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Fig 1. A, Three-dimensional finite element model for upper teeth, periodontal ligaments and alveolar bones; B, ex-
perimental groups are divided into three groups depending on the position of retraction: position of retraction arm
in the first group is placed at the bracket of the 2nd molar, at the furcation of the 2nd molar in the second group
and at the root apex of the 2nd molar in the third group; C, the coordinate system is composed of X-axis, Y-axis
and Z-axis. The origin of coordinate axes is the middle point of the incisal surface which connects with the upper
right and left incisors. X-axis is the bucco-palatal direction (lingual (+), buccal (—)); Y-axis is the antero-posterior di-
rection (anterior (+), posterior (—)); Z-axis is the superior-inferior direction (superior (+), inferior direction (—)). CEJ,
Cemento enamel junction.
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Table 1. Material properties

Young’'s modulus Poisson’s

(g/mm?) ratio
Periodontal ligament 50E + 00 0.49
Alveolar bone 20E + 05 0.30
Teeth 20E + 06 0.30
Stainless steel 20E + 07 0.30
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Fig 2. Contour plot of frontal displacement at each condition. A, Length of lever arm is 0 mm and position of retraction
hook is at the bracket of the 2nd molar; B, length of lever arm is 20 mm and position of retraction hook is at the
bracket of the 2nd molar; C, length of lever arm is 0 mm and position of retraction hook is at the furcation of the
2nd molar; D, length of lever arm is 20 mm and position of retraction hook is at the furcation of the 2nd molar; E,
length of lever arm is 0 mm and position of retraction hook is at the root apex of the 2nd molar; F, length of lever
arm is 20 mm and position of retraction hook is at the root apex of the 2nd molar.
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Table 2. Amount of frontal displacement along the Y-axis for each group

Length of lever arm

Landmarks
0 mm 5 mm 10 mm 15 mm 20 mm
Group 1 CI Cusp tip -0.1490 -0.1340 -0.1130 -0.0857 -0.0579
Apex 0.0367 0.0243 0.0085 -0.0095 -0.0265
LI Cusp tip -0.1300 -0.1010 -0.0647 -0.0243 0.0146
Apex 0.0472 0.0374 0.0222 0.0030 -0.0154
C Cusp tip -0.1260 -0.0719 -0.0171 0.0332 0.0798
Apex 0.0424 0.0201 0.0001 -0.0161 -0.0309
2nd PM  Cusp tip 0.0450 0.0372 0.0263 0.0163 0.0079
Apex -0.0159 -0.0139 -0.0113 -0.0083 -0.0067
Ist M Cusp tip 0.0405 0.0310 0.0197 0.0089 -0.0002
Apex -0.0025 -0.0056 -0.0081 -0.0103 -0.0095
2nd M Cusp tip 0.0050 0.0003 -0.0049 -0.0106 -0.0205
Apex -0.0130 -0.0134 -0.0133 -0.0132 -0.0141
Group 2 CI Cusp tip -0.1400 -0.1350 -0.1230 -0.1040 -0.0821
Apex 0.0319 0.0223 0.0096 -0.0068 -0.0233
LI Cusp tip -0.1230 -0.1020 -0.0749 -0.0405 -0.0042
Apex 0.0443 0.0391 0.0298 0.0144 -0.0017
C Cusp tip -0.1190 -0.0734 -0.0252 0.0211 0.0679
Apex 0.0363 0.0181 0.0005 -0.0133 -0.0271
2nd PM  Cusp tip 0.0394 0.0245 0.0160 0.0079 0.0009
Apex -0.0157 -0.0118 -0.0099 -0.0086 -0.0074
Ist M Cusp tip 0.0258 0.0224 0.0137 0.0024 -0.0102
Apex -0.0014 -0.0033 -0.0049 -0.0067 -0.0080
2nd M Cusp tip -0.0379 -0.0382 -0.0400 -0.0432 -0.0463
Apex 0.0078 0.0069 0.0062 0.0055 0.0048
Group 3 CI Cusp tip -0.1270 -0.1270 -0.1240 -0.1120 -0.0965
Apex 0.0269 0.0197 0.0102 -0.0045 -0.0206
LI Cusp tip -0.1140 -0.1000 -0.0811 -0.0528 -0.0199
Apex 0.0401 0.0378 0.0334 0.0214 0.0073
C Cusp tip -0.1110 -0.0751 -0.0331 0.0088 0.0548
Apex 0.0314 0.0170 0.0007 -0.0117 -0.0249
2nd PM  Cusp tip 0.0551 0.0410 0.0280 0.0167 0.0082
Apex -0.0219 -0.0184 -0.0152 -0.0130 -0.0116
Ist M Cusp tip 0.0296 0.0281 0.0247 0.0114 -0.0065
Apex -0.0042 -0.0059 -0.0076 -0.0071 -0.0060
2nd M Cusp tip -0.1220 -0.1250 -0.1260 -0.1230 -0.1170
Apex 0.0340 0.0339 0.0330 0.0309 0.0273

Group 1, Retraction arm was positioned at the level of the 2nd molar bracket; Group 2, retraction arm was positioned
at the furcation level of 2nd molar; Group 3, retraction arm was positioned at the root apex of 2nd molar; CI, central
incisors; LI, lateral incisors; C, canine; PM, premolars; M, molars.
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Fig 3. Contour plot of vertical displacement at each condition. A, Length of lever arm is 0 mm and position of re-
traction hook is at the bracket of the 2nd molar; B, length of lever arm is 20 mm and position of retraction hook
is at the bracket of the 2nd molar; C, length of lever arm is 0 mm and position of retraction hook is at the furcation
of the 2nd molar; D, length of lever arm is 20 mm and position of retraction hook is at the furcation of the 2nd molar;
E, length of lever arm is 0 mm and position of retraction hook is at the root apex of the 2nd molar; F, length of
lever arm is 20 mm and position of retraction hook is at the root apex of the 2nd molar.
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Table 3. Amount of vertical displacement along Z-axis for each group

Length of lever arm

Landmarks
0 mm 5 mm 10 mm 15 mm 20 mm
Group 1 CI Cusp tip -0.0880 -0.0713 -0.0488 -0.0219 0.0043
Apex 0.0549 0.0530 0.0491 0.0435 0.0373
LI Cusp tip -0.0822 -0.0678 -0.0477 -0.0232 0.0007
Apex 0.0319 0.0271 0.0202 0.0118 0.0036
C Cusp tip -0.0497 -0.0273 -0.0062 0.0119 0.02838
Apex 0.0358 0.0133 -0.0104 -0.0335 -0.0544
2nd PM  Cusp tip 0.0331 0.0313 0.0297 0.0264 0.0248
Apex 0.0173 0.0136 0.0104 0.0065 0.0040
Ist M Cusp tip 0.0177 0.0168 0.0144 0.0119 0.0077
Apex 0.0106 0.0114 0.0106 0.0097 0.0070
2nd M Cusp tip -0.019 -0.0200 0.0203 -0.0201 -0.0200
Apex -0.0247 -0.0256 -0.0263 -0.0262 -0.0246
Group 2 CI Cusp tip -0.0777 -0.0661 -0.0494 -0.0263 -0.0021
Apex 0.0550 0.0569 0.0575 0.0562 0.0531
LI Cusp tip -0.0716 -0.0635 -0.0506 -0.0316 -0.0111
Apex 0.0356 0.0335 0.0298 0.0238 0.0169
C Cusp tip -0.0410 -0.0242 -0.0073 0.0071 0.0218
Apex 0.0380 0.0177 -0.0048 -0.0282 -0.0511
2nd PM  Cusp tip 0.0211 0.0212 0.0218 0.0239 0.0264
Apex 0.0053 0.0038 0.0011 -0.0003 -0.0015
Ist M Cusp tip 0.0115 0.0127 0.0122 0.0088 0.0043
Apex 0.0104 0.0123 0.0138 0.0126 0.0103
2nd M Cusp tip -0.0371 -0.0363 -0.0354 -0.0336 -0.0310
Apex -0.0217 -0.0222 -0.0223 -0.0211 -0.0193
Group 3 CI Cusp tip -0.0659 -0.0582 -0.0472 -0.0280 -0.0056
Apex 0.0526 0.0566 0.0602 0.0622 0.0626
LI Cusp tip -0.0609 -0.0566 -0.0497 -0.0352 -0.0179
Apex 0.0374 0.0372 0.0360 0.0321 0.0269
C Cusp tip -0.0334 -0.0207 -0.0062 0.0057 0.0187
Apex 0.0396 0.0228 0.0027 -0.0198 -0.0441
2nd PM  Cusp tip 0.0219 0.0232 0.0234 0.0267 0.0296
Apex -0.0016 -0.0022 -0.0042 -0.0050 -0.0066
Ist M Cusp tip 0.0105 0.0119 0.0134 0.0099 0.0050
Apex 0.0117 0.0136 0.0161 0.0157 0.0148
2nd M Cusp tip -0.0713 -0.0722 -0.0717 -0.0689 -0.0635
Apex -0.0235 -0.0243 -0.0245 -0.0244 -0.0234

Group 1, Retraction arm was positioned at the level of the 2nd molar bracket; Group 2, retraction arm was positioned
at the furcation level of 2nd molar; Group 3, retraction arm was positioned at the root apex of 2nd molar; CI, central
incisors; LI, lateral incisors; C, canine; PM, premolars; M, molars.
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Fig 4. Contour plot of lateral displacement at each condition. A, Length of lever arm is 0 mm and position of retraction
hook is at the bracket of the 2nd molar; B, length of lever arm is 20 mm and position of retraction hook is at the
bracket of the 2nd molar; C, length of lever arm is 0 mm and position of retraction hook is at the furcation of the
2nd molar; D, length of lever arm is 20 mm and position of retraction hook is at the furcation of the 2nd molar; E,
length of lever arm is 0 mm and position of retraction hook is at the root apex of the 2nd molar; F, length of lever
arm is 20 mm and position of retraction hook is at the root apex of the 2nd molar.

331



d&3, 0|7|1F, xbyY, wdE CHAImHX] 412 5%, 20114

Table 4. Amount of lateral displacement along X-axis for each group

Length of lever arm

Landmarks
0 mm 5 mm 10 mm 15 mm 20 mm
Group 1 CI Cusp tip 0.0930 0.1060 0.1170 0.1240 0.1270
Apex -0.0304 -0.0327 -0.0335 -0.0328 -0.0312
LI Cusp tip 0.0690 0.0752 0.0787 0.0791 0.0775
Apex -0.0226 -0.0312 -0.0367 -0.0383 -0.0398
C Cusp tip 0.0318 0.0025 -0.0306 -0.0645 -0.0954
Apex -0.0099 0.0024 0.0143 0.0248 0.0343
2nd PM Cusp tip -0.0096 -0.0247 -0.0402 -0.0518 -0.0606
Apex 0.0054 0.0081 0.0125 0.0157 0.0203
Ist M Cusp tip -0.0163 -0.0191 -0.0197 -0.0193 -0.0177
Apex -0.0035 -0.0037 -0.0047 -0.0059 -0.0074
2nd M Cusp tip -0.0001 0.0099 0.0217 0.0325 0.0378
Apex -0.0032 -0.0073 -0.0117 -0.0157 -0.0184
Group 2 CI Cusp tip 0.0866 0.1070 0.1260 0.1430 0.1550
Apex -0.0272 -0.0319 -0.0359 -0.0383 -0.0396
LI Cusp tip 0.0645 0.0769 0.0880 0.0962 0.1020
Apex -0.0198 -0.0322 -0.0434 -0.0508 -0.0569
C Cusp tip 0.0304 0.0053 -0.0242 -0.0577 -0.0903
Apex -0.0099 -0.0005 0.0094 0.0183 0.0270
2nd PM Cusp tip -0.0138 -0.0328 -0.0513 -0.0686 -0.0850
Apex 0.0067 0.0124 0.0183 0.0260 0.0338
Ist M Cusp tip -0.0305 -0.0337 -0.03838 -0.0421 -0.0442
Apex 0.0052 0.0050 0.0048 0.0032 0.0014
2nd M Cusp tip -0.0298 -0.0223 -0.0132 -0.0040 0.0054
Apex -0.0025 -0.0047 -0.0073 -0.0100 -0.0126
Group 3 CI Cusp tip 0.0763 0.0980 0.1220 0.1450 0.1660
Apex -0.0229 -0.0283 -0.0341 -0.0387 -0.0425
LI Cusp tip 0.0581 0.0722 0.0874 0.1010 0.1130
Apex -0.0162 -0.0290 -0.0429 -0.0536 -0.0638
C Cusp tip 0.0290 0.0085 -0.0165 -0.0484 -0.0824
Apex -0.0097 -0.0024 0.0060 0.0137 0.0220
2nd PM Cusp tip -0.0236 -0.0420 -0.0614 -0.0823 -0.1020
Apex 0.0117 0.0181 0.0238 0.0336 0.0431
Ist M Cusp tip -0.0512 -0.0557 -0.0603 -0.0644 -0.0681
Apex 0.0134 0.0134 0.0137 0.0124 0.0109
2nd M Cusp tip -0.0571 -0.0534 -0.0482 -0.0392 -0.0282
Apex -0.0062 -0.0082 -0.0105 -0.0134 -0.0164

Group 1, Retraction arm was positioned at the level of the 2nd molar bracket; Group 2, retraction arm was positioned
at the furcation level of 2nd molar; Group 3, retraction arm was positioned at the root apex of 2nd molar; CI, central
incisors; LI, lateral incisors; C, canine; PM, premolars; M, molars.
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TPAS] 77/l 5% %—011 U= w (Fig 4F) X} TPA
o] 713t Soll d= W (Fig 4B) T B2 4 A
B A S BT (Fig 4, Table 4).
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“_Length of lever arm: 20 mm
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incisal edge: 18.5 mm
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- 1CEJ
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Fig 5. Comparison of the position of lever arm and CR
of anterior teeth from other studies®: (blue) @ - study
by Jeong et al® showing center of resistance of six an-
terior teeth; (green) © - study by Vanden Bulcke et
a® showing center of resistance of four anterior teeth;
(purple) @ - study by Vanden Builcke et al®' showing
center of resistance of six anterior teeth. CR, Center of
resistance; CEJ, cemento enamel junction.
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Finite element analysis of effectiveness of lever arm in

lingual sliding mechanics

Kyeong-Hee Kim, DDS, MS," Kee-Joon Lee, DDS, MSD, PhD,’ Jung-Yul Cha, DDS, MSD, PhD,
Young-Chel Park, DDS, MSD, PhD*

Objective: The aim of this study was to conduct three-dimensional finite element analysis of individual tooth dis-
placement and stress distribution when a posterior retraction force of 200 g was applied at different positions
of the retraction hook on the transpalatal arch (TPA) of a molar, and over different lengths of the lever arm on
the maxillary anterior teeth in lingual orthodontics. Methods: A three-dimensional finite element model, including
the entire upper dentition, periodontal ligaments, and alveolar bones, was constructed on the basis of a sample
(Nissan Dental Product, Kyoto, Japan) survey of Asian adults. Individual movement of the incisal edge and root
apex was estimated along the x-, y-, and z-coordinates to analyze tooth displacement and von Mises stress
distribution. Results: When the length of the lever arm was 15 mm and 20 mm, the incisal edge and root apex
of the anterior teeth was displaced lingually, with a maximum lingual displacement at the lever arm length of
20 mm. When the posterior retraction hook was on the root apex, the molars showed distal displacement. When
the length of the lever arm was 20 mm, anterior extrusion was reduced and the crown of the canine displaced
toward the buccal side, in which case, the retraction hook was on the edge, rather than at the center, of the
TPA. Conclusions: The results of the analysis showed that when 6 anterior teeth were retracted posteriorly, later-
al displacement of the canine and lingual displacement of the incisal edge and root apex of the anterior teeth
occur without the extrusion of the anterior segment when the length of the lever arm is longer, and the posterior
retraction hook is in the midpalatal area. (Korean J Orthod 2011;41(5):324-336)
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