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ABSTRACT

This thesis presents haptic simulation of brittle object using haptic force feedback device.
Based on the rigid-constraint model, the virtual object is represented as a set of point-masses
connected by distance-preserving linear constraints. The drawbacks of the original method are
that it takes much calculation time and is designed for graphic generation. To use the method for
real-time haptic simulation, computational efficient algorithms are developed. Bounded force
propagation method was developed to limit region of force propagation and reduce calculation
time. Position Prediction technique was developed to predict the force feedback device end-point
position. This allows time for preparing the appropriate constraints matrix before actual collision
occurs. In addition, collision detection algorithm for haptic device end-point was developed by
using Barycentric coordinate technique to improve calculation speed and to solve a problem
caused by concave polygon crossing. We use these techniques, in combination with a single-
point-of-contact haptic force feedback device, to develop the interactive dental training system

with haptic force feedback for plaque removal.
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- 401UZN 2 (COLLIDING FACE)
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310 3.9 msdmvounuy convex Tasyumeluingiiamwinndi 90 esrnusdrioondi 180

o3



31

nadii 2: vouves Indnoudeiunuy concave Taoyumoluingiiamnnd 90 osrmud
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n39ih 4: vouveaIndneureiuuuL concave Tauyumoludagiisiuinnii 270 esm
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l é L 1 1 ' ar l" 4
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w.E,
b= = (3.8)
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] a9 3 -~ N Vo . a’: o
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Tay
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w= HIP —v,

b= (W.Ev)
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HipToEdge = IHIP.

edge <3

HIP

F,

edge
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- MIANITZUINYA HIP fugayuves Tndnou
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NI NTIU (FUN1IN 3.12) WIINVITUEHNIEHINYDUNUYA HIP QQZ'IJYI 3.16 TﬂUﬂEN

] A 1 ) ai
T1ls19n9 HIP aquuveufieu (IHIP,, ) Famifrlaninaunif 3.10
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Tao

HipToVertex = HIP -V,

(3.12)
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310 3.16 msadrauseszninaga HIP fugayuves Tndnou

3.4 mavisnnldsunsudraeamsyaniuiu

b4 "
dromatiauazdsmsdedunamuaildnarin annsai s Tdsunsums$iassms
= 4 o 1 o o A o - ar -
yaruu ednialiuninAnyivaunnd melviinAnuilianuduaeiugunsaimsyatiuu
msnanseaiiegnisumziinmsya vaziilumsiiuines aawdnng Wumindnudeudiez

L ¥
Tfiasuau14995e q Tavtureumsiann Isunsudludsde lil

24 -9
3.4.1 malanave iy 1mden uaz vy
mitasamsyaiuifuszisznenTddemsadaTumaveailu mlen uaziuiu Taoudas
k4 v "
=) ] arey o a . -1 L | 1 o -é 9 L
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o = a" -~ L) d:‘ - 1o = n" =) d’ - .’:
dulszanianudanguueaiuia (Stiffness : k) uazmaulsznusadoaniuyosiumingug
1 s - n.’ - \ ar = Qi -
(Friction : x) Tavmduse@nsusadvamuszisznov lUde sidudsednsus udvanmuada

’ s = q“ ~
(Static : yy) uﬂ:ﬂ‘lﬁnﬂ‘iz’d“ﬂﬁllﬁlﬂﬂﬂﬂ‘m'ﬂﬁﬁ‘ (Dynamic : yg)

3.4.1.1 Mg luaaviunazimion

" L d
HuuazmisnszgnadnlasTsunsuadiedng 3 98 314 3.17 uaz 3.18 udnhlueail

¥
Tnasdng Tsunsy Tavesiimpuauifvesiiufiveilu fe k= 1.0, u, = 0.2 uag gy = 0.1 du
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317 3.18 Twmailuuazmionymziraeamsyaiiugfu

3.4.1.2 msaialmaaiuu

msad e lumariufuszmiaiiu 2 dau damnsnie daunsiiln (Graphical model) Mm%y
) =y : = -] o o ' H L
adeglieiuuiueaiutarmsdiae s sduda dauiaosno daumunIn (Physical
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=] A Voo 1 - 4y 2
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o a @ o . = & & g - - @
UsznounuIzINANITAANY (Intersection) ¥D3 InANBUNIaD TuAa FenAouTuveumiondy
O.J é = o d’ o = ar 1
Hutiuies Falndnou vinail wgmi ladaiu Indneuvesiuudeuiveguu Indnouves
o = ] o L A -
#u Taofiuyueziidnuazdluiriu 9 Gusdraduuity dansadaTwdneuvosiuuaziuly
¥ ¥
Muuaouaae 11
b4 (] ]
1. M Inanouvesiluisnuandany Indnouveunion degui 3.19 Tasld35ms

ATIVADUMIVUAUITTHINMINALY (Triangle-Triangle Intersection : [7])
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Rigid-constraint

point-mass

Plaque polygon

311 3.21 uaasgauan unudawianay, constraint iUy iaz Indnouvesiiuyu unudae

UNUTIMALY

3.4.2 M5d1a09159

' y [ "
ussiuniiauieduda inginannmMsTwiuYes usanasnilevesd 14 usamnmsduves
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in3esiioinosmIyaniuifu tasusuduanuvesiuiivesing

3.4.2.1 H5I0ADINHOR1Y

¥
= o 1

1 b
usanail Aduninzuznnnalmoalewveanissiioyaiuuiuiuiivesing

=Y

4 4 - v 4 o 3 o as 4
wansosoyariuud I luifevosing Taverfunanmsuee Hooke's law (317 3.22)

o

F =k(p,-p) (3.13)

' <] 3§ a o 1 o
nnauMstau k femanuuiaesiuiiiag, p, Avdumisiliiuvesgalarsves

]
ar ~

o o o e 1 = - u.’:‘ i 4 o
gunssidaeansaduda uaz p, Avyauuiuimvesingiiiszuzneduigaiiotann p, uae

¥
AN & ow o

v o d 1 = o =
anuduiusizn s ldduanudnlumsnavuiuiraquansdsgili 3.22
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.\ Previous Position
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Object surface *, Pl
A
\‘\
Spring
New Position i

310 3.22 msdwnusang

[P2-P1] {mm)

U 3.23 nawluamsauduiussznhas snafuszoymalumsng

3.4.2.2 15 aduve AR50 B0 YAR MY

= - - o = d. 3 ° 9y o ‘: g Vv 4
annnsesdodmivyaruyu e imsyai s unazdldeonus niovas Fausa
e 4
Fumuia 1dnnaumn 3.14

F, (Iy=adsinzts1) (3.14)

VNAUNITNUY a 7D ueUNAYA (amplitude) YOIMTHY, D 19, 7 AiD MULAINS
o o s ar 1 o d' ‘If A
mﬂmjmqﬂnsafmﬁmusmumr (NNY Ims) 4AZ £ ANUDVBINITAU (frequency) TAoAIND
n1dogh 28 fia 34 kHz (§199991MAT09YATUIYY Piezo Ultrasonic Scaler) #a31lil 3.24 uaz

anuduiussnaussduiunaudaiagli 3.25
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f Spanner

gﬂﬁ 3.24 m?m‘gﬂﬁuﬂu Piezo Ultrasonic Scaler
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-

Force (N)
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" . AT, . § @ w
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3.4.2.3 Friction force

Funsadoanidszai 326 wiaih 2 il

1. Static friction HIDUTUTOAMUATH Li‘luusuﬁc}ﬂmuswinﬁa%mawaﬁmqﬁﬁuﬁﬁ
i lﬁﬂﬁu1ﬁ‘aﬁ1mm:ﬁ1ﬁ'ﬁmquﬁeuﬁﬁ'«"h.imﬁéuﬁ wsadvamuadaiimgeqaiiioTagisy
indoufiuudnianils naasdaaunsii 3.15

Fy=pN (3.15)

4

[ 3 '
Tawi u, Ao duiszAnivosnnuidvamuaio uag N Aousananiniyaduia

A = « A a 2 & = s a A Ao o o
2. HIDUSATIANIUIAY 1ﬂuuwﬁuamumamnuqm'ﬂau*nfuuanmwmmmnnmm
= L) ¥ - o -y o a
um’n’uﬁmumunmuaummmﬁuamuﬁnﬂmﬂuou LAAAIFUNITN 3.16
F,=u,N (3.16)
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4.1 S1802108AINIDINVUNAADINITIUNIUIY

noufinaedilfiiundes pc TnefinoaziBon wail

1. CPU : Intel Pentium Duo-Core 2.8 GHz, Socket 775, FSB 800 MHz

2. Main Board : ASUS PSVDC-MX, FSB 800 MHz

3.RAM : DDR 2 GB, 533 MHz

4. Graphic Card : Workstation Graphics Card NVIDIA Quadro FX500, AGP8X, 128 bit,
RAM 128 MB, VGA Memory Clock 486 MHz, VGA Core Clock 270 MHz

4.2 nsnidrneanssduda

gUnIniiansIduAaN14Ae PHANTOM® Premium 1.5/6DOF #4311 4.1 Tauil

a o o o o o av 4 ! .
FWALIDUAAINITINN 4.1 Lla::'lﬁljﬂiﬂﬁl‘ﬁuﬂ’liwwunm’lw fD OpenHaptics™ Toolkit

51/ 4.1 gin3eisaesussduia PHANTOM® Premium 1.5/6DOF
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| Translational | 15Wx10.5 Hx 7.5 D inches

381 W x 267 Hx 191 D mm
| Rotational
Yaw 297 degrees / 5.18 radians
Pitch 260 degrees / 4.54 radians
Roll 335 degrees / 5.85 radians

| 13 W x 10D inches / 330 W x 254 D mm

Lower arm movement pivoting at elbow

Translational 860 dpi / 0.03mm
Rotational
Yaw & Pitch 0.0023 degrees
0.00004 radians
Roll 0.0080 degrees
0.00014 radians
0.1502/0.04 N
Translational 1.91bf /185N
Ratational ‘
Yaw & Pitch 73 0z-in / 515 mNm
Roll 24 0z-in /170 mNm
} Translational 03Ibf/14N
Rotational
Yaw & Pitch 27 0z-in/ 188 mNm
Roll 7 0z-in /48 mNm
20 Ibf i’
3.5 N mm’
< 0.30 Ibm
<1369
| ~201b
o~ 9 .

2oz, ToeelY 2

X, Y, Z, roll, pitch, yaw

Parallel port

Intel-based PCs

Yes

| Yes
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1. Tagad199n INAneuaIMALY, point-mass A constraint TiNudonTanuasgmoly
3 1 AT TP — e R." I ¥ AN ad
Nunnnnaoudegun 5.1 Tavinginaassilanyaziiiuiiui 2 Gaegluszui
AN ez mau Inaneuminy 98 Tnanay §119U point-mass 11171 98 point-

mass 1A constraint N1 133 constraint

31U 5.1 uanadngilddmiunisnaaes, Twdneu, point-masses 1A constraints INVIY04
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Interactive Haptic Simulation of Dental Plaque
Removal

Nontapol Somrang and Noppom Chotikakamthorn
Faculty of Information Technology and
Research Center for Communications and Information Technology,
King Mongkut's Institute of Technology Ladkrabang, Bangkok, Thailand
Tel: +66-2-739-2429 ext. 3335, Fax: +66-2-739-2429

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 tecth, 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. Plaque 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 fo
determine when and where plaque fragmentation occurs.

| 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

0-7803-9740-X/06/$20.00 ©2006 IEEE

W4C-1

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 (0 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
rcalism 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 ils
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
selting the parameters as follows: k= 1.0, u, = 0.2 and u, =
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 ;= 0.0.

ISCIT 2006



Fig. 1.  Teeth and gums model used in the simulation

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

C.  Constructing Plague Model

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

L

Plaque is graphically modeled by using veriex 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 deéscribed below.

Graphical model

Fig. 3.

Tooth — plaque polygons intersection
1)
2)

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

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

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

Create plaque polygon from these new vertices.

3)

4
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Fig 4. Vertex normal vector

Plaque polygon

Teoth 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 plague 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.

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).

a.

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

c.  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 Plaque-plaque constraint

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 excrting 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 tooth 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, u, = 0.6 and u,= 0.4,

1.

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.

SIMULATION TECHNIQUES

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(pz"pl) {l)

From the above equation, k is the surface stiffness, p, is
the real current position of the device end point and p, is the
shortest point on the surface of the model as measured from
pP-
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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 instantancous amplitude
of the force is calculated from the following equation
F ()= a*sin(z?1*f) @)
Here, g is an amplitude of vibration, ¢ is the simulation time
instance, 7 is the haptic simulation time interval (= Ims in this
case), and - is the vibration frequency.

’ &
0.8
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Z 024
g [oJ o, e AN i W ——— e
S 02y 8\isj2 43160 (57 71 78 \85
0.4 4
0.6
-o.aﬁ
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Time (microsecond)
Fig. 9. Vibration force as a function of time

B.  Fragmentation Simulation

We formmlate 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.

JWJI'L = -JWq' ®3)

The elements of the vector . 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

de

“)
op
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.

J




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
shownin Fig 11.

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

Fig. 11.  Plaque removal in action

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 tecth 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).
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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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