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Shaping ability of four single-file systems in the instrumentation of 
second mesiobuccal canals of three-dimensional printed maxillary 
first molars
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Background: This study evaluated and compared the shaping ability of four advanced single-file nickel-
titanium (NiTi) systems during the preparation of curved second mesiobuccal (MB2) canals in maxillary first 
molar replicas fabricated by three-dimensional (3D) printing via micro-computed tomography (Micro-CT) 
imaging.
Methods: A total of 60 3D-printed maxillary first molar replicas were constructed from one extracted 
tooth, with an angle of curvature ranging from 15° to 25°. The MB2 canals from these 60 replicas were 
divided into 4 groups of 15 replicas according to the canal instrumentation system used, namely, Waveone 
gold (WOG), Reciproc blue (RCB), XP-endo shaper (XPS) and M3-L. The specimens were scanned before 
and after preparation using Micro-CT. The pre- and post-instrumentation images of each specimen were 
superimposed, and the amount of resin removed, the change in surface area, the canal transportation, and 
centering ability were assessed using the Mimics software. Instrumentation time was also recorded. One-way 
analysis of variance and least significant difference (LSD) tests were used to statistically compare the groups. 
The significance level was set at 5%.
Results: Instrumentation time with M3-L was significantly longer than the other systems (P<0.05). The 
amount of resin removed and the change in surface area generated by the 4 systems were different at the 
apical, middle, and coronal thirds, and the total canal (P<0.05). Overall, WOG and XPS resulted in the 
less change than RCB and M3-L. There was no significant difference among the groups at the middle 
third regarding canal transportation and centering ability (P>0.05). However, a significant difference was 
found at the apical level (P<0.05), where RCB showed the poorest centering ability and the highest canal 
transportation (P<0.05). In addition, XPS resulted in the least canal transportation (P<0.05) at the coronal 
level, while there was no significant difference between the four groups in terms of centering ability.
Conclusions: The M3-L instrument required more time to prepare the curved MB2 canals compared with 
the other systems. Overall, WOG and XPS showed the least resin removal and surface area change. M3-L, 
XPS, and WOG instruments respected the original canal curvature better than RCB files.

Keywords: Single-file NiTi systems; three-dimensional printing (3D printing); second mesiobuccal canals (MB2 

canals); shaping ability

1425

Original Article

https://crossmark.crossref.org/dialog/?doi=10.21037/atm-21-3855


Xu et al. Root canal preparation in 3D printed maxillary first molars

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(18):1425 | https://dx.doi.org/10.21037/atm-21-3855

Page 2 of 12

Introduction

Anatomical complexities and variations of the root canal 
system present a great challenge for clinicians, with a higher 
possibility of complications, such as ledges, zips, perforations 
and canal transportation during the process of canal shaping 
(1,2), thus affecting the treatment outcomes (3,4). In 
maxillary first molars, the prevalence of second mesiobuccal 
canals (MB2) has been reported ranging from 48.0–97.6% 
among the regions, and the canal orifice is frequently 
covered by a thick dentine shelf (5). In addition, the MB2 
canal is usually narrow with one or two abrupt curvatures 
in the coronal middle thirds of the canal (6-8). Studies have 
found that even under the guidance of the dental operating 
microscope, only less than 80% of MB2 canals can be 
successfully negotiated using hand files (8). Moreover, there 
is a higher risk of file fracture during the preparation of 
the curved and tiny MB2 canals due to cyclic fatigue and 
torsional stress (6,7). Therefore, studies exploring methods 
for the safe and effective negotiation and preparation of the 
MB2 canal are crucial.

Recently, single-file nickel-titanium (NiTi) systems 
with varying thermomechanical manufacturing, geometric 
designs, and motion kinematics (reciprocating/rotation) 
were introduced into the endodontic market. The 
application of single-file NiTi systems can shorten the 
instrumentation time and decrease the risk of cross-
contamination, thereby improving clinical efficiency (9). 
Simultaneously, experiments demonstrated that this latter 
system did not compromise canal cleanliness compared with 
the full sequence rotary NiTi system (10). In fact, there is 
evidence showing that the single-file reciprocating system 
Reciproc 25 instrument was 32% more effective than hand 
files in negotiating MB2 canals to full working length. This 
further highlights the advantage of single-file NiTi systems 
in the preparation of intricate, narrow, and curved MB2 
canals (6).

WaveOne Gold (WOG; Dentsply Maillefer, Ballaigues, 
Switzerland) and Reciproc Blue (RCB; VDW, Munich, 
Germany) are two brands of novel single-file systems 
operated in a reciprocation movement. WOG combines 
the metallurgical  improvements of gold wire and 
thermal treatment, and exhibits a unique off-centered 

parallelogram cross-sectional design with 2 cutting edges 
(1-3,11-15). RCB is manufactured by an innovative heat 
treatment inducing a visible titanium oxide layer, giving 
it a blue color and presents a S-shape cross section with 2 
cutting blades (1,13-18). 

XP-endo Shaper (XPS; FKG Dent ire SA, La Chaux-de-
Fonds, Switzerland) and M3-L (Yirui, China) are another 
two single-file systems, but operations in rotary movement. 
The XPS instrument takes on a snake-shaped form with 
a triangular cross-section, and combines the MaxWire 
alloy technology and the Booster tip with a six-blade tip 
(12,16,17,19-21). M3-L is made of heat-treated alloy 
(M-wire), and has a double S-shape cross-section with 2 
cutting flutes and a non-cutting tip (22). To the best of our 
knowledge, few studies have evaluated the shaping abilities 
of the above-mentioned single-file NiTi systems on the 
instrumentation of MB2 canals.

To date, such canal shaping studies are commonly 
performed on extracted teeth as it allows for the optimal 
simulation of the microenvironment in a clinical scenario 
(3,7,23-26). However, the associated disadvantages include 
bioethical concerns, absence of standardization, limited 
access, and individual anatomic variations (1,23).

Three-dimensional (3D) printing is an innovative rapid 
prototyping technology that relies on two-dimensional 
data, post-processing tools, and algorithms to restructure 
and edit multiple planes to eventually form a 3D model 
and realize the overall molding. In recent years, with 
the rapid development of materials and the assistance of 
micro-computed tomography (Micro-CT) and cone-beam 
computed tomography (CBCT), 3D-printing technology 
has successfully manufactured tooth replicas that can 
precisely replicate both the external shape of natural 
teeth and the internal anatomy of the natural root canal 
system. The replicas have the advantages of consistency, 
convenience, reproducibility, and repeatability (27). Gok 
et al. and Ordinola-Zapata et al. showed that 3D printed 
canal replicas can be an ideal model to evaluate the 
performance of different canal obturation techniques and 
the shaping abilities of different instruments (23,27-29). In 
this regard, there has been no report evaluating the root 
canal preparation of MB2 canals in maxillary first molars 
fabricated by 3D printing so far.
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Therefore, this study evaluated the shaping ability and 
efficiency of four novel thermally-treated single-file NiTi 
systems (WOG, RCB, XPS, and M3-L) using the curved 
MB2 canals of 3D printed maxillary first molars. This will 
provide a theoretical basis for selecting the best strategy 
of MB2 instrumentation. The null hypothesis tested was 
that there will be no significant difference between the four 
single-file systems in terms of the parameters tested. We 
present the following article in accordance with the MDAR 
reporting checklist (available at https://dx.doi.org/10.21037/
atm-21-3855).

Methods

Specimen selection and micro-CT scanning

Ethical approval was obtained from the Affiliated 
Stomatological Hospital of Nanjing Medical University, 
Nanjing, China (Reference No. PJ2019-057-001). Informed 
consent was provided by all participants. All procedures 
performed in this study involving human participants were 
in accordance with the Declaration of Helsinki (as revised 
in 2013).

An initial pool of 118 intact human permanent maxillary 
first molars extracted for reasons not related to this study 
were collected. After removal of calculus and the soft tissue 
remnants on the root surface, the teeth were stored in 10% 
neutral buffered formalin solution.

The teeth were scanned using a micro-CT device 
(SkyScan 1174v2; Bruker-microCT, Kontich, Belgium) with 
50 kV, 800 µA, and 360° rotation around the vertical axis, 
with a 0.7° rotation step using a 1.0 mm aluminum filter, 
producing images with a 36.3µm voxel size. Subsequently, 
the acquired projection images in “TIFF” format were 
reconstructed into 500–600 cross-sectional slices with 
NRecon (v.1.6.9 software, Bruker-microCT) as follows: 
30% beam hardening correction, sharpening of 40%, 
smoothing of 3, and a ring artifact reduction of 4. All 
images were then transferred to Mimics (v.19.01 software, 
ImageWorks Resinise, Belgium) in BMP format, and the 
3D models of the roots and pulp cavities were reconstructed 
based on adjusting threshold segmentations manually, 
allowing visualization of the internal structure of each 
mesiobuccal root canal.

One representative maxillary first molar was selected 
according to the following inclusion criteria: (I) a type 
III canal configuration system (based on the classification 
by Weine et al.) in the mesiobuccal root (i.e., 2 separate 

canals and 2 separate apical foramina) (30); (II) the MB2 
canal presents with a curvature ranging from 15° to 25°, 
according to Schneider’s method (31), and the working 
length between 16 and 18 mm; (III) the MB2 canal 
has a fully formed apex and no sign of cracks; and (IV) 
no previous endodontic treatment and the absence of 
calcifications or internal absorption.

3D printing of the maxillary first molar

The 3D model of the selected tooth was transferred to 
the 3D-printed model repair software Magics (v.22.0, 
Imageworks Resinise, Belgium) in standard tessellation 
language (stl) format to prepare pulpal access cavity 
by applying Boolean Operations without damaging 
the del icate internal  structure of  the root canal . 
Subsequently, 60 replicas of the tooth were obtained 
in 16-µm resolution using a modified urethane acrylate 
photopolymer (VisiJet Crystal, 3D Systems, Rock Hill, 
SC, USA) in a ProJet HD 3510 3D printer (3D System 
Rock Hill, SC, USA).

A sample size of 15 replicas in each group was calculated 
to be sufficient to stipulate significant data differences (an 
alpha-type error of 0.05, 95% power, and a ratio of N2/N1 
up to 1).

Root canal instrumentation

The 60 replicas were randomly assigned to 4 experimental 
groups (n=15) according to the instrumentation system 
used. The MB2 canals were negotiated with size #10 
K-file (Dentsply Maillefer) until the file tip was just visible 
exiting the apical foramen. The working length (WL) was 
determined by deducting 1 mm from that value.

After the WL determination, a single operator, 
proficient in the use of all 4 NiTi-systems, performed the 
instrumentation in all groups. The NiTi files were driven 
by the electric motor (X-smart Plus, Dentsply Maillefer) in 
a continuous clockwise rotation (for M3-L and XPS) or in 
a reciprocating motion (for WOG and RCB) according to 
the manufacturer’s recommendations as follows, and then 
discarded after preparation of one MB2 canal. 
 Group 1. The WOG Primary instrument (size 25; 

0.07 variable taper) was operated at 350 rpm using 
the “WAVEONE ALL” mode in the instrumentation 
of MB2 canals.

 Group 2. The RCB instrument (size 25; 0.08 
variable taper) was operated at 300 rpm with the 
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“RECIPROC ALL” program to instrument the 
MB2 canals.

 Group 3. The XPS instrument (size 27; 0.01 variable 
taper) was operated with a rotational speed of  
800 rpm and a torque of 1.0 Ncm.

 Group 4. The M3-L2 instrument (size 25; 0.065 
variable taper) was operated with a rotational speed 
of 500 rpm and a torque of 2.0 Ncm.

In all groups, the instrument was advanced apically by 
applying light apical pressure with an in-and-out pecking 
motion of approximately 3 mm amplitude and a gentle 
brushing motion against the canal walls until reaching the 
WL. After each cycle of three pecking motions, the canal 
was irrigated with a total of 5.0 mL 2.5% NaOCl during 
instrumentation, and the instrument was retrieved from the 
canal and cleaned fluted with sterile gauze.

At the end of chemo-mechanical instrumentation, all 
canals were filled with 5.0 mL 2.5% NaOCl, followed by 
a final rinse using 5.0 mL saline solution. The irrigation 
protocol was performed using a 30-G NaviTip needle 
(Ultradent, South Jordan, UT) placed 2 mm from the apical 
foramen. Subsequently, the specimens were dried with 
absorbent paper points.

Micro-CT imaging and evaluation methodology

Each specimen was scanned twice using Micro-CT before 
and after canal preparation following the same scanning 
and reconstruction protocols as those established initially. 
Pre- and post-operative images were superimposed using 
the 3D registration function of the DataViewer (v.1.5.1 
software, Bruker micro-CT). The Mimics software version 
19.01 (ImageWorks Resinise, Belgium) was then used 
to calculate the quantitative morphologic parameters 
and construct visual 3D models of the root and canal. 
The parameters evaluated were as follows: the amount 
of resin removed and the change in surface area; and the 
canal transportation and centering ability at three cross-
sectional levels that correspond to the apical, middle, and 
coronal thirds of the root.

Instrumentation time

The time required to complete instrumentation was 
recorded using a stopwatch and included active shaping of 
each root canal and excluded the time taken for cleaning 
flutes of the instruments and irrigation. The total time for 
canal preparation was calculated by adding the recorded 

times in the same experimental group for each canal.

The amount of resin removed and the change in surface 
area

The global threshold module was applied to generate 
separated binary images of the canal region and root resin 
by manually adjusting the threshold range according to their 
density difference. The 3D evaluation of the volume and 
surface area was performed before and after instrumentation, 
extending from the orifice to the apex of MB2 canals by 
integrating the regions of interest in all of the cross sections. 
The amount of resin removed and the change in surface 
area for each MB2 canal in the whole canal, and the coronal, 
middle, and apical thirds were calculated by subtracting the 
values for un-instrumented canals from those recorded for 
the instrumented counterparts.

Canal transportation

Root canal transportation at the apical, middle, and coronal 
thirds was measured in millimeters after superimposing 
the corresponding pre- and post-instrumentation cross-
sectional images, according to the following formula as 
described by Gambill et al. (32):

Degree of canal transportation = (D1 - D2)-(M1 - M2)
 

[1]

where D1 and D2 represent the least distance from the 
distal periphery of the root to the distal periphery of the 
un-instrumented and instrumented canal, respectively, and 
M1and M2 represent the least distance from the mesial 
periphery of the root to the mesial periphery of the un-
instrumented and instrumented canal, respectively (Figure 1).

Pre-and post-instrumentation superimposed images 
were compared to determine the presence or absence of 
transportation. According to this formula, 0 indicates no 
canal transportation, and values other than 0 represent 
transportation and its direction. Positive values indicate that 
transportation occurred towards the furcation region (distal), 
and negative values indicate transportation away from 
the furcal zone (mesial). The tendency of transportation 
direction was assessed from the results obtained for each 
specimen.

Centering ability

The ability of the instrument to remain in a central position 
within the root canal was defined as the centering ability, 
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according to Gambill et al. (32). This was calculated using 
the pre- and post-instrumentation superimposed images 
at the apical, middle, and coronal thirds according to the 
following equation:

Centering ability = (M1 - M2)/(D1 - D2), 
if (M1 - M2) < (D1 - D2); 

or Centering ability = (D1 - D2)/(M1 - M2), 
if (D1 - D2) < (M1 - M2)

[2]

Accordingly, a result of 1 indicates the optimal centering 
ability, and the closer the value is to 0, the lesser the ability 
of the instrument to remain in its central position within 

the root canal.

Statistical analysis

All statistical analyses were performed with SPSS statistics 
software Version 23 (SPSS Inc., Chicago, IL, USA). 
The Shapiro-Wilk test was used to evaluate the normal 
distribution of the data. One-way analysis of variance was 
used to assess differences among the 4 groups at the apical, 
middle, and coronal thirds. In cases where significant 
differences are detected, post hoc pair-wise comparisons 
were performed with the least significant difference (LSD) 
test. The significance level was set at 5% (P<0.05).

Results

The mesial view of the maxillary first molar with a type III 
canal configuration system in the mesiobuccal root and the 
replica in 3D construction are shown in Figure 2.

Table 1 shows the mean values of the instrumentation 
time of each group. The M3-L group exhibited the longest 
instrumentation time, which was statistically significantly 
different from XPS, WOG, and RCB (P<0.05).

Figure 3 shows the representative images of the internal 
anatomy of MB2 in the four groups, pre- and post-
instrumentation, and in combination. The mean values of 
the amount of resin removed and the changes in surface 
area in the whole canal, and in the coronal, middle, and 
apical thirds of each group are depicted in Tables 2,3. The 
amount of resin removed and the changes in surface area 
were significantly lower in WOG compared to RCB, XPS, 

Figure 1 Diagrammatic representation of mesiobuccal root 
sections (green: preoperative second mesiobuccal (MB2) canal, 
red: postoperative canal) for assessing canal transportation and 
centering ability. (A) annotation of the preoperative least distance; 
(B) annotation of the postoperative least distance.

A B

Figure 2 Mesial view of the maxillary first molar with a type III in mesiobuccal root. (A) Micro-CT reconstruction image of the prototype; (B) 
micro-CT reconstruction image of the replica after access cavity preparation; (C) the 3D printed simulated maxillary first molar model.

A B C
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and M3-L in the apical third (P<0.05). In the middle third, 
RCB presented higher values compared to XPS and WOG 
(P<0.05). For the coronal third, both RCB and M3-L were 
associated with higher values, followed by WOG, and then 
XPS (P<0.05). Overall, XPS and WOG caused significantly 
less resin removal and surface area changes in the entire 
canal compared with RCB and M3-L (P<0.05).

The canal transportation results are summarized for the 

coronal, middle, and apical thirds after instrumentation 
with WOG, RCB, XPS, and M3-L (Table 4). RCB had 
higher values of transportation in the apical third compared 
to M3-L, XPS, and WOG (P<0.05). As for the coronal 
third, XPS resulted in significantly less canal transportation 
than WOG, RCB, and M3-L (P<0.05). In addition, no 
statistically significant differences were observed between 
the groups in the middle third (P>0.05). The representative 
images of MB2 canal transportation before and after 
preparation performed with the 4 instrumentation groups 
are presented in Figure 4.

The mean values of centering ability for the 4 groups 
at the 3 reference levels are depicted in Table 5. RCB had a 
significantly poorer ability to maintain within the central 
axis of the MB2 canal compared to M3-L, XPS, and WOG 
in the apical third (P<0.05), and no significant differences 
were observed among the 4 groups at the middle or coronal 
levels (P>0.05).

In terms of safety of the experimental NiTi systems, no 
file fractures nor aberrations, such as zips and perforations, 
occurred. All tested NiTi files reached the full WL in all 
instrumentation groups of MB2 replicas in this study.

Discussion

Improvements in the mechanized instrumentation systems 
have been continually made to correspond to the anatomic 
challenges of the root canal system. In the present study, 
the 3D-printed maxillary first molars with unified curved 
MB2 canals were used to evaluate the shaping abilities of 
4 novel single-file systems with different manufacturing 
methods, designs, and kinematics. On the basis of the 
results in the current study, the hypothesis that there is no 
difference between the four single-file systems in terms of 
the parameters tested was partially rejected.

Many studies have confirmed the anatomical complexities 
and variations of the mesiobuccal root canal system (single 
or multiple canals with intercanal communications, isthmus, 
accessory, or apical ramifications) (5,6,33,34). Weine et al. 

Table 1 Differences in instrumentation time (mean ± standard deviation) of preparing second mesiobuccal (MB2) canals in maxillary first molars 
with the instrument systems

Variable Waveone gold Reciproc blue XP-endo Shaper M3-L

N 15 15 15 15

Working times (s) 6.95±1.32b 6.99±1.27b 6.33±0.74b 13.54±0.97a

Same superscript letters indicated no statistical differences among groups (one-way analysis of variance post hoc LSD test, P<0.05).

Figure 3  Three-dimensional reconstructions of second 
mesiobuccal (MB2) canals representative of the Waveone Gold 
(WOG), Reciproc Blue (RCB), XP-endo Shaper (XPS), and M3-L 
groups. (A) Preoperative reconstructions (green); (B) postoperative 
reconstructions (red); and (C) superimposed reconstructions.

A B C

WOG

RCB

XPS

M3-L
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and Imura et al. suggested that in many cases, if the single 
foramen in type I and II was adequately cleaned, shaped 
and filled, then the chances of success would be excellent. 
In contrast, type III configuration is a challenging task 
for endodontic treatment, since they are prone to result 
in the failure of treatment if one of the two canals in 
mesiobuccal root is not properly treated (30,35). Therefore, 
in order to seclude and minimize the influence of complex 

canal structures, and ensuring a better standardization of 
specimens, the maxillary first molar with type III canal 
configuration (Weine et al.’s classification) was chosen.

3D printing is a novel technology that has been broadly 
introduced applied in dentistry in the past decade to 
fabricate duplicate physical objects based on its virtual 
models and offer support for research tasks (23,29,36-38). 
So far, various appliances have been printed, such as drill 

Table 2 Removed resin volume (mean ± standard deviation) in the apical, middle and coronal thirds, and the whole canal of second mesiobuccal 
(MB2) in maxillary first molars after preparing with the instrument systems

Area analyzed Initial volume (mm3)
Volumetric changes (mm3) (N=15)

Waveone gold Reciproc blue XP-endo shaper M3-L

Apical third 0.26 0.10±0.02b 0.15±0.09a 0.17±0.05a 0.16±0.03a

Middle third 0.50 0.30±0.06b 0.42±0.12a 0.34±0.09b 0.35±0.07b

Coronal third 1.00 0.48±0.04b 0.62±0.10a 0.33±0.08c 0.60±0.07a

Entire canal 1.76 0.88±0.11b 1.19±0.30a 0.84±0.11b 1.24±0.61a

Same superscript letters indicated no statistical differences among groups for each level analysed (one-way analysis of variance post hoc 
LSD test, P<0.05).

Table 3 Change in surface area (mean ± standard deviation) in the apical, middle, and coronal thirds, and the whole canal of second mesiobuccal 
(MB2) in maxillary first molars after preparing with the instrument systems

Area analyzed Initial surface area (mm2)
Change in surface area(mm²) (N=15)

Waveone gold Reciproc blue XP-endo Shaper M3-L

Apical third 3.30 0.49±0.13b 0.78±0.44a 0.83±0.21a 0.81±0.16a

Middle third 4.56 1.22±0.19b 1.64±0.50a 1.31±0.29b 1.43±0.22ab

Coronal third 7.91 0.94±0.10b 1.32±0.26a 0.60±0.19c 1.28±0.18a

Entire canal 15.77 2.65±0.35b 3.74±1.16a 2.74±0.36b 3.52±0.44a

Same superscript letters indicated no statistical differences among groups for each level analysed (one-way analysis of variance post hoc 
LSD test, P<0.05).

Table 4 Canal transportation (mean ± standard deviation) in the apical, middle, and coronal thirds of second mesiobuccal (MB2) canals in 
maxillary first molars after preparing with the instrument systems

Instrument system N
Apical-third Middle-third Coronal-third

Mean ± SD Range Mean ± SD Range Mean ± SD Range

Waveone gold 15 −0.04±0.04b −0.10 to 0.00 −0.06±0.04a −0.15 to 0.00 0.33±0.03a 0.29 to 0.38

Reciproc blue 15 −0.08±0.05a −0.15 to 0.00 −0.05±0.07a −0.13 to 0.12 0.30±0.05a 0.23 to 0.39

XP-endo shaper 15 −0.02±0.04b −0.09 to 0.05 −0.07±0.04a −0.15 to 0.00 0.24±0.06b 0.10 to 0.31

M3-L 15 −0.03±0.03b −0.07 to 0.04 −0.08±0.06a −0.18 to 0.00 0.33±0.05a 0.22 to 0.38

Same superscript letters indicated no statistical differences among groups for each level analysed (one-way analysis of variance post hoc 
LSD test, P<0.05).
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guides for dental implants, craniomaxillofacial implants, 
and physical tooth models for the diagnosis of atypical root 
morphology. Recent studies have proved the successful 
reproduction of narrow or complicated internal root canal 
structures in the physical tooth models, such as C-shaped 
canals or narrow canals (30°–40°) in maxillary first 
premolars and mandibular first molars with resin materials 
(27,39). The translucent resin used in the 3D printing can 
not only make the root canal more delicate and tangible (29),  
but also better simulate the physical properties and 
biological properties of natural dentin, thus improving 
the ‘feel’ of cutting during the preparation (23). In the 
current study, duplicate maxillary first molars with the same 
external and internal morphology as that of the natural 
tooth, were successfully printed 3-dimensionally through 
Micro-CT scanning and digital reconstruction, allowing for 
group comparing under the same anatomic conditions when 
evaluating the root canal instrumentation. 

Micro-CT is considered an accurate, reliable, and 
noninvasive technique that permits visualization of 
different portions of canals investigated and has been 
extensively used in studies relevant to the shaping ability 
of instruments (4,13,14,18,19,40-43). In this study, Micro-
CT was combined with the application of Mimics software 
to construct a three-dimensional model of MB2 root canals 
with extremely high resolution and fine details, allowing for 
qualitative and quantitative assessments of the behavior of 
experimental instruments.

Instrumentation time is one of the most important 
parameters to evaluate the shaping efficiency of instruments, 
which is susceptible to the preparation techniques used, 
operator experience and other details regarding the study 
design (9,15,24,42). In our study, the parameter merely 

Figure 4 Representative cross sections of superimposed images 
showing the effect of canal preparation with the four groups at the 
apical, middle, and coronal levels (green: preoperative canal, red: 
postoperative canal).

WOG

RCB

XPS

M3-L

Coronal Middle Apical

Table 5 Centering ability (mean ± standard deviation) in the apical, middle, and coronal thirds of second mesiobuccal (MB2) canals in maxillary 
first molars after preparing with the instrument systems

Instrument system N
Apical-third Middle-third Coronal-third

Mean ± SD Range Mean ± SD Range Mean ± SD Range

Waveone gold 15 0.22±0.37a 0.00 to 1.00 0.26±0.22a 0.00 to 0.86 0.02±0.05a 0.00 to 0.16

Reciproc blue 15 0.13±0.27b 0.00 to 0.92 0.41±0.33a 0.00 to 0.94 0.08±0.08a 0.00 to 0.23

XP-endo shaper 15 0.46±0.37a 0.00 to 0.91 0.34±0.28a 0.00 to 1.00 0.07±0.11a 0.00 to 0.26

M3-L 15 0.37±0.30a 0.00 to 0.86 0.32±0.29a 0.00 to 0.91 0.02±0.06a 0.00 to 0.24

Same superscript letters indicated no statistical differences among groups for each level analysed (one-way analysis of variance post hoc 
LSD test, P<0.05).
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included active instrumentation for a more intuitive 
evaluation of the experimental instruments.

The shaping ability of endodontic instruments was 
evaluated by quantitative analysis of the amount of resin 
removal and changes in surface area. According to literature 
(44,45), the cross-sectional design, cutting edge angle, 
surface treatment and motion kinematics are variables that 
may influence the above-mentioned parameters. 

From our experimental results, we found that WOG (0.07 
variable taper) presented significantly less resin removal 
and surface area changes than RCB (0.08 variable taper), 
M3-L (0.065 variable taper) and XPS (0.01) in the apical 
third, which may be explained by their different geometric 
designs and alloys. In general, canal instrumentation should 
preserve more dentin (minimally invasive) in the context of 
infection control, the removal of dentin wall, especially in 
the coronal thirds, can detrimentally impact tooth fracture 
resistance, thereby increasing the risk of root fracture. This 
study revealed that XPS was associated with more resin 
removal and surface area changes in the apical third while 
significantly less in the coronal third, compared with WOG, 
RCB and M3-L. This may be attributable to the relatively 
greater tip size (0.27 mm), a smaller degree of taper (0.01) 
and more flexible geometric design of XPS, allowing it to 
shape the canal in three dimensions and reaching more 
untouched areas with minimal stress. In addition, the 
superelasticity of MaxWire alloy may also account for the 
superior performance of XPS. The present study discovered 
that RCB showed the greatest values of resin removal and 
surface area changes after shaping the MB2 canals in both 
middle and coronal thirds, which may probably ascribe to 
the greater taper of instruments.

During the preparation of curved root canals, due 
to the rigid nature of endodontic instruments, uneven 
stress distribution will generate on the lateral dentin wall, 
resulting in uneven dentin removal of the canal wall. 
Therefore, the instrumented canal sustainedly deviated from 
the original axis, which is known as canal transportation 
(11,46-49). Severe canal transportation is associated with 
numerous adverse consequences (46,50). Clinical studies 
have shown that the dentin wall of MB2 is relatively thin 
towards the furcation area in the coronal thirds, which is 
prone to perforate if MB2 is excessively instrumented (7). 
Fortunately, no strip perforation occurred over the course 
of the present study. Although, in recent years, constant 
modifications have been made in the design of instruments 
and manufacturing processes, up till now, there are no 
instruments that are able to completely remain the central 

axis of the root canal without deviation.
Based on the findings of the study, all four groups of 

experimental instruments exhibited varying degrees of 
transportation in all measured sections, most of which 
tended to transport towards the furcation area (distal area) 
in the coronal third and away from the furcation area (mesial 
area) in the apical third. This result is in accordance with 
previous researches (7,26).

In our study, the canal transportation of four groups was 
in line with the values reported in the literature, which were 
within the range from −0.14 to 0.41 mm (26). Many factors 
have been discussed as possible influencing factors to canal 
transportation, including the design of the instrument (size, 
taper), metallurgical properties and the root canal anatomy 
(24,50). At apical and coronal thirds, canal transportation 
produced by XPS were significantly less than WOG, 
RCB, M3-L, which corroborating the results obtained by 
Poly et al. and Pacheco-Yanes et al. (12,16). The flexibility 
of MaxWire alloy and its better adaption to the curved 
intracanal anatomy may partially explain the superior 
performance and mechanical behavior of XPS. In addition, 
the current study found through analysis that RCB provided 
comparable results with WOG and M3-L, only producing 
relatively more apical transportation. We speculated that 
the relatively large taper of RCB indicated a considerably 
larger core mass and rigidity, which may be one of the main 
causes for the lower maintenance of a centered canal with 
more deviations. Moreover, Wu et al. reported that an apical 
canal transportation greater than 0.3 mm could influence 
the sealing of root canals thus compromising the success of 
endodontic treatment (51). Fortunately, in this study, the 
mean values of canal transportation at the apical third all 
ranged from 0.02 to 0.08 mm, which is much smaller than 
0.3 mm after shaping with four experimental NiTi systems.

In terms of centering ability, no system is able to 
maintain perfectly centered canal preparation. However, 
based on our results, the mean values of centering ratios 
were all below 0.5 after instrumentation, and relatively 
lower values were unexpectedly observed at the coronal 
thirds. These results are in accordance with a previous study 
which compared the centering ability of RCB and XPS 
using resin blocks (16), while inconsistent with those studies 
regarding the centering ability of WOG, RCB, XPS and 
M3-L with the application of human teeth (3,11,13,19,22). 
There are two speculations that might give rationale to 
explain this discrepancy. In the first place, the hardness 
of material and abrasion behavior are different between 
translucent resin and dentin, in other words, the stress (46). 
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In addition, another contributing factor is probably related 
to the differences in the study design, such as canals with 
different dimensions, sizes, and curvatures.

Based on the results of current research, we finally 
concluded that the instrumentation efficiency of M3-L is 
slightly lower than that of the other 3 NiTi systems. XPS 
and WOG preserved more dentin than RCB and M3-L 
in the preparation of 3D-printed MB2 canals. Regarding 
the canal transportation and centering ability, XPS showed 
optimal performance at the apical and coronal thirds, while 
RCB provided comparable results with WOG and M3-L at 
the middle and coronal levels.
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