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Abstract

This research‘ prbject_ is divided into two parts. The first part deals with the study
and development of techniques for interactive simulation for dental plaque removal
using a force feedback device. The second part is on simulation of direct manipulation
of 3D curves using pseudo-physical simulation. For the first part, a study was carried out
to develop an interactive training system which performs haptic simulation for practicing
dental plaque removal. Three object types simulated were teeth, plaque, and gums. All
of them can be interacted with through a single-point-of-contact haptic device. A
method has been developed for dental plaque simulation, based on a physically-based
modeling of fragile material. The second part of the projeqt deals with the study and
development of direct manipulation of 3D curves using pseudo-physical simulation. The
approach simulates physical property of manipulated objects without the use of physical
models in the calculation. Simulation technique was developed for string object
manipulation. Simulation was performed such that the behavior (shape) of the object
under manipulation was dependent on its physical property. The method avoids high

computational cost of the direct physically-based simulation approach.
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preserving linear constraints uwnunIsdeNsauLLdRe danrunresiaanianuuds Ae

9

1 o A < o 1 3 A A
wiazqauuiagifianuuinasinmezasinsendnqaliadians  Weilusanieuanan

° ¥ v ° d“ o U =1 ° % o v
ngen nslddan uatiununisdiuAranuuissaiFe vliaananlunisAtuan niau

:’a oy o v i -
YNG’HJ’WGﬂ']'l.lF}Nﬂ‘mﬂNUﬂ‘ﬂﬂQﬂ"l?Llﬂﬂ‘ﬂﬂQ’Jlﬂ[ﬂ.ﬁ uarldisnnsees Lagrange multipliers



dunsAnuaninisnszatsraauslifiqmnasi q uanilenadwirasussinezately

' ' ! o ° a o/ A’
mnrmmu.Nﬁmn"u:s:m"mnuf-zzm'lﬁmmmmmnvm'nu

point mass
shared face

constraint

x| o y . )
gﬂvl 2.7 anmu:n’m%ummmammmxmm 2 tetrahedra

2.2 MSANEINTSAN8899AY 3 A LngldluudIaaaniananniies

2.2.1 Collision Detection

&MFUN1331 3D Direct Manipulation 411 ugiaansAMamIqaiian1s Ui
' A a o a [ A g o P asd o < v
swingeiediannsetind Audnguiisunfeanisliunasu andangaaan1saTIms
n&' e‘ a A o o/ © ;'1 =
nanauyATui e ilome lddmiuAuan uaztaeialiudadulssniin Bezier av
Naannidunssiduingaauaunnnandsenauiuiudulfs dau anianissuiugiuns

o k73 = o 1 na’l'
muqmm‘lﬁ‘imﬂ'l'n'nqﬂ{] line segment-sphere intersection AN ma1ﬂu

o

< °
31]’/1 2.8 uaman1sAranulaeld line segment-sphere intersection

' d e
a1ngui 2.8 9 P iluanla vwdunsaigninuualeg 90 P, (x,.y,.z,) W8T P, (x,.Y,,2,)

&
NU

P=P,+u(P,-P,) (2.5)
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s

1 1

uaznsananTiqnauinanetf P, (x,y,z) uaziiFall r @ewduanntemeananléiil
2 2 2 2

(x=%3)" + (y-y,) +(z-2) =7 (2.6)

[ 74

Feaunrsdunseuunsenandzgulalugluasaunisigadninaiaasaail

au?+bu+cz0 2.7)

a= (XZ-X1)2+ (yZ'y1)2+ (22-21)2
b =20 (% =%,) (%, - X3) + (Yo~ ¥y) (s - Va) +(2,-2,) (z,-2) ]
C=X32+y32+232+x12+y12+Z12'2[X3X1+YSY1+2321]'r2

AMNNNTUARNNITRTAMANNAIADY ATATNITOATUITIMLAANS LALAE!

x —~b+~/b* —4ac

2a

u

HaRanTun Wman1ad b% — dac azlddn
1 b% — 4ac < 0 LAAITNEURTILAZNIINAN baTuiY
i b?% — 4ac = 0 wansindunraTdududansanan

wazdn b2 —4ac > 0 LAAINEUATFANIUNINNAN

2.2.2 Bezier Curve Fragmentation
lun1suls Bezier curve aaniflu2dauaunsanlilneld De Casteljau’s algorithm
TefanesnuilgniWmunlan Paul de Casteljau ialddmiuutisannisindludisanelug

. o i ]
284 Bernstein Form Aafuaneluannisi 2.4 aaniiu 2 auniseias)

B(t) =), B.b,. (1) 28)
i=0
deanunsn uandlugLlies recurrence relation ‘Idanalyli
B =p.,i=0,..,n (2.9)

BY = BIDA-t)+ B t,i=0,,n—j,j=1.,n @10
LA

B(t,) = A" i
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F49a1n De Casteljau's algorithm azl#d1

B(t) = Z Bb, (1), 0,1] (2.12)
azueléiy -
B,(1) = Z BB, ()€ 10,4,) 219
- = 0

t—t

Bz(t) = z ﬂrfi—)lbi,n(l
i=0

0
to )36 [tO ’1] (214)
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Unn 3

NSAANLULLATNAIUNTNIARIIABINITUANTNART UL Y

¥
Tasamstiflunisa¥lusunsuinasanistnianisgadiuyuliuridnAnwium
! v
wind  Selilsunsuanlsznavlddoanisailunagasiu wlen uasliuu  souvianns

o/ ]

o v d' 173 dl ] a o ° d' o
AADIUTFN WD 1T LATENNDY ﬂ‘ﬂulJuﬂ‘U’J AQRAMNT LAZNITATUITUUN LI.NYIﬂT:'Q']EIhJENd’J'M

9

Fi19°) 289U TUTNIINI9YA

3.1 mslaaauaanu idan waziuyy
nsanaeansgaiuyuasszneulfaanisainlumsreciy  oilen  ussiiugu
Tneudazlunaaziigysn Lmzqmauﬂammﬁuﬁq (Haptic property) \iieimdudafuAnsng
i Faldun ﬁhﬁuﬂnaw‘ﬁrﬂmuﬁmuq‘ummﬁuﬁq (Stiffness : k) uazArdNLsEAVSUSAREA
mwnmﬁuﬁqfxw] (Friction : ) TaeAndnilssansusa@aanauaztlsznanlidon  An

dulszAndusa@aaniuaiia (Static : 1) uazAdusransusa@aaniuaail (Dynamic : )

3.1.1 measrsluinanuLaziitan
Wunazwdanazgnaalaelilsunsuatedng 3 1R udaribusaiitnandng
Tsunsu TaeaciiAnguanBianswulinaasiufa & = 1.0, 1, = 0.2 U8 u, = 0.1 d9uAn

AnIANTRTBMIAN A k = 0.6, 1, = 0.0 WAT 1, = 0.0

d i A’ o _a
519 3.1 Tussresiuuazvdaniaiauanniusunsua¥iedng 3 N

9
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d hd £
519 3.2 Tueaiiuuazvananzinaaansyaiugy

¥
3.1.2 nsasalunaiulu
nsa¥etuaaiiuyuazudaily 2 dou dauusnAa daunsafin (Graphical model)
gaviuaingirdiuuiemeadiuuarnnsaneeiaduds - douassAn  daunnann

(Physical model) 813N a8INITUANTBI LY

3.1.2.1 daunsiin
Tunaiuuszdenazysenaylddqaindnauaiuimaau (Ttriangle polygon) (an°
deusafwiwiunliaesiuazwien  Wahlusaresiuwasiitenunlsznauiuay
E 4 I} 4
AiansiafY (Intersection) 19alnanauiaaaaluing JefAetiunmaumRaniuiuiuges
dalwdneu 1ol azgnihllafafulndneusesiiuyusielll Indneusesiiuuazgn
a¥reaanueues wnmes (Normal vector) 18qayuaestnanauaasiy Tneqanyuaasing
a i 3 1 & 1
nausasdiuuiaiTun areglunmnremeiies wninefraneyuresiy daniull
o a8 o 1 s’i’
AnsanasnuARe i
= > do o - - = %
1) windneuresiuiamuaiidaiuindnausesiien (gmeazidenldniuiengns
#1497 5)

2) Waridu stochastic lumsquidanindnausesiunazgmitllaiaiiuiiugu



14

d i o o 1 o
51 3.3 Indnaundaiuszndnatuiuwien

3) anqayuandinanausesiuigniden w1asuueies wnwmed 183urazqn

sl ) o & - - v a o -
Iﬂﬂl‘ﬁ')ﬁuqﬂqlﬂﬂﬂqqﬂuﬂTN@ﬂ l')ﬂLﬂ‘ﬂ?‘ﬂ’ﬂ\ﬁWﬂﬂ'ﬂu‘lﬂ\uﬂﬂq (ﬂ\iglh’] 3.4)

n|+n2+n3+n4
ny+n, +ny+n,

4) qayuanainanaurasiivuasgnainlaenisiaenqaynandinanauresiuly
AINUBTHEA LINARTTBIANIE
v = a = :J‘J 1 v oa o Y v o

5) a¥winanewtesivuuasinansunaenseiuiuuiuiudidaaiuaings

yuwmaNT (Fagln 3.5)
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Plaque polygon

Tooth polygon Vertex normal

N\
V4
/

X

2,
LSRRG
o

< a
1% 3.5 meailnasiiuyu

3.1.2.2 dUN18N N

14 ]
wavldssun1esqanas (Point-mass) WWiugIuAnT Tadiiuyunariu azgn
ey lusuminsnansesinaneusediufuieziy nufeeduden  upli  36)

ac dl =] B o 2 1
':ﬁmﬁmimfamm@nmwmmumaﬂu Mi"ﬂ’iﬂ centroid Lﬂﬂlﬂﬂ\iﬂﬂﬂ’]ﬁ“ﬂ’]\?@’]\‘i
g=13(@+b+c) @)

pu| p p &
Taed g A8 4m centroid TaedINIVREIN

L= -4 1 j dl dl ¥ N
a, b, ¢ A LINFATAMNUITBIFAHNIDIRIUIURLNNADINITUN centroid

uenaniaza¥qauaaimumiespmednaneurasiuiigndlunsaielng
newduuson Weflaglfinlafreqnidenreszndnediuunasiusiall (uudanqadn
”l,ug‘l_lﬁ 3.6) "gmmam@hﬁ@:gnﬁ;fﬂuﬁ@ﬁuﬁwﬁqﬁm (bond) Band *rigid-constraint” aadhy
formusviesaileiuldTagRanwasgiuresude (unudhedu gl 3.6) constraint i
azgnuiiilu 3wy Aa C,, C, and C, constraints
a. C. constraint |

. d” d: ] dl al as dl ]
Constraint # \TausiaqanlanyNIedinanauaesiy (P,) fuqaNIafiagRsanan

gaainananaiy (Py) wWnsaaiu (udeduginilugli 3.6)
b. C, constraint
4'

S ’
wAarqnNIaIaiuLy (P,) ava¥19 constraint Witanselliiqganasrasiunegly

o ] = g
AL aRNTesinanauesluia 3 qn
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Plague polygon

P, point-mass \ P, point-mass

C, constraint\

P point-mass
C, constraint

Tooth polygon

< .
71l% 3.6 C, C, and C, constraints

c. G, constraint

° o y a ! 1 o A ' ' a a

dmiulumalasiniy constraint HilusensaszndnegaNIaaesinanauiuglu

o e 4
fuqauasresiwanandrapadfoniu (wusiedugmalugly 3.7)

ANNIRTBIARTAANIRAIMUALAEITH RS TRLARTTUIRI T UUAZ AT AN
¥

wnuiuasfiuly tazAagesqaNIatesiuii naziuualfiARInAdnqaNaTes
* fiutuidsvanng 20 win e ldRuulifinnaindeuiiiediussnnsein dondnaedusstaime

. 9 b
(Bond's strength) sywdnaiusassazduresdiuyuiuiasiduandniulaenAadeidy

14

1 ] 173
N"94u999 noise and turbulence function (NAMTENEITN 6) TeAusetimnnziiazidlusia

dndouluuaasiutluazunn Weilusanansein

Plague polygon C, constraint

P, point-mass

51l 3.7 P, constraints
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guinveayANaN NIz teNna ANk

Tunsafnluaadounsifin az14 OpenGL dmFuairsinaneuvizeglinresiiuyu
v
o ° o o J = a
wazdauNIBNINEUEIMTUAIAINITNIEATBIUN  iNeRANsauINIsuAnTBsiul Tunns

_ 1 o 4 o z =
afalunaiuuil s il AAnanTR9eINumaRe k= 0.9, 4, = 0.6 uaTy,= 0.4

3.2 NM19ARINMTUANUL Y

nsaaeamsgaiufugnuiaiy 2 dou douusnAe mednaeusy Taaldaife

o/ '

° v d.a &I -ﬂl o o v oo
Tuaa ATUITUUTIUTIATUNLNATUINBLIINTENTINUIAG AN Tmﬂﬁuwuﬁnuwﬂmmm

L4 o/ A o =
g1nsnidnnasussduda dounasdAa N19919BINITUAN DI

3.2.1 N193NABIUSY
v 4& A’ .J o o a o A v
uses UM ATNeANAFTAQINARINNT3IN UL UsNAAINNATEE 1T uAZUR
1 ] v ¥
AINNIAUTDILATENND1ADINTIANNN  uazusaidansdautiazgninlldtleuliiuqn

u9a wlassa¥ e siugudon

3.2.1.1 wssnaaniag e

¥ ] ¥
wsanell  AUINIAINSEETNAINAAUATLIBLATEIHaTATINL uIANeUTLNLRIT8

] '
o I <4

v
mq WalAsadasaiuwdililuiliaresing Tage1Aundnnisaes Hooke's law

F,=k(p,-p) 2

a o

RINANNITNIY k- AAIANLEIBINURRdRg, p, ABATUMIATAqTuI839A

o o e d“ a o/ d’d > :‘ J o
UansaedgUnsnianaeunduda uas p, AeauUNURgeIngnisracn1edungaiiedn

9

[N p,

83642
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A}
\

<} o
;a:‘LI‘VI 3.8 NITANUAITULLIINA

[P2-P1] (mm)

A o/ ) o
glh’l 3.9 NINLAAY mmﬁuwuﬁi:mwLmnmnm:ﬂ N1 lUNINA

3.2.1.2 WFIAY

a dl = [} [ s dl t%4 o v g -3 dl Y o 14
panneTasiiad miugetiugdu  ieliinnsgavnliiiaan  Fewssduauaniléan

¥ 1
ANN1TT N

F,(f)=a*sin(z*t* f) (3)

{INaNNdNLL @ Aa waunRya (amplitude) 1R9M9dY, ¢ Aa 1Al T Ae
o o or | -:*j :
AMLLIAINITNNIBdRLnsnlaaeusadNTa (WAL 1ms) wae  f ANNDIRINITAY

(frequency)
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1
0.8

AAwAmAwiwiwd

T T T T R T T T T T T T R T T T T g e T T

0.2 1 15] 22 7] 78 \85 [92 99
-0.4 1
-0.6 A
-0.8 A
-1

Force (N)

Time (mlcrosecond)

d [ 1 y o
5% 3.10 naluanspudunuisTndnauseduinioan

3.2.2 N19ABINITUAN
Auuiia¥wacilassadrailugaunadausiaiuian igid-constraint Ingusannszi
¥ ] ¥ 1
fufiuduiiaznseindougmunauaznszansliiiqaueadu Meing nisAtuInLIaIngzAne

Tuldladonsing 1099misMenAeiEnns1ee Lagrange multipliers Tatflulifisannisdneane
JWITL=-JWq" (4)

74 -2 =] o c iR d' o A ¥ o 1
AINANNTTNUU niees A Aa Fagn (multipliers) TelufaNie1FBIATIAEIMN AN,

a . - - < o o . =
W A8 inverse matrix 989429, q AR WINLADTIBILNNINIENINUIANIATNNNA LAz J AD

~ Jacobian matrix 284 matrix ¢ (rigid constraint) Nvunlng

J= (5)

oc
op
Tne p AB WNADFUARIAIUMUNTDIRANIA UATUAAZIONTEY J AB BUWLEIRS

constraint ¢ WEUMLANMWLNIBIRANIA

3.3 AANITANTUNUIFLLATWAIUI
NMsAnE  easnuuy  waziaullsunsudniudnsainisyaiiugusdanginsal

Anaesussdnda Wasullsunsauduanediaglyn 3.11
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a o o o a ° o
5% 3.11 Isunsudmiudnasmsgaiuyuniiegunsnianasauseduda

J a a o ] A o [ o A=ll ua-z a
dalallsunsuariifapuguatniernde 4 wmiliunasunmaniinutozes
o/ A o v « o 4
W msdfuddeumnndnassugs  nisdfuasidussnasduaasglngnl  TaenlFusn
. -1 o o 4 o :"
amplitude WAfrequency uenanil Hlddanmnsolfunaouyunessessianiuld vianas

wyu Mehe s uazmsgadtviesan

< ° a
719 3.12 1euzvianasyaviuju
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<
Unn 4

nMsANELAsTAULALTANSINaR9IRY 3 NAlnelduundans

PNENIENTNENEN

14 1
Tasamstifluszuunisadrslisunsuanaasnislfuulaeuginssanafiflog 14
TassaFraiuguaeadulieaiin Bezier saulifian1sAtuatumn Collision Detection s31dne

o/ i aof A o/ 1 1
ulAaiuflanldluntsdfuulaeaugines isuasbensesalyi

4.1 Gesture-based Direct Manipulation of a Bezier curve

KulAs Bezier LﬂuLﬁuIﬁ’q*?;a%'N’%uImﬂﬁfim Control Point ifluaaiifinuagiauas
anuuzaaadulis B9 Bezier arusa & Control Point sawst 3 qawlyl uAlaeialyfeald
Control Point 4 9n Tnsifein Bezier AafiiqnControl Point 4 9A91 Cubic Bezier Curve

TatfiBezier fa:mm‘mﬁqmm‘lﬁmuaum?ﬁﬁ) Keselila
C(t) = (1-)°P, + 3t(1-t)°P, + 3f (1-)P, + £P, (4.1)

Tne® P,, P,, P,, P, A8 Control Point 13 4 4A181Bezier
k74 8 L 4 L]
wilue@deilliimmnne g uaedianyudidundn AuiudanFaulasaiireadu

TRsrinBezierfuiarnenyHeufd azdunmiiuaauadanfiy Augila 4.1

o o wex o e g
519 4.1 uanlFariiasannadeatsiureddulAeiia Bezier fiunisufunlasugiine
Tnaldfiagasnyud

A1naNNTsN (4.1) avsnsodasuguidluddssialiil

Ct) = (1) (2t-1)P, + 3t(1-t° av,+ 3F (1-9 BV, + £(3-20)P, (4.2)
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e v, uaz Vv, Aanmaiiianie way o uaz Biiluwisfinaiaauand miu pseudo-

physical

4.2 Physical constraints

dhudafmuanananiwdaiaannisEeuwtuamuantinanianineasinglulan

) a ] = 2 T
LLﬂ\?ﬂ’JWNLﬂu’QNN’ﬂg 2 1UM 1ﬂLLﬂ

1. Length constraint \udeiuuaiiaarinaauendignisailaswidasldann
anuanasafuldnntdeaiiadds  enfedtady  duadiaudazliAn  Length
constraint gevinlidefinseaifunanaafianisinyumsusanuinssia s

2. Bending constraint fludaivusmiesnianisTAwesasingdraunsaldssels

9 = o & o - ) p A A
wneeiiela ensiaatingidu W@udanid Bending constraint 1anndn 1Hadinsee

b 1
azgimfidwdanifinnistiwetuniuussinnnsgin udazldiinasinygy sy

e » . .
4.3 N19A1aRILBINIENINLIEN (pseudo-physical simulation)
i A
wallansdsaudenianininiunisqisesgnianifivesingalauaInia Wi
] E A
AnsantR InfiAeeiudngasadusssuan® Ganaliatlilfingnei@ndunliAnom udaz
vy o 14 i v 1 t 2/ dy 173 dl = g = .
Mdatnuaninuens uazanulas aldnamluunneuwinil snlfuny Tamatiall aziing
al a -3 9 73 A 3 %’ o oy 1 4
Wuwifimes 2 fa dhldieldluntsdesimingueniFssndnannuenuazanulée
] ¥
gaeinguaious nin deazaumlaeldaunissalyd

C=wM+ WzAL (4.6)
-dl <3 ] A=; a 4%’ d’ ¥ P R4 .J
Toem  C AaAncost MnIWTwsasliAtaeign
9
4 a O’A o ‘%’
w, UaT w, ABNNIIALARINYNNIMUATY
M ha AvannTAsaaadulAs Bezier
<4 ) 2 cl . ¥ o % o g
war AL Aedanusggeadulfsign normalize wda TaaAuanlisisil

L-1I,
‘LO

AL = 4.7

L4

L AaaduanaasdulAe Bezier nANuandls

L, AnAANNENANTAL AMUIMAINTTEZINNTEIdNN Control Point Py uaz P,
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v
arunsoin ldswilusanasnuldsaseluil

While C is not minimal do

Decrease QL and B

Calculate new Length where new O and B

Calculate new C

End while loop

< o a o & o ° a
319 4.2 uansdanesindmiuinisdrassdanenamiien e

4.4 AANITANIUITUIFLLASWRIUA

AINMSANE eenuuURaTA RN TUsunsud iU Pseudo-Physical Simulation 16
. J
ugnasagLhn 4.3

d o/ A o/
317 4.3 WsunsudrasanisUiunlaeuginssdnglneld Pseudo-Physical Simulation
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:l/ ° ' AJ ' AI v ‘J y:‘; } 4 Al

dumaunITNIuIesilsunsy ﬁﬁﬂl.l.ﬂﬂ\ilﬂuﬂ"lL?Nﬂu‘ﬂﬂﬁﬂﬂlﬂ?uﬂiﬂﬁ\uﬂﬁ‘l’) ThaAn
o o & < '

default 789 w, UAZ w, A8 0.5 ua 0.5 ANA1AL Tegldarunsofiazuiladaes w, uaz w,

ARusieIng

< ° o = o v
319 4.4 Waunsudraenisdiunlasugnssinglaeld Pseudo-Physical Simulation
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¢ Bezier Curve

i o 4 o
517 4.5 Wsunsudnaasmanliunlfeusinssinnlaeld Pseudo-Physical Simulation
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A91luazdansninansIREUAZ AU

5.1 agUnanisanilulasinis
mdnlugouusn  sunsudnananisgafiuguiivamnauinaisai 4l

] 1 H 1
inAnsiuaunne Waiuineeanudaungiesiunisgaiiuguuiniy anuanimenes

9
=~

Tuunil 3 grunsagsiiadaiifinasanisandiulasenasld fil

5.1.1 AMNAZIBEAUBILNLAR
a ) a o 4 o o )
- anuasideagactunaresiy wilen uaziiiu  duRediwulnanauzeusiay
Twea  dadluiladaddnidnasannuioaaditsunsy  dnsuganannlaunauaznig
Auaninisuangasiiudy Selunaiiaouszi@aaminiitlug n1suanRauLyL real-time f

1 b
vEet1aunty

5.1.2 MEAUINANIATAAEARS
nMednunmandinmansnFluldsunsdaulvaienisainisindg  aidney
Lflumﬁ‘@m %3a -n’lﬁ‘mﬂ"] Inverse Matrix v‘fimu"l’aums Lagrange multiplier Lﬁamﬁhmi‘
nszaneanausslifqnunasing matneurssdaneiuidlusunssinendlflusza
wik uAfitaANIA UAL constraint L*?v'umn'%w,ﬂuﬁqmumnq fiaziinasanaFalunis

ANUNBLLNGINT

ntetiefides dAmfumaiianisdtaesdng 3 Halaeldnsdaraamianianim

Fentananmntin i i lunseireinguailen 3 ARl NAusRIndiAneiuingsfensumi
1% o < 1 o’ = aa ¥ o ¥ °

wififsmnudianeurasmnduinguiian 3 fRenly ildawisadeadmaaanugzacn

Tunsareinquaiian 3 T wazeamnududaulunisainingaiauadld
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5.2 TALAUALUS

dvuemdduludauusn awnsatinllufulsussWaiedszanifidanléan
unanemafuiunngs lidiazanaasnisgaiy neaiu vizanassindnludestn uaznns
aenuuLAeslameTuANsINATAN AN LA IR AN NN TY

mdatenfiaas annsaimalafiiraunTutasnsailddssanfldauldiu
wailaau I iy inlhlszgnfl 4R Skeleton e ldinisadrsingiafian 3 §7 faanu

9 = [ % o a QI g F 7
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Abstract— This paper discusses the development of an
interactive training system which performs haptic simulation for
practicing dental plaque removal. Three object types are
simulated, namely teeth, plaque, and gums. All of them can be
interacted with through a single-point-of-contact haptic device,
A tooth is modeled as a rigid-body object, while gums are
modeled as a deformable object. A method has been developed
for dental plaque simulation, based on a physically-based
modeling of fragile material. Plague is modeled as a set of point-
masses connected by bonds which represent distance-preserving
linear constraints. Some bonds are used to connect pieces of
plaque together, while others are used to bind the plaque with
teeth. The forces exerted on these bonds during impact are
computed based on a spring-mass model of plaque object. The
resulting force is compared with each bond strength to
determine when and where plaque fragmentation occurs.

I.  INTRODUCTION

Dental training is made difficult by two factors. First, the
need to use wasteful training material and expensive
equipment make the training costly. This can also limit the
number of practicing hours. Second, it is difficult, if possible,
to train for a variety of patient cases. Development of a
computer-based training system helps alleviate these
problems. However, force reflective feedback is so crucial in
such simulation. Therefore, a system requires a device that
can give a haptic or force-reflective output. For this purpose, a
single-point-of-contact force feedback device (such as the
PHANTOM® used in this paper) can be used provide that
needed simulation feedback.

Many types of training are required to fulfill the
requirement for a college dentist degree. In this paper, the
focus is on haptic simulation of dental plaque removal. Due to
the nature of the plaque physical property, simulating the
cracking of objects is required. An early attempt at modeling
fracture is given in [1], where the authors presented a
technique for modeling viscoelastic and plastic deformations.
Their method used three fundamental metric tensors to define
energy functions that measured deformation over curves,
surfaces, and volumes. This method allowed them to
demonstrate how certain fracture effects could be modeled by
setting the elastic coefficients between adjacent nodes to zero
whenever the distance between the nodes exceeded a
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threshold. The method was applied to simulation of tearing
cloth and paper.

In [2], Norton described a technique for modeling the
breaking of three-dimensional objects. In their method, the
object to be broken is subdivided into a set of equally sized
cubes attached to one another with springs by their mass
points. When the distance between two attached mass points
exceeds a threshold, the spring connection is removed. In [3],
continuum mechanics techniques developed in mechanical
and civil engineering was applied to model flexible objects,
which included crack initiation and propagation. This method
is rather slow, however, due to a combination of high physical
realism and a complex system for dynamically re-meshing the
solid during simulation. In [4], Smith proposed a method for
rapid and controllable simulation of brittle objects. They used
a system of point-masses connected by workless, distance-
preserving constraints to represent the object, instead of stiff
springs. Its advantage is fast computation while still retaining
control over the fracturing behavior. Lagrange Multipliers is
used for solving exerted constraints forces.

In this paper, we developed an interactive dental training
system for plaque removal. A physically-based simulation
model for dental plaque based on the method in [4] is
described. A method is developed to calculate an exerting
force from a trainee hand through a haptic device.

II.  MODELING TEETH, GUMS AND PLAQUE

To perform the simulation, three objects are first modeled,
namely teeth, gums and plaque. Each object differs in its
shape and haptic property. The latter is described by such
parameters as stiffness (k) and friction (u). Both static (u;)
and dynamic (u,) frictions are modeled.

A, Constructing Teeth Model

Teeth were initially constructed from a commercial 3D
modeling tool. The resulting model was later imported to the
program. Haptic material property of the teeth is modeled by
setting the parameters as follows: £ = 1.0, g5 = 0.2 and yg =
0.1. ’ '

B.  Constructing Gums Model

A simple gums model was constructed from the same 3D
authoring tool. Its haptic material property is modeled by
setting the parameters as follows: k= 0.6, u~ 0.0 and u,=0.0.
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Fig. 1. Teeth and gums model used in the simulation

Fig. 2. Teeth and gums model as imported to the simulation program

C.  Constructing Plaque Model

Two different models are constructed for dental plaque.
The first graphical model is for visualization and haptic
simulation. The second physical model is for simulating the
fragmentation.

1. Graphical model

Plaque is graphically modeled by using vertex normal
vectors of tooth polygon vertices to create plaque polygon
vertices. The positions of these plaque polygons are slightly
shift along the vertices’ normal direction. Then, additional
polygons are created to join the plaque with teeth. The
algorithm used to create plaque polygons is described below.

Fig. 3. Tooth — plaque polygons intersection

1) Find each tooth polygon which intersects with gum
polygons [5].

2) By using a certain stochastic growth function, tooth
polygons are chosen for plaque formation.

3) For each vertex of each chosen polygon, find its
normal vector by averaging over all adjacent
polygons’ normal vectors (see Fig.4).

4) By slightly shifting the position of each chosen
polygon vertex, form a plaque polygon which glues
to that tooth’s polygon (see Fig. 5).

5) Create plaque polygon from these new vertices.
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Fig. 4. Vertex normal vector

Plaque polygon

Tooth polygon Vertex normal vector

Fig. 5. Constructing a plaque model

2. Physical model

A point mass model is assumed for both tooth and plaque.
Each point mass position is located at the center of each
polygon. The tooth physical model is composed of a set of
point-masses at vertices of its polygons (denoted as grey dots
in Fig. 6). In addition, a point mass is also added to a center
of each polygon which forms a plaque model. Point-masses
are interconnected by bonds representing rigid constraints
(denoted as lines in Fig. 6). Three types of constraints are
used, namely the tooth-tooth, tooth-plaque and plaque-plaque
constraints.

a.  Tooth-tooth constraint

This constraint, which is placed at the edge of the polygon,
connects two adjacent tooth point-masses (denoted as black
lines in Fig. 6).

b.  Tooth-plaque constraint

Three constraints are created from a plaque point-mass to
three tooth point-masses for connecting each plaque and tooth
polygon pair together (denoted as grey lines in Fig. 6).

Plaque point-mass

Tooth-plaque constraini
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Tooth point-mass

Fig. 6. Tooth-tooth and tooth-plaque constraints

¢.  Plaque-plaque constraint

For the plaque model, these constraints connect a point
mass for each plaque polygon with those of the adjacent
polygons (denoted as grey lines in Fig. 7).



Plaque polygo Plaque-plaque constraint

Plaque point-mass

Fig. 7. Plaque-plaque constraints

The mass value of each point-mass is determined by the
volume of the associated cube and the density of the object
material. Each bond has its strength, which may differ from
others’. A bond’s strength indicates how much it can tolerate
an exerting force before a break. Here, we adopted a noise
and turbulence function [6] to set a bond’s strength randomly.
In addition, to ensure that the plaque do not move by an
exerting force, weights of footh point-masses are set to be
significantly higher than (> 20 times) those of the plaque
point masses.

The graphical model is used by OpenGL to provide
graphical representation of the plaque. The physical model is
used to calculate haptic feedback, as well as to update the
visual model when fragmentation occurs. Here, plaque’s
haptic material property is defined according to these
parameter settings: k= 0.9, g, = 0.6 and p;=0.4.

III. SIMULATION TECHNIQUES

Simulation is performed in two parts. The first one deals
with force simulation. This involves calculating an exerting
force based on the location of the haptic device’s end point.
The resulting force is then used to calculate a feedback force.
The second one deals with the simulation of plaque
fragmentation.

A.  Force Simulation

Force exerted on the model is a combination of a pressing
force from a user hand and a vibrating force from a dental
plaque removal tool (a dental drill). A combined force is also
assumed to be exerted on a point mass.

1. Hand pressing force

A force due to pressing of a user’s hand on the teeth model
is calculated from a distance between the haptic device’s end
point and the model surface. By using the spring-mass model,
the hand pressing force is calculated from the following
Hooke’s law.

F,=k(p,-p) 1

From the above equation, k is the surface stiffness, p, is
the real cumrent position of the device end point and p, is the
shortest point on the surface of the model as measured from
Py
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Fig.8.  Hand pressing force calculation based on a spring-mass model

2. Vibration force
A vibrating force is generated by a plaque removal tool, to

accelerate plaque fragmentation. The instantaneous amplitude

of the force is calculated from the following equation
E,()=a*sin(z*t* f) 2)

Here, g is an amplitude of vibration, ¢ is the simulation time

instance, 7 is the haptic simulation time interval (= 1ms in this
case), and f is the vibration frequency.
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Fig.9.  Vibration force as a function of time

B.  Fragmentation Simulation

We formulate the problem of calculating the reaction or
constraint force due to rigid constraints as one of solving for
Lagrange multipliers in the following simplification of
constraint force.

JWITh =-JWq" 3)

The elements of the vector A are the multipliers we wish to
solve for, while W is the inverse mass matrix and q is the
global force vector, containing information on what forces are
being exerted on which point-mass. The Jacobian matrixJ of
the rigid constraint ¢ is defined by

dc
== @
ap
Where p is a vector of point-mass positions. Each row of J

is the derivative of the constraint ¢ with respect to the position
of each point-mass.



IV. THE SYSTEM AND SIMULATION RESULT

Fig. 10 shows the device and software used for the
simulation. A picture illustrating plaque removal in action is
shown in Fig. 11.

Fig. 10.  The device and software used in our training system

Fig. 11.  Plaque removal in action

Plaque point-mass

Tooth-tooth constraint

Fig. 12.  Visualization of plaque fragmentation (a /b : “a” is the constraint

force and “b” is the constraint strength)

Here, each tooth was constructed from 305 points with 535
polygons, and gums were modeled as 227 points with 384
polygons. There were 64 teeth polygons which intersected
with gums polygons. Initially, physical plaque model had 130
point-masses and 346 constraints. The constraint strengths
were determined by a combination of a turbulence function
and geometric heuristics. The constraints would be broken
when its constraint force was more than constraint strength
(denoted as red lines in Fig. 12). Plaque point-masses would
be removed when all its neighbor tooth-plaque constraints
were broken (denoted as red dot in Fig. 12).

V. CONCLUSIONS

We have presented a haptic simulation technique for
practicing dental plaque removal. Two plaque models has
been described, namely the graphical model and the physical
model. Simulation of exerting force and plaque fragmentation
has also been described. An exerting force is due to both
user’s hand pressing and vibration of a dental plaque removal
tool. The techniques developed form a basis for development
of a complete interactive dental training system with haptic
force feedback. The system can provide a variety of training
cases, while eliminating the use of wasteful training material.
The technique used in the system can be applied to develop
other dental training systems such as tooth drilling.
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