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Az 2 B

ATl A" HF Ni-Ti 9
BoAFo A AFEE 4F 9 A% Ni-Ti 39S ProFile (#25/.06), ProTaper
Gold F2 (#25/.08), ProTaper Ultimate F2 (#25/.08), HyFlex EDM Onefile
(#25/.08)°] TH(Table 1) (17-20).

2.2. Bending Resistance Test

Ao AFE-% U-Mechanics Analyser (IB Systems, Seoul, Korea)®] 3%
Figure 19} 2}, 3159 6% /52 ANE X, Y, Z 388029 (3

= 2 ddH) B35 SA4S 5 vk AA AFols A Ni-Ti 3
of Aebs nAgd ¢ A= A jawst AZE Utk FR e A A
A% 2 step EE S} lead screwoll 93l +2 Al o] 7bssiH, ®
U2 step REO] ofs AA/MAIA ] 3 5] hestth o7

2

I
e gojud 43 A5E d=vxE AFRE 4 ok GUI (Graphic

rr
a
e

= bending resistance test RES UAT F lom AFEo

o

User Interface)= 3tQ 2] s, ¢ 3 55 24T F+ oy, 54
H 3y Eas AFHA AFEd v ARAE S AEE 1SO
3630-1°] wel 7183l 2™ (21), U-Mechanics Analyser®] 5 2 9] jawel
bending resistance test ©LE S FAetal, ot H | jawol= s Ni-Ti 3
do] A 3 mmE FTHOE 143G E]‘(Flg2 (a)). Bending resistance test
259 33 Z(rotation arm)¥ LS FFAIZ AEOlA, A ARETFOR

45° B A2 rpm)Al 7= EQt Hdo] wolA A LAt EAE SAT)

ol

% TF. ©] % bending resistance test LES YA A7 Y EAE S



g sk th(n=10).

2.3. Torsional Resistance Test

1]

ot

H obd Ad F4 9A FAEE IS0 3630-10 wheh Ao
(21), 2.2.914] 4738k U-Mechanics Analyser (IB Systems)E A}F-83}%]
U-Mechanics Analyser®] 745 9] jawell &= A& Ni-Ti L A& F-9
=2, S5 ZH9 jawolls= HE Ni-Ti Y9 Ad 3 mmE 1A
(Fig.2-(b)). &5 ol AZAE step BEZ 2 rpme L2 AlA Weko=z
S| AAZ . o] wf, Ni-Ti #deo] Hd¥ = =749 3143 B4

%4 34 eHn=10).

A\

4. Cyclic Fatigue Resistance Test

54 V% ol A 4L 93

==
4
o
-,

< 3 mm= A A8 A tH(Fig3-(a)). FEC] F(H=E) ¥ IS AA
15 mm, 7b 21 2Ad FE2(JF FH)2 10 mm, 95 99 o 5
HE S 3 mm, ¥93& 90°o1H 7 &2 2A BE(ET £)S 6 mm=E
A 2k A THFig.3-(b)). 2.2.914 A7) gk U-Mechanics Analyser (IB Systems)
E Abgdlor, o] AFo| = X-Smart Plus motor (Dentsply Maillefer,
Ballaigues, Switzerland)S 1 A3ta, 3l 9] jawol = 7] &% 3=
ISR THFig2-(c). ¢ ¥ Wiole HE Ni-Ti #FL34o] wpza

g QR E e FaAT7] A 2dAde =EsAT22). dE



Ni-Ti #dE ¥ <3 WHEE 18 mm 43+

=
© % X-Smart Plus motorE ©|-g&3te] I HAAAC. A=

Ni-Ti #do] 3
du = &A1 AMS SAE 2 A e s dsEE Atsta e
W, std g 9 7] dolg FAsA e sAde, 3d 7]

2.5. Scanning Electron Microscope Analysis
HdE A Ni-Ti ddE59 dHy SUs FAEAAR A (Apreo S,
Thermo Fisher Scientific, USA)S. = 35ttt L3 AL&el#] &2 HE
Ni-Ti #dS tides Ad 3 mmelAe =S SAs AT 273
3 mm¢ o}a¥ &EXZof| LuxaCore Z (DMG, Hamburg, Germany)E i<
A& wiEAIZT. wjEA7E dstE o]F dismond disc (superflex
fine, width 0.25 mm, EDENTA AG, AU, Switzerland)Z A 3 mmE A
AstArt 3Y A7 dwlS FARKAAER A o #EFlon ) ¢l

& 5 A4 AEgel BE T N 4R EASEE, 7 Gwg v

’

To 2 Y3}l back-scattered modeZ &35}

2.6. 6-axis Force/Torque Measurement during Cyclic

Dynamic Movement
¥ WolA AE Ni-Ti o] Asl/3d & A TAsk= 65 3
T390 45 98] 2.2.914 A 708 U-Mechanics Analyser (IB Systems)Z
AREStSATh 24004 2ANE s/dES T T oY /le S

BE(Fig3) T HUE 65 WEDL AN AR, 2 4FE () 2F



314 31 A HH(Fig.

A TH22).

-Smart Plus motorE ©]-&

LELR

5

<

motor (Dentsply Maillefer)E
£ ONITI Hstel vhad, am A

10). U-Mechanics
AA59

A% Ni-Ti 3d&

o 347 o

’

&S A&A37] 98] cyclic dynamic movementE A

A= Ni-Ti 3

19] A5 step &

2 g} sbe] Hds Ni-Ti U™ 5 cycles® Mg om, +24 5 &
= m/sec® SFATH o] WA T X, Y, Z 3WFoR I} E

25 + 0.5°Col A

2.7. AEA
4% 2] kel Aol &
11.0 (SPSS Inc, Chicago, IL, USA)E ©]

A% Ni-Ti %Y H] L5} 7]
2

hoc test (Tukey’s honestly signifcant difference, HSD)E

A= 95%9 FelaEelM A

o] F-ol A .

#13l SPSS for Windows
3} One-way ANOVA<®} post

AT wE



3. 2%

3.1. Bending Resistance Test

7 s Ni-Ti el w3 Add SAH A B2 vs. A2 gz
Figure 4-(a)¢} 2t} 3 A 7zke] wW3H(0°—45°) 0 wE Ao Eaga, 99
282 37 A(45°—0°) EAgke] Aol o] H(hysteresis)s o7 gt 7t
gde] HAd EAgkyt Hd o]EgkS Table 29k 2Tk ProTaper Gold7}
Bl Ni-Ti dEY Ho EAgd FHo o] g gko] Zth(p<0.05). HyFlex
EDMo] Ht| E=gko] 7}4 Zgkal, ProFileo] Hul o]#@zko]l 7+4 zkgk
U(p<0.05). HW E=gt v Hd ol H &2 AAKel Y&,
hysteresis ratio)d}" HyFlex EDM©¢| 7} %131, ProTaper Gold, ProTaper

i

=

o
Sh

Ultimate, ProFile =& = Zolth. Zho] Zh(residual angle)> o] U9
2 39 A45°—0°) EAgke] 0°] H+= ZARE ou|3th(Figure 4-(a),
Table 2). zte]Zb2 HyFlex EDMe©] 7} %13, ProTaper Gold, ProTaper

Ultimate, ProFile =9 & Zfo}x] ©m ProFile®] 7ho]zhe Qo] 9L th(p<0.05).

3.2. Torsional Resistance Test

7 A% Ni-Ti e HEd 34 Agd SAH Al B3 vs. $|xl7te] 1
3= Figure 4-(b)ot 2tk 7} 9td o] FHof E=FS Table 29} 2t

ProTaper Gold”} B} Ni-Ti 3t Rt} FHul EAFto] 7Hg o™, ProFile

o] 7} ZAthp<0.05). RIEH yHE7tA 9] 3 72 HyFlex EDMo] 7}

7131, ProTaper Gold7} 7Hg 2k Th(p<0.05).

3.3. Cyclic Fatigue Resistance Test



b A% NiTi he] 4 w2 4 494 =4 A NCF (Number of
Cycles to Failure, 34 71X 9] 3| d )9} atdw x7zte] Zo]= Table 29}
2o A3 E dF +He 4§, HyFlex EDMo] 7} Z12™  ProTaper

Gold, ProTaper Ultimate, ProFile =22 NCF7} Z}o}A th(p<0.05). F& %

%

gt z7be] Zo]= ProFileo] 7% A%l o™ ProTaper Ultimate”7} 717

g

Z A THp<0.05). =& ¥ +#He] A9, HyFlex EDM©] 7} NCF7}
2129 (p<0.05), E} Ni-Ti FLET = FAH R Foudt o7} oz

A gkt FH R ud x27be] Zdo]= ProTaper Gold7} 7FHg Ao

-

™ ProFile?} HyFlex EDM©°] 7} # Fth(p<0.05).

3.4. Scanning Electron Microscope Analysis

|=4
T =
deformation §lo] ATH IS ST = gJoH

- 10 - "':l*_-i _u:_':._ .I.-i



3.5. 6-axis Force/Torque Measurement during Cyclic

Dynamic Movement

Zyzve] 6% ¥(Fx, Fy, Fz)¥ EA(Tx, Ty, Tz)o] W3S FASHA T AlA

/)
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Table 1. Rotary Ni-Ti files used in this study

. Size/ . . . Speed
File name Cross section design Description Manufacturer
Taper (rpm)
Triple U shape groove Super-Elastic wire )
. . . . Dentsply Sirona
ProFile #25/.06  Triple radial land Fixed tapers (0.04, 0.06) ) 300
. . . (Johnson City, TN, USA)
Negative rake angle Micromilling
Gold wire
. (ground prior to
D1-3: convex triangular shape . .
ProTaper Gold F2 #25/.08 . post-machining heat treatment) Dentsply Sirona 300
Positive rake angle . .
Variable and progressive tapers
Micromilling
Gold wire
(ground prior to
. D1-3: parallelogram shape . .
ProTaper Ultimate F2  #25/.08 . post-machining heat treatment) Dentsply Sirona 400
Positive rake angle . .
Variable and progressive tapers
Alternating offset machining
Controlled Memory wire
Apex: rectangular shape .
i ) (post-machining heat treatment) .
Middle: trapezoidal shape . Coltene-Whaledent
HyFlex EDM Onefile  #25/.08 Variable tapers 500

Coronal: another trapezoidal shape

Positive rake angle

Double fluted Hedstrom design
Electro-discharge machining

(Altstétten, Switzerland)
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Table 2. Bending, torsional and cyclic fatigue resistance of Ni-Ti files (n=10)

Bending resistance

Torsional resistance

Cyclic fatigue resistance

Low curvature
artificial root canal

High curvature

artificial root canal

File name Size/ Maximum Maximum Hysteresis Residual Maximum  Rotation
Taper torque hysteresis ratio angle torque angle NCF Fragment NCF Fragment
(N.cm) (N.cm) (%) (©) (N.cm) ©) length length
() ()
(mm) (mm)
. 0.36 0.10 0 0.78 532.0 417 6.9 197 5.7
ProFile #25/.06 . 26.9 . . . .
(0.03)°  (0.01) (0.01) (0.09°  (72.5) (27) (0.3)° (24) (0.3)°
0.46 0.22 11.5 1.68 297.7 810 6.4 216 6.5
ProTaper Gold F2 #25/.08 48.5 b Y Y Y
0.02  (0.02)° (0.10) 0.12y*  (22.0y (68) 0.2) 1) 0.4y
. 0.43 0.19 10.8 1.38 476.6 615 4.6 212 6.2
ProTaper Ultimate F2 #25/.08 b b 43.4 . b b . . b b
(0.04) (0.02) (0.15) (0.12) (68.7) (68) (1.2) (28) 0.2)
0.21 0.14 29.3 1.42 608.4 1628 6.6 302 5.7
HyFlex EDM Onefile #25/.08 d 66.8 b b
(0.03) (0.02) (0.18)° (0.15) (83.9)° (206 (0.9) (32" (0.3

Different superscript letters in column indicate significant differences among files (p<0.05).

_28_



Table 3. 6-axis forces and torques of Ni-Ti files at the low curvature artificial root canal during cyclic dynamic

movement (n=10)

Low curvature artificial root canal

File name

Fx (N) Fy (N) Fz (N) Tx (N.cm) Ty (N.cm) Tz (N.cm)
ProFile 0.61 (0.18)° 0.64 (0.23)* 3.56 (0.19)° 1.39 (0.38)" -2.43 (0.72)° 0.34 (0.05)°
ProTaper Gold F2 1.34 (0.45)* 0.32 (0.34)° 3.81 (0.18)" 0.78 (0.68)° -4.09 (1.14) 0.76 (0.08)"
ProTaper Ultimate F2 0.79 (0.30) 0.19 (0.08)° 2.40 (0.12)° 0.70 (0.25)° -3.09 (1.04)° 0.28 (0.05)*
HyFlex EDM Onefile 0.89 (0.09)° 0.13 (0.02)° 1.87 (0.16) 0.62 (0.14)° -2.52 (0.26)" 0.46 (0.06)°

Different superscript letters in column indicate significant differences among files (p<0.05).
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Table 4. 6-axis forces and torques of Ni-Ti files at the high curvature artificial root canal during cyclic dynamic

movement (n=10)

High curvature artificial root canal

File name
Fx (N) Fy (N) Fz (N) Tx (N.cm) Ty (N.cm) Tz (N.cm)
ProFile 1.25 (0.11) 0.24 (0.05)° 4.08 (0.26)° 0.69 (0.25)" -3.38 (0.41)° 0.44 (0.05)
ProTaper Gold F2 072 ~ -0.28 0.83 (0.21)" 5.95 (0.43)° 1.84 (0.38)" 200 ~ 116 0.77 (0.08)"
otaper o (0.06)° (0.15)" 083 (021) o S (0.14)° (0.43)° R

. 048 ~ -0.35 . 173 ~ 1.60
ProTaper Ultimate F2 0.33 (0.24)" 4.08 (0.36) 1.31 (0.79)" . 0.46 (0.05)°

(0.23)°  (0.46)" (0.72)° (1.88)°
040 ~ -0.11 . -0.99 ~ 0.80 .
HyFlex EDM Onefile 0.15 (0.11)° 320 (0.26)° 043 (0.22) 0.57 (0.08)

0.08)! (0.11)° (0.13)° (0.29)°

Different superscript letters in column indicate significant differences among files (p<0.05).
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Step motor (Axial movement)

Lead screw

Step motor (Rotation movement)

Artificial root canal

Chuck

Jaw

AN

—

6-axis Force/Torque sensor

XY-table

Controller

Figure 1. U-Mechanics Analyser with schematic diagram.
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=+ Ni-Ti file

Artificial
root canal
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Figure 2. Apparatuses for (a) the bending resistance test, (b) the torsional
resistance test, (c) the cyclic fatigue resistance test, (d) the cyclic

dynamic movement test.
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(2) (b)

Figure 3. Artificial root canal with (a) low curvature (radius = 6 mm), and

(b) high curvature (radius = 3 mm) (unit: mm).
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Figure 4. Representative graphs of (a) bending resistance torque vs. rotation

angle, (b) torsional resistance torque vs. rotation angle of files.
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(a) (b)

(c) (d)

Figure 5. SEM micrographs of cross sections of each original Ni-Ti file
(x500). (a) ProFile, (b) ProTaper Gold, (c) ProTaper Ultimate, (d)
HyFlex EDM.

S Pk




Figure 6. SEM micrographs of separated surfaces of each Ni-Ti file after

torsional resistance test (x500). (a) ProFile, (b) ProTaper Gold, (c)

ProTaper Ultimate, (d) HyFlex EDM.
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(2) (b)

Figure 7. SEM micrographs of separated surfaces of each Ni-Ti file after

cyclic fatigue resistance test with the low curvature artificial root
canal (x500). (a) ProFile, (b) ProTaper Gold, (c¢) ProTaper
Ultimate, (d) HyFlex EDM.
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Figure 8. SEM micrographs of separated surfaces of each Ni-Ti file after
cyclic fatigue resistance test with the high curvature artificial root
canal (x500). (a) ProFile, (b) ProTaper Gold, (c¢) ProTaper
Ultimate, (d) HyFlex EDM.
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Figure 9.

SEM micrographs of original files (top), and separated instruments
after torsional (middle) or cyclic fatigue resistance test (bottom)
(x50). (a) ProFile, (b) ProTaper Gold, (c¢) ProTaper Ultimate, (d)

HyFlex EDM.
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Figure 10. Reference point and coordinates in the 6-axis force/torque sensor.

7 b
- 40 -



Fx (N)
NoOWwoR D~

-

0 4@

4 0 2 4 6 8 10 12 14 16 18
Vertical position (mm) —ProFile
——ProTaper Gold
(a) ——ProTaper Ultimate
——HyFlex EDM
7
6
5
e v
=
= 3
=
o
1
0 S
o] 2 4 6 8 10 12 14 16 18

Vertical position (mm)

(b)
7
6
5
U -
=
= 3
N
. 2
1
0
40 2 4 6 8 10 12 14 16 18
Vertical position (mm)
(c)

Figure 11. 3-axis forces vs. vertical position of Ni-Ti files during cyclic
dynamic movement at the low curvature artificial root canal. (a)

Fx, (b) Fy, (c) Fz
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Figure 13. 3-axis forces vs. vertical position of Ni-Ti files during cyclic
dynamic movement at the high curvature artificial root canal. (a)

Fx, (b) Fy, (c) Fz
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Figure 14. 3-axis torques vs. vertical position of Ni-Ti files during cyclic
dynamic movement at the high curvature artificial root canal. (a)
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Figure 15. Regression analysis of hysteresis ratio vs. residual angle.
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Figure 17. Regression analysis of NCF wvs.

residual angle (a) at low

curvature artificial root canal, and (b) at high curvature artificial

root canal.
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Figure 18. Analysis of Fx, Fz, and Ty generated by the Ni-Ti files in the low curvature artificial root canal during
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Figure 19. Analysis of Fx, Fz, and Ty generated by the Ni-Ti files in the high curvature artificial root canal during

cyclic dynamic movement. (a) ProFile, and (b) ProTaper Gold, ProTaper Ultimate, HyFlex EDM.
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(2) (b)

(© (d)

Figure 20. Position and contact points of each Ni-Ti file in the low
curvature artificial root canal. (a) ProFile, (b) ProTaper Gold,

(c) ProTaper Ultimate, (d) HyFlex EDM.
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Figure 21. Position and contact points of each Ni-Ti file in the high
curvature artificial root canal. (a) ProFile, (b) ProTaper Gold,

(c) ProTaper Ultimate, (d) HyFlex EDM.
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Figure 22. Fx and Fz of the Ni-Ti files at the low/high curvature artificial

root canals during cyclic dynamic movement. (a) Fx, (b) Fz.
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Abstract

6-axis Force and Torque Measurement
during
Root Canal Preparation with Rotary

Ni-Ti Endodontic Files

Hyungwoo Lee, D.D.S.

Program in Conservative Dentistry

Department of Dental Science

The Graduate School, Seoul National University

(Directed by Prof. In-Bog Lee, D.D.S., M.S.D., Ph.D.)

Objective. The purpose of this study was to compare the bending resistance,
torsional fracture resistance, and cyclic fatigue resistance of four rotary Ni-Ti
files and to analyze the 6-axis forces and torques generated during cyclic

dynamic movement in the curved artificial root canals.

Methods. The four rotary Ni-Ti files used in this study were ProFile
(Dentsply Sirona, Johnson City, TN, USA, #25/.06), ProTaper Gold F2
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(Dentsply Sirona, #25/.08), ProTaper Ultimate F2 (Dentsply Sirona, #25/.08),
and HyFlex EDM Onefile (Coltéene-Whaledent, Altstitten, Switzerland,
#25/.08). An U-Mechanics Analyzer (IB Systems, Seoul, Korea) was used to
measure the 6-axis forces and torques. The bending resistance and torsional
fracture resistance of files were measured according to ISO 3630-1 (n=10).
Two artificial root canals with different curvatures were used to measure the
cyclic fatigue resistance and 6-axis force/torque of the files during cyclic
dynamic movement (n=10). The fractured files were observed with a

scanning electron microscope.

Results. The bending resistance of files decreased in the order of ProTaper
Gold, ProTaper Ultimate, ProFile, and HyFlex EDM. The torque difference
between bending and returning to the original position is hysteresis. The
maximum hysteresis to the maximum torque, hysteresis ratio, decreased in
the order of HyFlex EDM, ProTaper Gold, ProTaper Ultimate, and ProFile.
The angle at which torque is zero during returning to the original position
is residual angle. The residual angle also decreased in the order of HyFlex
EDM, ProTaper Gold, ProTaper Ultimate, and ProFile. The torsional
resistance of ProTaper Gold was the highest, but the rotation angle to
fracture was the lowest. HyFlex EDM had the highest rotation angle to
fracture and showed the most torsional deformation in SEM image. For
cyclic fatigue resistance, HyFlex EDM showed the greatest numbers of
cycles to failure (NCF) in both canals. The regression analysis of the
hysteresis ratio and residual angle with NCF showed high correlations. Ni-Ti
files showed different 6-axis forces/torques and changing patterns during

cyclic dynamic movement in the artificial root canal.

Conclusion. Several different rotary Ni-Ti files with similar size and taper

showed different bending resistance, torsional fracture resistance, and cyclic

ey 2] r



fatigue fracture resistance. The 6-axis force/torque measurement during cyclic
dynamic movement in curved artificial root canals could estimate the
3-dimensional positions and contact points of the files in the root canals.

This allows us to infer the morphology of the shaped root canal.
keywords : rotary Ni-Ti file, Bending resistance, Torsional resistance, Cyclic

fatigue resistance, Hysteresis ratio, 6-axis force and torque
Student Number : 2020-33766
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