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Purpose. To establish the relationship between insertion-depth kinematic factors, the stress-strain
state, tribological wear, and fatigue strength of micro-instruments made of medical austenitic steels
O08KhI18N10T and 10Kh17N13M2T during root canal preparation.

The methods. An engineering approach based on contact biomechanics, strength of materials
theory, and mathematical and statistical analysis was applied. Axial forces were determined using a
linear force-gradient model, while equivalent stresses were calculated according to the Huber—Mises—
Hencky criterion in accordance with ISO 3630. Service life was assessed using a high-cycle fatigue
criterion, and wear was evaluated using a modified Archard—Kragelsky model. Correlation and re-
gression analyses were performed.

Findings. According to the results of computational modeling, the contact forces increased from
0.60 to 1.80 N for the H-file and from 0.40 to 1.30 N for the Pathfinder CS. The maximum equivalent
stresses were 101.7 and 73.4 MPa, respectively, and did not exceed the yield strength limits. Under
the specified modeling conditions, the calculated stresses remained below the adopted endurance lim-
its, indicating the potential for high-cycle operation. Strong linear relationships were identified among
cyclic workload, insertion depth, and accumulated wear.

The originality. A computational-statistical approach is proposed that combines loading, stress, fa-
tigue, and tribological wear modeling. Relationships among insertion depth, cyclic workload, and wear
were quantitatively evaluated for instruments with different geometries.

Practical implementation. The obtained regression relationships can be used to assess trends in
the accumulation of wear in endodontic instruments and to substantiate a differentiated approach to
instrument design selection under specified operating conditions.

Keywords: instrument engineering, tribotechnics, biomedical materials science, biomedical data
processing, H-file, Pathfinder CS, austenitic steels, stress—strain state, wear, Pearson correlation,
regression analysis.

Introduction. The development, certification, and reliable operation of critical pre-
cision instruments for medical device manufacturing and mechanical engineering require
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an interdisciplinary approach that combines engineering methods for cutting-tool design,
the fundamental principles of medical materials science, and modern technologies for
computer-based processing of experimental and biomedical data [1, 2]. Among critical
small-sized components, endodontic rod-type instruments occupy a particular position,
including H-file reamers and Pathfinder CS micro-instruments, which are structurally de-
signed to operate according to precision micro-planing and cutting mechanisms in com-
plex anatomical dental canals [3, 4].

The specific operating conditions of such instruments are determined by the fact that
a miniature cutting shaft with a diameter of 0.15 to 0.45 mm is subjected to combined
three-dimensional contact loading in an aggressive biological environment in the presence
of significant canal curvature [5, 6]. The simultaneous action of axial compression, alter-
nating bending, the torque required to cut dentin micro-layers, and intensive contact fric-
tion results in the development of dislocation fatigue, micro-abrasive wear, and the risk of
sudden instrument fracture directly within the tooth root [7, 8]. To prevent such clinical
complications, an important engineering task is to perform an in-depth analysis of the
physicomechanical properties of the alloys used and to develop validated statistical mod-
els linking the technological factors of root canal preparation with the reliable service life
of the instruments [9, 10].

Literature analysis. A The reliability of medical micro-instruments has traditionally
been investigated along two main directions: assessment of the stress—strain state (SSS) in
the contact zone and analysis of the microstructural resistance of alloys to fatigue pro-
cesses [1, 3]. Shen et al. [1] and Plotino et al. [3] established that up to 80% of instrument
fractures are fatigue-related, resulting from repeated cyclic changes between tensile and
compressive zones at the outer and inner radii of canal curvature. Using numerical mod-
eling, Zhang et al. [5] demonstrated the critical effect of cross-sectional configuration on
mechanical stress concentration: triangular cross-sections, typical of machined H-files,
produce high stress concentrations at the peripheral cutting edges, whereas symmetrical
quadrilateral profiles, including the Pathfinder CS, exhibit substantially higher torsional
stiffness [5, 6].

As indicated by fundamental principles of materials science, high-alloy austenitic
steels 08Kh18N10T (AISI 321) and 10Kh17N13M2T (AISI 316Ti) are among the most
technologically suitable materials for medical instruments due to their corrosion resistance
and ability to retain ductility under moderate cyclic deformation conditions [8, 11]. Zinelis
et al. [8] noted that the service life of the instrument shaft is limited not only by its static
strength but also by the tribological wear of the working edges [8, 12]. Contact abrasion
of the cutting surfaces leads to progressive instrument blunting, an increase in the required
axial force applied by the clinician, and secondary overloading of the drive [12, 13].

At the same time, a substantial proportion of published studies has focused on indi-
vidual aspects, such as material fatigue under cyclic loading, cross-sectional geometry, or
torsional stiffness. In the fields of mechanical engineering and medical instrument engi-
neering, comprehensive approaches that integrate cutting kinematics, the strength me-
chanics of structural alloys, and tribological wear of cutting edges into a unified compu-
tational framework remain scarce. Such an integrated approach requires the use of estab-
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lished tribological methods [14], design standards [15], and modern mathematical and sta-
tistical tools for processing biomedical data, including simple and multiple linear regres-
sion modeling, Pearson correlation analysis, and graphical verification of residuals using
the StatSoft Statistica environment [16, 17].

Formulation of the unresolved part of the problem and the purpose. To date, the
scientific and applied problem of formalizing the relationship between the geometric pa-
rameters of conical medical micro-instruments, the level of equivalent elastic stresses in
the material, the parameters of linear tribological wear of the working flutes, and their
statistical verification using modern mathematical software for biomedical data pro-
cessing remains unresolved [1, 5, 8, 17].

The objective of this study is to perform analytical modeling and computational-
statistical analysis of the loading, stress—strain state, fatigue strength, and tribological wear
of endodontic micro-instruments made of medical-grade austenitic steels 08Kh18N10T
and 10Kh17N13M2T to quantitatively evaluate their service behavior under specified root
canal preparation conditions.

To achieve the stated objective, the following tasks were formulated and addressed:

1. Determine the contact loading forces along the working length of the H-file and Path-
finder CS according to ISO 3630 and evaluate the equivalent stresses in the materials
according to the Huber—Mises—Hencky criterion with respect to their yield strengths
and fatigue limits.

2. Calculate the parameters of linear tribological wear of the cutting edges as a function
of insertion depth and the number of working cycles during root canal preparation.

3. Perform statistical processing of the generated computational datasets using StatSoft

Statistica 10.0, determine the Pearson pairwise correlation coefficients, construct

scatter plots, and evaluate the parameters of linear regression models describing wear

accumulation.

Main part (Results). Materials Science Analysis and Engineering Modeling of En-
dodontic Micro-Instrument Loading. Analytical investigation of the mechanical behavior
of rod-type endodontic micro-instruments is based on an assessment of their structural
geometry and the physicomechanical properties of the structural materials. The compara-
tive modeling objects are a Hedstrom file (H-file) and a Pathfinder CS probing instrument,
manufactured from high-alloy corrosion-resistant austenitic steels 08Kh18N10T (AISI
321) and 10Kh17N13M2T (AISI 316Ti), respectively.

According to the requirements of ISO 3630, the length of the working conical section
of both types of instruments is L = 16 mm, with a nominal taper of k& = 0.02 mm/mm
(2%). The variation in the outer diameter along the working length is described by the
following equation:

D(x) = Do + k¢ - x,

where Do=0.15 mm — apical tip diameter; x — insertion-depth coordinate (0 <x < 16) mm;
at the end of the calibrated section, the diameter is D16=0.45 mm. The maximum insertion
depth of the instrument into the root canal during clinical passage reaches x = 20 mm.

The geometry of the cross-section has a significant effect on the stress-strain state
of the instruments:
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— H-file — has a triangular cross-section with a radial projection of sharp cutting
edges, resulting in high stress concentration along the peripheral cutting lines;

— Pathfinder CS — features a rectangular cross-section with a larger metallic
cross-sectional area and enhanced torsional stability.

Initial physicomechanical properties of the materials:

— O8Kh18NI1O0T steel (H-file): Young’s modulus £ = 198 GPa; yield strength
002 = 205--215 MPa; ultimate tensile strength oz = 520--550 MPa, fatigue limit under
fully reversed bending o.; = 240 MPa;

— 10Kh17N13M2T steel (Pathfinder CS): Young’s modulus £ = 200 GPa; yield
strength oy, =220--230 MPa; ultimate tensile strength op = 560--590 MPa; fatigue
limit o_; =270 MPa.

The axial force loading F(x), arising from contact friction and the micro-planing
of dentin layers along the root canal walls, is modeled using the following phenome-
nological function:

F(x)=Fo+AF -x

where Fo— initial axial force at the instrument tip upon insertion (N); AF — load increase
gradient per millimeter of insertion depth (N/mm).

The process constants are as follows:

— H-file: Fo=0.60 N; AF =0.060 N/mm;

— Pathfinder CS: Fo=0.40 N; AF = 0.045 N/mm.

The values of the contact forces as a function of insertion depth are given in Table 1.

Table 1
Calculated loading forces for endodontic micro-instruments
Force Frfie(x), N
Depth, mm H-file (08X18H10T) Pathfinder CS (10X17HI13M2T)
0 0.60 0.40
5 0.90 0.625
10 1.20 0.85
15 1.50 1.075
20 1.80 1.30

At the maximum insertion depth (x = 20 mm), the contact force reaches 1.80 N
for the H-file and 1.30 N for the Pathfinder CS. The stress—strain state is determined
by the combined effects of axial compression, elastic bending along the canal axis, and
the contact torque associated with dentin cutting. The equivalent mechanical stresses
according to the Huber—Mises—Hencky criterion are:

— H-file: 6 =101.7 MPa;

— Pathfinder CS: ¢ = 73.4 MPa.

The obtained stress values do not exceed the yield strengths of the materials
(d02 =205--215 MPa and 220--230 MPa, respectively), indicating that the instruments
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remain within the purely elastic deformation regime under the specified loading con-
ditions. The corresponding static safety factors are n = 2.02 and n = 3.00, respectively.

The calculated working stresses amount to 42.4% and 27.2% of the adopted fa-
tigue limits of the investigated steels, respectively. This ratio indicates that, under the
adopted loading conditions, the maximum calculated stresses remain below the stress
levels used to assess high-cycle fatigue. Therefore, for the applied loading model and
the adopted reference life of 10° cycles, no indication of reaching the adopted fatigue-
strength limit was identified.

The kinetics of linear tribological wear of the working flutes of the micro-instru-
ment is calculated using a modified Archard—Kragelsky wear model equation:

W=FkF-xN,

where k — tribological degradation coefficient of the steel-dentin pair; F'— contact force
(N); x — insertion-depth coordinate (mm); N — number of working cycles. For the
adopted computational parameters, the coefficient k£ is 1073,

To construct Table 2, the calculations were performed at a fixed maximum inser-
tion depth of x = 20 mm and the corresponding contact forces of F'=1.80 N for the H-
file and # = 1.30 N for the Pathfinder CS. Thus, the reported values characterize wear
accumulation with an increasing number of working cycles at a specified maximum
loading level.

The summarized dynamics of wear accumulation are presented in Table 2.

Table 2
Kinetics of linear wear of endodontic micro-instruments
as a function of operating cycles
Number of working Pathfinder CS wear,

cycles N H-file wear, WH—file WPathfinder
0 0 0
10 0.0000036 0.0000026
20 0.0000072 0.0000052
30 0.0000108 0.0000078
40 0.0000144 0.0000104
50 0.000018 0.000013
60 0.0000216 0.0000156
70 0.0000252 0.0000182
80 0.0000288 0.0000208
90 0.0000324 0.0000234
100 0.000036 0.000026
110 0.0000396 0.0000286
120 0.0000432 0.0000312
130 0.0000468 0.0000338
140 0.0000504 0.0000364
150 0.000054 0.000039
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After 100 operating cycles, the wear value for the H-file 1s 0.000036, compared
with 0.000026 for the Pathfinder CS. This corresponds to a 38.5% higher blunting rate
of the cutting edges for the H-file. Within the adopted model, this difference is at-
tributed to the higher calculated contact loading of the H-file compared with the Path-
finder CS. At the same number of cycles, this results in a greater accumulated wear
value for the H-file.

According to the data presented in Table 3, the CYCLES variable has a mean

value of N=75.00, with a minimum of 0.00 and a maximum of 150.00 cycles, while
the standard deviation i1s mopiBHioe S = 47.61. The DEPTH variable is characterized
by a mean value of 10.00 mm (minimum 0.00 mm, maximum 20.00 mm), with a stand-
ard deviation of § = 6.35 mm.

Table 3
Descriptive statistics of the investigated parameters using StatSoft Statistica 10.0
Number of
observations Standard
Variable (Valid N) Mean Minimum | Maximum | Deviation
CYCLES 16 75 0 150 47.6095
DEPTH 16 10 0 20 6.3503
W _HFILE 16 0.000028 0 0.000054 | 0.000017
W _PATH 16 0.00002 0 0.000039 | 0.000012

The analysis of the tribological characteristics shows that the mean level of linear
wear for the triangular H-file (W_HFILE) is 0.000028, ranging from 0.00000 to
0.000054, with a standard deviation of 0.000017. For the rectangular Pathfinder CS
instrument (W_PATH), the mean wear value is 0.000020 (minimum 0.00000, maxi-
mum 0.000039), with a standard deviation of 0.000012. The lower measures of disper-
sion observed for the Pathfinder CS indicate greater stability and lower variability of
its tribological state under intensive cyclic loading.

Correlation analysis of the interaction between kinematic and tribological pa-
rameters. To assess the strength and direction of the relationship between the kinematic
factors governing the movement of endodontic micro-instruments and the intensity of
their surface degradation, a correlation analysis was performed. The strength of the linear
deterministic relationship was evaluated using the Pearson linear correlation coefficient
(r) at a statistical significance level of p < 0.05. The results of the correlation analysis
obtained using the StatSoft Statistica 10.0 environment for a sample of N = 16 observa-
tions are presented in Table 4.

Table 4
Pearson pairwise correlation matrix for kinematic and tribological parameters using
StatSoft Statistica 10.0

Variable CYCLES DEPTH W _HFILE W _PATH
CYCLES 1 0.9912 0.9985 0.9978
DEPTH 0.9912 1 0.9924 0.9919
W _HFILE 0.9985 0.9924 1 0.9991
W _PATH 0.9978 0.9919 0.9991 1
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Analysis of the Pearson pairwise correlation matrix revealed very strong positive lin-
ear relationships between the variables under study, with correlation coefficients ranging
from 0.9912 to 0.9991. In particular, the correlation coefficient between the number of
operating cycles and accumulated wear was (» = 0.9985) for the H-file and (» = 0.9978)
for the Pathfinder CS. The correlation coefficients between insertion depth and accumu-
lated wear were (» = 0.9924) and (r = 0.9919), respectively.

The high correlation coefficients should be interpreted taking into account that the
analyzed data were generated from specified deterministic computational relationships.
Therefore, the obtained coefficients primarily characterize the consistency of the model
parameters with one another and confirm that their relationships are close to linear. They
should not be interpreted as independent evidence of clinical causality or of an experimen-
tally established relationship.

Regression modeling of the dynamics of tribological wear of instrument cutting
edges. Quantitative assessment of the kinetics of surface degradation and the development
of predictive models were performed using the multiple and simple linear regression mod-
ule (Multiple Regression) in the StatSoft Statistica 10.0 environment. The accumulated
linear wear (W) was taken as the dependent response variable (Y), while the cyclic oper-
ating history of the instrument during root canal preparation (N) was used as the independ-
ent predictor (X).

For visual representation of the identified relationships, regression models with lin-
ear approximation were constructed using the two-dimensional Scatterplots module sep-
arately for the H-file and the Pathfinder CS probing instrument (Figs. 1 and 2).

Scatterplot of W_HFILE against CYCLES
Spreadsheet 9999 4v*16¢
W_HFILE =-1,3553E-20+3,6E-7"x
0,00006 T - - :

0,00005 | ¥ <
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\
X
\

W_HFILE

0,00002 | o~

0.00001 i

0.00000 rd

-0,00001 ‘ ‘ ‘ . ‘ ‘ . '
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CYCLES

Fig. 1. Two-dimensional Scatterplot and linear regression model of accumulated wear
W pain as a function of operating cycles
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Scatterplot of W_PATH against CYCLES
Spreadsheet 9999 4v*16¢
W_PATH = 6,7763E-21+2,6E-7"x
0.000045 T . - -

0,000040 ¢ / i
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Fig. 2. Two-dimensional Scatterplot and linear regression model of accumulated wear
Wpamfinder as a function of operating cycles

Visual analysis of the presented scatter plots (see. Figs. 1 and 2) shows an almost
complete agreement between the calculated values and the linear regression relationship,
which is consistent with the high values of the correlation and coefficient of determination.
The approximation equations automatically generated by the Statistica software and dis-
played directly on the graphs are as follows:

— for the H-file: Wipie = -1,3553 - 102° + 3,6 - 1077 - x (see Fig. 1);

— for the Pathfinder CS: Wpun = 6,7763 - 102 +2,6 - 107 - x (see Fig. 2).

The intercepts of the equations are practically equal to zero (102, and 1072!), which
mathematically confirms the absence of wear at the initial point (N = 0). Comparison of
the slope coefficients shows that the tribological wear rate of the triangular-profile H-file
(3,6 - 107) is 38.5% higher than that of the Pathfinder CS with a rectangular cross-section
(2,6 - 10°7), which is in full agreement with the analytical calculations based on the Ar-
chard—Kragelsky wear model.

Conclusions. A comprehensive engineering, materials-science, and statistical
analysis of the stress—strain state, fatigue strength, and tribological wear of endodontic
micro-instruments made of austenitic steels 08Kh18N10T and 10Kh17N13M2T dur-
ing root canal preparation in accordance with ISO 3630 was performed. According to
the results of computational modeling, increasing the insertion depth from 0 to 20 mm
results in a linear increase in the axial force, reaching 1.80 N for the H-file and 1.30 N
for the Pathfinder CS. The maximum equivalent stresses according to the Huber—
Mises—Hencky criterion are 101.7 and 73.4 MPa, respectively, and, based on the
adopted mechanical properties of the materials, do not exceed the corresponding yield
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strengths. The maximum calculated stresses amount to 42.4% and 27.2%, respectively,
of the adopted fatigue limits of the investigated steels. Under the specified modeling
conditions, this corresponds to operation in the high-cycle fatigue regime for the
adopted reference life of 10° cycles. This result characterizes the calculated safety mar-
gin with respect to the adopted fatigue-strength criterion and does not replace experi-
mental assessment of the actual service life of the instrument.

Statistical analysis of the computational dataset using StatSoft Statistica 10.0 re-
vealed very strong positive correlations between the number of cycles, insertion depth,
and accumulated wear (r = 0.9912-0.9991; p < 0.0001 for the presented calculations).
Given the deterministic nature of the input data, these coefficients characterize the con-
sistency of the adopted model relationships. For the H-file, the calculated wear accu-
mulation rate is 38.5% higher than that for the Pathfinder CS, indicating a significant
effect of the instrument geometry and contact loading level on its tribological behavior.
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AHOTALIIA
Meta. BcranoBieHHs B3a€MO3B’ 513Ky MK KIHEMAaTHYHUMHU (PAKTOpaMu 3ariauOJIeHHs, HAIIPYKEHO-
neGopMOBaHUM CTaHOM, TPHUOOJOTIYHUM 3HOIITYBAHHSAM Ta BTOMHOIO BUTPUBATICTIO MIKPOIHCTPY-
MEHTIB 13 MenyHHX aycTeHiTHUX ctaneid 08X18H10T ta 10X17H13M2T npu popmyBaHHI KOpeHe-
BUX KaHaIIB 3y0a.

MeTtoauka. 3aCTOCOBaHO 1HKEHEPHHU MMiX1/T HA OCHOBI KOHTAKTHOT 010MEXaHiKH, TEopii Ormopy ma-
TepiajiB Ta MAaTEMaTHKO-CTATUCTUYHOTO aHali3y. OChOBI 3yCHIIJISI BU3HAYEHO 32 MOJIEIUIIO JIIHIHHOTO
CHJIOBOTO I'PaJIiEHTa, EKBIBAJICHTHI HANIPYXeHHs - 3a kputepiem ['ybepa—Mizeca—I enki 3a ISO 3630.
JIOBrOBIYHICTh OIIIHEHO 3a KPUTEPieEM OAraTOIMKIOBOI BTOMH, 3HOIIYBaHHS - 32 MOJAU(IKOBAHOIO
monemto Apxapaa—Kparenscekoro. IIpoBeeHo KopemsiiifHO-perpeciiHuil anamis.

Pe3yabTaTn. 3a pe3ynbTaraMu po3paxXyHKOBOTO MOJICITIOBAHHS BCTAHOBJICHO 3POCTaHHS KOHTaKTHUX
cui Big 0.60 no 1.80 H nyist H-daitny ta Big 0.40 no 1.30 H ans Pathfinder CS. MakcumanbHi ekBiBa-
JeHTHI Hanpy>keHHs craHoBWiM 101.7 Ta 73.4 MIla i He nmepeBHILyBali TPaHUIb TUIMHHOCTI. 3a 3a-
JTAHUX YMOB MOJICITIOBAHHS PO3PAaXYHKOBI HANPYKCHHS 3aJUIIATUCS HIDKYHMH 33 TPUAHATI MEXi
BUTPHUBAJIOCTI, 110 CBITYUTH MPO MOMNIHMBICTH 0AraTONMKIOBOI poOOTH. BUsBIEHO TICHI JiHIiHI
3B’SI3KM MIXK IUKJTIYHAM HaMpaIfOBaHHSIM, TIIMOMHOIO 3arJuOIeHHS Ta HAKOMTUYCHUM 3HOCOM.

HaykoBa HOBH3HA. 3alpONOHOBAHO KOMIUICKCHHHA pPO3paXyHKOBO-CTaTUCTUYHUN MiAXiA 10
OIIIHIOBAHHS €KCILTyaTaliiHOT MOBEAIHKN €HIOJOHTUIHNX MIKPOIHCTPYMEHTIB, IO MOEAHYE MOJIC-
JIIOBAHHS HABAHTA)KEHHS, HAIIPY>KEHb 1 BTOMHU 3 aHAII30M TPUOOJIOTiuHOrO 3HOIIYyBaHHA. KiJTbKicCHO
OLIIHEHO B3a€MO3B’ 130K TJIMOMHM 3ariauOIeHHS, [IMKJIIYHOTO HAaMpalfoBaHHS Ta 3HOCOM ISl IHCTPY-
MEHTIB pi3HOi reoMeTpii.

IIpakTtnyna 3HaumMicTh. OTpHMaHi perpeciiiHi 3aleXHOCTI MOXYTh OYyTH BHUKOPHCTaH ISt
OLIIHIOBAHHS TEHJEHI[IIl HAKONMYEHHS 3HOCY €HJIOJJOHTUYHOTO 1HCTPYMEHTApil0 Ta OOTPYHTYBAaHHS
nudepeHiioBaHOro MiIX0AY 10 BUOOPY KOHCTPYKIIi IHCTpyMEHTA 3a 3aJaHUX YMOB €KCIUTyaTallii.

Knrwouosi cnosa: incmpymenmanvre mawuno0y0y8anus, mpubomexHika, meouiHe Mamepianio3Hag-
cmeo, 0bpobka biomeduunux oanux, H-¢paiin, Pathfinder CS, aycmenimui cmani, Hanpysiceno-oe-
gopmosanuii cman, 31oc, kopenayis Ilipcona, peepecitinuii ananis.
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