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Featured Application: Finite element analysis is proposed as a reliable tool for the evaluation of
the shaping ability of NiTi rotary instruments during an early design phase. This method could
significantly reduce instrument development time and costs without the use of prototypes.
Abstract: The aim of this study was to evaluate the contact pressure distribution of two different
nickel-titanium (NiTi) endodontic rotary instruments against the root canal walls and to virtually
predict their centering ability during shaping with finite element analysis (FEA). Resin blocks
simulating root canals were used. One was shaped with ProGlider and ProTaper Next (PTN) X1-X2
and one with ScoutRace and BioRace (BR) 1, 2 and 3. Both resin blocks were virtually replicated
with computer-aided design (CAD) software. The endodontic instruments ProTaper Next (PTN)
X2 and BioRace BR3 were also replicated with CAD. The NiTi instruments and the shaped blocks
geometries were discretized and exported for FEA. The instrument rotation in the root canals was
simulated. The finite element simulation was performed by applying an insertion and extraction force
of 2.5 N with a constant rotational speed (300 rpm). To highlight possible differences between pressure
distributions against the root canal portions outside and inside the canal curvature, the parameter Var
was originally defined. Var values were systematically lower for PTN X2, revealing a better centering
ability. FEA proved effective for the virtual prediction of the centering ability of NiTi instruments
during an early design phase without the use of prototypes.
Keywords: CAD; endodontics; engineering; finite element analysis (FEA); computer simulation;
dental informatics/bioinformatics

1. Introduction
The success of endodontic therapy mainly depends on correct root canal shaping. This step is
essential for the effectiveness of all further procedures, including disinfection and tridimensional
filling of the teeth root canals [1,2]. The objective of endodontic instrumentation is to produce a
tapered continuous preparation, which preserves the root canal anatomy and maintains the apical
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foramen as small as possible, without any deviation from the original canal curvature [3,4]. Pressures
generated during the canal instrumentation against the dentinal walls may lead to inappropriate
canal transportation or microcracks [4]. Many studies show that canal transportation may result in
inappropriate dentinal removal, adversely affecting the long-term tooth prognosis [1,2,4–6]. Moreover,
microcracks may lead to vertical fracture, which is one of the first causes for tooth loss [7,8].
Several studies reported the better shaping properties of nickel-titanium (NiTi) rotary files
compared to previous stainless-steel instruments [5,9,10]. The super-elasticity of rotary NiTi instruments
reduces the risk of root canal aberrations and allows for better maintenance of the original root canal
shape, especially in canals with severe curvatures [11,12]. The ideal endodontic instrument should
create a centrifugal shaping of the canal, have an efficient cutting capability and not generate excessive
pressure against the dentinal walls [4,5]. Therefore, the mechanical design of the new NiTi endodontic
instruments aims to improve the distribution of contact pressures against the root canal walls in order to
enhance their shaping ability [13,14]. It is assumed that the pattern and the homogeneity of the pressure
distribution that an instrument exerts against all portions of the canal walls are a valid indicator of
its centering ability during shaping [4]. Nowadays, project management for endodontic instruments
covers several phases: mechanical design, manufacturing of the prototypes, laboratory and clinical tests.
The finite element analysis (FEA) may be divided into three phases: pre-processing, where the model
is prepared; analysis, where the problem is solved; and post-processing, where the results are analyzed.
Recently, the use of FEA has been proposed to analyze the mechanical behavior and the cyclic fatigue
resistance of the endodontic instruments subjected to static and dynamic loads [15–21]. However, this
technology has never been used to virtually predict the pressure distribution against canal walls of the
endodontic instruments. Therefore, this study aims to analyze and predict, through FEA, the contact
pressure distribution and, subsequently, the centering ability of two different NiTi rotary instruments
against the canal walls during rotation. The chance to virtually predict the instruments’ root canal
centering ability through FEA during an early design phase and without the need of prototypes could
dramatically influence the ability to produce even better performing NiTi instruments, reducing costs
and developing times for manufacturers.
2. Materials and Methods
Two endodontic Training Blocks (Dentsply Sirona) were used for the experimental tests. They
provided standardized simulated root canals (ISO 15, 0.02 taper, 40◦ curvature and working length
16 mm). In the first resin block, canal scouting was performed with K-File #10, glide path with
ProGlider (PG) (0.16, 0.2 up to 0.85 taper; Dentsply Maillefer, Ballaigues, Switzerland) and shaping
with ProTaper Next X1 (0.17, 0.4 taper) and X2 (0.25, 0.6 taper) at working length (WL). The endodontic
rotary motor X-smart (Dentsply Maillefer) was set at 300 rpm and 4 N·cm of torque. In the second
resin block, canal scouting was performed with K-File #10, glide path with Scout Race (SR) system
(SR1, 2, and 3; taper 0.02 and tip size 0.10–0.15–0.20 mm; FKG, La Chaux-de-Fonds, Switzerland) by
using X-Smart as indicated by the manufacturer (600 rpm, 1.5 N·cm) at WL. Root canal shaping was
accomplished with the BioRace (BR) system (FKG, La Chaux-de-Fonds, Switzerland), BR 1 (0.15, 0.05),
BR 2 (0.25, 0.04) and BR 3 (0.25, 0.06) by using X-Smart (600 rpm, 1 N·cm) at WL. For each block, Glyde
(Dentsply Maillefer, Ballaigues, Switzerland) was used as a lubricating agent (0.80 mg).
2.1. Geometrical Model
Both Training Blocks were CT scanned and computer replicated after shaping with Computer
Aided Design (CAD) software (Altair Hypermesh 12.0, Troy, MI, USA). ProTaper Next (PTN) X2 and
BioRace (BR) 3 shaping instruments were considered, being the last used in the shaping sequences.
File geometries were computer-replicated with the same CAD software, starting from bidimensional
industrial drawings.
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2.4. Boundary Conditions

The contact between NiTi instruments and the virtual canal walls was taken into account through
a penalty algorithm implemented in LS-Dyna. Finite element simulations were performed according
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3. Results

Figure 3 shows a typical graph for the different pressure trends arising during the insertion phase
3. Results
on the top part of Zone 2. The five different random starting positions are considered.
Figure 3 shows a typical graph for the different pressure trends arising during the insertion
As depicted in Figure 3, no significant differences between the pressure curves were present in the
phase on the top part of Zone 2. The five different random starting positions are considered.
various insertion simulations. These results were confirmed for each instrument, each zone and both
As depicted in Figure 3, no significant differences between the pressure curves were present in
for Top and Down portions.
the various insertion simulations. These results were confirmed for each instrument, each zone and
both for Top and Down portions.
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Figure 3. The pressures entity during the different random insertions of the PTN X2 in the simulated
canal (specifically Zone 2, Top). The pressures during all the insertions are comparable.
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Figure 4. The difference between the Top/Down pressures (Var) is significantly less for PTN X2
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4. Discussion
It is well known that a correct shaping is fundamental for the endodontic success. Especially in
case of complex anatomies, a less invasive approach leads to a better prognosis [24,25]. Instrument alloy
and other geometrical variables influence the shaping behavior of the endodontic files [1,2,4–6,9,10,12].
The super-elasticity of modern NiTi instruments reduces the occurrence of canal aberrations and allows
for a more centered root canal preparation [9,10,26]. Canal centering ability is essential to provide a less
invasive shaping, without removing exceeding radicular structure [27,28]. The instrument pressure
patterns against the canal walls is a predictive indicator of the centering ability during shaping [4].
The invention of new endodontic instruments mostly occurs by industrial drawings and derived
prototypes, which must pass severe laboratory tests before commercialization: this is a time-consuming
and expensive process. FEA was firstly introduced in endodontics for the static analysis of the forces
applied to the NiTi files [15–18,21]. Afterwards, a dynamic FEA was proposed for the visualization of
the instrument mechanical stresses during shaping [17–19,29–32]. In all these studies, the differences
found between the instruments were due to the geometry of the instruments and to the alloy stiffness:
especially, it was demonstrated how the most rigid instruments caused the highest stress on the apical
portion of the canal, confirming that these two instrument characteristics influence their mechanical
behavior [4,19,26,33,34].
Since instrument pressures and their cutting capability may determine canal aberration and it is of
utmost relevance to analyze these factors during the project management of endodontic instruments.
The discretization of the instruments and the root canals in which instruments rotate allows for a
proper dynamic structural analysis during canal instrumentation. Recently, FEA has been introduced
as a reliable virtual testing approach to predict the mechanical behavior of NiTi files through a reverse
engineering approach [20]. The reliability of FEA for failure prediction was demonstrated by a strict
correlation between virtual simulation results and in vitro laboratory tests in terms of the number of
cycles to failure and of the localization of breaking points of PTN instruments [20]. Therefore, FEA
could be considered as an effective aid for the dynamic analysis and prediction of the mechanical
properties of the endodontic instrument [20]. However, nowadays, the shaping ability of the newly
developed mechanical NiTi instruments is evaluated only after commercialization by using micro-CT
studies [35,36]. Therefore, the virtual prediction of the instrument shaping ability through a dynamic
FEA could significantly ease the design of even more performing instruments [20]. The possibility of a
virtual modification of the instrument parameters during an early design phase could optimize the
instrument behavior, avoiding the creation of several instruments’ prototypes. In the present study, the
instruments and the shaped endodontic resin blocks were virtually replicated to perform a dynamic
finite element analysis for the evaluation of the pressures generated during the canal instrumentation.
Two widely used NiTi endodontic instruments with equal size and taper (#25, 0.06) at tip level but
different design, alloy and sections were tested in standardized simulated root canals. The resin
blocks were virtually reproduced after their shaping with the two different instrumentation systems,
in order to obtain a dedicated enlargement of the root canals for each tested shaping instrument
before applying FEA [36–38]. The pressures variation (Var value) against the Top and Down canal
surfaces was systematically lower for PTN X2 than for BR 3 for each different zone of the root canal.
Consequently, PTN X2 instrument seemed to remain more centered in the root canal during shaping.
PTN rotary system is characterized by an M-wire technology and an offset centered rectangular cross
section, which provides the characteristic swaggering motion during rotation [37]. Probably, the
lower Var values for the PTN group may depend on the ability of the off-centered section to shape a
determined volume with a thinner and more flexible file [37]. A previous micro-CT study showed a
better preservation of the original root canal anatomy for PTN X2 than for BR 3 [37]. These micro-CT
considerations fully respect the shaping predictions virtually obtained with FEA.
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5. Conclusions
In conclusion, FEA is proposed as a possible innovative tool for the virtual prediction of the
instruments’ shaping ability during an early design phase without the need for prototypes. It is
possible to vary any geometrical variable of the instruments or the alloy and to analyze the results of
the simulation in a short time. This technology may be implemented for the evaluation of even better
performing NiTi instruments during an early design phase, positively influencing development time
and costs.
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