
International Conference on Control, Automation and Systems 2008 
Oct. 14-17, 2008 in COEX, Seoul, Korea 
 

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. 

  1 ,                  (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: 

 
∑ ∑ ,                         (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. 
 

,                (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. 

∆ 0,                 (4) 
 
where ∆x is displacement of the position of simulation 
object. F  and F  is the gradient of contact force 
and virtual coupling force with respect to ∆x 
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