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ABSTRACT

Introduction: To evaluate a finite element method for analyzing the
torsional strength of Reciproc and Reciproc Blue, comparing the results
with those obtained from an in vitro test based on ISO 3630-1 standards.
Materials and Methods: Reciproc and Reciproc Blue (n=10) were tested
under torsion by ISO 3630-1 to determine maximum torsional torque
(N.cm) and the angle at which the instruments failed (°). The mean values
from these tests were used to simulate torsion via finite element analysis
on virtual models of the instruments. Data from the in vitro torsion tests
were analyzed using the student’s t-test, with a significance level set at
5%. One-tailed and two-tailed t-tests were employed to compare the
angular deflection profiles with finite element analysis predictions.
Results: The maximum torsional torque and rotation angle for Reciproc
were 1.4 N.cm and 224.4°, while for Reciproc Blue, they were 1.38 N.cm
and 306.5°. Significant differences were observed between Reciproc Blue
and Reciproc only in the rotation angles (P<0.05). Finite element analysis
showed rotation angles of 216.4° for Reciproc and 310.2° for Reciproc
Blue, with Reciproc Blue exhibiting a significantly larger rotation angle
(P<0.05). No significant differences were found between the in vitro ISO
torsion tests and finite element analysis results (P>0.05). Conclusion: The
finite element method developed in this study accurately predicted the
angular deflection of the instruments and produced results consistent
with the ISO 3630-1 in vitro torsion tests.
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Introduction

The finite element method (FEM) is extensively
utilized in dentistry, particularly for studying dental
implants and prostheses, as evidenced by a
substantial body of research’. Another prominent
application is found in endodontics, where FEM is
employed to evaluate the structural behavior of

new instruments??,

Understanding the mechanical properties of

endodontic  instruments is  crucial  when
instrumenting root canals, as the varying internal
anatomies and root curvatures present significant
challenges during shaping®. During this process,
instruments are exposed to considerable bending
and torsional stresses while preparing the root

canal®.

Over the past decade, manufacturers have sought
to innovate by modifying instrument designs—
altering geometry, taper, cross-sectional design,
and core type—and adjusting metal alloys to
enhance flexibility®”. Numerous studies have
explored how different instruments perform under
usage conditions, utilizing both physical testing—
which applies standardized torsional loads to
simulate conditions and induce fracture®’ and
FEM10,11'

Finite element method offers a significant

advantage by providing standardized
measurements of stress within the instrument. It
also enables visualization of force distribution
throughout the instrument's structure'>. FEM s
particularly valuable for biomechanical applications
because it allows for nonlinear analysis and studies
involving complex structures, materials,
requirements, and behaviors. Its precision and
capacity to model real-world stress and
deformation conditions help solve many problems
non-destructively”™.  Adjustments to  system
parameters, such as geometry, material, boundary
conditions, and applied forces, can be made
rapidly and cost-effectively using FEM, contrasting
with in vitro studies that are instrument-intensive,

costly, and time-consuming'.

Developing coherent and functional mathematical
models for biomechanical structural analysis
involves complexity due to the numerous variables
involved, such as geometries, requirements, and
materials. The more accurate the model, the more
precise and reliable the results, leading to

dependable assessments™.

In light of this, this study aimed to develop a three-
dimensional finite element model to analyze the
mechanical behavior of endodontic instruments,
and the stresses induced by torsional forces,
comparing these results with those from I1SO 3630-
1 (1992) standard-based torsion tests. The null
hypothesis proposed that there would be no
difference in  the torsional evaluation of
reciprocating instruments between the ISO 3630-1

and finite element model tests.

Methodology

Based on data from a prior study'®, the sample size
was calculated using G*Power 3.1 software (Heirich
Hein College, Ddusseldorf, Germany). The
calculation indicated that each group should
consist of at least 10 files. Accordingly, the study
included  twenty  nickel-titanium  reciprocal
instruments (25 mm in length) from the Reciproc
Blue 25.08 and Reciproc M-Wire 25.08 series (VDW

GmbH, Munich, Germany).

The in vitro torsion test, adhering to ISO 3630-1
standards, determined the maximum torsional
strength and the rotation angle up to the point of
instrument  failure. The

testing apparatus,

described in detail in earlier studies®®'?"7,

was
employed for this purpose. Before testing,
instrument handles were removed at their
connection to the shaft. Each instrument shaft was
secured in a chuck and linked to a geared motor,
while 3 mm of the instrument tip was fixed in
another chuck connected to a load cell. The motor
rotated the instrument counterclockwise at 2 rpm.
The testing machine's software (Analdgica, Belo
Horizonte, Brazil) recorded the maximum torsional
strength (N.cm) and angle of rotation (°) before

failure.
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In parallel, a three-dimensional finite element
model was constructed for the Reciproc R25.08
and Reciproc Blue R25.08 instruments to compare

their mechanical behavior. A computerized
microtomography (Micro-CT - Skyscan 1174,
Bruker-microCT, Kontich, Belgium) provided

images for CAD/CAM model construction in
SolidWorks, using data from a profile projector
(Mitutoyo PJ-A3000) and referenced literature (KIM
2009).

The 3D model was finalized in Parasolid (x_t) format
and imported into ANSYS Mechanical APDL Finite
Element Software (v15, ANSYS Inc, USA) for
simulation. The mesh employed the SOLID187
element, a 3D solid with quadratic interpolation,
supporting ten nodes with three degrees of
freedom each.

The mechanical properties of both instruments
informed the model construction. For Reciproc M-
Wire, properties included Young's modulus E= 36
GPa;

austenitic-to-martensitic  transformation

stresses G§A= 504 MPa and G?S= 600 MPa; reverse
transformation stresses o= 346 MPa and ofS=
250 MPa; and maximum residual deformation e_L
= 0.07 MPa (6, 26). For Reciproc Blue: Young's
modulus E= 42.53 GPa; transformation stresses
o _SAAS = 492 MPa and o‘f“s= 630 MPa; reverse
stresses 0§A= 192 MPa and o‘?s= 97 MPa; and
maximum residual deformation e_L = 0.01 (Garcia-
Braz 2019; de Arruda Santos 2014).

To validate FEM results, they were compared with
in vitro data for Reciproc R25.08 under ISO 3630-1
conditions (Table 1). Instruments were clamped 3
mm apically and rotated counterclockwise until
failure. A load cell monitored by Analdgica
software recorded torque and rotation data.

For comparison, the FEM model incorporated the
same initial conditions as the in vitro setup. Using
maximum experimental torque (Table 1), the FEM
evaluated torsion angle and mechanical behavior
up to instrument failure.

Table 1. Mean values of the maximum torque (N.cm) and angular deflection (0) of the instruments in the tests

performed in accordance with the ISO torsional test and the angular deflection (0) determined by the torsion

test using finite element analysis.

Instruments Torsional ISO test FEA Torsional test
Torque Angle (9 Angle ()
Mean SD Mean SD Mean SD
RMW 25.08 1.402 0.129 224.4°A 30.43 216.40% 0.133
RB 25.08 1.38° 0.069 306.504 8.59 310.20°4 0.085

Different lowercase letters in the same column indicate statistical differences between the instruments tested

(P<0.05).

Different capital letters in the same column indicate statistical differences between the tests in vitro and FEA -

Finite elements analyzed (ISO X FEA) (P<0.05).
SD - standard deviation.

Understanding  differences  in  presentation
between experimental and numerical results was
essential. Experimental results halted at instrument
failure, analyzed via torque and torsional yield
points.
P

a

In FEM, with no intrinsic failure indication, a
"maximum” torque applied evaluated response as
stress and angular displacement (mm), converting
arc-based displacement into angle metrics using
Equation 1:

360 1
- 2nr
Where a was the angle of rotation, ¢ was the
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angular displacement, rwas the instrument's cross-
sectional radius, and a represented the node
(point) before the torque was applied and a’ was

the same point after the torque was applied.

Statistical analysis

In vitro data were statistically assessed using
Student’s t-test with a 5% significance threshold.
Two-tailed, one-directional t-tests compared

angular deflection profiles with FEM predictions.

The results of the in vitro torsion test and FEA
(Figure 1) are presented in Table 1. The in vitro
torsion test indicated no significant difference in

maximum torsional strength to fracture between
Reciproc M-Wire and Reciproc Blue (P>0.05).
However, there was a significant difference in the
torsion angle between the two instruments
(P<0.05). The FEA built on this data, applying a
torsional force of 1.4 N.cm to the Reciproc M-Wire,
which resulted in a rotation angle of 216.4° and a
maximum stress of 1877.6 MPa. For the Reciproc
Blue, a torsional force of 1.38 N.cm yielded a
rotation angle of 310.2° and a maximum stress of
1667.9 MPa. The FEA confirmed that Reciproc Blue
had a significantly larger rotation angle than
M-Wire (P<0.05). No
differences were found between the in vitro ISO
torsional test and FEA results (P>0.05).

Reciproc significant

Figure 1: Von Mises stress determined using Ansys Software for Reciproc Blue (A and B) and Reciproc M-Wire

Instruments (C and D).
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Legend: The red arrow in A and C shows the point of maximum stress (in red) and the point defined for measuring

the maximum angle of rotation of the Reciproc Blue and Reciproc. B and D show the stress point in an enlarged

view.

This study employed the ISO 3630-1 standard
torsion test to assess the maximum torsional
strength and rotation angle of the instruments
could endure before failure, a method acclaimed
as the benchmark for accuracy in evaluating

torsional properties'!. The study's findings

revealed no significant difference between the in
vitro torsion and finite element model tests, so the
null hypothesis was accepted.

To validate the FEM of the endodontic

instruments,  comparison  parameters  were

established. The in vitro torsion test results align

8,16

with previous studies®'®. rior research indicates that
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the fracture stress for NiTi alloys (M-wire and Blue)
is approximately 1540 MPa>'*. By comparing these
data with the FEM output, we could assess whether
the model replicated the experimental behavior

accurately.

Under the applied loads, failure in the Reciproc
R25.08 (M-Wire) and Reciproc Blue R25.08
instruments during in vitro testing occurred within
the first 3 mm at an average torque of 1.4 + 0.1295
N.cm and 1.38 + 0.1392 N.cm, respectively. The
finite element simulations loaded the models with
torques matching these averages to verify the
model's  accuracy. The  resulting  stress
concentrations, depicted in Figure 1, confirmed
that maximum stress values, ranging from 1667.9
MPa to 1877.6 MPa, focused around 3 mm from
the instrument tip. These stress levels exceeded
the NiTi fracture threshold (1540 MPa), indicating
the instruments would likely fail at this point,

supporting the model's validity.

The angular deflection at failure was evaluated to
assess the stress needed to cause breakage within
the first 3 mm from the instrument tip. As
previously noted, failure consistently occurred in
this region, indicated by the red area in Figure 1.
Therefore, identifying the maximum rotation angle
at this point is crucial, as reaching this angle would
result in instrument failure. The angular rotation
was determined by converting the node
displacement values in this area into angles using
Equation 1. The FEM-predicted angles closely
matched those from the in vitro experiments,
showing no significant differences.

Comparing the results from both methods, a slight
discrepancy was noted between the numerical and
experimental outcomes for the Reciproc M-Wire
instrument, with a 10.84% difference and a 6.16%
difference for the Reciproc Blue. This variance can
be attributed to several factors in the experimental

model, including: i) Instrument fixation, which was
done using a mandrel; the applied force could
create small deformations leading to micro-cracks
and reduced torsion strength. ii) Manual alignment
during fixation could introduce slight deviations
from the axial shaft alignment, inducing bending
stresses and deviating from pure torsional loading.
iii) Manufacturing inconsistencies might lead to
dimensional or quality variations affecting the
results. iv) While the experimentally torque value
was average with standard deviation across
multiple instruments, the numerical model applied

an exact torque value'.

Numerous studies have utilized FEMs to explore
endodontic instrument mechanics, but many lack
comparison with experimental data>'". This
study's contribution lies in validating finite element
results against experimental data, demonstrating
their close alignment. This validation supports the
use of FEM for efficient and cost-effective analysis
of instrument torsional behavior, by passing the
need for numerous costly physical samples.

Conclusion

Our findings confirm that the FEM yields result that
are accurate and comparable to ISO 3630-1 in vitro
torsion tests. Thus, this model is a viable tool for
evaluating the mechanical behavior of NiTi
instruments. The use of FEM not only expedites the
testing process but also reduces costs and
methodological biases, offering a reliable method
for future studies.
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