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Abstract. This paper presents a methodology to simulate cutting phe-
nomena in virtual reality deformable objects enhanced with haptic in-
teraction. The virtual reality objects are intended to simulate human
organs that can be used in interactive surgery simulators.

The main idea in the cutting scheme is to separate the facets of a mesh,
instead of destroying them or dividing them. This allows a more accurate
simulation and avoids increasing the elements to be simulated.

For the haptic interaction, we separate the haptic system from the phys-
ical simulation resulting in two different processes. They are coupled by
means of a local representation of the virtual deformable object. This
avoids the stability problems arising from the difference between the
sampling rate requirements for haptic devices and the update rates of
the physical objects being simulated.

1 Introduction

Simulating cutting phenomena of human tissue is an important feature in virtual
reality medical simulators. Such simulations require accurate geometric models
of anatomical structures and realistic dynamic models for various tissues. Pre-
vious works can be grouped in two main approaches : the researches done under
the idea of destroying elements by making dissapear tetrahedrons, facets and
nodes [7], [9], [10] and the works based on subdividing the elements, i.e. creating
new facets, nodes, etc. [4],[8]. Destroying elements is not realistic since there is
not mass conservation. It is possible to increase realism by maximizing the dis-
cretization of the virtual object but that leads to slow simulations. On the other
hand, subdivision increments the number of elements being simulated slowing
down the simulation. In this paper we address the problem of cutting 2D meshes
by taking into account the mass conservation principle and real-time interactions
using haptic devices.

Including haptic technology improves the perception of a surgeon giving a deeper
sense of immersion. Haptic systems give people the sensation of touching objects
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in a virtual environment. However, lengthy computations are forbidden in haptic
systems which need high simulation rates (about 1KHz) to obtain realistic force
feedback. On the other hand, physical simulations update rates are of the order
of 20 to 150 Hz. This difference between the haptic and simulation rates may
cause an oscillatory behavior in the haptic device that can become highly unsta-
ble and inflict bodily harm on the operator. Numerical approaches [5], have been
proposed to solve the difference rate problem. However, due to the unknown na-
ture of human behavior, there will be always a small error that will cause slight
vibrations. Furthermore, heterogeneous compliant surfaces are not considered.
Thus, we propose an algorithm that uses the local topology of the object to keep
stability for highly deformable objects.

In [11],[6] the haptic interaction is done using intermediate models, spheres
or planes, instead of the complete physical model. These intermediate models are
updated at the graphical rendering rate. They only work well when they interact
with non-highly deformable objects. When the object is highly deformable the
methods can present an oscillatory behaviour leading to unstability.

This paper is organized as follows : first we briefly describe in section 2
our deformation model. Then we present our cutting algorithm in section 3. In
section 4 we present our solution for the unstability problem. The experimental
results are discussed in the section 5 and finally we conclude in section 6.

2 Dynamic model

We use a mass-spring model to simulate the deformable object. The method
consists of a mesh of point masses connected by elastic links. The mass-spring
network is mapped onto the geometric mesh, i.e. the masses are the vertices and
the springs are the edges of the triangulation. This mass-spring network is used
to discretize the equations of motion. Any change of length relative to the resting
length causes an internal force to occur between the two connected nodes. The
simulation of the deformable object is done by modeling the effect of inertial
and damping forces. Then, each node N in the mesh is subject to an equation
of the form :

mp+ bp+ X F; = Feyy (1)

where p is the position of node N, p and p are its velocity and acceleration, m is
the mass attached to N, b is the damping coefficient to model viscosity, F; is the
internal force exerted by a node N; to which N is connected by a link (the sum
X; is taken over all such nodes N;), and Fp,; is the total force applied to N, for
example, it can be the force exerted by a surgical tool or gravity. The force F;
is the viscous-elastic response of the spring connectors and is given by :

F = (=\Ad — pd)k (2)

where ) is the rigidity factor of spring connector, y is a damping factor, Ad is
the relative variation of the distance between the two connected particles, d is
the relative speed between these two particles and k = (b — a)/(|b — a|) where a
and b are the connected particles.
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3 Cutting Phenomena

We consider the virtual cutting phenomena as the interaction between a de-
formable virtual object and a rigid body or tool. In this process the deformable
model is cut and its geometrical topology changes. There are different approaches
for changing the topology of a virtual object like destroying facets of the mesh
or dividing them. If the facets are destroyed the complexity of the simulation is
decreased but the discretization of the mesh needs to be larger in order to keep
on being realistic. However, a large discretization means a lost in real-time in-
teractivity. The subdivision approach can increment the number of facets while
cutting making slower the simulation at each cutting. We follow the next steps to
carry out the cutting phenomena once a collision between te rigid body (virtual
tool) and the deformable object is detected:

1. Cutting test Let S, be the closest vertex to the contact point and S, the
last closest vertex to the colliding point such that S. # S,. Then a cutting
process is given between S, and S, if the following conditions are verified :
(a) A collision was detected in the current time step;

(b) A collision was detected in the previous time step;
(¢) The colliding point has changed of facet;
(d) The colliding point is closer to another vertex.

2. Finding cutting path In [3] we propose an algorithm to determine the
edges that have to be splitted between the vertices S, and S.. Then vertex
Sp is placed in the position of the contact point P, in the previous step time.
Vertex S, is placed in the position of the current colliding point. Finally, ver-
tex belonging to the cutting path are orthogonally projected to the straight
line between S, and S. (see Fig. 1.b).

3. Changing the topology Three important criteria are considered : preserv-
ing the main physical properties, (2) obtaining realistic visual effects and (3)
satisfying real-time constraints. Then, rather than dividing the facets of the
initial mesh into smallest ones, we separate them (see Fig. 1.a). Separating
the facets provides us a way to avoid matter disappearing and to avoid an
important growth in the complexity of the model.
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. a Cutting idea Separate facets ¢  rthogonally projected vertices along the
cuting path d cutting
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We take the following steps to remesh along the cutting path between the

vertices Sp and S :

(a) a new particle is created, at the same position as the split one, with the
same velocity, and half of its mass.

(b) the rest-length of the broken spring is updated to be his actual length.

(c) a new spring is created, with the same elasticity and viscosity as the
broken one.

a tic Interaction

To bridge the disparity between the physical model update frequency and the
haptic rendering frequency we make the haptic interaction with an intermedi-
ate representation of the physical model. Instead of working with the complete
model, the haptic loop will interact with a more simple model.

Spheres and planes [11], [6] have been used as intermediate models, however
they work well only for convex objects and not for concave shapes ( deformable
objects are normally concaves).

Therefore, we propose a local model based on the topology of the object.
This intermediate representation is constructed using the colliding facets and its
neighboring facets. The plane equations corresponding to these facets are sent
to the haptic loop in order to calculate their distance, d, to the haptic position,

ptic- If d is positive for all the planes there is no force feedback, on the other
hand, if d is negative for one or more planes then a force feedback F' is calculated
using the Hooke s law and the minimal negative distance:

F=kd (3)

where k is proportional to the local stiffness.

The minimal negative distance is calculated between ptic and a point
called proxy [1], lying on the surface of the planes. The proxy is constrained to
never have a negative distance with respect to the other planes.

enerically, the minimal negative distance problem can be writen as :

min d=|| —  ptic|| such that

i( - i)ZO (4)

where is the number of planes which can be reduced to 3 using [2]. The ex-
pression ( — ) = 0 is the equation of the different planes that forms the
local surface. From the plane equation, ; is the normal to plane and ; is any
point in the plane , in our case it is the barycentre point of the facet .

Lagrange multipliers A are used to solve the minimization problem and to
obtain the location of the proxy in the surface of the local model as proposed in
[1], [2].

= ptie—N A (5)

where A\=[N ] *(  pic—N ' ),N=[ 1 2 ] arethe normals of each
plane, =—-[1 1 2 2 ]
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e ult

We test our algorithms by simulating the surgical process of separating the
vesicle from the human liver. In our simulation, we use a mass-spring model for
the vesicle and a finite element reen model for the human liver. The tissue
that joins the vesicle to the liver is modeled using a mass-spring network, this
tissue is cut to separate the vesicle from the liver. The cutting process is carried
out by using a virtual tool whose position is given by the haptic device. This is
illustrated in Figure 2.

. Cutting the tissue that joins the vesicle to the liver

The haptic device (type PHANToOM), that gives the force feedback to the
surgeon, runs on a S I 10000 at 175 MHz. Figure 3.b shows the force feedback
while the local model is not used. While there is no contact between the tool and
the deformable object, there is no force feedback ( magnitude of the force equals
to zero in the graph ). When the tool penetrates the object a negative force is
produced, which is normal since we have a negative distance. However, each time
there is a penetration in the virtual object a set of non-desirable oscilations is
obtained (positive and negative magnitudes in the force) due to the difference
in the update rate between the simulation and haptic processes. A normal force
feedback behaviour would be a stable negative force.

If the local model proposed is introduced, then these oscillations disappear while
the tool is inside the virtual object as shown in Figure 2.c, in which we obtain
a smooth negative force and a stable haptic system.

Conclu ion

The main contribution of this work is a real-time tting algorit m that
proposes separating the simulation elements instead of destroying or dividing
them. We have also presented a model that keeps the stability in the haptic device
even if the update rate difference between the haptic and physical simulation is
big. We believe that one of the challenges to obtain real-time algorithms for
cutting is to use an efficient data base in order to better handle identification of
simulation elements.
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