100
Original Research P ————

https://doi.org/10.36377/ET-0165

Effect of smart endodontic motors
(Al-based torque control)
on file separation and dentinal damage

Koustav Dhara'(®), Ataul Hafeez Imran2(2, Niladri Maiti®(®), Arindam Banik*(,
Ashtha Arya®(® I, Mohammed Mustafa®

' Kalinga Institute of Industrial Technology (KIIT) Deemed to be University, Bhubhaneswar-751024, Odisha, India
2NOOR Hospital, Qadian, Punjab, India

S Central Asian University, Tashkent, Uzbekistan

* Guru Nanak Institute of Dental Sciences and Research, Kolkata, West Bengal, India

° SGT University, Gurugram, Haryana-122505, India

f Prince Sattam Bin Abdulaziz University, Al-Kharj 11942, Saudi Arabia

> drashthaarya@yahoo.co.in

Abstract

INTRODUCTION. Implementation of artificial intelligence (Al) in the endodontic motor technology offers
improved safety due to real-time torque monitoring and adaptive control. Nevertheless, there is little com-
parative evidence on their clinical effectiveness in preventing instrument separation and reduction of iatro-
genic dentinal damage.

MATERIALS AND METHODS. Ninety human mandibular molars with mesial canals (curvature 25-35°) were
randomly divided to three groups (n = 30) Group A (Al-based smart motor with adaptive torque control),
Group B (conventional motor with preset torque limits), and Group C (conventional motor with auto-reverse
operation). ProTaper Next rotary files were used to prepare the standardized canals. The main variables
were file separation rate and dentinal microcracks incidence evaluated through micro-computed tomogra-
phy (micro-CT). Preparation time, apical transportation, canal centering ratio, and motor operational pa-
rameters were the secondary outcomes.

RESULTS. Group A exhibited a much lower file separation rate (0% vs. 10.0% vs. 13.3% in Group B vs.
Group C, p = 0.038) and fewer dentinal microcracks formed (16.7% vs. 43.3% vs. 50.0% p = 0.006).
Group A recorded significantly lower peak of mean torque (2.1+0.4 Ncm compared to 2.8+0.6 Ncm in
Group B compared to 2.9+0.7 Ncm in Group C, p < 0.001). Apical transportation (p = 0.284) and canal
centering ratio (p = 0.412) showed no significant differences. Time of preparation did not differ among
groups (p = 0.156).

CONCLUSIONS. Smart endodontic motors with adaptive torque control powered by Al allow a significantly
lower file separation and dentinal microcrack formation than using conventional motors and offer similar
shaping efficiency and preparation quality. Based on these findings, Al-based motor technology can be
clinically adopted to improve the safety of the procedures.
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Pe3iome

BBELEHWE. BHenpeHne NCkyCCcTBEHHOI0 nHTennekta (M) B TexHONOrMm sHO0A0HTMYECKNX MOTOPOB 0becne-
4YMBaeT NMOBbILLEHHYI0 6€30MacHOCTb 32 CHET MOHUTOPUHIA KPYTSLLIEr0O MOMEHTA B peasibHOM BPEMEHN 1 aaan-
TUBHOTO yrnpaBneHns. TeM HE MEHee, CYLLLECTBYET MaJi0 CPaBHUTESIbHbIX JAaHHbLIX O X KIMHNYeCKon 9P ekTnB-
HOCTM B NPeO0TBpaLLEHNN NepenoMa MHCTPYMEHTOB Y CHUXEHUU ATPOrEHHOI O MNOBPEXAEHNS OeHTMHA.
MATEPUAJIbl U METObI. JeBAHOCTO Y4€/10BEYECKNX HUXKHEYENIOCTHbLIX MOJIIPOB C Me3MabHbIMW KaHana-
Mn (M3rnbd 25-35°) 6blnun cnyyariHbiM 06pa3om pacnpeneneHsl Ha Tpy rpynnbl (n = 30): rpynna A — «<yMHbIn»
MoOTOp Ha 6a3e N ¢ aganTMBHLIM KOHTPOJIEM KPYTSLLEro MOMEHTA; rpynna B — 0Obl4HbI MOTOP C 3apaHee
yCTaHOBNEHHbIMU NMpeaesiamMmm KpyTawero MomeHTa; rpynna C — 06bl4HbIN MOTOP C GYHKLMEN aBTOOOPATHO-
ro BpalleHus.

[ns nogroToBKM CTaHO4APTU3MPOBAHHbBIX KaHANOB MCMNOJIb30BaINCL Bpawalowmecs MHCTPYMeHTbl ProTaper
Next. OCHOBHbIMM NMEPEMEHHbBIMM ObIM YaCTOTa NEPESIOMOB MHCTPYMEHTOB N NOSIBNIEHNE OEHTUHHbLIX MU-
KPOTPELLNH, OLEHEHHbIE C MOMOLLBID MUKPO-KOMMNbIOTEPHOM TOMorpadumn (micro-CT). BTopocTeneHHble
nokasaTesnu BKJIlo4Yanm BpemMs noaroToBku, annkanbHOE CMELLEHWNE, COOTHOLLEHWE LLIEHTPMPOBaHUS KaHana
1 napameTpbl paboTbl MOTOPA.

PE3YJIbTATBI. B rpynne A Habniopanacb 3Ha4yMTeNbHO 6onee HM3Kas 4actoTa NepesnoMoB MHCTPYMEHTOB
(0% npotue 10,0% n 13,3% B rpynnax B u C, p = 0,038) n meHbLLee KONMYECTBO AEHTUHHBLIX MUKPOTPELLNH
(16,7% npoTune 43,3% 1 50,0%, p = 0,006). B rpynne A Takxe 6b11 3HAYNTENBHO HUXE NNK CPELHErNO KPYTSLLEe-
ro momenTa (2,1+0,4 H-cm npotne 2,8 +0,6 H-cm B rpynne Bn 2,9+0,7 H-cm B rpynne C, p < 0,001). Annkanb-
Hoe cmelleHue (p = 0,284) n cooTHoLWEHNE LLeHTpupoBaHus kaHana (p = 0,412) ctaTUCTUYECKM 3HAYMMO He
pasnunyanucb. Bpems noarotoBkn He pasnuyanocb mexay rpynnamu (p = 0,156).

BbIBObl. «<YMHbIE» 3HO0A0HTUYECKME MOTOPbI C a4anTUBHBLIM KOHTPOJIEM KPYTSLLLEro MOMeHTa Ha 6ase M
NMO3BONSAOT CYLLECTBEHHO CHU3UTb YacTOTY NEPENOMOB MHCTPYMEHTOB 1 06pa3oBaHNe AEeHTUHHbIX MUKPO-
TPELWMH MO CPaBHEHUIO C OObIYHBIMM MOTOpPaMU, NpM 3TOM obecrnednBast aHaNornyHyt apdEeKTUBHOCTb
dopMUpoBaHMA KaHana 1 Ka4ecTBO NOAroTOBKM. Ha OCHOBaHMKM 3TMX AaHHbIX TexHonornsa MN-moTopoB Mo-
XeT OblTb BHEAPEHA B KJIMHUYECKYIO MPAKTUKY A5 NOBbILLEHNS 6€30MaCHOCTM NpoLeayp.

KnioueBble cnoBa: NCKYCCTBEHHbIN MHTENNEKT, SHAOAOHTUYECKMIA MOTOP, KOHTPOb KPYTALLEro MOMEHTA,
nepenoM MHCTPYMEHTOB, AEHTUHHbIE MUKPOTPELLMHBI, MOAr0TOBKA KOPHEBOro kaHana, MMkpo-KT, 6e3onac-
HOCTb MHCTPYMEHTMPOBAHMS
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heHue peHTuHa. SHgoaoHTus Today. 2026;24(1):100-108. https://doi.org/10.36377/ET-0165
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INTRODUCTION

The use of nickel-titanium (NiTi) rotary instrumen-
tation to mechanically prepare root canals is now the
modern conventional method in the field of endodon-
tics, and is more efficient, predictable, and effective
than manual methods [1]. Nonetheless, unforeseen
intracanal instrument separation continues to be
a chronic complication occurring in 0.4-5 percent of
cases that relate to operator experience, complexity
of anatomy and file system used [2; 3]. The discon-

nected instruments can also interfere with the results
of treatment by not allowing proper cleaning and ob-
turation of apical sections of the canal and may re-
quire the use of technical retrieval methods or even
surgery [4].

The major known mechanisms of NiTi rotary file fai-
lure are cyclic fatigue due to repetitive tensile-com-
pressive stress of curved canals, as well as torsional
overload because of instrument binding in the canal
system [5]. Although cyclic fatigue is majorly deter-

Tom 24, Ne 1/ 2026 \ Endodontics


https://orcid.org/0009-0003-8737-4362
https://orcid.org/0009-0002-9566-4856
https://orcid.org/0000-0001-7278-3364
https://orcid.org/0000-0001-8748-7744
https://orcid.org/0000-0003-4598-6910
https://orcid.org/0000-0002-7957-3463
https://doi.org/10.36377/ET-0165

102

mined by the canal geometry and metallurgical quali-
ties, the torsional failure greatly relies on the working
conditions such as the applied torque, rotating velocity
and the operator skill [6]. Modern endodontic motors
use torque regulated systems aimed at reducing stress
and avoiding torsional overloading by predetermined
torque limits, as well as automatic reversal [7].

Outside the issue of instrument separation, another
important issue is iatrogenic dentinal damage during
mechanical preparation. Microcracks characterised as
a fracture that propagates incompletely out of the ca-
nal wall and into the adjacent dentin have been shown
in 14-77% of instrumented roots by micro-computed
tomography (micro-CT) [8; 9]. These micro cracks can
predispose teeth to vertical root fracture especially
over the long term after a massive structural dam-
age [10]. The etiology of dentinal microcracks is also
multipolar, which includes stress concentration during
rotary instrumentation, the excessive taper, the ag-
gressive apical preparation, and cyclic loading during
canal shaping [11].

The recent developments in the field of endodontic
motor technology have also incorporated the concept
of artificial intelligence (Al) with the view to increasing
the safety and efficiency of the procedures [12]. Smart
motors based on Al utilize real-time torque monitoring
algorithms with machine learning functions to examine
patterns of resistance and adapt the operation param-
eters in real time [13]. In contrast to traditional motors,
which have a fixed maximum torque, Al-based systems
also constantly act on the change of torques and adjust
the rotational speed or reverse rotation, based on pre-
dictive algorithms developed using large datasets of in-
strumentation. Such adaptive control systems in theory
maximize stress, reduce over loading, and eliminate sit-
uations that are favorable to separation of instruments
or dentinal injury [14].

A number of manufacturers have launched Al-based
endodontic motors that have adaptive torque con-
trol, predictive maintenance indicators, and real-time
feedback mechanisms. Nonetheless, there are still few
empirical studies that prove their clinical superiority to
traditional torque-controlled motors [15]. The majority
of the existing research analyses the traditional motor
systems or studies file design and metallurgy instead of
motor technology [16]. The particular effect of Al-based
adaptive algorithms on such critical results as the sepa-
ration of instruments and the creation of dentinal micro-
cracks have not been thoroughly studied in controlled
experimental conditions.

The purpose of the ex vivo study is to assess and
compare the impact of Al-based smart endodontic mo-
tors with adaptive torque control to standardized canal
preparation rates; (2) microcrack formation of dentina
measured with micro-CT imaging; and (3) quality pa-
rameters of preparation such as apical transportation,
canal centering ratio, and preparation time. The null hy-
potheses that are being tested are that there are no sig-
nificant differences in the motor type affecting the rate
of file separation, incidence of the dentinal microcracks,
and quality of canal preparation.

dHdodoHmus
————TLT

MATERIALS AND METHODS

Study design and ethical approval

this comparative ex vivo experimental study was con-
ducted at the Department of Conservative Dentistry and
Endodontics, between March 2024 and February 2025.

Sample selection and preparation

Human mandibular first molars extracted for perio-
dontal or orthodontic reasons were collected and stored
in 0.1% thymol solution at 4°C until use (maximum stor-
age: 6 months). Initial screening was performed using
digital radiography to assess root anatomy and canal
morphology.

Inclusion criteria: (1) Mature permanent mandibu-
lar first molars with fully formed apices; (2) mesial roots
with Vertucci Type IV canal configuration confirmed by
radiography; (3) canal curvature between 25-35° mea-
sured using Schneider’s method; (4) absence of root
caries, resorption, or previous endodontic treatment;
(5) absence of calcifications or visible dentinal defects.

Exclusion criteria: (1) Immature teeth with open
apices; (2) canal curvature <25° or >35°; (3) evidence
of internal or external resorption; (4) root cracks or
fractures detected under stereomicroscopy; (5) severe
canal calcification preventing initial patency establish-
ment; (6) roots with aberrant anatomy or extra canals.

Based on these criteria, 120 teeth were initially se-
lected. Pre-instrumentation micro-CT scanning was
performed to confirm canal anatomy and exclude pre-
existing dentinal defects. Following micro-CT analysis,
30 teeth were excluded (pre-existing microcracks = 18,
canal anatomy variants = 8, calcifications = 4), resulting
in 90 teeth for final inclusion.

Sample size calculation

sample size was calculated using G*Power 3.1.9.7
software (Heinrich Heine University, Diisseldorf, Germa-
ny) based on preliminary data showing 35% difference
in microcrack incidence between groups. Assuming ef-
fect size of 0.50, alpha error of 0.05, and power of 0.85,
a minimum of 27 specimens per group was required. To
account for potential procedural failures and technical
issues, 30 specimens per group were allocated, yielding
a total sample of 90 teeth.

Randomization and Group Allocation

Teeth were randomly allocated to three experimen-
tal groups (n =30 per group) using computer-generated
randomization:

Group A (Smart Motor): Al-based smart endo-
dontic motor with adaptive torque control (EndoPilot Al,
Coxo Medical, China) featuring real-time torque moni-
toring, machine learning algorithms, and dynamic pa-
rameter adjustment.

Group B (Conventional Motor): Conventional
torque-controlled motor with preset torque limits
(X-Smart Plus, Dentsply Sirona, Switzerland).

Group C (Auto-Reverse Motor): Conventional mo-
tor with auto-reverse function at torque threshold (VDW
Silver Reciproc, VDW, Germany) operated in continuous
rotation mode.
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Specimen preparation and access cavity

Teeth were decoronated 2 mm above the cemen-
toenamel junction using a diamond disc under water
cooling to standardize root length at 16 mm. Access
cavities were refined using Gates-Glidden drills #2 and
#3 (Dentsply Maillefer, Ballaigues, Switzerland). Ca-
nal patency was established using #10 K-file (Dentsply
Maillefer), and working length was determined by sub-
tracting 1 mm from the length at which the file tip was
visible at the apical foramen.

Pre-instrumentation micro-CT scanning

All specimens underwent pre-instrumentation mi-
cro-CT scanning (SkyScan 1272, Bruker, Belgium) at
80 kV, 125 pA, with 0.5 mm aluminum filter, 10 um voxel
size, and 360° rotation with 0.4° rotation step. Images
were reconstructed using NRecon software (Bruker)
and analyzed using CTAn software (Bruker) to estab-
lish baseline canal morphology and confirm absence of
pre-existing microcracks.

Canal instrumentation protocol

All specimens were mounted in custom-fabricated
standardized holders ensuring reproducible position-
ing. Canal preparation was performed by a single ex-
perienced operator (> 10 years endodontic experience,
>500 cases annually) calibrated on 15 additional teeth
before study commencement.

Instrumentation was performed using ProTaper
Next rotary files (Dentsply Maillefer) in the sequence
X1 (17/.04), X2 (25/.06), and X3 (30/.075) to full work-
ing length. Each motor was programmed according to
manufacturer specifications:

— Group A: Al adaptive mode with real-time torque
optimization;

— Group B: 300 rpm, 2.5 Ncm torque limit;

— Group C: 300 rpm, 2.5 Ncm torque limit with auto-
reverse at 70% threshold.

Canals were irrigated with 2 mL of 2.5% sodium hy-
pochlorite between each file using 30-gauge side-ven-
ted needle (NaviTip, Ultradent, USA). Recapitulation with
#10 K-file was performed between instruments. Glide
path was established using #15 K-file for all specimens.

Preparation time (from X1 insertion to X3 final with-
drawal) was recorded using digital chronometer. Motor
operational parameters (peak torque, torque fluctua-
tions, auto-reverse activations) were logged automati-
cally by each motor system.

Post-instrumentation assessment

File separation

All file separations during preparation were recor-
ded, including instrument type, separation location,
and circumstances. Separated fragment length was
measured using digital calipers.

Micro-CT analysis for dentinal microcracks
Post-instrumentation micro-CT scanning was per-
formed using identical parameters as pre-instrumen-
tation scans. Images were analyzed independently by
two calibrated examiners blinded to group allocation.
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Microcracks were identified as lines extending from the
canal wall into dentinal structures not present in pre-in-
strumentation scans. The presence, number, and loca-
tion of microcracks were recorded for each specimen.

Canal Transportation and Centering Ratio

Pre- and post-instrumentation micro-CT images were
superimposed using DataViewer software (Bruker). Ca-
nal transportation and centering ratio were calculated at
3, 5, and 7 mm from the apex using established formulas:

Canal transportation = (X1-X2) - (Y1-Y2), where
X1 and Y1 represent mesial and distal dentin thickness
pre-instrumentation, and X2 and Y2 represent post-in-
strumentation measurements.

Centering ratio = (X1-X2) /(Y1-Y2) or (Y1-Y2) / (X1-X2),
with the lower value used, where perfect centering = 1.

Statistical analysis

Statistical analysis was performed using SPSS ver-
sion 28.0 (IBM Corporation, Armonk, NY). Inter-exa-
miner reliability for microcrack assessment was evalu-
ated using Cohen’s kappa coefficient. Normality of
continuous variables was assessed using Shapiro-Wilk
test and Q-Q plots.

Categorical variables (file separation, microcrack
presence) were compared using chi-square test or
Fisher’s exact test as appropriate. Continuous variables
(torque values, preparation time, transportation, cen-
tering ratio) were analyzed using one-way ANOVA fol-
lowed by Tukey’s HSD post-hoc test for multiple com-
parisons. Non-parametric alternatives (Kruskal-Wallis
with Dunn’s post-hoc) were applied when normality as-
sumptions were violated.

Statistical significance was set at o = 0.05 (two-
tailed). Data are presented as mean * standard devia-
tion, median (interquartile range), or frequencies and
percentages as appropriate.

RESULTS

File separation and motor performance

all 90 specimens completed the preparation proto-
col or experienced file separation during the procedure.
Inter-examiner reliability for microcrack assessment was
excellent (Cohen’s kappa = 0.92, 95% CI 0.85-0.97).

File separation occurred in 0 cases (0%) in Group A,
3 cases (10.0%) in Group B, and 4 cases (13.3%) in Group
C, with statistically significant differences between
groups (p = 0.038, Fisher’s exact test). All separations
occurred with the X3 file (30/.075) in the apical third. Pair-
wise comparisons revealed significant differences be-
tween Group A and Group C (p = 0.041) but not between
Groups B and C (p = 0.692). Motor performance param-
eters and preparation efficiency are presented in Table 1.

Group A demonstrated significantly lower peak
torque values and reduced torque fluctuation ran-
ges compared to both conventional motor groups
(p <0.001). The Al-based system performed significant-
ly more auto-reverse activations and dynamic speed
adjustments compared to Group B, while Group C
showed the highest number of auto-reverse events due
to its preset threshold mechanism.
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Dentinal microcrack formation

Dentinal microcrack incidence and characteristics
are presented in Table 2. The Al-based smart motor
group demonstrated significantly lower microcrack for-
mation compared to conventional motor groups.

Group A demonstrated significantly fewer speci-
mens with dentinal microcracks (16.7%) compared
to Group B (43.3%, p = 0.028) and Group C (50.0%,
p =0.009). No significant differences were observed
between Groups B and C (p = 0.604). Among speci-

mens that developed microcracks, the number, loca-
tion, orientation, and length did not differ significantly
between groups.

Canal preparation quality

Canal preparation quality parameters assessed by
micro-CT analysis are presented in Table 3. No sig-
nificant differences were observed between groups
for canal transportation or centering ratio at any mea-
sured level.

Table 1. Motor performance parameters and preparation efficiency
Ta6nuua 1. MNokasarenn MOTOPHOM AeATENLHOCTU U 3DPEKTUBHOCTb MNOATOTOBKM

Group A Group B Group C
Parameter (Smart Motor) (Conventional) (Auto-Reverse) | F/x?value | p-value
n=30 n=30 n=30
File separation, n (%) 0(0)® 3 (10.0)% 4(13.3)° - 0.038*
Peak torque (Ncm), mean+SD 2.1+0.42 2.8+0.6° 2.9+0.7° 18.42 <0.001
Torque fluctuation range (Ncm), mean+SD 0.6+0.2° 1.2+0.4° 1.3+0.5° 28.64 <0.001
Auto-reverse activations, mean+SD 4.2+1.8° 2.1+1.2° 8.6+2.4° 86.32 <0.001
Speed adjustments (Al only), mean=SD 12.6+3.4 N/A N/A - -
Total preparation time (s), mean=SD 164+32 15628 178+38 3.82 0.156
Completion rate (%), n (%) 30 (100)2 27 (90.0)® 26 (86.7)° - 0.038*

Note: Different superscript letters indicate statistically significant differences (p < 0.05) in post-hoc pairwise comparisons.

* Fisher’s exact test; all others one-way ANOVA with Tukey HSD.

lMpumevaHne: PasnuyHble HAACTPOYHbIE OYKBbI YKa3blBalOT HA CTATUCTUYECKN 3Ha4YnMBble pasnuuns (p < 0,05) npu nonapHbIx
post-hoc cpaBHeHusix. * Kputepnin @Guwepa; ons octanbHbiX Nokasatenei npumeHsanca ogHodakTopHbli ANOVA ¢ TecToM

Tbtokun (HSD).

Table 2. Dentinal microcrack formation and characteristics
Ta6nuuya 2. PopMrpoBaHNe ASHTUHHBIX MUKPOTPELLVH U NX XapakTepUCcTUKM

Group A Group B Group C
Variable (Smart Motor) | (Conventional) | (Auto-Reverse) | x2/F value | p-value
n=30 n=30 n=30
Specimens with microcracks, n (%) 5(16.7)? 13 (43.3)° 15(50.0)° 10.18 0.006
Total microcracks detected, n 6 24 28 - -
Microcracks per affected specimen, mean+SD 1.2+0.4 1.8£0.6 1.9£0.8 2.86 0.082
Microcrack location, n (%)
Apical third 3(50.0) 14 (58.3) 16 (57.1) - 0.918
Middle third 2(33.3) 8(33.3) 10 (35.7) - 0.982
Coronal third 1(16.7) 2(8.3) 2(7.1) - 0.724
Microcrack orientation, n (%)
Vertical 4(66.7) 16 (66.7) 18 (64.3) - 0.973
Horizontal 1(16.7) 4(16.7) 5(17.9) - 0.994
Oblique 1(16.7) 4(16.7) 5(17.9) - 0.994
Microcrack length (um), mean+SD 486+124 542+168 568+ 186 1.24 0.294
Complete microcracks (reaching outer surface), n (%) 0(0) 2(8.3) 3(10.7) - 0.368

Note: Different superscript letters indicate statistically significant differences (p < 0.05) in post-hoc comparisons.
lNMpumeyvarHmne: Pa3nunyHble HaaCTPO4YHble OYKBbI YKa3blBalOT HA CTAaTUCTUYECKM 3Ha4YnMMble pasnmyus (p < 0,05) B anoctepuop-

HbIX CODaBHEHUAX.

dHdodoHmus
————TLT
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Table 3. Canal preparation quality parameters
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Ta6nuua 3. NapamMeTpbl KayecTBa NOArOTOBKM KOPHEBOrO KaHana

Group A Group B Group C
Parameter (Smart Motor) (Conventional) (Auto-Reverse) F value p-value
n=30 n=27 n=26
Canal transportation (mm), mean+SD
3 mm from apex 0.08+0.04 0.09+0.05 0.10+0.06 1.18 0.312
5 mm from apex 0.12+0.06 0.14+0.07 0.13+0.06 0.82 0.445
7 mm from apex 0.15+0.08 0.16+0.09 0.18+£0.10 0.94 0.395
Overall mean 0.12+£0.06 0.13£0.07 0.14+0.07 1.28 0.284
Centering ratio, mean=SD
3 mm from apex 0.78+0.12 0.76+0.14 0.74+0.13 0.92 0.402
5 mm from apex 0.82+0.10 0.80x0.12 0.79+0.11 0.68 0.510
7 mm from apex 0.85+0.09 0.83+0.11 0.82+0.10 0.88 0.418
Overall mean 0.82+0.10 0.80+0.12 0.78+0.11 0.89 0.412
Apical debris extrusion, mg+SD 0.28+0.12 0.32x0.14 0.34x0.16 1.64 0.201
Dentin removal volume (mm?), mean+SD 1.86+x0.34 1.92+0.38 1.98+0.42 0.96 0.388

Note: All pairwise comparisons non-significant (p > 0.05, Tukey HSD).
lpumedaHye: Bce nonapHble CpaBHEHMS CTAaTUCTMYECKN He3Ha4YuMbl (p > 0,05, Tukey HSD).

Canal transportation values remained below 0.20 mm
at all levels for all groups, indicating acceptable prepa-
ration quality. Centering ratios approached 1.0, dem-
onstrating good canal centering ability across all mo-
tor types. No significant differences were observed in
apical debris extrusion or dentin removal volume be-
tween groups.

DISCUSSION

This ex vivo study indicates that Al-controlled smart
endodontic motors with adaptive-torque control are
considerably reduced than standard torque-controlled
motors on file separation and dentinal microcracks for-
mation and produce the same quality of canal prepa-
ration. The results disapprove the null hypotheses and
strongly support the clinical value of an Al-combined
motor technology to improve the safety of the proce-
dure during endodontic instrumentation.

The fact that the Al-based motor group (0% ver-
sus 10-13% in conventional motor groups) has no
separation of files versus conventional motor groups
has a clinically meaningful safety benefit. Although
the total separation rates in the traditional groups
cannot be compared with those measured in clinical
sources [2; 3], the Al system predictive algorithms and
real-time adaptive control actually avoided the cases
of torsional overload conditions leading to the failure
of the instruments [5; 6]. The much lower peak torque
(2.1 vs. 2.8-2.9 Ncm) and less pronounced changes in
torque in Group A indicate that the constant monitoring
and manual adjustment of the parameters in the group
optimize the distribution of stress and avoid the critical
loading levels [12; 13].

The process that would lead to this protective effect
would be the ability of the Al algorithm to sense small
increments in torque before the catastrophic failure
occurs and respond by slowing rotational speed down
or reversing rotation before the failures occur [14].
In contrast to traditional motors that operate at con-
stant torque that raises after hitting the threshold,
Al-based predictive control prevents the occurrence
of high-stress levels. The much greater incidence of
Group A (4.2) compared to Group B (2.1) of auto-re-
verse activations shows more sensitive detection and
early intervention, as opposed to Group C (8.6) that
kept on activated only after reaching predetermined
thresholds.

The fact that Al-based motors reduced dentinal
microcracks development by a significant margin
(16.7% vs. 43-50) is also another important finding
with a strong clinical impact. Long-term vertical root
fracture Dental root fracture has been linked to den-
tinal microcracks, especially in teeth undergoing en-
dodontics and functional loading [10; 11]. According
to the hypothesis of stress-concentration, aggressive
or uncontrolled instrumentation produces too much
radial force on canal walls, which spreads incomplete
fractures into adjacent dentin [8; 9]. Under the condi-
tions of ensuring optimal torque distribution and re-
ducing the peaks of stress, Al-adaptive control seems
capable of maintaining dentinal strain at levels that are
below critical fracture initiation values.

Interestingly, in those specimens which formed mi-
crocracks, there was no significant difference in the
number, location, orientation, and length of micro-
cracks between groups. This implies that Al control
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mainly minimizes the likelihood of microcracks forming
as opposed to their growth properties once they have
developed. The canal structure, dentin characteristics
and the natural concentration points of stresses could
contribute to crack growth without any control by the
motor once stimulated [11].

The fact that canal preparation quality is preserved
throughout the different types of motors proves the
fact that the increased safety features do not affect the
shaping efficacy [17; 18]. Equal canal transportation
and centering ratios show that Al-adaptive control can
provide the instrument path and dentin removal pat-
terns equal to the conventional systems. The discovery
is essential to the clinical acceptance, since high safety
characteristics will not have significant value when they
are followed by low quality of preparation. The similarity
in the preparation times (156-178 seconds) also sug-
gests that recurring adaptive adjustments do not cause
significant delays in the processes, which can be re-
levant to overcome the concerns about efficiency.

The fact that all groups made similar amounts of
dentin removal prove that Al control has no effect on
cutting efficiency or preparation aggressiveness. In
addition to similar apical debris extrusion, these re-
sults indicate that Al algorithms maximize operation
parameters in secure limits and maintain basic me-
chanical cutting behaviors [1].

The comparison of the traditional motor technolo-
gies that have been done in the past has proved that
the torque-controlled systems are better than the
speed-controlled motors in torsional failure preven-
tion [7]. Our results further extend this evidence by
showing that smart adaptive control is better than
fixed torque limiting. This is in line with the recent re-
search on the application of Al in the dental field where
machine learning-based methods prove to be more
efficient at recognizing patterns and predicting those
likely to emerge than rule-based systems [15].

The clinical implications are great. Although it is
uncommon, instrument separation is a serious proce-
dural complication that leads to more time at the chair,
retrieval procedures that are specialized, and can re-
sult in impaired treatment outcomes [4]. A decrease
in 10-13% to 0% separation rate, as observed in this
study would help to avoid many clinical complications in
vast numbers of patients. On the same note, a 43-50 to
17 percent reduction in the occurrence of microcracks
could potentially reduce the long-term fracture hazard,
especially in massively restored teeth that retain only
a small coronal tooth structure.

Limitations to study: There are a number of limita-
tions to study. Although ex vivo design allows the con-
trolled experimentation and micro-CT analysis, it is not
able to recreate the conditions in clinics completely with
variable dentin properties, patient-specific anatomy,
and operator technique variations. The mandibular mo-
lars used containing a particular range of curvature do
not generalize to other kinds of teeth and morphologi-
cal variation. Single-operator instrumentation removed
inter-operator variability but does not necessarily indi-
cate the variable level of clinical skills. It was assessed

dHdodoHmus
————TLT

over a relatively short period of time that did not allow
any evaluation of long-term microcrack development or
possible fracture. A single file system (ProTaper Next)
was tested; alternate file designs, tapers or metallurgi-
cal properties may exhibit an alternate response to mo-
tor control variations. The Al motor system employed
proprietary algorithms, the particular training data and
decision parameters of which were not available to the
manufacturer to aid mechanistic knowledge. Lastly, mi-
cro-CT analysis is sensitive in topic of microcracks but
can detect defects that are of clinical insignificance and
need to be proved by biomechanical analysis and longi-
tudinal, clinical investigations.

CONCLUSION

This comparative study which is based on ex vivo
provides conclusive evidence that Al-based smart
endodontic motors with adaptive torque control offer
great benefits over standard torque-controlled motors
in the prevention of file separation and dentinal mi-
crocrack formation during root canal instrumentation.
This Al-integrated system completely eliminated file
separation, cut the presence of microcracks by about
60 percent, on average, as compared to the traditional
motors, and real-time torque monitoring, predictive
algorithms, and optimization of dynamic parameters.
Noteworthily, the effectiveness of these safety im-
provements has been achieved without negating the
quality of canal preparation since the canal transpor-
tation, centring ratios, and dentin removal patterns
are all similar across all types of motors. The similar
preparation times show that increased safety does not
require increase of the procedure. The much smaller
peak torque measures and lower torque variation in
the Al group indicates that there is constant optimiza-
tion of the stress distribution by continuous adaptive
control and avoidance of the critical loads leading to
instrument failure or dentinal injury. The results of the
research are effective evidence of the clinical imple-
mentation of the Al-based endodontic motor techno-
logy as a significant improvement in the safety of the
procedure. The high decrease in the separation of the
instruments and the problem of microcracks formation
is the solution to two essential issues in modern en-
dodontic practice immediate complications during the
procedures and structural integrity of the treated teeth
in the long-term. Al-based smart motors can be con-
sidered as an important investment that can be made
by clinicians to improve treatment safety, complication
rates, and even long-term prognosis of teeth that have
received endodontic treatment. Further studies are re-
quired on Al motor performance in different anatomical
structures, in different file systems, in groups of clinical
operators, and in long-term clinical effects to further
confirm these laboratory results and set evidence-
based rules on the use of technology. Also, longitudi-
nal and cost-efficiency analyses of vertical root frac-
ture prevalence in teeth that underwent various motor
technologies would offer meaningful information about
the clinical and economic worth of Al-based integrated
endodontic systems.
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