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Abstract

In this paper, a new approach for haptic volume inter-
action with high resolution voxel-based anatomic models is
presented.

The haptic rendering is based on a multi-point collision
detection approach which provides realistic tool interaction
with the models. Both haptics and graphics are rendered at
sub-voxel resolution, which leads to a high level of detail
and enables the exploration of the models at any scale.

Forces are calculated at an update rate of 6000 Hz and
sent to a 3-Degree-of-Freedom (3-DOF) force-feedback de-
vice. Compared to point-based haptic rendering, the unique
approach of the multi-point collision detection in combina-
tion with sub-voxel rendering provides more realistic and
very detailed haptic sensations.

As a main application, a simulator for petrous bone
surgery was developed. With a simulated drill, bony struc-
ture can be removed and the access path to the middle ear
can be studied.

1. Introduction

In medical applications it is often not sufficient to only
have a graphical representation of the anatomy. Especially
the sense of touch is of value for a range of applications. In
contrast to our other senses it allows us to simultaneously
explore and interact with our environment. This is intensely
used in surgery.

The recent development of high quality force-feedback
devices like the Phantom (Sensable Technologies Inc.) has
brought the sense of touch to computer applications. With
such devices it is possible to integrate force-feedback in
surgical simulators and other medical applications. How-
ever, applications in surgery simulation have to overcome
conflicting requirements of complexity and accuracy of the
anatomical model and the speed of interaction with the
model. Most of these applications concentrate on the sim-
ulation of elastic deformations of soft tissue. In contrast to

that the simulation of material removal in medical applica-
tions is a less developed field and simulation systems either
do not include cutting operations at all, or in a simplified
manner, which do not provide the ’look and feel’ close to a
real incision.

Moreover haptic rendering is mostly based on traditional
computer graphics methods where objects are represented
by polygons only. However, using a surface based rep-
resentation to create models for medical applications, the
knowledge about the interior structures of the organs is lost.
This knowledge is very important both for the simulation of
interactive cutting operations such as required for surgery
simulations and for the display of cuts which is essential for
medical applications. Also collision detection in complex
environments is easier with a volume based representation.

In addition we realized that today 3-DOF haptic render-
ing is mostly point-based, i.e. only one point is used to cal-
culate collisions and forces. This induces several problems:

e Discontinuities (e.g. sharp edges) on the surface can
lead to discontinuities in the haptic display.

e The virtual tool can reach points which can not be
reached by the simulated real world tool. (A large drill
could enter a small hole.)

One goal of the work presented in this paper is to de-
velop a haptic rendering algorithm which is able to display
arbitrary complex anatomic models with high realism and
accuracy. The problems pointed out above inhibit a realistic
impression of the virtual models and thus must be elimi-
nated.

Another goal was to not only enable the haptic explo-
ration of the anatomic models but also to be able to modify
those models interactively with simulated real world tools.
We implemented a petrous bone surgery simulator, where a
sphere-shaped tool which simulates a drill can be used both
to explore and to manipulate the anatomic model.



2. Related work

As in computer graphics, most haptic rendering ap-
proaches are using triangle-based data representations.
Since high-detailed models would lead to a large number of
triangles and volume modification needs knowledge about
the interior structure of the objects, a voxel-based model is
more suitable for volume interaction with anatomic models.

In the early days of haptic rendering mostly penalty
based methods were used [5]. These methods use precom-
puted force fields or forces that are computed based on the
shortest distance to the object surface only. A problem of
this approach is that there are points in an object which have
the same distance to several surface points, e.g. a sphere’s
center point has the same distance to all surface points. By
crossing such points with the haptic device the force direc-
tion changes. The result is that the user can press easily
through objects. This is a severe problem, especially when
working with high detailed models and small structures.

Later constraint-based approaches were introduced by
[11, 9]. These approaches use an intermediate object which
never penetrates an object in the environment. The inter-
mediate object (called God-object or Proxy) remains on the
surface. The force which is applied to the haptic device is
proportional to the difference vector between physical de-
vice position and proxy object. The haptic rendering algo-
rithm has to update the proxy position in respect to the de-
vice position by locally minimizing the distance to the de-
vice position. Since these calculations have to be performed
on-the-fly, contraint-based approaches are computationally
more expensive than penalty-based approaches.

An early approach of haptic interaction in volume vi-
sualization was presented in [1]. While this approach al-
lows exploration and modification of the volumetric data,
the focus of this approach was not to give the user a realis-
tic haptic feedback, but to give a feedback which is helpful
for exploration and modification purposes. Furthermore this
approach uses a single-point contact model and a penalty-
based approach which does not fulfill our needs for a real-
istic interaction.

Recently, multi-point collision detection approaches
were developed. With these approaches, more realistic sim-
ulations of tools and tool interaction can be achieved.

In a single-point collision detection approach one could
e.g. enter a small hole with a large tool, which is not real-
istic. Of course multi-point collision detection is computa-
tionally more expensive, but when realistic tool interaction
is required, single-point models are not sufficient.

The voxel-based approach to haptic rendering presented
in [6] enables 6-DOF manipulation of a modestly sized rigid
object within an arbitrary complex environment of static ob-
jects. This approach provides a realistic haptic feedback in
regard to the exact shape of the tool. One drawback of this

method is that the haptic rendering is at voxel level accuracy
only which is not sufficient for medical applications.

In [7] an algorithm for volume cutting was presented.
This approach is working at sub-voxel resolution, and there-
fore provides the data for a detailed rendering.

3. Methods

To develop a simulator for petrous bone surgery the fol-
lowing three points had to be considered:

e Haptic rendering should be based on a multi-point col-
lision detection to allow a realistic tool-object interac-
tion.

e For volume interaction an algorithm is needed which
works with sub-voxel precision to be able to simulate
small tools as they are used in petrous bone surgery.

e To get haptic feedback while drilling into the bone a
suitable haptic rendering algorithm is needed.

3.1 Data representation

The volume data of our anatomic models is represented
by attributed voxels (volume elements) which usually have
a size of Imm?>. The attributes describe data like RGB or
density values and associated organs. The associated or-
gan is determined during the segmentation process which is
mainly done by applying thresholds to the different struc-
tures. If segmentation is not possible by thresholding due
to low density changes at object borders, segmentation can
also be done by manual painting on slices.

Since our voxel-based representation does not contain an
explicit representation of the object surfaces, the surfaces
must be calculated based on the segmentation data. This
is done by a ray-casting algorithm [10] which renders iso-
surfaces at sub-voxel resolution based on the partial vol-
ume effect and density value of the voxels. Such calcula-
tions are computationally expensive and thus they should be
minimized to the extend absolutely necessary. On the other
hand our sub-voxel approach leads to very detailed surfaces
which can be explored at any scale.

The same ray-casting algorithm is used for both graphic
and haptic rendering, and thus leads to a congruent and high
detailed graphic and haptic display.

3.2 Tool representation

For multi-point collision detection the tool is represented
by a number of sample points which are distributed at
preferably equal distances over the tool surface. Each of
these points is checked whether it collides with the objects
or not. The distance of two neighbored tool surface points



must be smaller than the diameter of the smallest object in
the scene. Otherwise such small objects can not be explored
in a realistic manner. Additionally every point has an asso-
ciated normal vector which is pointing to the inside of the
tool (Fig. 1). All inward pointing surface normals must have
the same length.

Figure 1. Tool representation by surface
points and inward pointing normal vectors

The inward pointing vectors are used to find the static
object’s surface. An advantage of this approach is that no
computation of surface normals for the static object is re-
quired.

In our implementation of the petrous bone surgery sim-
ulator we are using a sphere-shaped tool, which simulates a
drill. To get an adequate representation of the tool shape
while reducing computation to a minimum, we used 26
sample points on the sphere’s surface.

Of course the tool representation could be extended to
more general shapes. An algorithm for determination of
tool surface points was presented in [8].

3.3 Haptic surface rendering

To get a realistic haptic surface rendering while not ma-
nipulating the volume we decided to use a multi-point col-
lision detection approach. This provides a more realistic
haptic rendering compared to a single-point collision detec-
tion approach. Additionally the problems that occur when
probing a drilled hole (fig. 2) with a single-point collision
detection algorithm are eliminated.

Our haptic device gives us the cartesian coordinates of
the tool with a selectable update rate between 1000Hz and
10000Hz. The higher the update rate is the higher is the
maximum stiffness which can be haptically rendered. To
simulate the presence of virtual objects, we have to check
for a collision at every iteration step. When a collision oc-
curs, we must send a force to the device, which pushes the
user back to a collision-free location on the object’s surface.

Thus to get a realistic rendering of the surfaces, the fol-
lowing two parameters must be computed whenever a colli-
sion between tool and static objects occurs:

e Direction and

e Magnitude of collision force

Both variables must be computed with high precision to
allow a realistic interaction for e.g. petrous bone surgery.
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Figure 2. Problems while modifying the vol-
ume with single-point collision detection

Our multi-point collision detection algorithm was in-
spired by the work described in [6]. However our approach
differs from this work in several points. While our model is
also using a voxel representation for the static objects, the
exact location of the surfaces is calculated by a ray-casting
algorithm at sub-voxel resolution (see 3.1). This leads to a
more precise calculation of both force direction and mag-
nitude. The algorithms presented in [6, 8] can not provide
the precision which is needed in our cases, since the static
objects are voxelized in a binary manner. Another problem
of the algorithm presented in [6] is that force incontinuities
can appear when the tool crosses voxel bounderies of the
static objects under sliding motion. This problem was ad-
dressed in [8], but since we are using an isosurface repre-
sentation we do not have to deal with this problem. With
our approach the precision is not limited by the size of the
voxels.

Another improvement we have made is the representa-
tion of the dynamic object. While the dynamic object in [6]
is voxelized and the center points of the voxels are used for
the collision detection, we are using sample points which
are located exactly on the surface of the dynamic object.



A general algorithm which is doing that was presented in
[8]. Since we are working on a petrous bone surgery simu-
lator which on the one hand requires high precision, but on
the other hand does not involve a large amount of different
tools, we decided to determine the tool’s surface point man-
ually with regard to the precision. Therefore it is important
that the points are distributed at preferably equal distances
over the tool surface.
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Figure 3. Calculation of force direction at the
object surface by adding tool vectors inside
the object

To calculate the collision force direction, the surface
points of the tool are checked, whether they are inside or
outside the object. All surface points which are inside the
volume are traced along the inward pointing normal until
the surface is found (Fig. 3, solid vectors) or the end of the
normal is reached (Fig. 3, dotted vectors). All found vectors
are added and the direction of the sum vector is the direc-
tion of the force vector which must be applied to the haptic
device. As stated in [6], the summation of the found vec-
tors would lead to force instabilities. As more of the tool’s
contact points collide with the static object, more stiffness
is the result which creates a less stable contact situation like
shown in figure 4, situation 2 where the sum generates a
much too big force. The averaging of the found vectors on
the other hand would lead to a stable contact situation but
especially when opposite tool points have contact (occur in
clefts, fig. 4 situation 3) the resulting force would be much
too low. Even the sum leads to a force which is to small
(fig. 4 situation 3).

Since forces which are much too big (like in fig. 4 sit-
uation 2) lead to instabilities we decided not to use force
summing but to use a kind of averaging instead. To reduce
the problems for opposite tool contacts while averaging, we

Figure 4. Problems with force sum

calculate the result force the following way:
forceSum
(contacts - 0.65 + 0.35)

This approach is better than the force sum or the pure
average as can be seen in fig. 4.
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3.4 Proxy object algorithm

Any haptic device has a limited maximum force which
can be applied to it. When the user pushes harder than this
limit, it is possible that the physical position of the tool im-
merses completely into the virtual model. In this case the
surface of the static object can not be found, because the
majority of the inward pointing normals are in the object
itself. Thus calculation of the force direction as described
above is not possible anymore.

To overcome that limitation a modified proxy object al-
gorithm [11, 9] was implemented. The idea behind a proxy
object is to represent the device position by a virtual object
which never penetrates objects. In free space, the position
of the proxy object and of the device is identical. When
the haptic device moves into an object, the proxy remains
on the object’s surface. When the proxy position is known,
the resulting force vector is proportional to the difference
vector between the proxy and the device position.

In order to update the proxy position on the static object’s
surface while the device is moving, the distance between the
device position and the proxy must be locally minimized by
regarding the surface constraints. Since searching for the
local minimum would be computationally too expensive in
our model, a simplified algorithm was implemented. When-
ever more than a certain number of surface sample points of
the dynamic object are in contact with an object (Object 2



in fig. 5), the way between proxy and new tool position is
traced until the object surface is found. Starting from the
surface position the way back to the proxy is traced until
the number of contacts is below the limit (Object 3 in fig. 5)
or until the proxy is reached. At that location the force vec-
tor can be calculated as described above and the proxy is
set to that position (Object 4 in fig. 5). Since the difference
between two successive positions is very small, this approx-
imation gives a realistic feeling of the virtual objects.

TN

Figure 5. The modified proxy algorithm

3.5 Volume interaction

The sense of touch allows not only the exploration of the
anatomy but also the interactive modification of the objects
we are touching. In petrous bone surgery the drill allows
the surgeon to feel and to drill the bone. In our simulator
drilling is performed while pressing a button on the force-
feedback device. Otherwise the structure of the petrous
bone can be explored.

Our freeform volume modification algorithm which is
descibed in detail in [7] is working with sub-voxel preci-
sion. The cutted parts are modeled by simulating the partial
volume effect. This produces realistic structures even when
using very small tools.

A drawback of this approach is that it consumes quite a
lot of processing time, especially for the graphical rendering
of the modified region. To compensate this our algorithm
calls the volume modification routine asynchronously while
the haptic process is running at constantly 6000Hz. In mean
we achieve an update rate of 8Hz for the drilled structures.
Since drill movements in petrous bone surgery are rather
slow, this limitation still provides a realistic interaction.

3.6 Calculation of drilling forces

‘While the volume is modified, the calculation of the sur-
face location can not be performed as described in chapter
3.3 and 3.4. Both simulation of the partial volume effect,
which must be done to modify the volume with sub-voxel
precision, and display update for the modified region con-
sume too much processing time. Thus drilling forces must
be calculated by a simplified algorithm. As a first approx-
imation we apply a force which is opposite to the drilling
direction. This can not be done by directly applying a force
which is proportional to the distance between the current
and the last device position, since this would lead to hard
vibrations even at low drilling forces.

Moving tool

Moving drilling proxy

Figure 6. The drilling proxy

To overcome that problem, we developed a proxy for
drilling. The position of the drilling proxy is updated at
a lower frequency than the haptic update rate. In our case
we use an update rate of 24Hz which is high enough not
to be sensed by the user. At every haptic update, a force
is applied to the haptic device which is propotional to the
distance to the drilling proxy. The position of the drilling
proxy is updated in the following manner:

e When the tool is in free space, the drilling proxy is set
to the current device position

e While drilling, the proxy is set to a position on the con-
necting line between the last position of the drilling
proxy and the current device position.

The more the new position of the drilling proxy is located
near the old drilling proxy, the harder can be the maximum
drilling force. A disadvantage of setting the new position
very close to the old position is that under fast changing
moving directions a feeling of inertia can be sensed. A good
compromise for bone drilling is to set the drilling proxy to



the point of the old drilling proxy plus one fifth of the dis-
tance between old position and current device position. The
applied force is 800N/m multiplied by the distance between
the drilling proxy and the current device position.

4. Implementation

The petrous bone surgery simulator was integrated in
the VOXEL-MAN [3] system, which provides the anatomic
model, high-quality visual rendering and also freeform vol-
ume modification. A requirement of the system is a UNIX
compatible operating system and, depending on the size of
the anatomic model, sufficient main memory.

To fulfill these requirements, the system is implemented
on a Compaq SP750 workstation. The workstation has
two Pentium III Xeon processors running at 866 MHz
and is equipped with 2GB RAM. As haptic device we
are using a 3-DOF Phantom Premium 1.0A (Sensable
Technologies Inc.). Our system is running SuSE Linux
7.1. For connecting the device directly to the system,
we are using the open-source PHANToM Linux-driver
(http://decibel.fi.muni.cz/phantom). To enable stereoscopic
viewing with shutter glasses we are using a Windows com-
puter with an Nvidia Quadro graphics board and Reflec-
tionX (WRQ Inc.) XWindow software.

The haptic process runs at an update rate of 6000Hz. The
most time consuming calculation is the calculation whether
a point is in contact with an object or not. By using 26 sam-
ple points on the sphere, 60 such calculations are executed
at every haptic update on average.

5. Results

With our approach we achieve a non-deformable high
quality haptic rendering of arbitrary complex anatomic
models [4] as shown in figure 7. The perception of spa-
tial relationships is greatly enhanced with haptic feedback.
Even very small surface details or small objects like nerves
and vessels can be sensed realistically due to our sub-voxel
based approach.

The main focus of our work was the interaction with non-
deformable material (e.g. bone). With the algorithms pre-
sented in this paper we developed a system for the simula-
tion of petrous bone surgery (fig. 8) in cooperation with the
ENT-surgeon Dr. Leuwer, who has carried out more than
thousand petrous bone surgeries. In the simulator, the hap-
tic device is used to simulate drilling into the mastoid bone.
Using a tool-based collision detection approach proved to
be much more realistic than using point-based haptic inter-
action. Drilled holes and tubes in the bone could be intu-
itively probed with the haptic device and have the size as
expected from the visual representation.

Figure 7. Complex anatomical model. The al-
gorithm can be used for its exploration.

6. Conclusions and future work

In this paper we have presented an approach for realis-
tic haptic rendering and volume interaction with anatomic
models. It overcomes several problems of point-based hap-
tic rendering. The shape based collision detection approach
makes interactions more realistic, especially for the use in
surgery simulations. Another important advantage is that
surface details can be sensed as expected from the graph-
ical representation. Sub-voxel rendering leads to both a
graphical and haptic realistic, high detailed and congruent
display. The volume interaction uses a sub-voxel based al-
gorithm which allows the use of small tools, like drills used
in petrous bone surgery.

While in the petrous bone surgery simulator only sphere-
shaped tools are realized, future implementations will ex-
tend this to more general shapes. The calculation of the
collision force magnitude will be investigated further to im-
prove haptic rendering at locations with many tool object
intersections as they appear especially in deep clefts.

Other improvements will be done to speed up graphical
rendering of the modified structures. Our current imple-
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Figure 8. Simulation of petrous bone surgery.
The patient is in horizontal position, the
malleus may be seen through the ear hole.

mentation redraws the whole tool region while future im-
plementation could reduce redrawing to the modified vox-
els only. Also ray-clipping in direction of the z-axis during
redraw could speed up the process.

Calculation of the drilling forces will be investigated fur-
ther to improve the sensation of the structures while drilling.
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