularity because of their lower prices. One of them is
TF4 Gold (TF4) (D-Perfect, Shenzhen, China), which, similarly
to the WOG, also incorporates a gold heat treatment [10].

Roll Wave Blue (RWB) (Denco Medical, Shenzhen, China)
reportedly has a blue treatment, a reciprocating motion, and an
optimized tip that facilitates coronal debris removal and reduces
the screw-in effect. It has a fixed taper from DO to D3 and a
decreasing taper from D4 to D16 to preserve the dentin in the
canal and prevent excessive wear [11].

There is limited evidence regarding both TF4 and RWB.
Furthermore, comparisons of their mechanical and metallurgical
properties with WOG have not been sufficiently studied. Therefore,
this study aimed to compare the cyclic fatigue strength, macroscopic
and microscopic characteristics, and elemental analysis of three
reciprocating systems. The null hypothesis was that there would be
no differences among the three systems in the assessed parameters.

Material and Methods

The sample size estimate for the cyclic fatigue strength assessment
was based on a previous study that used replica-like systems [12],
and an effect size of 1.049. The G*Power program (version 3.1.9.7)
was used, considering a statistical power of 95% and an alpha error
of 0.05. The calculation indicated that six instruments per group
were required; however, 20 instruments per group were used. All
instruments were commercially available at a length of 25 mm and
were distributed into the following groups (n=20): RWB group,
TF4 group, and WOG group.

Cyclic fatigue resistance
A custom-designed device (Fabristem, Lima, Peru) was used to allow
reproducible assessment of instruments rotating freely within a
curved artificial stainless-steel canal with a 60" curvature [13]. The
radius of curvature was 5 mm, measured on the internal surface of the
canal concavity, with the center of curvature located 5 mm coronal to
the instrument tip and a curved segment approximately 5 mm long.
The X-Smart Plus endodontic motor handpiece (Dentsply Sirona)
was mounted on a movable stand that allowed precise positioning of
the instrument within the artificial canal, ensuring three-dimensional
alignment and stability during testing. A transparent glass plate was
placed over the artificial stainless-steel canal, and the instruments
were activated until a fracture was detected, using synthetic oil (WD-
40 Multipurpose Product, Brazil) to reduce friction.

The programmed reciprocating motion for all groups
corresponded to the WOG system, which includes 170’
counterclockwise and 50° clockwise movement at 350 revolutions

per minute (rpm). It is important to consider that this kinematics
is consistent with the manufacturers’ recommendations for TF4
and RWB, which are marketed as replica-like systems of WOG.
The fracture time (FT) was recorded in seconds, and the number
of cycles to fracture (NCF) was calculated using the formula (rpm
x time in seconds)/60. The separated fragment of each instrument
was retained to allow measurement of the fragment in millimeters
(mm).

Macroscopic description

A morphometric analysis of each instrument was performed using
standardized macro photography. A professional camera (EOS
Rebel T5i, Canon, Tokyo, Japan) equipped with a macro lens (EF
100 mm f/2.8L Macro, Canon) and a ring flash (Macro Ring Lite,
Canon) was used. All images were captured with constant exposure
parameters: shutter speed 1/30 s, aperture /5, and ISO 100. The
camera, mounted on a 360" rotating tripod, was positioned
perpendicularly against a white background at a standardized
distance of 30 cm from the instruments, ensuring consistent
framing and lighting for each shot. The images were analyzed using
Image]J software (NIH, Bethesda, MD, USA), with a pre-calibrated
scale for measuring the active parts of the instruments. The coding
for the measurements was established as “P,” with “1” assigned at
the beginning of the active portion and progressing sequentially
across each pitch (defined as the distance between two consecutive
cutting edges) to the tip of the instrument. The number of pitches,
their distribution along the instrument, and the cutting edges of the
active portion of the instruments were described [14].

Microscopic description

Structural analysis was performed using scanning electron
microscopy (SEM). Instruments from all systems (n=3),
designated as new, were sectioned at 5 mm and 10 mm from the
tip using a precision cutting machine (OCP 100 LC, Odeme
Dental Research, Luzerna, SC, Brazil). The 5-mm fragment was
used for analysis of the active surface of the instrument (cutting
edges and tip), whereas the 10-mm fragment was used for cross-
sectional evaluation of each instrument.

All fragments were irrigated with distilled water and
ultrasonically cleaned for 10 minutes (Cristofoli, Campo Mourao,
PR, Brazil). Subsequently, they were individually mounted on metal
stubs without metallization and analyzed using SEM (EVO 10MA,
Carl Zeiss, Oberkochen, Germany) operated at 20 kV. Additionally,
three previously fractured segments, considered “used,”
approximately 5 mm in length, were randomly selected from the
cyclic fatigue test for the same microscopic evaluation. Comparative
observations of the active surfaces and instrument tips were
performed at different magnifications: 120x, 300x and 700x for
active surfaces, tip, and cross-sections analysis, respectively.
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Elemental analysis

The instruments (n=3 per group) were also characterized by energy-
dispersive X-ray spectroscopy (EDX) using fragments from the active
parts of the instruments. EDX analysis was performed with an SEM
(EVO 10MA, Carl Zeiss) equipped with an X-act probe (Oxford
Instruments, Abingdon, UK) in high-vacaum mode at 20 kV using
secondary electrons. Automatic element identification was
performed using AZtecOne software (Oxford Instruments), which

also employed a dedicated filter for the analysis.

Statistical analysis

The data were analyzed using the open-source software Jamovi
(Version 2.3.18.0, Sydney, Australia). The cyclic fatigue
resistance data (FT and NCF) were analyzed using descriptive
statistics. Normality was assessed with the Shapiro-Wilk test
(W=0.913; P<0.001), and homogeneity of variances with
Levene’s test (F (2.57)=9.41; P<0.001). Since data did not meet
the assumptions of normality and homoscedasticity, a non-
parametric analysis was performed by using the Kruskal-Wallis
test followed by Dunn’s post hoc test (a=0.05).

Results

Cyclic fatigue resistance

The RWB group showed higher FT and NCF compared with the
TF4 and WOG groups (P<0.001), with no significant differences
between the latter two groups (P>0.05) (Table 1).

Macroscopic description

The RWB, TF4, and WOG instruments showed morphometric
differences among one another. RWB showed a higher number
of pitches (eight in total) compared with TF4 and WOG, each of
which showed seven pitches in total. A variation in pitch
distribution was also identified along the active portion of the
instrument. For TF4 and WOG, there was a gradual but more
evident reduction in the cervical zone (P1-P4). For RWB, this
reduction was concentrated in the apical zone (P5-P8) (Fig. 1A).

Microscopic description

SEM analysis revealed similarities in the design of the active
parts. Cyclic fracture-pattern characteristics were observed,
including depressions, a dowel pattern, and microscopic
striations across the fracture surface. These features are typically
located near the crack origin and extend toward the center of the
cross-section. All instruments showed different cutting-edge
patterns (Figs 2A, 3A & 4A). Examination of the active portions
of the used instruments (Figs. 2D, 3D & 4D) revealed loss of
cutting-edge sharpness in all groups, with this loss being most
pronounced in the used TF4 instrument (Fig. 3D).

Tip analysis revealed that the new WOG instrument had an
inactive tip (Fig. 2B), which appeared less rounded after use,
showing deformation. The TF4 instrument also had a rounded
tip when new (Fig. 3B), which lost sharpness after use (Fig. 3E).
The RWB instrument had a fine tip when new (Fig. 4B), which
similarly lost sharpness after use (Fig. 4E)

Regarding the cross-sections, the new WOG instrument
showed a parallelogram-shaped cross-section (Fig. 2C). The new
TF4 instrument also showed a rectangular cross-section but with
blunt angles (Fig. 3C), whereas the new RWB instrument had a
parallelogram shape (Fig. 4C). The analysis of the cross-sections
of the separated instruments (Figs 2F, 3F & 4F) showed that the
fracture pattern of the TF4 instrument had multiple irregularities
in the metal (Fig. 3F), while WOG and RWB showed more
uniform edges (Figs. 2F & 4F).

Elemental analysis

EDX analysis revealed that, although the atomic weight
percentages showed slight variations among the instruments
(Table 2), all systems exhibited similar proportions of nickel (Ni)
and titanium (Ti). Figure 1B presents representative cross-
sectional images of each group, including the corresponding
elemental distribution peaks.

Discussion

This study aimed to compare the cyclic fatigue strength,
macroscopic and microscopic characteristics, and composition
of WOG, RWB, and TF4. The null hypothesis was rejected
because differences were found among the groups studied,
especially in cyclic fatigue resistance.

TF4 and RWB are intended for use with the same WOG
reciprocation kinematics [10, 11]. However, subtle manufacturing
differences between replica-like instruments and the original may
alter the
Consequently, while the present results reflect performance under

instruments' response to identical kinematics.
the manufacturers’ recommended motion, they do not exclude
the possibility that modified kinematic parameters could further
alter cyclic fatigue behavior. Future studies could examine
whether minor variations in reciprocation angles or speed
influence fatigue resistance across these systems.

Although mechanized systems have improved over the decades,
they still separate due to torsional stress or cyclic fatigue, the latter
being caused by constant compressive and tensile stress on the
instrument in a curved canal [13, 15]. Reciprocating motion has
demonstrated higher resistance to cyclic fatigue compared with
rotary systems, which may be attributed to the lower concentration

of mechanical stresses generated by alternating motion [16, 17].
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Figure 1. A) Macroscopic description of the instruments from the Roll Wave Blue (RWB), TF4 Gold (TF4), and WaveOne Gold (WOG) groups.
Pitch distribution can be observed along the instruments from cervical (P1-P4) to apical (P5-P8); B) Elemental analysis by energy-dispersive X-
ray spectroscopy (EDX) of the RWB, TF4 and WOG groups. Ni: nickel, Ti: titanium, O: oxygen

Figure 2. Microscopic description by scanning electron microscopy (SEM) analysis of the WaveOne Gold (WOG) instrument; A, B) Active part
and tip of a new instrument; C) Cross-section of a new instrument; D, E) Active part and tip of a used instrument; F) Cross-section of a separated
instrument. The original magnifications are 120x (A, D), 300x (B, E), and 700x (C, F)

Figure 3. Microscopic description by scanning electron microscopy (SEM) of the TF4 Gold (TF4) instrument; A, B) Active part and tip of a new
instrument; C) Cross-section of a new instrument; D, E) Active part and tip of a used instrument; F) Cross-section of a separated instrument. The
original magnifications are 120x (A, D), 300x (B, E), and 700x (C, F)
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Figure 4. Microscopic description by scanning electron microscopy (SEM) of the Roll Wave Blue (RWB) instrument. A, B) Active part and tip of
a new instrument; C) Cross-section of a new instrument; D, E) Active part and tip of a used instrument; F) Cross-section of a separated
instrument. The original magnifications are 120x (A, D), 300x (B, E), and 700x (C, F)

Table 1. Cyclic fatigue resistance, including fracture time TF4 Gold
(TF4) and number of cycles to fracture (NCF), for WaveOne Gold
(WOG), Roll Wave Blue (RWB), and TF4 instruments

Eroins FT (seconds) NCF
Median (Q1-Q3) Median (Q1-Q3)
RWB 20 652 (614-715) ¢ 3804 (3584-4172) °
TF4 20 166 (134-173) b 966 (784-1009) *
WOG 20 134 (103-149) ® 782 (598-872)°

Values are presented as median (25"-75" percentiles). Different lowercase letters
in columns indicate significant differences (Kruskal-Wallis test followed by
Dunn’s post hoc test; P<0.05)

Another study reported that heat-treated martensitic instruments
had higher resistance to cyclic fatigue [18]. In the present study,
cyclic fatigue resistance was higher for the RWB group compared
with the TF4 and WOG groups. This may be associated with the
blue treatment of RWB, unlike the gold treatment used for TF4
and WOG. Both blue and gold treatments consist of a titanium

oxide layer, which is thinner in the blue alloy [19].

Blue heat treatment improves the instrument’s fatigue
resistance by creating a thin titanium oxide surface film, which
reduces the shape memory and induces the martensitic
transformation into two phases [20, 21], improving mechanical
properties during reciprocation [22]. Additionally, a reduced grain
size in the blue treatment structure helps to reduce hardness and
promote a lower elastic modulus [23]. A previous investigation
comparing the Reciproc Blue, Reciproc, and WOG demonstrated
that blue treatment combined with a stable martensitic phase
significantly increased cyclic fatigue resistance [24]. Another
study showed that the Reciproc Blue system had higher cyclic
fatigue resistance compared with WOG, which was attributed to
its post- machining heat treatment [25]. Heat-treated instruments
have been reported to exhibit greater flexibility and strength,
factors that are crucial for reducing procedural errors [22].
RWB is manufactured with blue treatment in a martensitic phase,

Table 2. Atomic weight percentages (%) of the elements from WaveOne
Gold (WOG), Roll Wave Blue (RWB), and TF4 Gold (TF4) groups,
determined by energy-dispersive X-ray spectroscopy (EDX) at 20 kV

Groups Ti Ni (0] C
RWB 26.16 25.37 32.44 16.03
TF4 30.19 29.39 23.24 17.18
WOG 32.46 31.89 19.11 16.54

Titanium (Ti), Nickel (Ni), Oxygen (O), Carbon (C)

which may have contributed to its improved cyclic fatigue
resistance compared with WOG and TF4.

The present findings highlight an important clinical balance
between cyclic fatigue resistance and wear behavior. Although
RWB demonstrated superior resistance to cyclic fatigue, SEM
analysis showed more evident rounding and surface wear at the
tip when used, which may reduce cutting efficiency over time.
Specifically, WOG exhibited greater apical deformation when
used, a feature that may be attributed to the number of uses,
which could lead to the formation of microcracks [26]. These
observations suggest that higher fatigue resistance does not
necessarily correspond to a better canal conformation.
Therefore, clinicians should consider that instruments with
longer fatigue life may exhibit faster wear, so they need to
balance safety and cutting efficiency, depending on the case.

Beyond heat treatment, this study also highlights the
importance of instrument design by macroscopic and
microscopic analyses. RWB exhibited a greater number of pitches
and a reduction in their distribution in the apical zone. A shorter
pitch is related to a better distribution of forces on the instrument,
improving its performance; while a longer pitch can reduce the
contact area and friction, reducing the screw-in effect [27].
Regarding cross-section, WOG has a parallelogram-shaped cross-
section, unlike the triangular design of its predecessor, WaveOne
[28]. RWB also has a parallelogram-shaped cross-section. TF4 has

T fj Iranian Endodontic Journal 2026;21(1): e18

@ This open-access article has been distributed under the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0).



m Capcha-Duymovich et al.

6of7

a rectangular cross-section with blunt angles. It has been
described that the cross-section affects the inner core diameter,
the cross-sectional area, the moment of inertia, and the mass per
unit volume [27]. Even an off-center design, with only two contact
points, ie., a smaller cross-sectional area, is related to greater
flexibility [29]. The present macromorphometric analysis found
an apically condensed pitch in RWB; combined with its
parallelogram type section, this configuration plausibly reduces
local stress intensity in the region of maximum curvature,
complementing the blue treatment.

SEM analysis revealed typical characteristics of cyclic fatigue
fracture, including deep pit zones and herringbone markings. The
fractographic appearance of a fatigued metal is characterized by a
progression from the crack origin to a zone of fatigue striations,
incremental microscopic markings caused by a growing fatigue crack,
and finally, a zone of dimple rupture [30]. This is distinct from a
torsional fracture, which shows irregular edges, abrupt cracks, and
helical markings [30-32]. The present study also showed that
although all systems exhibited tip wear after use, this loss was more
evident in RWB and TF4. In particular, TF4 exhibited the greatestloss
of cutting-edge sharpness and surface micro-defects, which may
predispose it to premature failure; however, this requires further
investigation. In contrast, WOG exhibited less alteration in its apical
structure, which may indicate greater wear resistance. These
laboratory results should be interpreted with caution, since it is not
possible to directly extrapolate these results to the clinical setting
without additional studies assessing other relevant mechanical
properties. It is important to emphasize that either SEM and EDX
analyses were intended as qualitative and exploratory assessments,
using a limited number of instruments per group, which is consistent
with previous studies [33, 34]. However, these findings should be
interpreted cautiously, and further research with larger samples and
quantitative analyses is needed to confirm these observations.

One of the main limitations of this study lies in its in vitro
nature, which restricts direct extrapolation of the findings to the
clinical situation. The cyclic fatigue model applied in the present
study has limited clinical applicability; however, the artificial canal
allows the assessment in a controlled laboratory environment, to
avoid methodological biases [35]. Furthermore, the limited
scientific evidence available on RWB and TF4 makes comparison
with previous studies difficult and limits the depth of the
contextual analysis. Nonetheless, one of the strengths of this
investigation is the focus on endodontic instruments that have
begun to gain widespread acceptance among clinicians, although
the current scientific evidence remains insufficient to support
their widespread use.

Opverall, beyond the chemical composition of NiTi, the clinical
efficacy of instruments is influenced by several parameters, including

the alloy characteristics, heat treatment, and geometric design.
Although RWB demonstrated higher resistance to cyclic fatigue and
WOG showed less tip deterioration after use, further research is
needed to evaluate additional parameters related to root canal
instrumentation, including studies using natural teeth, torsional
fatigue assessment, in vivo evaluations, and complementary analyses
of other mechanical properties, to validate these findings and
strengthen the available evidence on these systems.

Conclusions

RWB demonstrated the highest resistance to cyclic fatigue,
showing a longer time to fracture and a higher number of cycles
to fracture compared with TF4 and WOG, which may be
attributed to the alloy characteristics and heat treatment used. All
reciprocating  instruments  exhibited similar  chemical
compositions but differed in performance, which could be
associated with variations in their alloy characteristics, design, and
heat treatment.
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