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Abstract
Three-dimensional finite element analysis of maxillary molar

mesial movement by clear aligners

Objective:

The three-dimensional finite element model of maxillary molar mesial movement
by clear aligners was established. In this study, clear aligners were designed with
different distal tilt angles or long-arm traction hooks to pull with varying values of
force during a conventional stride of 0.25mm in molar mesial movement, and their
effects on the stress distribution and displacement trend of target molars were
analyzed. The results of this paper can provide a valuable reference for orthodontists

to apply clear aligners in the clinical application of molar mesial movement.
Method:

Select an adult volunteer with an individual normal bite, in good health, no
genetic or systemic diseases history, and no obvious abnormalities in dental
examination and periodontal condition. The volunteer took CBCT scans, applied
Mimics 20.0 for raw data extraction, and then used Geomagic Studio 2015 and
Unigraphics NX1911 to build a 3D model of maxillary dentition, maxilla, periodontal
membrane, and orthodontic device. Virtually remove 16 tooth bodies and periodontal
membrane structures, and fill the gaps with maxillary tissue structures to form a
three-dimensional model of using clear aligners to move molars over long distances.
Ansys Workbench 2019 was used for 3D finite element model analysis, simulated
clinical realities of applied loads, and calculated the deformation of the structure
under load through mechanical analysis to obtain the stress distribution of the tissue
structure and the initial displacement trend of the teeth. The step distance of this
experiment was designed to be 0.25mm, and seven configurations were designed.
Configuration A: The second molar was upright in the alveolar bone, the buccal side
was designed with an attachment, and the length of the clear aligner was shortened by
0.25mm; Configuration B: Based on configuration A, the initial position of the second
molar was changed to a distal inclination of 2< Configuration C: Based on
configuration A, the initial position of the second molar was changed to a distal

inclination of 5< Configuration C: Based on configuration A, the initial position of



the second molar was changed to a distal inclination of 8< Configuration E: The
second molar was upright in the alveolar bone, the lingual side was designed with an
attachment, and the length of the clear aligner was shortened by 0.25mm. A long-arm
traction hook was designed on the buccal surface of the teeth, and the end of the metal
arm was pulled by a force of 150g downward; Configuration F: Based on
configuration E, the force value was set to 250g; Configuration G: Based on
configuration E, the force value was set to 300g. The root, periodontal membrane
stress distribution, and initial displacement trend of the target molar under different
configurations were observed and compared.

Result:

A three-dimensional finite element analysis model of the maxillary first molar
missing and using clear aligners to complete the maxillary second molar mesial
movement was successfully established, including maxillary dentition, maxilla,
periodontal membrane, invisible appliance, attachment, and long-arm traction hook.

Among the seven configurations, the maximum equivalent stress of the root and
periodontal membrane appeared in the second molar, which was concentrated in the
mesial side 1/3 of the distal buccal root and the neck position of the distal buccal side
of the teeth.

In the sagittal direction, the second molar showed a mesial inclination movement
trend in all configurations, and the second premolar showed a tendency of
displacement of distal inclination. The distal inclination resistance had no obvious
effect on the molar displacement trend, but the horizontal bonding traction hook
design could effectively reduce the mesial inclination displacement trend of the molar,
and the effect was positively correlated with the traction value.

In the horizontal direction, distal tilt resistance had no effect on the tooth
movement tendency, there was only a slight shift of horizontal direction to the initial
displacement of the teeth. The horizontal bonding traction hook design increases the
trend of palate tilt of the second molar and the second premolar to the initial
displacement, and the trend becomes more pronounced with the increase of the force.

In the vertical direction, the teeth with distal tilt show a clear tendency to elongate,
which is explained by the mesial erection of the second molar. The horizontal bonding
traction hook of the second molar's buccal surface elongates the tooth's buccal side,

and the tooth has a tendency with reduced torque. The rest of the teeth in the quadrant

v



also show the same type of displacement, with the palate tip depressed and the buccal
tip elongated.

Conclusion:

1. During the use of clear aligners to complete the mesial movement of a
maxillary molar, the maximum principal stress of the root is concentrated on the
mesial surface of the distal buccal root of the molar. When the traction force is within
a suitable range, it can make the teeth evenly stressed and reduce the maximum stress.
When the force value is high, the stress is concentrated in the buccal neck of the teeth,
the risk of root absorption should be considered.

2. The research data show that the orthodontic design of distal tilting the teeth
before mesial movement only shows a slight improvement effect of tooth control
ability in the initial position, but it may have important application value in the
complete clinical correction process.

3. The design of horizontal bonding of long-arm traction hook can effectively
control the inclination of the molars shaft, which has the advantages of no
implantation nails, can be bonded later and adjusted at any time, but will greatly
increase the anchor consumption.

4. The traction design will produce additional tooth movement, which is applied
to maxillary second molars in this experiment, and there is a tendency of
displacements such as the molar and premolars buccal elongation, palate tilt, etc.
There are risks such as bone fenestration, bone cracking, and narrowing of the width
of the dental arch, and the doctor should consider the impact of this process.

5. In order to ensure that the force is applied in a safe range and to the movement
effect of the teeth can be achieved, rigorous follow-up examination is essential. When
long-distance translational molars are required, consideration should be given to

reducing the step distance or designing step-by-step movement.
Keywords:

Clear aligner, Finite element analysis, Second molar, Mesial movement
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s BHIEWE, fER DSl 2 ZERLEMPTR, BLSAERCE
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TR B B T AU A BRI S — B KM, AExEHHR
HH 27 2R T2 B 23 R s A P 28 ik DR RF LT, DD BURS B 5 B0
ARGURIERI W BE . IR H R . Seitira i iRl &40, HITEiL %
s B WA R E AT BRI, RS AT R X I R R A
AT R A% B R RE A OZ A Iz TR AE T 7T 48 Power arm FC & iR R SO
PEG A PR 42518, SXEUF BB AR 451 55 . Ak, e R DA
RLJBNIG A AP B, SRRV A I 1) 85 05 2RI S 1A 3 R 7 21 (1 AT RE
PA_E D7 VEAE I R B v O F A B RE BT PRAR R RCR 10 H AT LE Wy 22 35 A1 TR T4
CA L h#zh BE A MWt SR D, At el =4 IRyoit i 5 s iz h 459t
AR E A S VAR RVER], D9l R E= A AL B I SRR B SR LR 255

1.4 A0SR E A 7 1

V& I R sl G T SR H IR B 045 B i i 1 LLRCELZF S SR 4] o
HI & A RO BG5S, i ik B AR B 5 /5 205 25 A sh < P e B o
Ja M R A% BB 405 55 R B AR o IR MR T S R P s A T
PR R TR, ke e AR T | ORI AR s B S, DEZ M E 2 55
IATORIE R H AR

RIS ST BOR PR, AT TS F ok B H 2y,
SRl 2 1) B R T B E TR BB HRG » (HEIEHHA R 502 IR T HAT R4 22
PERE, WP R BE 38 TR S BERTA RS0, KBRS Zh I o i A b #
LA RMRI AR, KB IR A) o A7 15 e 8 A 32 LRI R4 X5 4l B B 2
R Resh, B As 7Bl (EA SRS AR S 1 SER R TEUE X L 5%
R M B S AR T A SEBR J A RIRCR o« AR SCi i AT BR T tfriks, 57 1
AL SR — BE P 6RO, RSB in S A 58 B 2 BORA TR, B6IE Y M I PR Y L
FRERITER T 2R iAW IRIE S B 1, W H AR S 3T 1
BRI AL P 2 5 RE 1 T 2 1A T, S 2 50k 2 A i HH R
Xt EEAN [ 2 0 A1 BE LA R AN [R] 22 51 T X 2 D M i e i e A a5 LR . /g 70 A
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F 2% 2 RIARIGHHI G B P A5 EAUE T ) = A IR AR A

%2 B N BT RIEa Sl T A2 sl BT ) =4
BR e 2

2.1 FRM K

2. 1.1 SEEG B ST

THEINLECE : ] Precision 7820 $5: TAEn, #R1E£R%09 Windows10 64
fir, R EEEASRR (B 4 6234 (24.75MB %247, 8 1%, 16 £k,
3.30GHz % 4.00GHz Turbo, 130W), Wf¥ 64 GB, &7y NVIDIARTX A4500,
T4 M.2 512GB PCle NVMe Class 40 [E 255 4 .

AEFRE AL BRI Mimics 20.0 (Materialise, FLAII ), 336 A TR Bk
Geomagic Studio 2015 (3D Systems, ZE[E), HUHH| B %4 Unigraphics NX 1911

(Siemens, f#[E); Ansys Workbench 2019 (ANSYS, Z£[H)

5t #%: CBCT: Kodak 9500 Come Beam 3D System (Carestream, Rochester,

NY, USA)

2.1. 2 SEIGHHE R

WA RIER AR ESEE (I, 23 %), SEES @R, Xtk
Wt i nts RE R EER S, RS ELT:

EPMEF IR, W, RE. BAY 1 ERR, Eifh BHEY,
X IE, FHIHEEA T IEEEE . D TA R, TR TR ALY
TR H . X i E Bon RS R B iR, SiE B RECE R W, IR
LR O . oIl ST, T ARG S, AR

ESEH DRFF B ARG 3S, SKERRSE NS, ] CBCT X7 Jg 3 i i &S E AT
FH, FRGLE R L) DICOM #% H R i 7

2.2 HENL R LGSR KA % B I =48 BR oY
2.2.1 LEASUBN 8] Ko b Aot i) Es S R

BB R B3R5 R DICOM #idE £t Mimics 20.0 HHATHE 8. 45



F 2% 2 RIARIGHHI G B P A5 EaUE T ) = 2 A IR AR A

FHLIKEBEES, Rl HH T8, [EEEE Eate & EUr ol
JFhaklE, EERA ESBF LEF AR, LERIEA “9CFR 7, BXER
X IT Lo LRI AR T, BANRBET Sy . XA DA, JF
BRI A R EL STL M fiki 7

2.2.2 BNLEH|L bl SO A A A

% Mimics $2HUK STL S5\ Geomagic Studio 2015 A Ab¥E, MiERZ x4
i, PRRME, SRR A s, BRmE—PE, EBREIR
VIRMAFF SR S50, DRERINE L, K ESUE N W 1.2 mm @z
BB RS AR . ARG SCHRE R, o FRE AR 50— 80, MR A %
WeAFfE 2SR, —H9 0.15-0.38 mm. 2R MR CBCT 4= Ktk  LURS i kX
AR T s R BN 0.25 mm, ABFFIREMEIL R E . LA 13 BF
FARIESMU WAL 0.25 mm, FCEAEHE )G 3R IR A . e o B . AN
FHF A ER) NURBS i A B -4 45 2R LL STP A% 207

2.2.3 @ TCTEMERIEH GG BTN B 22 5] B A AR Y

1 FH = 244k R 812 Uniigraphics NX1911 2 37 K B 22 5| 4 = 4 fRi LB AL, Bl
SRV T I A L FH 18 T ey R v K A 5 B cdl. CRTRNZR BT RHE GO BR A
Ao BRI MK 8 mm, &1 mm, JE 0.5 mmAER. BRI PR TR B R 2
TE=4E M) EBCRTR . KNG E, AR E MK 3mm. & 2mm, JE1
mm FACEFREE I, 7 B 1 EAE 2 e I PR et i e o [ A A7 2 MG
MR s, BRAMEL GIELZ. EESGIAR, AL bliEEL
b TCAERERRIE G d VB N B RUR, KR B B B o3 50— 20 0.75 mm. i
H Unigraphics NX1911 4b3E &5 5F (8] B f5 , $-IUCF 76 S I A R AR N BRIE Hria &
IR, [FAMTE 0.75 mm 3B JCFEAE BRI Hria S8y, MR IR R PR A
AL A B R B FR SR, (ERIEH R S i £ B E R 7 2
PURHIESy, RS ANIE B J5 T OCFERE RS TR B iA d AR AL .

2.2.4 @ =4EH PR ICHRAY

B LIRS O A SRER Frin R BRI AT (B 2.0, K4 R L
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SLDPRT #% =5 A\ Ansys Workbench 2019 4= it e & = 476 B oA R, FEH 4 szt
HTE, W& E o> AT RS, @A PR e TSR LA

S

B 21 OERBAREENGREREEE
2.2. 4.1 MR IZATERESELS WS X 2>

AHIT T ARSI B AN R R 20 B PR RE S AL, 322 B0 L ) 2 23 405 ) sl PR A e
IR RE AT B, RAAMERES RIS PINE 2.1, KA. FHE. FH
iy BEHRIR A PR B EDNIESE . SR R [FPEZR SR AR, KB 22 5] E it
BEANITER e} o S5 N7 1) = 26 BROTAR R b 9 DY i A PR e 2 4l 20 B A%
gy, A LOHUR RO UL R 2.2,

*21 MHRHESH

A} MR (MPa) R L
H R 1.37 x 10* 0.30
B 1.37 x 10° 0.30
EEs 12.5 % 10° 0.36
Hrinas 528 0.36
Fik 1.96 x<10* 0.30
F J g 0.68 0.45
KB A58 2.3x10° 0.30
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*®22 ARTEENETHMT R

HICEUA R A
Lo A 340415 585247
T4 B 340674 585653
T C 340467 585890
T4 D 340399 585155
T E 348448 598670
Lo F 348488 598670
TG 348488 598670

2.2.4.2 N RFAMEE

il 2.2 frs, LA 5RO B0 2R S T, 3 S £ gl A s
AR . B CRWE: FNSTFRAK. FRESTFEE. KE4as18 55 m,
PRSI  BE NI E Bk A BN IA A SRR . OB A SRS
BE - AR R, B RHB 0.2190,

A: ZKP A
Figure

[ Fixed Support
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& 22 FaEstrmiEREEARE
2.2.4.3 EABFR AR

S ARG DU B SRR S — B, TR A BN R DL, =
U AR XS AR, AL R BRI AL AT T B AT ARER R AN 2.3 o BR
LRI RSN, A EATEERBUE K LA RS &, OB DY X A,
AN IETT ) BOEJE CBD BS1Ro8 Y i, B IETT ) SO AR KEA 2
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b, HRJTAIETT A

& 2.3 #irFREN
2.3 4ik

Asgs, DI IEH RS B AR NS dE kIR, CBCT 474 il i sk 19
B Je bR el 8 2 AN, B A TR R A BRI
M B = 4EA R o, BRI s, HSEA S,

2.4 g

CBCT HARG /I Hidm . ARPUE . UM SN A £ EER G
IT I SRR RV o VB —FIORS B DAl BIAG 7 770, CBCT 7E 2R i A
BICWhE RIS EOCEEREN, AR AR AR P A A A R
&, il CBCT, HJEERAET DU GFHh | B A e, SEiRo, 15
RT3 78 DX I P 8 P RV L, DT B B b Dy S8 25 1) s AR R R 9T 7 6, R akifT
RN, TE 5T 11 s [ 25 AU RO 9 v R P S AR o AR S0 i CBCT 494
R U SRS R AR B, I8 I A P IR 2 R PR i B % L 2R

FEA 7] AR F 30 5 30 o T LS (B R 4, SRBRAE T3S sk 2
G JE B ) AR, T A AE: DICOM B gtk . = 4elll &k,
PR B Py AV AR S i 97 F 11 /2 DICOM i e #8532:, 1523 F CBCT 1) 2
SLFH , AR 7 A 75 B 2 BB R AR R, E0 AT DASRAS B v L e M A B 2R s
B CBCT S J 38 fIHI S AT F R SRAF I A 5, BB RS X 4 F 1k Al
GG, PR | AR RS H IR AR I B S8 1 1 i 25 M B . I Mimics
BAFREAT G AL, %F DICOM B AT dia At fb, SIRATIUh 45 s (¥ 5 7 o
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F 2% 2 RIARIGHHI G B P A5 EaUE T ) = 2 A IR AR A

o S5 AR LR AR ] B B, SRASAS IR SE . AlE s I = 4B PRI AL .

ARS8 BT U AR B S B S AR o BN RTREXS F 1A A2 ah 1 L U A7 42 52
i, A TC BT T VR AR AR 0 X S IR RS B S0 R o S R AT RE AR
FLSAAD, 1 A RS AR R AT, SR T 52 PR T R BUIRY AT A e 24k TeFEhE
BB MR A% 10 A2 5 2R 08 A AR E AT RHE I AE 3D B | IR RSRE, R 41
BN HRALIE R A IS JUAh, TP IR Bt 1 B S B B AR AR % Ak 18 5
— 3, X CBCT JHife L PRl AN BE SE L 56 Ao vERA 70 B o AR SEHS R0 T3 2 afl DL
SR R AR S5, NP BB ARl 2 e SRR AT 0.75
mm A= TR AR AL AR AR 0.25 mm AR A Y s b ATE ) P RS
1.2 mm AERCE BR S R o DRIHAFAE — 58 B SR BRIR 72

2.5 45ig

ARG IE T CBCT S R1T F AR Bt , A 1 22 Rl IR vl ek i 1 s 4H 23 %
Hrin B B A, AT A = 5 I =4EF BRI, O 5 SESEI0 it FTHT T Sk Ao
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% 3% W RAS LA B T AL P A T S ds ) 5 ik 44 ) 5 A0S HTF

3T LTS ARSI P RDRE R P AR A A VR Y

3.1 MEHEIA
3. L1 SO
SR P 4852 5 S0 e 7 1 = 4 BT R
3. 1.2 ety KRS8 LA AR IR BE

FVZIIERI AR, S s RO iEsR: ol . AEBIEHG RSLE
T3 S, O AR s i B S 0 i e bt A B RCE AN AR, — e Tl
PR L RO g R RO B . ASZI T 0L By Cy D Wit BIF i iess, ek
AL E S AR e 0 T 7 1.5 mm &b FEF R RIEENS B, el oo e
AT P AR - RS Sl A8, 2 H I i il Re S P AR . A STt
P A R S A AR W LR, 25 SR 200 BB I e & v o IR SR T AR 2R, it
BRI F il e g k7o),

A2 5 ) 2 R R SRR T I R I ey T XU e B A2 51 8, 455 B O B D &
B KEREBEM AR, SREXENKT7 mm, % 1 mm, & 05 mm,
T3 10 AR T [, < B BE A T e B 1.5 mme BB RN ELAE 2.5 mm [E
%, BIERERREAR 3 mm BUEFNA SRE5 ), A8 BE N . G KR B ik
B S0 HPBURHIS 5 5 RO LA L = A 2 51, A 7007 TR g e L) T e [ o (4
e

AREG h F BT R RS B AR S, SRS AR IR RBE A
A IEFRER AR, TR ER AR EH RS AR AR SR
7R AR B UL R ARR s E RN, DI F eI s, B
A e T W AL AL RS T 1
3.1.3 Lt

WA B RN, WIAR AL E BAL TR, i dtin A
BEA RS, SR A S R4 RL 0.25 mm;
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% 3% W RAS LA B T AL P A T S ds ) 5 ik 44 ) 5 A0S HTF

THB: 7ELALA MR b, 58 B P RIUA L E B O i R R 2°

THLC: 7ETLALA MEERE b, 55 B P HIUA AL B B SO i R 5°

TWLD: fE 0L A IEERE I, 25 B A HIaG A B 5 SO Nz R iR 8¢

LWL E: SIS AT, BIsA B BT A T, Fadin A
BEA L5, SOFRA S 44 0.25 mm. ZEMIN 22 R0 HRiA 88, F kS
BB AL, SREAMZIREN T (aEMmAE2° O 1150 g /145

T F: fE L0 E Ry%Eah b, JiH B E N 200 g;

T G: fETULE MRl b, JE®E N 250 g.

Db T BT 3.1
L L f
o 3.
ATR A = 4R TR B.T)R B =44 MRTiaR
(=2EAXER) (17 B E =P HR 29
y Y
L f e {
& 3
C.TIR C SH AR TR D.T:R D =44 fRITASR
(17 M E P 5° (17 YR EE T R 89

7

EU:L;‘J

ETRE, F. G Z4HRTIEE
(FE3 B RIS TS, $5% 150g, 200g, 250g)
E 31 BNMNLIAM=4HABRTEE
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3. 1.4 PHE AT N

REERS H A Lot AT L alEE — B 2P RN R B AR . F R ST A A
B KNI UL R AE =477 18] ERIRIIR RIS o BT 508 e . RO BE
EUARL 73 A P b 2 1 24 Al 5 9 () SE B 0 2 ORI PR TR e 1Bl LE B 2 A3
Mo sl I RE P AR R RS 3 I RE JTEAT AT [RIIR 20 Bhox et o 1 (10 52

3.2 &4

3.2. 1 FHHIGEAF2

LA TOUAE BRI SIMIsaAAs %S (K 3.2), Rz iRt #4ir 41A]
T AL By C. D R RPLE RS shES (8 3.3), FREFHE
PRSI FIA B . A EARIAR S A AR AR BT i 5, (2B BUR S ZhiE %,
P 5 PR O Tz BRI A R, B R S URDE R O R, T
AR A SRR o SCHUE IR AIAE J5 181 izt m [ s i il 0 B AT [ R 18]
B0, R 2 DX 1A R SE OO R o R, A AR At o D3t L 1 3 e v £
Fewraa iz ass . B o5 (0 R 5 UM BERE N, BARMRIG 45 46 R B 4K TH
79 .0.25 mm, (B KPR BIZHTHG N, SCHUF HIaa g bz 0. fE2 5]
ARV TOLE Fy Gy THF Sl B R WIA A2 Bl DB G A= 51 3 o 3 n,
5B R R BN, S e A AP L R sl (B 3.3). B
HITJE 2F AU A A e S 38900, 5 SE T i 0 5 ] 30 P 0 e R R 3 th T S R
[ G PR AR A TH £ BUBUR A A e 3, FLRESE 72 51 JJE R Iyl ia fi s 22K,
RSEE ST SR 18] B2 1R 24 1A 52 B2 51 1 SE iR

init: mm
rrrrr

A T AFINBEEEE
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P B2
B:ZKP B 2 Figure 3 s
Figure 2 Type: Total Deformation
Type: Total Deformation Unit: mm
Unit: mm Time: 1
Time: 1
0.11975 Max !
0.11975 Max 010645 q
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D:ZKP D 8 Figure 3 s
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