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Abstract

The purpose of this study is to establish a new simu-
lation method for predicting orthodontic tooth move-
ment involving bone remodeling using three—dimen-
sional (3D) non-linear finite element analysis. Actual
clinical data obtained from the tooth movement of the
maxillary canine elicited by sliding mechanics with a
light force, where there was no lag phase, were used as
the reference in developing the 3D simulation model.
The 3D tooth model was obtained from the anatomical
data of maxillary canines in Japanese subjects. Contact
conditions were configured to allow free movement on
a wire bracket attached to the labial surface of the ca-
nine. The center of the bracket was retracted to the dis-
tal direction with a load of 50 g. In this load condition,
the force of the wire reaction was transmitted to the
tooth when the wire came in contact with the bracket.
For the verification of periodontal property settings, the
validity of the model was determined by the behavior
of displacement for the model without orthodontic ap-

pliances. After analysis of the initial displacement of
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the canine, the remodeling process was analyzed as the
second step in the procedure. At the third step, the sec-
ond step was repeated until the movement of the tooth
reached the predetermined position. Analysis was car-
ried out by a locally developed program calculating the
non-linear behavior of the periodontal ligament and
automating the three steps. As a result, there was some
difference, however, the validity of the model was con-
firmed with the behavior of the model, consistent with
previous studies in the verification of periodontal prop-
erty settings. In addition, long—term simulation of the
remodeling analysis approximated previous studies
well. In conclusion, the results of this study indicate
that the newly developed analytical method involving
complicated biological processes would be useful to
predict numerical values of orthodontic tooth move-
ment. However, the usefulness of the non—linear analy-
sis with the simulation of a light force could not be

conclusively shown.
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Tl CHIME 2R T D 2 & D B EBROARTOREM 2
JE A EOBEBIEATRETH 5 (Badawi et al.,
2009). €I T, AR TBEATRRISNZHEES 2T
e UCHBRERMBNIAZT 5N 5. ARERBEN,
BHE R TEIRCMEE % A5 % 0 5 2 B AL ] ik 72 /MR o0
ZoE$ 58T, &RoEHEHNTE, LLDNF
IR ST & 72 (Andersen et al., 1991 ; Tominaga
etal, 2009).

BUE OREIEE0 B B 2 AR T2 781, BRI A
ML 28 % /"3 (Miihlemann, 1954 ; A 1§, 1957 ;
Picton, 1963 : #23F, 1967 ; Goéllner et al., 2010.) 123 B
b o TIBHAT A% {A7bMTw b (Kojima & Fukui,
2006 ; Poiate et al., 2009 ; Viecilli et al., 2008 ; Reimann et
al,, 2007). MEOHEITIE, WREOIFFILES) % 1
FATHBLL 72078 (Natali et al., 2003 ; Toms et al., 2002 ;
Toms & Eberhardt, 2003) %, JE#IEEEH) % bilinear (B
MR D “ARYE DAL 28 8) 2 B T 7)) & L72hE
b &% (Qian et al,, 2009) 2%, THHDY I 2L —
YarvolREAERHOMALENOAIELZLDTH
5. LU, BENC X 2 REIR % EoORE O34
WA ORTFHTHICERA DL LEEZONS.

Hayashi et al. (2007) OWfZETIL, 100gfif # (heavy

= Initial
S displacement (I

HIACEE % Light forcelZ & % #ILEH) M D RSB O = K ITCIEATHL A IR SR LT

force) IZBWTBEIRFEOED LM LB
WL, 50gfifdE (light force) 23\ TIEATTLIIATH
Naholzl 2B HMILTWS (M1). 22T,
WAL 72T T S R 2 BIEIS T 2 o8 %
YIalb—var§hIH7zY, light force & HNTE T
VSRS 5 & &) Bl EF IV OMKHATREE 25
N5, 2F 0, FEEDHS IS TR W AR
M % 7 VAL A AT LIS v, ARIFZED B,
I3 LS B 7 wlight forcel2 BT 2 I 722 —
HOWOBEMICOWT, WREOIERIEINE % E
L7z OBB ORI RERET VEREL, T0E
TN OFFNTRER DB O CEAFHI) D288
EPLTWE I EZHRTHIE, E51, BUEIc
LA ORIENIEREE L ZZEE L7232 —va v
#ITHZETHA.
bl *

1. EFVORE

AW FE DA BRERFIT X, HH T 2279 AMARC-
Mentat2012 (MSCYV 7 b = 74k) #Hw/z.

SRR ERET VI, EFHEMREEEET S E
TNaWE L. T VOARRHIL H AN O 4

Light force
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ER3E L)
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Heavy force
I Secondary | = /fEHrnE R ;:TQFk
tooth (YEFY 2 2) 28 NP E I
movement (I, 1)
i ]

BIEE R OB ENL, FISHRMRBEOEIC X 2 AN & Z Dk OMARYGEIC X 5 ZIREN O BB 5 %
5. 1 i fEOKRESICI VUM ENEICOESHLEE2ONS. 1T WREONEEE, silE oM
BUEEPEE VY IR Lewvy., I —BNICEIENEZ 22 L =T ETh L vwbh Ty, &
WA E I —E R OBEH I ERT 5. LAL, MEOKESICIL s TWEHELE L, heavy

forcelZx L Clight force & M-EAL 5.
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Wr—% (k4 1962) 230 %, #ERll. Omm, #
13 0mm, B ER6. 95mm, BT & 07, 75
mm, PHARTHE 6. 26mm, PRARILE.0FED. Bmm & 7 B
) THTETVEER L. MEIZoWTIIMEED
BRE L7 (K2a). F72, BRBLIBIT 2455 DE
BAEBOUmE L7z, EFLOEESEIE, 8 i 6 i
KOTA VNG AN v 7 EFREFRH L. £ET VD
ARHT A e © NI ZEFEFIE3315HI AT, 2266 HK & %2>
72 (M2b). 72, WEEMmICT 77 v+ (0.022
inchAT v ) ZEELZ. 74 v — (0.016 % 0.022
inch) 2777 v bAuy MIZ#BL, 777 v FHBTA
Y— L2 HHICBE TE, SOICHENEROFE
(surface) DPITBNHRA L 22w &) 3l Gh 2 5% e L
72 (H2¢).

BREMIZONT, WREMIIE TV OFREERE B X
T A Y — Dl 2 e L, 5 i & B8 s 0 )5
MOWH L L7z (Cattaneo et al., 2005). #ESFMFIET T
oy MRS S B 720 O AN ORI E & L
7z, F7z, ZOfrHEdlight forcek L TH0gllaeE L7z

MR = AOVE, GO, RS, W,
WE, 7979 bBIXUOTAY— (ATF ¥ LV AH) Off
BEFEEL, TOWHEHRBMEELZ S TICHRESI T
%7 —=FIZHEDWTEE L7 (Tanne et al., 1998 ; Voll-
mer et al., 1999 ; Assis et al., 2013) (£ 1).

2. BB RS

HREZETFNVIZOWT, FEITHERLZETFTIVOH
Bt AHElcld245E, ETFIIcix3sE L, 3120
TR TR & 3120 IV R, PR T6240
oA, ETFMREREOEE 2138 L, T
DWf (0) %oIHMMA (p) OFHME ETHZ
EHREREICRE L. T, REBICHEET 2 EHRE
TS5, TS Oy () 527

25

5.5 mm_ 6.25 mm

50 gfr &

2 ERL72ZWITCET NV
(a) HOEFIVEE, (b) TEFIVOLEKE
5 OPERAE.

(c) FEIEZEIETD

(X3).
F72, FHETERE S 2 R ORI TS O W TiE
RO GRZEER L7z (4).

3. PR DMy Ik € DL
VT Y IR AT ) ENS, HALE TV ORED

g1 RO RS
i R - " " RO
R (GPa) K7V R OMEE (FAIRT ALY 9 2)
T AVE 6.0x10 0.3 E)E B i+
S E 1.4x10 0.3 EyRe 8 FiT B
BEE 1.1x10 0.3 E Yk 8 FisT %R
WA 5.0 0.3 E)E B HimM B+
BRAR
- B O
e 1.0 R 8 Hi B
BRAR A
P » e AEE =B
35;1;”:;%[& 7.0%x10 0.49 [ o i TR
AT > L A4
: )5 fii
(T ) 2.0x10 0.3 S 8 Hii M EEHR
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BREFH M EA~T D2 S0 (MU, @okhm), &
H2 M7 (LUF, S50, st 2 S5
i (BLF, BERKFI) ~500gDMEE I Z, FIZEA
2BV BT E - 2R A 1572, I BT A AT E
—ZARRORER (K5) LBEoWMEICBT 5 EM4ET
#l 7°— % (Miihlemann, 1954 ; Picton, 1963 ; Gollner,
2010) (2B AT — 2L L OB E TV, B2
BIAEL L T B R L 72,

4. VETY VTN

1) VEFY ¥ 7Nk

BIEET VB2 ET) ¥ ZONTIERD 32D
B a3 L L7z,

F9H 1 BT, 50gMEIC & o THOENMAEA X
0, WO TFEICE D F TOWMZER % BT L7z

852 BB TIE, HTBRE OIS ) FHATIREE O T T HIAREL D
JE A% 250umiZ HEIEIE L7214, iR O NERIL ) %
WIPEL T, AMEE 74 Y — - 757 v bONEIEH
XD F 2RI IR B A & AT L7z,

83 BRELIRELE, ERLo%E 1 L5 2 By 24 0 R LR
BEL7z, & SICKMTEB S CII MG IE 2 ol X 244
NOEB LM & LT

F7o, 0B 1B L5 2 By T e o BB CIn )

WCED T TOMIINEE 1stepk L7z, HEDOHLTIE
step T RERBRICX IS L TW 5.
0.1
0.08
b
0.06 ////
0.04 //
0.02 2
0 T T 1
0 2 4 6
Jtn 17 (X102kgf/mm?)

BARBSRAE S R IR E 2 B L T D, £ O 0MEAERILS 2 E TOMIZIZ L A LR

BRMT LI LR, W - B TIREAR 2 R EHNS (a).

SHIZEINAENT % LT

AHEARSN (b), REBRIIIBMST S UM, 2014., BZ).
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B, BRI 2N AEE)
— JERYE, SR 2T
S BB, mE LAY )
— JERME, R AT 25
B, RN R
— I, L FRENRE)
5 HHETFTNVIIBIT AP OME -2 iR GERIEMR
AT & BITEIRAT)

[l 41T CIEMIEIRAT & MIBIRAT 24T VIR &2 AT 5 724G
H, IERIEIENT IS BT BN L O &, BIEMHAT O3
D=L T L L, FERIBINIT OGN, SO0
B TIE50g T, BN B2 E) T80 i Tk A%
S NEMNEPZWISWA Lz, ZO#E, WEIHEZ 5
W00 T, FEMVIEINT & BUBIRIT DA R OAEDPKRE L o
TWwo 7z,

400

2) Farsh

BRI OIS ) — BRI DR E & ERLOBRFFICB T 2%
MHEOHBLD 720, 7075 LDF TV —F > % %
4 v 7ur 5 ATHAMARC- Mentat 2012 (MSCY 7
bz 74E) ICHARATE. ENTIX Updated Lagrangeli
KOKREMBEE L, #0285 EHE I IEFull Newton—
Raphosoniki & F\272.

3) HMETNVIIBITE)ETY v TR
BIEREORBELRRL72DI1, TTHEEEOLV
BHET VDY ET) ¥ TN 247 R o 72, fiiKidstep

TEOZEA MM L ERALIZOWTT 7 7I2F e

A
7

4) BEETF VBT 2 )BT v TN

S, BEETIVO)ETY ¥ IR AT - 72
TR Z stepFEDOEM MR L ERAEIIOWT T T 710
L, HHIETFVICBT 2 ETY v 7RI RB X
O, #EOLHRICBIT S EYUE T — % (Hayashi et al.,
2007) &REROILE AT 7z,
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1. BRI Wk i 2 O WGE

HfE 7IVIZ B 2 MR O E - Z LRI B v
T, ZMEIIMEIMD D L FRHIIRE CEML, —%
DENEIZET B L EORBIITRLIHML:. Z0%
P& —AH & 55 AH O ZE il AT IR 2T 25 Bl & T Y
ZALZEE) TIE30um L TH Y, L FIENEEE) T -
umfd i TH -7z, F7z, 500g4 EF DL 3 H
W 2SR 28 ) & s O I 22 A 288 Ch0um f i, BN I9Z
28T - 17umfETh o7z (KM5).

R S D EARGH 7 — & 1%, MTE IS 5 LY
Ko 7 — % (Mihlemann, 1954) & L TZ /24
um, 500 EIRFDZEA E37umTdH - 72, TEHE M E KT
T % LB EI# D7 — % (Picton, 1963) & L CTZ A
— 25um, 500gfif E I DA &= 1% — 35umTdH - 7z

HAREHAI T — 7 & DR OFER, & DT 2L
28 & WA B D2 5T + 6 um, 500gfif
T+ 13um T & - 72, T 2 R 25 B T iE — 10
um, 500gfif EIF T — 18umTdh o 7z. frEAEN MR D%
MBRENEIE P L T/, R lE o7z,

£

2. VETY VI

1) BGFREH - 2008 X OERHhR

HHEF VBT AU BT ¥ 7RI EMNE, e
B BIN 2 R L 72, step 160 @ & #1972 B4l
&, 4.2mm, HFHG1213.8° L% o7 (K6a,b).
FBIEET VD) BT ¥ FITICB TS 2w, 1§
FHOIZ I HAAB N &2 R L7275, @ sepitE s icoh
THIGAE T LTV o 72, Stepl600D i 7 Bdii 12,
AL E T2, dmm, HERIAIZ7. 608 % -7 (X 7a,b).
WEOMRETBU B AEMEEHI T — 5 TlE, RREEHIL
728 MM CEMES Imm, W{HEM7.0°TH - 72
(Hayashi et al., 2007). HHi€7 )V & DEEF, Z=T
+1.1mm, A T+6.8°TH5H. T/, BEEFTL
EOEIEMET 0. 7mm, EHAAET+0.6°Tho
7.

2) A5 AN
BIEETFTVICE 20T ¥ 7R R D von Mises
IS Z RS (K8). BUIFEIEE 7V o KRW %
BUALBIZKTHY, 757 v PEEZEKLTY
5. step 0 O LHSHRAE O WG GEIM) 2hT
PTIBDHRO SN, TORIXIIIT—EDIEIIAFEL
Twiz, ZL T, 160step TIXHTERE & 0 &I 23K <
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fEMTIEIEL (steps)
E6 HHMETNVICBITE)ETY ¥ IR
(a) Zfim, (b) fEAHA.

50gi B IZ & 22yt & OMERHA I3 BERHSN L 7.

o T\,

WiZstep 0, 50, 1600))'%’5}E% ’Eﬁ%%'lffcﬁﬁ\jj
GAIRZERT (K9). BATBITIEstep 0 TIEIZITIG
NHBEELTBLT, step50 BOWTIHIEREE 7 A
Y — &XD/Fﬁ?%ﬁB‘IL’CwéjE GrER LT B
WCRERIBED LT, \ZFEAT DS HE F step 160
Wbk, ﬁo)idﬂﬁfﬁ‘fﬁ'fﬁclﬁﬁofv/f'V’—iﬂtb&, i
DEEICHEII L Tz (K9a). 7z, BMmEBITIE
step O T I DIFE L TR WEkT- &, stepS0THE
ERBIT IS DR SR ST, Stepl60TIE 3%
CEFHIEN T A Y —A72b Ak, WIS 12354 L Tw»
LI EARENT (H9b).

Z =

1. BIEIC X 28 oRE) & EIEH
FEIEHRAHERICBOTRO XHWONRLZY VT 75
v PRIER, ZRICHICIERED DRI R 2 i OB E) %

0 20 40 60 80 100 120 140 160
FRHTIE S (steps)

16

b
12

&

z 8 =
&

= 4 s

o
0 T T T T T T T T
0 20 40 60 80 100 120 140 160
iM% (steps)

K7 WBEEFIVICBITLYET) ¥ TN

(a) &fim, (b) @%‘Jrﬁd.

50gfif B O B & OB A AN ST HA 1380 L 72,
ik, ERHE I stepsASET IO N TG AR 21T 2 o
72.

WHEICT A, L L, ARl Z e LB
DWW OBE 1T 72D121%, OB 2 A1
LT EBEDNROBRE &2 IEMHICAT ) LESD 5.
Burstone (2000) 2 XiuE, MO OBERAMIE, B

HEHT 2E— 2 2 b, B X OHOEA QYOI
XoThREENLT L, SHITIFE—RX Y METERE
THIEIZLST, WERM 1,7 3 IZEH 0D @ B un-
controlled tipping, ARSI [z H.L D & 5 controlled tip-
ping®B X U IZ AR LD H Atorque & V9 3 DD
KO HBH T2 52 L 2B/HmNITR L. LarL, &
KT OB OF TR % finite helical axis % J\» T =WICH)
\ZHRT L 72MF9E (Hayashi et al., 2003 ;2007) Tld, B
DOWORHIL, Hik L7z ZRIT R BERRA O Tl & 1
RECHEZ)ZRTEMIEHLR DD TH L EEZH L
L7z F7, HoBBHZEMEICLTWRENE LTH
FARHRR D PEAR R B vk & DAL BRI S- L Twb 2 &
AR

W

(100)
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K512, BIEWEHAHE T, AR LIz 7%
WSO Ly EE 2 B L ool K& S 0EIE
NEWIHEHSEL LD EELGEEFHLE 2L (Ow-
man—-Moll, 1995). F&EIEIGHE AL D ok ARk~ D 2y E 1
MO T, KOBEOEHNL OFHRIINTS %
(Reitan, 1974 ; Lupi et al., 1996 ; Segal et al., 2004). Segal
etal. (2004) DA% - 7FYTAZLINE, YVFT T
oy NREE & TSGR ISR S B BRI O &S P AN iR
LEW LFHPEIMTAD L, FEIEH O SRR O 5
EIIBREOLDETED DL EHTO%ITEL, HWRERD
DFIGEIXL 42lmm E FE LT b, BIEBERE KT
5 &, ERRBIROMETIZIEE D, BIEIBHEEIS
(Reitan, 1974 ; Owman—Moll and Kurol, 1998 ; Cheng et
al., 2010). L2 L, BIEFMKRICBWTIE, WiCHO%
EVEE BRI T KT T EE ORI EMT 5 2
EHH 5 (Owman—Moll and Kurol, 1998). BARWLIL D
BRI L CTIE S £ S 2 fabEF 2588 S w578
(Brezniak and Wasserstein, 1993), Z®OHTHHEIESID
RESLH B OR S PWINOFEEIIKRE CBBRLT
WA ZENPRMENTW S (Segal et al., 2004 ; Cheng et
al, 2010). L2 LE&ERS, BEDO L A~ D%E
BN 31T 2 BRARIR AN O i Btk R 163 14 0 A i & T30,
B B\ 2 DIEBNIR L CAEEM % /MBI z, th
PO RELKBH TS LD 2#YRMEO N2 HET S
FTIREE> TR\,

2. BIESIICB A REFREE

ORI BV THULE 2 E &2 5 T 5 DI ER
JBids & ORI AFAE T 2RI TH D, HOBE)
WAL RS &) AT AT § % AR O —E D
HEARBIBIC L > TRED I 5N Tw b (Pavlin et al.,
1974 ; King et al., 1991 ; Proffit and Field, 1991). HoOR
B2 HEREIC A D &, BICHER L7203 kAL I 2
DR HETFEIE, T abbEaME#=5 Mz 4 T
. JEEMTIE, (1) SRBENICHET 2 M ol
WX ke, R, i, (2) s oM
B oo &M (BEFHENE), (3) ~2u7 72—
12 & B MR DU & B A ML IS X % skl DRI
BLO (4) EHRBEHIROFHEE & W) —HED 2D A
515 (Pavlin et al., 1974 ; King et al., 1991 ; Proffit and
Field, 1991 ; Brudvik and Rygh, 1993 ; 1994 ; Terai et al.,
1999 ; Niklas et al., 2013). —#FIMTI&, (1) MR
JERRAE DL & 2 IR & & Z @0t (2) &
DR L BIRE DM, B X (3) HREERHE
DKL & FFEEHHA S5 (Pavlin et al., 1974 ; King et

al., 1991 ; Proffit and Field, 1991 ; Brudvik and Rygh,
1993 ; 1994 ; Terai et al., 1999 ; Niklas et al., 2013). Z ®
D BEFIEROREL, #EHERO —HEDOZE L % b
IV AW FBETH Y, O LITHOBED))
FHIAT 2 WEEIC T 2 ZERNO—2 L E R bND. FFITE
B TRRD SN DA, OB HEE & %HHI1Z
BIE LT, #EALFEIEINC &) A FARZEMEAIRHIC
MH T 2L, HOBBIE—RHHIZHFLIEHT

(Kohno et al., 2002).

OB D)) AT 2 WIS 2o ZER & LT,
W5 B R B IR O NER 2 o 5 &5 B RIZ AR
JEEHFEM 7 2 L DR AR HIR 2 S B B B
IWHOERWBIEINETHL I LVRETLND
(Badawi et al., 2009). T 5 DM % kT 5 Hii &
LT, BN A 2 A REESR RTS8 2 b
B, A IREERIEAT 3B 2 TR 2 A § 2 08 %
BEALTRE 2 /NER 2 08 B 2 & TR 028 & 4
WTES. TOEENIL, 19564 Turner 5 DSEITEEE (Stiff-
ness method) ZHEZRL, MZEBHOZFHIIGH L2 L
225X U F 5 (Turner et al., 1956). BIffa v Ea—%
P DFERIZ LY S BIZERRRIIAMRICH 5N TE
) (Andersen et al., 1991 ; Tominaga et al., 2009), &1
FrOBEBINZ BT HFIEIH T 2 B OB B R
(Tanne et al., 1993 ; 1998 ; Kojima & Fukui, 2006 ; Poiate
et al., 2009 ; Viecilli et al., 2008 ; Reimann et al., 2007 ;
Tominaga et al., 2009), FIEHT7 v H—A 27 ) 2 —DJ5
J1534i5 (Holberg et al., 2014) 7 & OFFHTIZIL < FIH S
NTETW5.

R OBEZ S 2 A RERBNT 2 H 0% <
(&, AT E TV 2 BT 2 B S AR O K &
HA 2ok (B L B OMIERE) & L THoTw
HL0O0FEAETH A (Tanne et al., 1993 ; Kojima &
Fukui, 2006 ; Poiate et al., 2009 ; Viecilli et al., 2008 ; Rei-
mann et al., 2007). L72*L, BHREIL 3T — 7 2k,
TaTF ) A VEOETT = W Vs B XU
PERRHE 7 & DS PR MIIBAME R D SHE S M B AN — 72
HEETH Y, FEEHZRT I LAY L1ITITY
% (Miihlemann, 1954 ; Géllner et al., 2010). BRI Tl
Mgl oBE L W) I ne sz 57
Fanwv, 200, FFIEBEOLKESZ IR
B DOBENIOWTHNIT 5 Z & IZL 7.

3. B E £ 7L
HARFFL D B 7 IACIZ M BB TR & L2 2 4%
iy 2R L, M EONEZ T 7 WELHA

(101)
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ST AN T D B, D TIEE MR T
H HHBUIL, MOEEERD N EE T B 2 72 O BLIKTIZFIH
WHETEHTE 27— 2 3%\, AT, iz
FiE & MDA OIEBAEMER T O ZHEFRE L, FM
Moz R L LTOT AT AN F—HEBBZ A
AR, JERHEYE D % R RIS IR T TV
EIRAL B D e AN

4. JERAHEERE 53 DORE R

PR O JERETE O, MR A, MITA AR
RMBLAE A S D 7 VIR E TdH % (Lindhe, 1989 ;
Ramfjord et al., 1984 ; Kronka, 2001). ZOERA 5, i
DAL & FARCIEEME DS O BHE 2 A5
B EWRET D, 72720, IR ORI I M
OMEZEME LTO5EL ORT Y Ik 52568, B
TP T HR U CEBEOM X ) bl KEFH§ 2
Oy Ry 7HEEFIERITIEIMOENTWS (Li
and Cescotto, 1997 ; Rong and Lu, 2001). Z DR IE
ZEEEL, X DWEOECINT AT 72012, siBEIE
FRAEPER 2 iE N —~ Y EHEZ M L7z (Herrmann,
1965 ; Shariff, 1997 ; Ladeveze, 1992) (1 ).

5. BARMEL DML E DRREE

b O E 2 R PR O RIZEN & Bi5 L 7BEgE T
X, IEREEE RS 2 EAME SN TS (Mihle-
mann, 1954 ; Picton, 1963 ; Gollner, 2010). Z 5 OHF%E
k2L, BB EICHTAERENRNE L, bl
BMRZ RS EME—ME, WEIZHT % HOLN &L
A IS R DI E A LBMORED SN W HE D
T 5. REHREOLEMMATAS L, KPAME T T24
um 3z, 500g/ H R D 247 & (X KA 8 T 37um, 3R
HEI L2 D T OB IR ] — 287 s 1 Bl 2 28 il miE
WA E T TLE - 25pum e, 500gf 5 IR D2 1 -
BumTdH o7 LTV 5.

ARRFFENZ BT 2 AN O & — 26 i, fEe)
I 33 v T BRI RRAE 0 Dl TRAF 3 L k2 RT3 B KR 72 2247
wERT (M4 oaflll) H—MAROLNz 25
(2, BAREERRAE ORI AERE T B & AT E AT L T b 4
BRI ERELEMNZIR S RWEZMFRD SN
AT E (2B 1T 52 MR R500g i ERF O IR Z 1T &,
BEOFLERRBEN R L. L L, #EDHmLD
W L 72T Cdh - 722 &, LEHR R D900gmf
EROEMNEZIBuUmTH > 7283 bim X (BRI,
1967) 52 &, BILUTLIZ L > THED k4 TH
5 2 ERERICAN, KRBIRICBT 50 E - 26

MR oWy CEARFHN) oJE#HIE2E) (Mihlemann,
1954 ; Picton, 1963 ; Gollner, 2010) L ElL TWw5 & #
AbNhb.

72, BB O E - 2R B BIfR 2 R L
FERIIAT OFi B — 5L AR D2 S — A DAL & —3K
L7z, JERUIAT O fif B — A7 AR 1350g & 0 K & 74
T B HE D IR ) A B E S 5 A% (X 4 ObiH
W), SROWFED X 5 XM EAS0gDWH, MM &
T OEMEDOZEZFITEALRDLENE VT L1C
%% (K5). TOZ ks, KRWIZRICTHGE L 72502
I X AN OB L CTix, SN2 v
bREREBVIIRVWEEZ LN,

LL, OREREMNEZME) Y Ialb—va i
TESEATIZTAT ) Y (B0gLL Lo d) 12, HIEMAT
DGR L IR OEMEDOFERITKE L EDAD
N, ZHIMEIKREL NI LRI ETOEITKEL
o TWh., ZOFRRIY, SRREICBIT 2857072
FThEBOROBE L HRTHENIKREL 25T
REMEAVRIE Sz, CoZ 2l 2, 4#13100gM E
(heavy force) (ZBIFBHOBENIDOWTHRAET 2 &
BEhRbbHEEZ LN

6. VETY IR
1) BIEETVOYETY ¥ FFEHTIZHBT 5 von Mises
Ny

8 IIBIT Bstepl60T, ZOHIEME L D DISTIAMK
Mol UL, EWOBFERIKEL LI EIEST
TAX =777y b RRCHICHERLE L7277 7 v
b)) WRERIBDIPFEAEL, EOHWICHEET 2808
Bl hofzbEzoNA, T, KIallBWT, i
7Ty b OEEIICEAE LIS IS TWw
7z.

2) HEAREHIT— 5 L oIbig

BUE, FEIEINIHT 2 BN RO BEIZ O W T O
A2 EARFHI T — Y 3FEE L 2. e b ERZE L
P wARGHIT— 5 X0, RoBE) % Ao Ik
HEE LMEEZ P T20 LAY 7Y v 7L 8
WM D72 TR L 2@ XL & 2% 12 L7z (Hayashi et
al., 2007).

HEARFHI T — 712X 5 &, light forcell & 22213
B & AT 7R (8 R 16 L CHEBZREImE R L
7z (Hayashi et al., 2007). AWFED ) €7 ¥ ZHHTIC
BWTH, light force D BB RAT AT T HFH 2 B0 %2 R
L, EMZkoBEkHEIENT 2223 ca7 (X
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LR R IRAMERE  34(2) SFR2T4E 31

stepO step20 step40 steph0 step160
K8 MBIEETFNICE LY ETY ¥ AN Dvon Misesit /)
S50efif DY BT ¥ ZETIN. ETIVORIRKZBMAH SBICH L KMEIZ T T 7 b LIS E0 1)
FTwa.
(HHhTIiz7 o7y MEBEIZEBENTNS.)
JEITEBRSHIBICR & S AL T A, Step 0 2> Hstepd0F TLEIF—EDILTIAFEA L T 7z, Stepl60T i g ie 73
MR L TV B 28, BRITE OABE L Tz F72, stepl60TIERIERE & D IS IAMEL oo Tz,

step0 stepb0 step160
9 NI stepD T A Y —DlzbA &, T4 ¥ —IZ4 L %von Miseshts JJ
(a) 50gffFEIZ & B DOBEOILARIB, (b) S0gMEIC L 2 ROBEOBMABL. FNEN/id Sstep
0, stepd0, , stepl60.
Step 0 TIXITIZIBIPEAL TELT, stepdl0TIETAXY—LTI7 v FOELTWBEERGE T A
X — OHGTIIF IS I DTRD S 72, Stepl60TILE DMEFBEN N> TT A XY —20572b AR, WL
TIHEML TV 5.

3) HHT T L BIEE T VI BIT DR R
HAE T B X OEIEE TV O IZITITHEI 2880

(103)



32 [ AR 4% Light forcelZ & 2 f1ESA M DFZE) D = RITCIHI A BRI LT

ZRL7:. T2, HHEF VKB —EoBmE R LT
WDIZH L, BIEETFTVIZDW Tstep D Binicon
TEMBESRRWA L (M6, 7). TNIF, steph®
ELIZONTHOBERDPKREL R AT Y PET A Y —
DML EICX D ROENESEP L7z EZ LN
5. HALETFTNVIZBIT 2 EMEIZ4 2mm, EFA X
13.8 TdH o 7z (stepl60). * LT, EIEETIVTIL,
AR C2. 4mm, HEFHEIET7.6° & 572 (stepl60).

BEOWEIIBIT B EEEHN T — 7 Tld, wEHRIL
72 8 MM CTANM 3 Imm, BFMIZ7.0°TH -7

(Hayashi et al., 2007). HALE 7NV & D#lL, ZmT
+1. Imm, HFHHT+6.8TH5. 72, BIEET WV
EDOAEFIENMNET-0.7mm, GEHMAT+0.6°Tho
7. DLEoRER KD, HAMET VXD SEEET IV OM
MRS AN &, B A I EARFHI T — 2 12E b L
7o. T, EiNOSEFOFM (surface) D HFRNRKA
Lawew) et zie Lz eIk - T, A5G
WF—F OFMLEP LD EEZLNS.

o Ei]

RFFEDOMERL VRO Z EDRHL N E o7,
(1) PR 2 ZE L0 BE O BREZ AT IC
B BIEHIEE TV O E - 2RI E S oG (4
PREHAD DIEIEEE) &AL T
(2) PRI % SOEMNT C17 o 723G, b
B A EOBEINIRE S, MOTENT R D 22N 5 A IERU T
MR E DD RELEDO LN, L L, 50gfifEIZB W
TIREMEICIZEALEEIBD N o 7.
(3) PROBENIAE) RBEE S ONELZEET L2 L
W2EoT, REIMAZROBEOY I 2L —3 3 Y251k
Loz,
(4) VETY ¥ FFICOWT, BIEEE oM % %
B L7EIEE T VAHMET VL) & ERWE T — 2 1238
BLTBY, X BIENRBEHDITREE %o 72,
DXy, WREEROEAZHIBIET S 2 LI
Lo, HUEEIC X S HNE ORKENIZEZILE ZR L
EMMZROBEIY I 2L —3 g Y OERMEIRIE S
N7z, 727201, light forcell B1F % IEHILA R ZE R AT
DA NVEIARIFTE TR TE o 72,

XM

Andersen KL, Pedersen EH, Melsen B. Material parameters
and stress profiles within the periodontal ligament. Am J
Orthod Dentofacial Orthop 99 : 427-440, 1991.

Assis DS, Xavier TA, Noritomi PY, Gongales AG, Ferreira

(104)

O Jr, de Carvalho PC, Goncales ES. Finite element analy-
sis of stress distribution in anchor teeth in surgically as-
sisted rapid palatal expansion. Int J Oral Maxillofac Surg
42: 1093-1099, 2013.

Badawi HM, Toogood RW, Carey JP, Heo G, Major PW.
Three—dimensional orthodontic force measurements. Am J
Orthod Dentofacial Orthop 136 : 518-528 2009.

Brezniak N, Wasserstein A. Root resorption after orthodon-
tic treatment : Part 2. Literature review. Am J Orthod
Dentofacial Orthop 103 : 138-146, 1993.

Brudvik P, Rygh P. Non-clast cells start orthodontic root
resorption in the periphery of hyalinized zones. Eur J Or-
thod 15 : 467-480, 1993.

Brudvik P, Rygh P. Root resorption beneath the main hya-
linized zone. Eur J Orthod 16 : 249-263, 1994.

Burstone CJ, Marcotte MR. Problem Solving in Orthodon-
tics : Goal-Oriented Treatment Strategies. L. Bywaters
(ed), Quintessence Publishing Co., Inc., Hanover Park,
USA, 2000.

Cattaneo PM, Dalstra M, Melsen B. The finite element
method : a tool to study orthodontic tooth movement. J
Dent Res 84 : 428-433, 2005.

Cheng LL, Tiirk T, Elekdag—Tiirk S, Jones AS, Yu Y,
Darendeliler MA. Repair of root resorption 4 and 8 weeks
after application of continuous light and heavy forces on
premolars for 4 weeks : a histology study. Am J Orthod
Dentofacial Orthop 138 : 727-734, 2010.

Eley BM, Soory M, Manson JD. Periodontics. 6th ed.
Elsevier : 2010, p5-9.

Gollner M, Holst A, Berthold C, Schmitt J, Wichmann M,
Holst S. Noncontact intraoral measurement of force-—re-
lated tooth mobility. Clin Oral Invest 14 : 551-557, 2010.

Hayashi K, Araki Y, Uechi J, Ohno H, Mizoguchi I. A
novel method for the three—dimensional (3—D) analysis of
orthodontic tooth movement—calculation of rotation about
and translation along the finite helical axis. J Biomech
35: 45-51, 2003.

Hayashi K, Uechi J, Lee SP, Mizoguchi I. Three—dimen-
sional analysis of orthodontic tooth movement based on
XYZ and finite helical axis systems. Eur J Orthod 29 :
589-595, 2007.

Herrmann LR. Elasticity equations for nearly incompress-
ible materials by a variational theorem. AIAA J 3 : 1896
—1900, 1965.

Holberg C, Winterhalder P, Rudzki—Janson I, Wichelhaus



The Dental Journal of Health Sciences University of Hokkaido 34(2) 2015 33

A. Finite element analysis of mono— and bicortical mini—
implant stability. Eur J Orthod 36 : 550-556, 2014.

F&E. ORAKAROERAE T, 7F h—24
t, HHG 1962, 93-94, 166-173.

King GJ, Kleeling SD, Wronski TJ Histomorphometric
study of alveolar bone turnover in ortjhodontic tooth
movement. Bone 12 : 401-409, 1991.

AN T IERRIR B B v 0 S B SR — AR IR
INA G A A =2 A - Hil. J Orthod Practice 3 @ 37 —
452014.

AN, T IERRIR 2B % v 0 o B SR — AR IR 0
INAF A A =2 X - . T Orthod Practice 7 : 35—
452014.

Kohno T, Matsumoto Y, Kanno Z, Warita H, Soma K. Ex-
perimental tooth movement under light orthodontic
forces : rates of tooth movement and changes of the peri-
odontium. J Orthod 29 : 129-135, 2002.

Kojima Y, Fukui H. A numerical simulation of tooth
movement by wire bending. Am J Orthod Dentofacial Or-
thop 130 : 452-459, 2006.

Kronka MC, Watanabe I, Silva MCP. Scanning electron
Microscopy of angioarchitecture of palatine gingiva in
young rabbits. Braz Dent J 12 : 163-166, 2001.

Ladeveze P, Marin P, Pelle JP, Gastine JL. Accuracy and
optimal meshes in finite element computation for nearly
incompressible materials. Comput Methods Appl Mech
Eng 94 : 303-315, 1992.

Li KP, Cescotto S. An 8—node brick element with mixed
formulation for large deformation analyses. Comput Meth-
ods Appl Mech Eng 141 : 157-204, 1997.

Lindhe J. Textbook of clinical periodontology. 2nd ed.
Munksgaard. 47-51, 1989.

Lupi JE, Handelman CS, Sadowsky C. Prevalence and se-
verity of apical root resorption and alveolar bone loss in
orthodontically treated adults. Am J Orthod 109 : 28-37,
1974.

Miihlemann HR. Tooth mobility changes through artificial
alteration of the periodontium. J Periodontol 25 : 199-
202, 1954.

Natali AN, Pavan PG, Scarpa C. Numerical analysis of
tooth mobility : formulation of a non-linear constitutive
law for the periodontal ligament. Dent Mater 20 : 623—
629, 2004.

Niklas A, Proff P, Gosau M, Romer P. The role of hypoxia
in orthodontic tooth movement. Int J Dent : 841840,

(105)

2013.

Owman—Moll P. Orthodontic tooth movement and root re-
sorption with special reference to force magnitude and du-
ration. A clinical and histological investigation in adoles-
cents. Swed Dent J 105 : 1-45, 1995.

Owman—Moll P, Kurol J. The early reparative process of
orthodontically induced root resorption in adolescents—lo-
cation and type of tissue. Eur J Orthod 20 : 727-732,
1998.

Pavlin D, Dove SB, Zadro R, Gluhak—Heinrich J. 2000.
Mechanical loading stimulates differentiation of periodon-
tal osteoblasts in a mouse osteoinduction model : effect
on type I collagen and alkaline phosphatase genes. Calcif
Tissue Int 67 : 163-172.

Picton DCA. The effect on normal vertical tooth mobility
of the rate of thrust and time interval between thrusts.
Arch Oral Biol 8 : 291-299. 1963.

Poiate IA, de Vasconcellos AB, de Santana RB, Poiate E.
Three—dimensional stress distribution in the human peri-
odontal ligament in masticatory, parafunctional, and
trauma loads : finite element analysis. J Periodontol 80 :
1859-1867, 2009.

Proffit W, Fields HWJr. 1991. The biology basis of ortho-
dontic therapy. In : Proffit WR. Fields HWIJr (eds) Con-
temporary orthodontics, Mosby Year Book, St Louis, p
265-288.

Qian L, Todo M, Morita Y, Matsushita Y, Koyano K. De-
formation analysis of the periodontium considering the
viscoelasticity of the periodontal ligament. Dent Mater
10: 1285-1292, 2009.

Ramfjord SP, Ash MM, MUEEME, /Npkggd, (L H&F
FRER. BRI D S & TR, PRPRZE AR © 1984, p31
—45.

Reimann S, Keilig L, Jdager A, Bourauel C. Biomechanical
finite—element investigation of the position of the centre
of resistance of the upper incisors. Eur J Orthod 29 : 219
—224, 2007.

Reitan K. Initial tissue behavior during apical root resorp-
tion. Angle Orthod 41 : 68-82, 1974.

Rong TY, Lu AQ. Generalized mixed variational principles
and solutions of ill-conditioned problems in computa-
tional mechanics : Part I. Volumetric locking. Comput
Methods Appl Mech Eng 191 : 407422, 2001.

Segal GR, Schiffman PH, Tuncay OC. Meta analysis of the

treatment—related factors of external apical root resorption.



34 Yukie OKA et al.” Three-dimensional nonlinear finite element analysis of orthodontic tooth movement with a light force

Orthod Craniofac Res 7 : 71-78, 2004.

Shariff MHBM. An extension of Herrmann’s principle to
97-107, 1997.
Tanne K, Lu YC, Tanaka E, Sakuda M. Biomechanical

nonlinear elasticity. Appl Math Model 21 :

changes of the mandible from orthopaedic chin cup force
studied in a three—dimensional finite element model. Eur J
Orthod 15: 527-533, 1993.

Tanne K, Yoshida S, Kawata T, Sasaki A, Knox J, Jones
ML. An evaluation of the biomechanical response of the
tooth and periodontium to orthodontic forces in adolescent
and adult subjects. Br J Orthod 25 : 109-115, 1998.

Terai K., Takano—Yamamoto T, Ohba Y, Hiura K, Sugi-
moto M, Sato M, et al. 1999. Role of osteopontin in bone
remodeling caused by mechanical stress. J Bone Miner
Res 14 : 839-849, 1994.

Tominaga J, Tanaka M, Koga Y, Gonzales C, Kobayashi
M, Yoshida N. Optimal Loading Conditions for controlled
movement of anterior teeth in sliding mechanics. Angle
Orthod 79 : 1102-1107, 2009.

Toms SR, Dakin GJ, Lemons JE, Eberhardt AW. Quasi—
linear viscoelastic behavior of the human periodontal liga-
ment. J Biomech 35: 1411-1415, 2002.

Toms SR, Eberhardt AW. A nonlinear finite element analy-
sis of the periodontal ligament under orthodontic tooth
loading. Am J Orthod 123 : 657-665, 2003.

Turner MJ., Clough RW., Martin HC., Topp LJ. Stiffness
and deflection analysis of complex structures. J Aero Sci
23 : 805-823, 854, 1956.

Viecilli RF, Katona TR, Chen J, Hartsfield Jr. JK, Roberts
WE. Three—dimensional mechanical environment of or-
thodontic tooth movement and root resorption. Am J Or-
thod Dentofacial Orthop 133 : 791.e11-791, e26, 2008.

Vollmer D, Bourauel C, Maier K, Jiger A. Determination
of the centre of resistance in an upper human canine and

idealized tooth model. Eur J Orthod 21 : 633-648, 1999.
1+ %

FARHEDTRIINIH T B I0E

AL, T =7 VHIBHEDTATICE D F - 720k
B M T, AU A R D40~50% % 5 % (Eley et
al., 2010). ZOHPERIIH 1 GPaT, R & hitlE % i

ST AE X 2 S TWE, EASEE R TEINE D
DI, BHEARICD L RBREORAVLETH Y,
FRAE T EAMREBCHRRBEELZEL TS (U
R, 2014) (K 4). AEfZETIE, MEMEDORE AL, EH

G & AR #7274 NG54 %L, $9sER o
BB AR OO I AT 4 v 754D O LR
& (UMK, 2014) LT, F98MERo 1 ooz DL
TOXHITEER L.

Az bOMMMEO RBT ORI 2L, KOk %
L, fhEgoORIZLEL (KM4), %&AHEOMBIHILE

AN % Aw = L/Ly,
&, BOMUizA
b GBS

B ToMr2A=L/L k5
=Li/L =Mk 2 B0 5, RIHHEDO X

e =In(A)= ln<;u> In(A)—In(Aw)=c—cuw

TEINDG., TITeldAHITOE, e lZiEA DN
WCLEREEZRT. BAORVEEICIE, Bloidxt$
FellHlT2LEZONL20, WkEH L L LT
o=k WY ND. L7zH > T, HADDLYLEDIEN
- ERFRIX

o=k (E_Ew)

THIND., T/, BHIBHEDORAIIZDH B FEEDN
TVENHLEZZONDL. BHERISHBMEIH L 2o
TR ENL 720D, eo DMEREEIAEE (LT, #%
HOMBE) )T 5L, BHEROIGT - ERLR
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o=k 5(e—x)f(x)dx
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THEINDL., 22T, MBMEOEADPUTOLS 0
VAT 4 v I OAR

WHRED DD EIRET D L, RO 1 Rockuiix
o=k {s-ln[ﬁi’lf}—

EEEND. T TrIZUT AT 4 v 25O E
FA—=% s iRE‘f“?X—ﬁf‘, A=exp(pls) Th
5.

WIZ, EMHMED 3 KT ZDTO X H I
7z.
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ehififie L35 L, SREESRICZE T HHAHMER OGS
&, T YV IVERII S

011 = 0 COS? 0 cos? @

02 = 0n C0S* 0 sin® ¢

033 = 0n SIN* @

012 = 0 COS* 0 sin ¢ cos @
02 = 0w Sin @ cos @ sin ¢

031 = 0w Sin @ cos d cos g

LEENL, T TolIr FINOERTT, kol
ok & D

1
on ="k S'ln{A—i_/ls }_ln(/l)

TH5.

KIS, WAL XU AOMEREEEE (LT, 7
SAEE) 2XNENAO)BLUL(e)TETE, M
MeD 3 KITHEMKII LT & %2 5.

0, =V [[7.0.fi(0)F:(9) h;dbde
72720,

hi =cos? 0 cos’ ¢

N2 =cos® 0 sin® ¢

hs =sin® 0

his =cos? 0 sing cos ¢
N2z =sin @ cos @ sin ¢

hz =sin @ cos @ cos ¢

Z ZTVATHMBIC T A FRMEOARER T, b T
V= 05TH 5. KWL TIX, AO)BLTLABZENE
NN (11,00%) B LN (p2,02*) OIEBG AT TR EINS &R
EL, Gy A - I — MEUERE S T o 7.
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