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1. INTRODUCTION 
Recently, with advances in computing environment 

as well as in haptic device technology, many researches 
on medical simulation with haptic feedback are 
proposed. Since the characteristics of bone-related 
surgery such as craniofacial, maxillofacial, or dental 
operation are well suited with haptic application, bone 
surgery simulation is receiving increasing attention. 

Since bone surgery involves in removal of some 
portions of bone in volume, the bone is naturally 
represented by voxel-based models and the haptic 
feedback force is computed directly from the 
intersecting volume data [1][2]. Although this direct 
rendering allows a fast computation, it suffers from 
unstable feedback force. The instability comes from the 
fact that the computed feedback force is sharply 
changed when the interaction point enters a voxel or 
leaves from a voxel. Another problem source is the 
unpredictable amount of intersecting volume data which 
can fluctuate while user moves around the haptic device. 
It may well exceed the maximum renderable stiffness of 
the device, and cause undesirable buzz. 

Alternative approach to direct rendering is to 
compute the feedback force indirectly from the surface 
which is reconstructed from volume data [3][4]. This 
approach generates smooth feedback force, but it is 
often cumbersome and computationally intensive to 
reconstruct the surface locally as bone parts are 
removed.  Moreover, since the cost of reconstruction 
depends on the number of contact polygons, it is even 
harder to meet the haptic cycle under multi-contact. 

The important part of bone surgery simulation is the 
choice of the bone representation so that it can handle 

both the visual effect of bone removal and the fast 
computation of stable haptic feedback. Our goal is to 
generate smooth and stable feedback force for bone 
surgery simulation during bone drilling. We propose to 
apply virtual coupling[5] onto the voxel-based haptic 
rendering approach which also handles shape 
deformation (i.e. bone part removal) in haptic cycle. 

 
2. METHOD 

Our approach is inspired by the method of Barbič et 
al.[6] which resolves penalty-based contact forces 
between two objects using a point-based representation  
(a point shell) for one object and a signed-distance field 
for the other. In their method, a soft object with reduced 
degree of freedom is represented by the point shell. In 
bone drilling application, however, the object being 
deformed (bone) is a hard object and the degree of 
freedom for its deformation (cut-away) is unlimited. 
Therefore, the reduced deformable model in [6] is not a 
suitable representation for bone drilling simulation. 

In order to handle bone part removal efficiently, we 
use voxel-based models for both bone and the tool. 
Moreover, for stable haptic rendering, the bone surface 
is tracked by a point shell [7], and the tool is represented 
by signed-distance field. The contact force is 
approximated by a penalty-based method, which utilizes 
the point shell points of bone and distance field of the 
tool. After resolving the contact force, we calculate the 
feedback force using static virtual coupling [6], which 
reduce the force discontinuity originated from the 
limited voxel resolutions. 
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2.3 Voxel-based haptic rendering 
Our haptic rendering algorithm do not consider 

surface model but only volume model. Given volume 
model of bone and distance field of tool, we calculate 
the feedback force to be conveyed to a user. 

At first, we get the manipulandum position and 
orientation. Then the following steps are executed 
during haptic cycle; 1) collision detection 2) contact 
force computation  3) virtual coupling force 
computation 4) Finding a new position of virtual tool 5) 
Feedback force computation. The following sections 
will describe theses steps in detail. 
 
2.3.1 Collision detection 

The bounding box of tool is updated as the simulation 
object move and bounding box overlap between bone 
and a tool is performed. If the bounding boxes 
overlapped, every point shell of bone is queried against 
the distance field. However, the point shell and distance 
field have different coordinate system. Thus, every 
point shell point in world coordinate is transformed into 
volume space of tool using the following equation. 

௩ܲ ൌ ሺ ேܸ௨௠   െ 1 ሻ ൈ ሺ௉ೣି௏೘೔೙ሻ
௏ೞ೔೥೐

,                  (1) 

where the Pv and Px are the volume coordinates of tool 
and the position of point shell, respectively. The range 
of this value is [0, … Vnum]. Vmin and Vsize are the 
minimum value of volume and the size of the volume in 
world coordinate, respectively.  

At transformed position, Pv, we query value of 
distance field by using trilinear interpolation. Since we 
applied signed distance field for tools, a negative sign of 
this value means that objects are collided. If we detect 
the collision between bone and a tool, contact force is 
calculated. 
 
2.3.2 Contact force computation 

Once collision is detected, the following equation is 
used to calculate the contact force, which is summation 
of penalty forces of point shell points in contact: 

 
௖ܨ ൌ ∑ ௜ܨ ൌ ∑ ݇௜݀௜ ௜ܰ,                         (2) 
 
where k is the stiffness value and d is a distance field 
value. Both k and d are interpolated from the 8-neighber 
voxels near each point for better precision. N is the 
normal vector of the point shell point. 

Since we can get the smooth feedback force only in 
the case of shallow penetration of a tool, the contact 
force cannot be conveyed to the device directly. Fig. 3 
shows this problem. When the tool is in free space, no 
force is generated (a). As the tool moves the inside of 
bone, the magnitude of sampled distance field value is 
increased compared with previous one. And then 
feedback force is increased. (b)-(c). But if the tool 
penetrates bone over the medial axis of distance field, 
the feedback force is reduced.(c)-(d).  Moreover, as the 
distance field pass through bone, we cannot detect the 

collision(d). And no feedback force will be generated. 
 

 
Figure 3. A problem of direct rendering with distance 
field 

Notice that depending on the number of point shell, it 
may well exceed the maximum renderable stiffness of 
the device. This can easily make a device instable. To 
address this problem, we adopt the indirect method, 
called virtual coupling. Virtual coupling is a spring 
connected between the manipulandum and the 
simulation object. Since feedback force is only involved 
in this spring force, we can stabilize the feedback force 
by adjusting the parameter of this spring. 
 
2.3.3 Virtual coupling computation 

For the virtual coupling, we should trace the position 
of manipulandum(Pmanipulandum) and the position of tool 
in simulation world(Ptool), separately. Then the virtual 
spring is connected with them. The following equation 
shows this virtual coupling force. 
 
௩௖ܨ ൌ ݇ௗሺ ௠ܲ௔௡௜௣௨௟௔௡ௗ௨௠ െ ௧ܲ௢௢௟ሻ,                (3) 
where we calculate the Pmanipulandum by scaling the 
position of haptic device in accordance with the size of 
simulation world, the Ptool by solving net force 
equilibrium equation. The following section will 
describe how to find the position of the tool(Ptool). 
 
2.3.4 Finding a new position of virtual tool 

When the summation of the contact force(Fc) and the 
virtual coupling(Fvc) is zero, called net force equilibrium, 
the simulation object is anchored. If a user moves the 
manipulandum, this equilibrium status will be broken. 
The simulation object will move to the new position 
where the net force is zero. If we consider both 
positional rotational force, this relation can be 
represented 6x6 linear system[6]. However, we only 
consider the positional force in this paper. The 
following equation show this relations. 
௖ܨ ൅ ௩௖ܨ ൅ ቀడி೎

డ௫
൅ డிೡ೎

డ௫
ቁ ݔ∆ ൌ 0,                 (4) 

 
where ∆x is displacement of the position of simulation 
object. பFౙ

ப୶
 and பF౬ౙ

ப୶
 is the gradient of contact force 

and virtual coupling force with respect to ∆x 

257

Authorized licensed use limited to: Korea Advanced Institute of Science and Technology. Downloaded on March 11,2010 at 02:57:15 EST from IEEE Xplore.  Restrictions apply. 



respectively.
equation (3),
cycle, ∆x is r
find new pos
current positi
 
2.3.5 Feedba

Once the 
by solving th
compute the 
The feedback
virtual coupl
and position 
important m
the maximum
stiffness sho
used is PH
maximum ex
renderable st
stable feedb
feedback for
virtual coup
magnitude of
got the stable
 
2.4 Volume 

To handle
the volume 
haptic cycle.
overlapped v
between bon
difference Bo
the occupan
density of bo
Finally, the p
1 (mid) are 
point shell p
(The open d
The hole in t
algorithm. W
voxels, and c
voxel. If the 
element, we 
in Fig.1 (righ

Figure 4. Sc
procedure 

 
 
 
 

 Since the x
, we get the 3 
resolved by G
sition of simu
ion of simulat

ack force com
position of s

he linear equa
feedback forc
k force is as 
ling force betw
of manipulan

matter on calcu
m exertable fo
ould be consi
HANTOM Pr
xertable force
tiffness of 0.6
ack force, w
rce below 8.
pling below 
f feedback for
e force while t

cutting 
e shape deform

cutting proc
. The first ste
voxels by com
ne and a drill
oolean operati

ncy of the to
one, the voxel
point shell is a
the point she

points on remo
dots in Fig. 1 
the point shel

We consider th
check 26-adja
voxel type o
generate a po

ht) are the new

 

chematic illus

, y, z coordin
linear equatio

Gaussian elim
ulation object 
tion object.  

mputation 
imulation obj
ation system o
ce, which is co
same as the o
ween new sim

ndum (Newton
ulating feedba
orce and maxi
idered. The h
remium 1.5, 
e of 8.5N an
6 N/mm. In o

we should lim
5N. and the 

0.6. In ou
rce is limited 
the kd value w

mation of bon
edure is perf

ep of this pro
mparing the o
l (Fig 1.), and
ion to the den
ool. In accor
l type of bone
adjusted. The 
ell points bef
oved part of b
(right) are th

ll is filled by 
he collided vo
acent voxels a
of an adjacent
oint shell poin
w points gener

 

stration of the

 

nate involved
ons. Every hap
ination. Then
by adding ∆x

ject is calcula
of (3), we fin
onveyed to a u
opposite force
mulation posit
n’s 3rd law). T
ack force is t
imum rendera

haptic device 
which has

nd the maxim
order to gener

mit magnitude
stiffness of 

ur system, 
to 8.5N. And

was below 0.64

ne while drilli
formed at ev
cedure is to f
occupancy va
d then we ap

nsity of bone w
rdance with 
e also is upda
blue dots in F

fore cutting. T
bone are dele
he deleted on
using a flood
oxels as the s
around each s
t voxel is surf
nt. The blue d
rated. 

e volume cutt

d in 
ptic 
 we 
x to 

ated 
ally 
user. 
e of 
tion 
The 
that 
able 
we 
the 

mum 
rate 

e of 
the 
the 

d we 
4. 

ing, 
very 
find 
alue 
pply 
with 

the 
ted. 
Fig, 
The 
ted. 

nes.) 
-fill 

seed 
seed 
face 
dots 

ting 

T
Du
Ge
our
libr
1.5
con
bon
res
and
and

I
gen
gen
rea
cut
ren
abl
by 
we
Bo
imm
tha
the

Fig
rem
poi

Fig
con
fro

The simulatio
uo CPU E840
eForce 8800 G
r system in 
raries for com

5 was used to
nducted a pre
ne and a dr
solutions, for 
d 12x12x12, 
d a tool are 0.
In order to c
nerated. As 
nerated and d
ached up to ab
tting was pr
ndering ran at
le to generate
using the me

ere drilling, t
oolean opera
mediately as 

at we need ano
e drill eliminat

gure 4. Screen
moval: square 
int shell point

gure 5.  Feed
ntacted with b

om bone. 

3. EXPER
on have been t
00 @ 3.00 G
GTS graphics
Windows pla
mputer haptic
o display the 
eliminary exp
rill as shown
bone and a ti
respectively. 
05 and 0.02, r

cover the enti
bone was dr

deleted. The m
bout 2,300. Ha
rocessed wit
t 60 Hz. Figu

e continuous a
ethod propose
the feedback 

ation elimina
shown in Fig
other force int
tes the one vo

n shot of our s
block is volu

ts. 

dback force fr
bone to the tim

RIMENT 
tested on a Int
GHz processo
 card. We ha
atform with C
cs. And Phant

feedback for
periment on s
n in Fig. 4. 
ip of a tool, a
The voxel si

respectively. 
ire bone, 2,16
rilled, severa

maximum num
aptic renderin
thin 1 kHz. 
ure 5 shows 
and stable hap
ed in this pap

force fluctu
ates the co
ure 6. This re
terpolation alg

oxel. 

system during
umetric bone c

rom the time w
me when the d

tel® Core™ 2
or PC with a
ave developed
CHAI 3D[9],
tom premium
rce. We have
simplified 3D

The volume
are 24x24x24
izes for bone

68 points are
l points was

mber of points
g and volume

And visual
that we were
ptic feedback

per. When we
uates because
llided voxel

esult indicates
gorithm when

 

g bone 
covered by 

 
when a drill 
drill separated 

2 
a 
d 
, 

m 
e 

D 
e 
4 
e 

e 
s 
s 
e 
l 
e 
k 
e 
e 
l 
s 
n 

258

Authorized licensed use limited to: Korea Advanced Institute of Science and Technology. Downloaded on March 11,2010 at 02:57:15 EST from IEEE Xplore.  Restrictions apply. 



  
 

 

Figure 6. Fe

 
4. CONC
For bone 

volume-base
force as fast 
and tool is re
the static vir
Finally, volu
Boolean ope
occupancy o
tracked by ap

This resea
simulation sy
haptic feedb
order to pro
education. C
structure, w
remove of p
append poly
enables the v
The importa
between bon
vibration forc

 

This rese
Information 
Information 
program sup
Technology 
0002) 

This work
of Knowled
R&D program

We would
CO., Ltd. 
instruments. 

 
 
 
 
 
 

edback force 

CLUSIONS 
drilling simu

ed haptic mod
as possible, b
epresented by
rtual coupling
ume cutting 
eration to th
of the tool, 
pplying flood-
arch is the pa
ystem to be d

back of vario
ovide dentist
Currently, we

which can ma
point shell p
ygonization te
volume model
ant future wor
ne and drill bit
ces of drill. 

ACKNOW
arch was su
and Commu
Technology 

pervised by 
Advanceme

k was also sup
dge Economy
m(No. 10030
d like to than

for supporti

while drilling

AND FUTU
ulation, we h
del. To calcu
one is covered

y distance fiel
g for stable f
is implement

he density of
and the def

-filling algorit
artial work o
developed. W
us drills and
s with surgic
e are investi
anage freque

points. And w
echnique to 
 to convert the
rk is to mode
ts with regard 

LEDGEMEN
upported by 
unication, Ko
 Research 
the Institute 

ent (IITA-20

pported by th
y), under in
198) 
nk CEO Jai K
ing 3D mo

 
g 

URE WORK
have describe
ulate the con
d by a point sh
d. We also ad
force generati
ted by apply
f bone with 
formed shape
thm. 

of dental impl
e aim at reali

d a condenser
cal training 
igating the d

ent addition
we are going
our system t
e surface mod
el accurate fo
to resistance 

NT 
the Ministry 
orea, under 
Center supp
for Informat

008-C1090-08

he MKE(Mini
nternational jo

Kim at PRIM
odels of den

K 
d a 

ntact 
hell 
dapt 
ion. 

ying 
the 

e is 

lant 
istic 
r in 
and 
data 
and 

g to 
that 

del.  
orce 
and 

of 
the 

port 
tion 

804- 

stry 
oint 

MPO 
ntal 

[1]
K. 
the
MI
[2]
dri
sim
170
[3]
R. 
mo
Ha
Tel
[4]
Ha
Sim
[5]
the
Int
140
[6]
con
sam
17
[7]
deg
sam
[8]
Clo
http
[9]

] D. Morris, C
Salisbury. “A

e simulation 
ICCAI, 2004.
] M. D. Tsai,
illing haptic 
mulator”, Co
09-1718,  20
] A. Petersik, 

Leuwer. Hap
odels at sub-v
aptic Interfa
leoperator Sys
] M. Eriksson
aptic and V
mulator”, Proc
] J.E. Cogate, 
e Haptic Disp
t. Conf. on I
0-145. IEEE, 
] J. Barbič, an
ntact for 6-
mpled reduce
1-180, 2007
] W. McNeely
gree-of-freedo
mpling”, Proc
] Mauch Sean
osest Point an
p://www.its.ca
] www.chai3d

REFERE
C. Sewell, N. 
A collaborativ

of tempora

, M. S. Hsieh
interaction 

omputers in 
007 
B. Pflesser, U
ptic volume 
oxel resolutio
ces for Vi
stems, 66-72, 

n, and H. Flem
Virtual Realit
c. World Hapt
M.C.Stanley,

play of Tool U
Intelligent Ro
1995. 
nd D. James,
DoF haptic 
ed deformab

y, K.D Puterb
om Haptic 
. ACM SIGGR

n, A Fast Alg
nd Distance Tr
altech.edu/~se
.org 

ENCES 
Belevins, F. 

ve virtual env
al bone sur

h, and C. H.
for orthope
Biology an

U. Tiede, K. H
interaction w

on. In IEEE Sy
irtual Enviro
2002 

mmer, and J. W
ty Skull Bo
tics, 2005 
, and J.M.Bro

Use. In Proc. 
obots and Sy

, “Time-critic
rendering o

le models”, 

baugh, and J. 
Rendering U
RAPH, 401-4

gorithm for C
ransform, Tec
ean/ 

Barbagli, and
vironment for
rgery”, Proc.

. Tsai, “Bone
edic surgical
nd Medicine,

H. Hohne, and
with anatomic
ymposium on
onment and

Wikander, “A
one Surgery

own. Issues in
Of IEEE/RSJ

ystems, Pages

cal distributed
of adaptively

Proc. SCA,

J. Troy. “Six
Using Voxel

408, 1999 
omputing the
hnical Report

d 
r 
. 

e 
l 
, 

d 
c 
n 
d 

A 
y 

n 
J 
s 

d 
y 
, 

x 
l 

e 
t, 

259

Authorized licensed use limited to: Korea Advanced Institute of Science and Technology. Downloaded on March 11,2010 at 02:57:15 EST from IEEE Xplore.  Restrictions apply. 


