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Abstract Collision response is an important component
in a virtual surgery system, due to the requirements of real-
time response and simulation realism. In this paper, we
propose a novel hybrid collision response algorithm for
generating a smooth feedback force. This algorithm takes the
advantages of three traditional methods as well as gets rids of
drawbacks of them. It also provides an approach to generate a
reasonable feedback force. After collision response processing
the variance of feedback force has been reduced from 30026 to
0.0003, form 39095 to 0.06 and from 5455 to 0.008 in x, y and z
dimension respectively. The result shows that our methods can
be used in a real-time response and simulation realism
required haptic surgery simulator.
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I. INTRODUCTION

With the development of virtual reality (VR)
technology and haptic devices, a VR based haptic virtual
surgery system (HVSS) can be implemented for repeatedly
surgery training. But there are still many bottlenecks. One
of them is collision response. The function of collision
response is to compute the behavior of two objects after a
collision between them was detected. It also computes the
feedback force results from collision in a HVSS. We have
developed a HVSS for laparoscope based minimally
invasive surgery (MIS) training, and a hybrid collision
response algorithm is implemented in this system.

Collision response schemes were mainly categorized
into three distinct approaches which are called penalty force
approaches, contact surface computation and analytical
solutions respectively. The idea of a penalty force is first
mentioned in [1]. This approach is widely used in
interactive real-time simulations due to its computational
efficiency. However, one of the biggest drawbacks of this
method is penetration, which is not wanted in a HVSS.
Contact surface based algorithms have been discussed in
[2]. and [3-9].The biggest advantage of the contact surface
computation approach is that it avoids penetration; however,
it needs a high sampling frequency, which cannot meet the
requirement of real-time response in a HVSS. Analytical
collision response approach applied to deformable models
is discussed in [10]. and [11]. One advantage of the
analytical solution is that it's very precise and it avoids the
penetration too. But it will cause an extreme computational
overhead, which is intolerable for a real-time response
required HVSS. Another important task of HVSS is to
provide a feedback force approximation to the real
operation. Variety of forces for haptic simulation has been
used [12]. A reasonable feedback force should be
continuous, not only on scale, but also on direction,

otherwise user will feel a discontinuous force which cannot
be appeared in the real word. TABLE I shows the
comparison ofthe three approaches

II. METHODOLOGY

As discussed in previous section, collision response
plays an important role in a HVSS, but there are still some
drawbacks on the traditional algorithms. We proposed a
hybrid collision response method which takes advantages of
the three approaches already existed and avoids some
disadvantages of them. The main idea of the method is that
to divide the whole procedure into three steps which are
called preprocessing step, deformation step and force
feedback step. See Fig. 1.

A. Preprocessing Step

In the preprocessing step, analytical solution is used.
We just add some backtracking steps at the time when
collision being detected that it lends no effect on the whole
algorithm's time complexity but increases the frequency of
computation on judgment. The backtracking method is
described as algorithm I, see Fig. 2. where step is the time
of backtracking, stepAmount is a predefined threshold of
step, timeFactor is a coefficient of time step, epsilon is a
predefined small number, and when timeFactor < epsilon,
the process will be stopped. Inside is a coefficient that
marks if a point is inside an object, currentPos is the
coordination of current point and moveDir is the vector of
movement.

B. Deformation Step

In the deformation step, soft tissues' deformation is
calculated. Three algorithms could be chosen which are

TABLE I
COMPARISION OF THREE COLLISION RESPONSE APPROACHES

Approach
Parameters to Contact
be compared Penalty Force Surface Analysis

Based ae BasedBased

Penetration Penetration No No
penetration penetration

Real-time Good Moderate Bad

Stability Bad Moderate Good
Sampling Moderate High No
Frequency mentioned
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Fig. 1. Three steps of the hybrid collision response method

penalty force based algorithm [13]. contact surface based
algorithm [2]. and insert spring based algorithm which
adding some springs between two objects when they are
colliding, see Fig. 3. Those springs' original length is 0, so
points will finally return to the balance position, and then
the collision between these two objects will be released.
Which algorithm should be selected depends on the
requirement of different system. The penalty force based
algorithm and the insert spring based algorithm is suitable
for a real-time response required system, the contact surface
based algorithm is suitable for a high quality of vision
simulation required system and the insert spring based
algorithm is also suitable for a system which requires high
stability.

C. Force Feedback Step

In the force feedback step, response force is computed.
There are also three selections: penalty force based method

Mgorithm I
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Fig. 2. Backtracking method in preprocessing step

Fig. 3. Insert spring based approach. When the gray entity colliding with
the white one, some springs are inserted between them

[13]. deformable model based method which calculates
internal force of each mass point, and then sums them up to
get the collision area's response force, and insert spring
system, whose basic idea is the same as that discussed in
the previous section. In a real-time response required
system, deformable model based method is more suitable,
whereas in a force continuity required system, insert spring
based method is more suitable. After working out a
response force, we smooth the force in a post-processing
approach to get a feedback force. In our HVSS, a force
feedback device called PHANToM Desktop is used. It
provided by company Sensable, can move in 3D space and
let us feel the feedback force bodily. It's coefficients of
rigidity in 3 dimensions are 1.86N/mm, 2.35N/mm and
1.48N/mm respectively which basically fulfill the
requirement of surgery simulation. However, the force it
gives us is between ON and 7.9N, but the response force we
worked out is far out of this range. So we have to do some
post-processing of the force. This post-processing includes
two steps: map step and smooth step.

Equation (1) is used to map force into a smaller range
in the map step. Here froceX, forceY, forceZ are response
forces in 3 dimensions respectively, scaledForceX,
scaledForceY, scaledForceZ are the forces after mapping,
forceThreshold is the biggest force sends to PHANToM
Desktop, forceMax represents the biggest absolute value of
the forces in 3 dimensions and commonForce is the force
appears with a high frequency.

scaledForce 2forceX arctan[(forceMax .T)1(4commonForce)]forceThreshold (1)
Z forceMax

scaledForceY 2forceY arctan[(forceMax T) 1(4commonForce)]forceThreshold
| forceMax

scaledForceZ 2forceZ arctan[(forceMax T) 1(4commonForce)]forceThreshold
U forceMax

In the smooth step, the force is smoothed to increase its
quality of continuity. Here a linear interpolation method is
used. The algorithm is described as algorithm II, see Fig. 4.
where responseForce is the force from collision response,
feedbackForce is the recent force in set to PHANToM
Desktop, stepForce is the increment of every time step, and
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Fig. 4. linear interpolation for smoothing feedback force

fF. 52a
stepAmount is a pre-defined number of interpolation. This
algorithm has a low time complexity, and performs well in
practice. And what should be noticed is the value of
stepEorce, if it's too big, users will always feel a
transitional force instead of real feedback force; and if it's
too small, user will feel a stagnant all the same. After some
experiment, the result is good if the value is between 50ms

and IlOOms.
III. RESULTSN

The results presented here are measured on a PC with
Pentium IV 2.6GHz CPU, 2GB RAM, and GeForce 6800
display card, the Operation System is Microsoft Windows
XP. The implementation is written in C++ and compiled
with the Microsoft Visual Studio Net 7.0. We chose a
clinical kidney data which contains 1922 points and 6538
tetrahedra, a created tumor data which contains 206 points
and 583 tetrahedra, and a sphere shape tool which contains
54 points and 164 tetrahedra. The parameters are shown in
TABLE II. The aim here is to remove a tumor from kidney
with a surgery tool in a laparoscope based MIS
environment. Fig. 5. shows the result when the instrument Fig. 5. Result of collision response
touches the tumor. PHANTOM Desktop is used to control a virtual object (the yellow sphere

in the figure) to collide with a tumor on a kidney. The tumor is deforming
TABLE III shows the variance of feedback force in three when collision has been detected. Fig. 5b. magnifies the location where

dimensions. The variance is a measure of how spread out a collision has been detected in fig. 5a and users can feel a generated
distribution is, i.e. the measure of variability. It is defined feedback force through PHANToM Desktop.
as follows where v is the variability, f is the ith force, n is
the total number of forces to be computed.

1i+1 i 2 (2)
n

TABLE II
EXPERIMENTAL SETUP OF COLLISION RESPONSE

IV. DiscussioN
Parameters

Objects Number Number of
Shape of points tetrahedra

Kidney Clinical data 1922 6538

Tumor Sphere 206 583

Device Sphere 54 164

Modules in the three steps discussed in section II have
high cohesion and low coupling, so there are many
combinations, and which one will be selected depends on
the requirement of different system. Our haptic virtual
system requires high quality of visual and haptic simulation
as well as real-time ability, so in the second step, the
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TABLE III
VARIANCE OF FEEDBACK FORCE IN THREE DIMENSIONS

Variance
Forces X Y Z

dimension dimension dimension

Penalty force 59.18 14836 3242

Deformable model 30026 39095 5455

Insert spring 49.73 5556 587.9

Force after smoothing 0.0003 0.06 0.008

contact surface based algorithm has been used, and in the
third step, the insert spring based method has been used, the
force computed has been mapped to 0-2N and smoothed as

the final feedback force. The process is described in Fig. 6.
In our case, a small variance indicates a smooth

feedback force whereas a big one indicates a force not so

smoothly. From TABLE III we see that after processing, the
variance is sharply down, i.e. the feedback force is much
smoother after processing, so it better represents a real
word force.

V. CONCLUSION

We developed a haptic virtual surgery system for
laparoscope based MIS training. An important approach
which is called collision response is discussed. In this paper,

a hybrid collision response method is proposed. This

Preprocessing step
To restrct penetrat distance in a stall rang4

Deformation stSep
Contact surface bas,d A_gc_ithm i.s selected to

I ~~~fuffil the requrement+I

method not only takes advantage of the existing three
approaches, but gets rids of their disadvantages as possible.
Furthermore, after post-processing, it generates a

continuous real-like feedback force. So a haptic simulator is
implemented.
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Fig. 6. Processing in the HVSS
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