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Noncontact three-dimensional 
evaluation of surface alterations and 
wear in NiTi endodontic instruments

Abstract: The aim of this study was to undertake a qualitative and 
quantitative assessment of nanoscale alterations and wear on the surfaces 
of nickel-titanium (NiTi) endodontic instruments, before and after 
use, through a high-resolution, noncontact, three-dimensional optical 
profiler, and to verify the accuracy of the evaluation method. Cutting 
blade surfaces of two different brands of NiTi endodontic instruments, 
Reciproc R25 (n = 5) and WaveOne Primary (n = 5), were examined and 
compared before and after two uses in simulated root canals made in 
clear resin blocks. The analyses were performed on three-dimensional 
images which were obtained from surface areas measuring 211 × 211 µm, 
located 3 mm from their tips.  The quantitative evaluation of the samples 
was conducted before and after the first and second usage, by the 
recordings of three amplitude parameters. The data were subjected to 
statistical analysis at a 5% level of significance. The results revealed 
statistically significant increases in the surface wear of both instruments 
groups after the second use. The presence of irregularities was found 
on the surface topography of all the instruments, before and after use. 
Regardless of the evaluation stage, most of the defects were observed 
in the WaveOne instruments. The three-dimensional technique was 
suitable and effective for the accurate investigation of the same surfaces 
of the instruments in different periods of time.
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Introduction

Physical properties of nickel-titanium (NiTi) endodontic instruments, 
including shape memory and high flexibility due to their super-elastic 
behavior, are important requirements for the preparation of curved and 
complex root canals.1 

Nevertheless, a major concern with the clinical use of NiTi rotary 
instruments is that unexpected fractures can occur during root canal 
preparation, even in the absence of any previously visible defects or 
deformations on the instrument surfaces.2,3

Improvements such as thermomechanical treatments, changes in 
the chemical properties and manufacturing process of the alloy, and 
different cross-sectional designs have been used to increase the resistance 
to fatigue and fracture of NiTi instruments.4 These characteristics 
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are incorporated in the Reciproc® (VDW, Munich, 
Germany) and WaveOne® (Dentsply Maillefer, 
Ballaigues, Switzerland) endodontic files systems 
which are made of a special thermomechanically 
processed nickel–titanium alloy (M-Wire) with 
improved mechanical properties.5 Moreover, these 
instruments are operated under reciprocating motion,6 
which is reported to extend the lifespan of NiTi 
instruments, compared to conventional continuous 
rotation.7,8 The association between reciprocating 
motion and M-Wire alloy significantly improves the 
fatigue resistance of NiTi files, consequently reducing 
the risk of instrument fracture within the root canal.9 

However, cumulative metal fatigue in NiTi 
instruments still remains a matter of concern.10 It 
has been reported that the rate of fatigue development 
from defects in NiTi alloys is higher than for other 
metal alloys with similar resistance.11 An additional 
problem is that the manufacturing process of NiTi 
instruments can cause surface defects such as scratches, 
transitional angles, microcavities, and debris that 
can lead to instrument fracture.12,13  Such defects can 
create stress areas associated with crack initiation 
and propagation, accelerating fatigue and leading to 
an irreversible mechanism to the material failure.14,15

The surface characteristics of new and used NiTi 
instruments have been previously evaluated.16,17  
Scanning electron microscopy (SEM) has been widely 
employed for qualitative assessment of changes 
in the surface topography of the instruments.18 
However, its inability to quantitatively evaluate 
surface alterations, leads to a subjective analysis.19 
Furthermore, SEM analysis is performed under a 
“constructed bi-dimensional photograph image”.20  
Otherwise, atomic force microscopy (AFM) has 
been proposed to three-dimensionally assess the 
instrument surfaces by the analysis of nanoscale 
high-resolution images.21 Nonetheless, AFM analysis 
can only be applied to small and ultra-flat areas at 
any given time (up to around 20 µm x 20 µm), which 
precludes the mapping of large surface areas.22

Noncontact three-dimensional optical profilometry 
has recently emerged as an accurate method for 
the evaluation of the surfaces of NiTi instruments, 
providing nanoscale data by means of high-resolution 
three-dimensional images.8,23 This technique enables 

repeated measurements of same surfaces, independent 
of their magnification or type, whether flat, curved, 
stepped, rough, or smooth.22

Given the influence of surface defects on fatigue 
and failure of NiTi instruments, the purpose of the 
present work was to qualitatively and quantitatively 
evaluate and compare the wear on the cutting blade 
surfaces of reciprocating instruments before and after 
two-times usage in simulated root canals through a 
noncontact three-dimensional optical profilometry 
analysis. The null hypothesis tested is that there 
would be no significant differences, in terms of 
surface alterations and wear, on the topography of 
two different brands of NiTi rotary instruments after 
simulated clinical use in curved canals in resin blocks.

Methodology

Sample selection
For the study, a sample of  NiTi reciprocating 

instruments (Reciproc and WaveOne, with ISO tip 
size 25 and 0.08 taper in the apical 3 mm), obtained 
from different lots, were randomly separated into 
two groups of five instruments: Group RP (for  
Reciproc instruments) and Group WO (for WaveOne 
instruments). The specimens were first examined using 
an optical stereomicroscope with 10x magnification to 
observe any visible deformation, which was adopted 
as the exclusion criteria for the sample selection.

Testing protocol
The instruments were tested in simulated root canals, 

19 mm in length and with 40º angle of curvature, in clear 
resin blocks (Dentsply Maillefer, Ballaigues, Switzerland). 
All the instruments were tested for two times, and a new 
simulated root canal was used for each test. A calibrated 
operator performed all the in vitro instrumentations. 
Initially, a glide path was obtained using a size 10 K-file 
(Dentsply Maillefer, Ballaigues, Switzerland) to reach the 
full working length (WL) of the simulated canal. Then, 
a standardized protocol was stablished to make the canal 
preparation procedure repeatable and comparable for 
all the reciprocating instruments. The method included 
the use of a total of ten in-and-out pecking motions to 
prepare, sequentially, each canal portion (coronal, middle 
and apical) until reaching the WL. All the instruments 
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were activated with a 6:1 reduction handpiece (Sirona 
Dental Systems GmbH, Bensheim, Germany) powered 
by a torque-controlled motor (Silver Reciproc; VDW, 
Munich, Germany), using the preset Reciproc ALL 
program for the Reciproc instruments and the preset 
WaveOne ALL program for the WaveOne instruments. 
After each stage of the sequential instrumentation, 
the simulated canals were irrigated with 2.5 mL of 
2.5% NaOCl, and the instruments were cleaned with 
gauze soaked in similar solution, in order to simulate 
clinical conditions.

Measurement procedure
A standardized procedure was employed to ensure 

the precision of the analysis of the same cutting blade 
surface area of the instruments at different times, 
according to Ferreira et al.8 Firstly, a number 5 dental 
explorer (Duflex, Rio de Janeiro, Brazil) was used to 
make a perforation in the silicone rubber stop that had 
been glued with Loctite Super-bonder adhesive (Henkel 
Ltda., São Paulo, Brazil) to the shaft portion of the 
instrument nearest to the handle section. The instrument 
handle was then fixed to a holder attached to the base 
of the motorized table. The measurement areas were 
then defined by first positioning the autofocus lenses 
of the equipment over the perforation, denoted point 
0. The image of the perforation displayed in the 
center of the computer screen was used to record the 
numerical values for the x, y, and z coordinates of the 
moving table, for each sample individually, to enable 
repeatable positioning, maximizing the accuracy of 
the measurements. From point 0, the motorized table 

was then moved transversely forward to reach the tip 
of the instrument, and then moved back 3 mm in order 
to obtain the reading for the area at the cutting blade 
of the instrument. All measurements were performed 
in three dimensions for areas of 211 × 211 µm, before 
and after the instruments usage for two times.

Comparison of the images generated at T0 and 
after the first (T1) and second (T2) tests confirmed 
that the sample positioning could be repeated with 
a high degree of accuracy (Figures 1 and 2).

Surface evaluation
The surface areas of the endodontic instruments 

were analyzed by scanning white-light interferometry, 
before and after the tests, by using an advanced 
high-precision noncontact 3D optical surface profiler 
(NewView™ 8300, Zygo Corporation, Middlefield, 
CT, USA). The noncontact surface profiling technique 
is approved by the International Organization for 
Standardization (ISO/DIS 25178, Part 604) for the 
investigation of a broad range of materials surfaces.

Quantitative analysis
Quantitative evaluation of the morphological 

characteristics of the surfaces before and after the 
tests was performed by the analysis of the following 
field parameters (amplitude parameters) provided by 
the Mx™ software (Zygo Corporation, Middlefield, 
CT, USA): Sa, the average roughness observed over 
the measurement range; Sq, the root mean square 
roughness; and, Sz, the average height between peaks 
and valleys in the measurement field.
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Figure 1. Three-dimensional high-resolution optical profilometry images of the cutting blade of a Reciproc instrument, before use 
(a) and after the first (b) and second (c) tests.
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Figure 2. Three-dimensional high-resolution optical profilometry images of the cutting blade of a WaveOne instrument, before 
use (a) and after the first (b) and second (c) tests.

Statistical analysis
The data were submitted to statistical analysis to 

compare the values obtained for the parameters Sa, 
Sq, and Sz, before (T0) and after one (T1) and two 
(T2) uses of the Reciproc and WaveOne instruments. 
The data were first analyzed using the Friedman 
test (p < 0.05) to compare the characteristics of the 
instruments surfaces into their proper groups at the 
three stages of evaluation (T0, T1, and T2) and to 
determine the differences for all the parameters at each 
stage, individually. Subsequently, the data that showed 
statistically significant differences were subjected 
to the Dunn test (p < 0.05) for multiple comparisons 
into the study groups. The Mann-Whitney test 
(p < 0.05) was used to compare the groups RP and 
WO, considering the numerical values obtained for 
the parameters Sa, Sq, and Sz  in the evaluation stages 
T1-T0, T2-T0, and T2-T1.

Results

The data obtained for the groups RP and 
WO during the evaluation stages, T0, T1 and T2, 
are displayed in Table 1. Statistically significant 
differences (p < 0.05) were observed for the Reciproc 
and WaveOne instruments.

Considering the parameter Sz, there were 
statistically significant (p<0.05) reductions in the 
amplitude between peaks and valleys caused by 
surface wear in the groups RP (129.50→118.76 µm, 
p = 0.007) and WO (136.84→125.64 µm, p = 0.007) from 
the stages T0 to T2. The results revealed significant 

surface wear on the cutting blade surfaces of both 
instruments groups after the second test. However, 
the differences between the values obtained after the 
first (T1) and second (T2) tests revealed that wear was 
greater in the WaveOne instruments (131.81→115.98 
µm), when compared to the Reciproc instruments 
(121.19→118.76 µm).

Analysis of the values obtained for the parameter 
Sa revealed a statistically significant difference 
from periods T1 to T2 for group WO (26.34→25.90;   
p = 0.022). This reflected a decrease in the surface 
roughness patterns, with a reduction in the amplitude 
between valleys and peaks.

Comparisons of the values obtained for the 
parameters Sa, Sq, and Sz for the two groups of 
instruments at times T1-T0, T2-T0, and T2-T1 are 
presented in Table 2. No statistically significant 
differences were observed between the instrument 
groups (p > 0.05).

Discussion

In the present study, the same cutting blade surface 
areas of NiTi instruments were analyzed before and after 
two uses by using noncontact three-dimensional optical 
profilometry. The technique permits non-destructive 
and fast measurements, with no need for sample 
preparation and can be applied to a wide range of 
surface types with reflectivity ranging from 0.05% to 
100%. It has an extended scan range to measure the 
profile heights from < 1 nm up to 20,000 µm, with high 
vertical (z-axis) optical resolution (0.01 nm), 0.4–0.6 µm 
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lateral resolution (x- and y-axes), and a repeatability of 
0.02 nm (Z-scanning) that enables reliable analysis to be 
made at different times. Measurement data obtained by 
using the Mx™ software tools permit the reproduction 
of surface characteristics, by the analysis of images 
constructed with over 1,900 million data points, and full 
quantification of the surface topography. The results 
demonstrated that the method provided accurate 
and reliable qualitative and quantitative analysis of 
the alterations on the surfaces of the reciprocating 
instruments before and after use.

Previous studies have recommended AFM as a 
valuable tool for three-dimensional investigation of 
the surfaces of NiTi instruments.21,24 Nevertheless, 
the very small scan size areas (up to 20 x 20 µm) to be 
measured with the use of AFM make it difficult to 
determine how representative the obtained image 
may be of the surface as a whole.25 On the other 
hand, the ability of interferometry to examine large 

scan areas can be used to evaluate the influence 
of scan size in determining surface roughness, 
as well as to provide a more comprehensive surface 
characterization.25 In the present research, large 
surface areas of the cutting blades of the instruments, 
measuring 211 x 211 µm, were accurately analyzed, 
before and after two-times usage. The tests were 
performed in simulated canals manufactured in 
clear resin blocks. Such artificial canals enable the 
reproduction of the size and taper of the instrument, 
providing standardized testing conditions.26 

This study was the first time that surface 
characteristics such as wear and roughness were 
statistically estimated for the analysis and comparison of 
cutting blade areas of reciprocating instruments before 
and after use. The data obtained by the quantitative 
analysis revealed significantly increased wear on the 
cutting blade surfaces of the Reciproc and WaveOne 
instruments after the second use, with substantial height 

Table 1. Distribution of the values of the parameters Sa, Sq, and Sz for the groups Reciproc and WaveOne at times T0, T1, and T2.

Groups and 
variables

Evaluation Stages
T0 T1 T2

p-value
Median (μm) Q1   Q3 (μm) Median (μm) Q1   Q3 (μm) Median (μm) Q1   Q3 (μm)

RE
Sa 22.21 20.59  23.85 20.62 20.51  22.37 20.32 19.84  21.87 0.449
Sq 27.25 24.40  28.23 24.51 24.23  26.40 23.92 23.43  25.55 0.074
Sz 129.50(a) 123.87  131.89 121.19 119.52  126.18 118.76(b) 117.85  121.70 0.007

WO
Sa 26.61(a) 24.05  27.08 26.34(a) 25.90(b) 25.90(b) 23.65  26.39 0.022
Sq 31.53 28.24  31.69 29.96 29.87 29.87 27.75  30.89 0.074
Sz 136.84(a) 121.98  142.58 131.81 125.64(b) 125.64(b) 115.98  134.35 0.007

*Medians with different letters are significantly different (p < 0.05).

Table 2. Comparison of groups Reciproc and WaveOne between times T1-T0, T2-T0 and T2-T1 by the analysis of the parameters Sa, 
Sq and Sz.

Times Variables
Instrument

p-valueReciproc WaveOne
Median (μm)  Q1   Q3 (μm) Median (μm) Q1   Q3 (μm)

T1-T0
Sa 0.15 -3.28  0.86 0.34 -0.47  1.59 0.690
Sq 0.05 -3.87  0.46 0.22 -1.03  1.48 0.222
Sz -6.23 -8.47  -2.63 -3.23 -4.14  -0.74 0.151

T2-T0
Sa -0.88 -3.83  0.587 -0.59 -0.85  -0.30 0.841
Sq -1.18 -4.62  -0.12 -0.56 -1.57  -0.27 0.841
Sz -10.73 -11.37  -4.83 -10.48 -13.22  -1.37 1.000

T2-T1
Sa -0.37 -1.28  0.15 -0.57 -2.11  -0.35 0.548
Sq -0.35 -1.58  0.19 -0.74 -2.61  0.29 0.690
Sz -2.26 -5.66  -0.57 -6.16 -9.63  -0.63 0.310

Negative values indicate reductions of the numerical values obtained for parameters Sa, Sq and Sz when comparing the evaluation stages T1-T0, 
T2-T0 and T2-T1, whereas positive values denote increased values.
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loss on the measured surfaces. In addition, the WaveOne 
instruments showed a significant decrease in the surface 
roughness from the first to the second test, caused by 
the wear of the cutting blades. No statistical differences 
were found between the different instruments groups 
before and after the tests. A previous AFM analysis of 
three-dimensional images revealed an increased surface 
wear on the apical portions of Reciproc and WaveOne 
instruments after three usages.27 In agreement with 
the findings presented here, other AFM study pointed 
out no significant differences between these brands 
of NiTi files prior to use with an increase of surface 
irregularities in the WaveOne instruments after usage.28 

On the qualitative analysis herein, surface 
irregularities were identified in both brands of 
instruments before and after use, especially in the 
WaveOne instruments. The Reciproc instruments 
showed, mostly, milling marks and little pits 
before use, with an increasing number of pits and 
microcavities being observed after the first and second 
usages (Figure 1a–c). Otherwise, in the WaveOne 
instruments, surface characteristics such as steps, 
grooves and little pits were shown even before use. 
After the first use, a great amount of microcracks, 
larger steps and grooves were observed, while after 
the second test, an increased number of the defects, 

Figure 3. Optical profilometry characterization of irregularities  (white  arrows)  on  the  cutting  blade  surface of a WaveOne instrument: 
(a)  instrument surface showing milling marks, grooves, steps,  pits and microvoids before use; (b) crack propagation after the second 
use; (c) transversal slice applied on the crater and crack propagation in the three-dimensional image of the surface with a profile graphic 
representation of the slice area showing disruptions on the analyzed surface; (d) propagation of cracks parallel to the local fluting 
orientation under connected pitted regions and an increased crater on the cutting edge border after the second use of the instrument.
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mainly, grooves, steps, microcavities, microcracks 
and craters were clearly shown on the cutting blades 
surfaces of these instruments (Figure 2a–c). Recently, 
a SEM analysis of the cutting blades of Reciproc 
and WaveOne instruments revealed the presence of 
surface irregularities in both instruments before use 
and a greater presence of defects and deformities in 
the WaveOne instruments after use.17 

Structural irregularities on the instrument surface 
have been reported to affect the NiTi instrument 
integrity during clinical use, making the file more 
liable to fracture.6 Oxide particles derived from 
the manufacturing process can act as nucleation 
sites for the formation of microvoids, leading to 
dimpled ruptures and subsequent instrument 
fracture.13,15,29 In the present study, crack propagation 
and connected pitted regions were clearly observed 
in both instruments after the second use, with a 
greater predominance in the WaveOne instruments 
(Figure 3a–d). In a previous SEM study, the propagation 
of cracks parallel to the local fluting orientation under 
connected pitted regions had been observed on the 
surfaces of used NiTi instruments.18

In the present research, each reciprocating 
instrument was tested for two times. The safe clinical 
use of the “single use” Reciproc and WaveOne 
instruments for shaping multi-rooted teeth has been 
discussed. According to Yamazaki-Arasaki et al.,30 the 
single use of reciprocating instruments can actually 
refer to the use in three or four root canals of the same 
molar or of the same patient. Nevertheless, it was 
previously reported that although both instruments 
can be used in 3-4 root canals, the canals can be 
complex and tortuous, increasing fatigue.10 Hence, 
the adoption of single use practices may reduce but 
not eliminate the risk of metal failure.

The findings obtained here demonstrated 
that, compared to SEM and AFM techniques, the 
use of noncontact optical profilometry enabled 

greater precision in the qualitative and quantitative 
evaluation of surface characteristics of NiTi 
instruments before and after use. The accuracy 
and broad applicability of the technique make it 
a valuable tool for further investigations focusing 
on the effects of wear of endodontic instruments 
under different testing conditions.

Conclusions

The null hypothesis was rejected. The qualitative 
and quantitative analysis of Reciproc and WaveOne 
instruments revealed significantly increased 
wear on the surfaces of the cutting blades of both 
instruments after two tests in simulated root canals. 
Manufacturing imperfections were clearly observed 
for both instrument brands. Surface irregularities 
and defects were more predominant in the WaveOne 
instruments before or after use.

The method employing noncontact three-
dimensional optical profilometry provided accurate 
characterization of the surfaces of the NiTi instruments, 
with numerical description of the topography, turning 
reliable the evaluation and comparison of surface 
alterations under different conditions. The technique 
can be highlighted as a valuable tool for use in further 
investigations related to the influence of surface 
defects on the fracture of endodontic instruments 
during clinical use.
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