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Abstract

We present in this paper a novel approach for interactive cutting simulation through soft tissue. Instead
of starting from the usual visco–elastic continuous model, we address a model which is focused on the
haptic rendering of a simulated blade–and–tissue contact and a first partial implementation.
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1 Presentation and previous
work

The field of surgery training and simulation has
been explored for the last decade. Many simula-
tors have been designed, and already offer accept-
able visual feedback [1]. One of the main issue in
surgery simulation is the cutting operation.

Many approaches are not designed to allow free
form cutting operations: starting from a standard
continuous material behavior, simulators like [1]
are not intended to enable the user to cut through
soft tissues. Though it is possible to provide tearing
effects [2].

Using such approaches allow realistic haptic
feedback for deformation–related operations,
but not specifically for cutting operations, since
the equation governing the behavior of the soft
material supposes that this material remains con-
tinuous. Of course, this hypothesis is not respected
when cutting through the tissue.

On the other side, some approaches focus on
the cutting operation, i.e. the way to modify the
topology of the material (and its mathematical
representation) according to the path of the blade.
The core of this issue is to minimise the number
of geometrical elements required to represent the
new topology, either by generating an optimal new
structure (see [3] and [4]), or by simply removing
the geometrical elements found in the path (see
[2]).

Whenever the cutting problem is assessed, the
shape of the blade is modeled as a segment ([4],
[3], [5], and [6]), and the computation of result-
ing efforts limited to one point. This model is ac-
curate enough when dealing with topology mod-
ification: a blade can easily be compared to a
one–dimensional curve, as long as we consider the
topology modification of the tissue. Using a seg-
ment is just another restriction which won’t be dis-
cussed here any further.

Though, such a model does not fit our needs
for the haptic feedback. Computing the resulting
contact efforts at a single point can only lead to
a 3 DOF behavior. When a wide blade is inserted
into a soft material, a torque is necessary to make
it rotate around its main axis (see figure 1), which
at least depends on the physics of the material and
on the geometry of the blade.

Figure 1: Main axis of a scalpel

We propose a novel approach which focuses on
the interaction forces between a blade and a soft
material. Our goal is not to propose a fully func-
tionnal simulator yet, but to design a well suited
haptic feedback dedicated to cutting simulations.
The goals is different from other approaches, since
we only expect to get a realistic haptic feedback.
After presenting the expected system, we will ex-
pose the interaction model and its simplification.
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The current results will be explained, allowing us
to discuss the expected results in a near future.

2 Expected system

We expect to design a fully functional scalpel simu-
lator, considering that we mainly focus on the qual-
ity of the haptic feedback. This implies some con-
straints for the design of the whole system, pre-
sented in figure 2.

Figure 2: Functional description of the system

The first requirement is related to the human
perception of haptic sensations. Previous re-
searches proved that a haptic feedback needs a re-
fresh rate of approximately 1 kHz. As a conse-
quence, every choice in the design must take this
constraint into account.

Secondly, cutting a tissue implies topological
changes in the geometrical structure which rep-
resents the tissue. We have to take this into ac-
count, since many approaches rely on a precompu-
tation which is not robust to topological changes
(see [1]).

Then, we do not require the final system to pro-
vide a realistic global and visual behavior of the
material. On the contrary, we only expect the ma-
terial to behave in a believable way, i.e. a behavior
expected by the final user.

Finally, we will study a haptic feedback which
should be as realistic as possible. We will detail
the model we propose for the contact between a
scalpel and an organic soft tissue during a cutting
operation.

3 Proposed model

The proposed model consists in a blade model and
a soft tissue model. This soft tissue undergoes ei-
ther a deformation or a cutting operation.

A simplified contact model will be proposed, as
long as a state machine designed to manage the
two aspects of contact efforts.

3.1 Blade model

The standard representation of a blade is a seg-
ment, and the forces are only computed at an arbi-
trary point of this segment. We propose here one
model of a real blade, which will be simplified later
on.

The blade is split as two main components. The
first one is the cutting edge, which is the only part
of the blade that can cause topological changes to
the material under normal use conditions. The sec-
ond one is the surface of the blade. Figure 3 illus-
trates these components.

Figure 3: Blade model

We restrict the blade’s shape under following as-
sumptions: the cutting edge can be assimilated to a
segment, and the surface can be decomposed into
a set of planar surfaces.

3.2 Deformation

As long as there is no topological changes, the ma-
terial is supposed to be elastic and computed both
on the cutting edge and on the surface of the blade.
The resulting contact force is:

F = Ke(x) (1)

where x is the actual position of the contact point.
F depends on the distance between the initial po-
sition xm of a material point and its position x at
time t (see figure 4). We introduce here a thresh-
old position xo between the tool and the material,
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and we offer a feedback before the actual contact
occurs. The resulting effort is:

F =


0 if x < x0

(x− x0)2

(xm − x0)
.Kemax if x ∈ [x0, xm]

(x− x0).Kemax if x > xm

(2)

Figure 4: Elastic contact feedback

This model is one–dimensional and can be gen-
eralized to 3–dimensional space. Moreover, it en-
sures the continuity of the effort (and of its space
derivative, depending on the parameters), increas-
ing stability. In fact, any spatial discontinuity in
the effort field has a negative impact on the haptic
feedback.

3.3 Cutting and frictions

During a cutting operation, the contact between a
blade and a soft material can be model by three
different contact types presented in figure 5 (see
figure 10 for an overview of a cutting operation).

In the following sections, the position of a point
of the blade will be x, and its velocity ẋ.

Cutting effort: The first type is related to the cut-
ting effort, and applies to the cutting edge. We
note d the depth of the interpenetration, i.e. the
length of the cutting blade which is in contact with
the material. Soft materials are usually modeled
as visco–elastic continuous materials. We do not
consider any elastic effort along the cutting edge
during a cutting operation. Hence an effort which
can be expressed as:

Fve =
∫ d

0

Kv(x)ẋ(t) dx (3)

with ẋ the speed of a point of the edge and Kv a
viscous coefficient depending on the materials the
tissue and the edge are made of.

Friction effort: The second effort is due to vis-
cous frictions between the surface of the blade and
the material. It can be expressed as:

Fvs =
∫

S

K ′
v(x, ẋ, t)ẋ(t) ds (4)

where S is the part of the blade surface which is in
contact with the material at time t, K ′

v a viscous
coefficient which depends on the materials the tis-
sue and the blade are made of. This coefficient can
also depend on the orientation of ẋ relative to the
orientation of the surface.

Elastic efforts: Finally, the tissue can add elas-
tic efforts along the blade during cutting operation.
This elastic effort can appear with some materials
that tend to keep their original shape when they
are cut. This effort can defined by the following
equation:

Fe =
∫

S

Keδ(x, t) ds (5)

where δ(x, t) is the displacement between the orig-
inal position of the material point and its position
at time t.

ds
x

Fvs

ẋ

x

Fve

ẋ

δ(x) Fe

ds

Figure 5: Cutting, friction and elastic efforts during
cutting operation

3.4 Simplified contact model

Equations 3 and 4 compute the forces as a func-
tion of the speed of each point of the segment (re-
spectively the surface). Haptic feedback is known
to require an update rate of approximately 1 kHz.
Computing the exact cutting and friction efforts re-
quires the computation of the contact surface S and
of the velocity ẋ of each point x ∈ S. We choose to
simplify this first contact model in order to reduce
the computation complexity.
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We make two assumptions. First, the contact sur-
face is suppose to be small. Secondly, the momen-
tum is also supposed to be small. These approx-
imations allow us to suppose that ẋ(t) is almost
constant for each x ∈ S.

Moreover, the respective viscous coefficients are
supposed to be the same in each point of a given
segment (resp. surface).

Under these assumptions, equations 3 and 4 be-
come:

Fve = d(t)Kv
ˆ̇xe(t) (6)

and
Fvs = S(t)K ′

v
ˆ̇xs(t) (7)

However, equation 7 still requires the computa-
tion of the area of the contact surface S(t). Such a
computation can be very complex. We propose to
approximate the surfaces by rectangular surfaces,
as illustrated in figure 6. We can then consider any
elementary surface as a segment with an associated
width w and normal vector ~n.

Figure 6: Approximated contact surface

With such a model, the computation of S(t) can
be approximated by

S(t) ≈
n∑

i=0

di(t)w

with di(t) the penetration depth of the segment
representing the elementary surface. Equation 7
becomes:

Fvs = wK ′
v

n∑
i=0

di(t)ˆ̇xi(t) (8)

For one given segment with a penetration depth
of di (d for the cutting edge), the application point
of the approximated Fvs (resp. Fve) is located at
a distance of di/2 of the end point of this segment
(which is the center of mass of the part of the seg-
ment currently in contact with the material). We
note pi(t) the application point of an elementary
surface (resp. pe(t) the application point of the cut-
ting edge).

Moreover, since these application points are not
located at the virtual contact point H between the
hand and the virtual tool (see figure 10), we com-
pute the resulting force and torque at this point as:

F (P, t) =
∑

i

(Fvs,i(pi)) + Fve(pe) (9)

M(P, t) =
∑

i

−−→
piP × Fvs,i(pi) +

−−→
peP × Fvs(pe)

These successive approximation decrease the
precision of the interaction forces. The final impact
of these approximation still has to be evaluated. On
the other hand, the computation of contact forces
is lowered of an order of magnitude, since only seg-
ment intersections are computed instead of surface
intersections.

3.5 State machine

As the elastic and cutting behavior are supposed to
be successive states, a state machine can be pro-
posed which switches between the two models.
The trigger is based on the effort |F | imposed by
the material on the tool. We consider that under a
given threashold Ft the material does not undergo
any topological modification, i.e. is not cut: the
elastic model is active. As soon as |F | > Ft, the
material is cut and the second model — cutting and
friction — is used.

Consequently, we choose two thresholds F0 <
F1. Ideally, F0 ' F1 ' Ft, but these threshold
must be different to prevent continuous switching
between the two states of the machine. Initially,
the elastic model is active. As soon as F > F1,
the cutting model is enabled, until F < F0. An
overview of the state machine is presented in figure
7.

Elastic contact model

F ∼ Ke(x) F ∼ Kv(ẋ) + Ke(x)

F > F1

F < F0

Cutting

Figure 7: State machine
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4 Experimental setup

4.1 Limited case study

In order to focus on the design of the model and
the simulation of contact efforts, we will study a
limited case of cutting environment.

First of all, the tissue is suppose do be a semi-
space limited by a plan P , defined by zm < 0. This
restriction implies that the collision detection is not
a problem any more, and is solved in constant time.

Then, the problem of topological changes will
not be assessed, as well as the global behavior of
the material. A first possibility would be to use
one purely geometrical topological change, and not
take into account the physical behavior of the tis-
sue. [7] also proposes an interesting method for
topology modifications.

With such assumptions, the gray blocks in figure
2 do not need to be implemented to test the inter-
action model.

4.2 Hardware configuration

From the user’s point of view, presented in figure
8, the experimental setup is composed of:

• a screen, providing a visual feedback

• a haptic device, providing:

– absolute position (6 DOF) and speed
(3 DOF) mesures

– 6 DOF haptic feedback

The haptic device is a Sensable 6 DOF PHAN-
ToM r. The computer is a dual Xeon r1.8 GHz
with 1 GB of RAM running Linux.

Figure 8: Hardware setup

4.3 Virtual setup

The virtual environment can be represented by
three main elements. The world is an artificial
element representing the environment and is sup-
posed to have a fixed position. The material is the
element we are trying to interact with; it can be
moved in the world. Finally, the tool is the item
manipulated by the user.

These different frames are associated to these el-
ements. The material’s frame is arbitrarily chosen
and can be changed during the simulation. The
tool’s frame depends on the position of the user’s
hand. These virtual frame are shown in figure 9 in
the real environment.

Figure 9: World, material and tool frames

5 Results

We present here some experimental results, includ-
ing open loop behaviour, and some closed loop ex-
periments. These tests represent simple cutting sit-
uations in order to evaluate the behaviour of the
model.

xm

zm

ym

yt

zt
xt

H

T1

T2

Figure 10: Sample paths
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5.1 Cutting operation

This test is composed of a normal cutting opera-
tion, followed by an abnormal cutting operation.
The expected path is noted T1 in figure 10, and the
actual path is presented in figure 11. During the
whole operation, the orientation of the blade did
not change, i.e. xtool ' −xm, ytool ' +ym, and
ztool ' −zm. In this section, we focus on the move-
ment along the surface, i.e. not along the zm axis.

In the first part (from 0 ms to 800 ms), the path
is downward the ym axis, as presented in figure
12. The resulting efforts and torque are presented
in figure 13. The most important effort is along
the ym axis and its direction is the opposite of the
velocity. Moreover, a torque around the xm axis is
applied to the tool by the material.

Figure 11: Test path T1

Figure 12: T1 closed–loop velocity mesures

In the second part, we move the tool along the
xm axis which is normal to the surface of the blade.
Since this movement is not a normal movement
for a scalpel, if should be harder to perform. Fig-
ure 13 provides significant results: with a approx-
imately equal speed along the two axes, the inter-
action model transmits some harder collision infor-
mations for this abnormal movement.

Such a model tends to prevent abnormal cutting
operation, providing a more realistic force feed-
back.

5.2 Rotation along the main axis

In the second test T2, we move the virtual blade
arount its main axis (see figures 1 and 10). The

Figure 13: T1 closed–loop haptic feedback

real path and penetration depth are presented in
figure 14.

The corresponding feedback should be an op-
posed torque around the main axis of the blade.
Due to the way we compute the movement of each
elementary surface (3 DOF), a momentum around
the main axis of the blade is seen as a curve in
the (x, y) plan. Considering the mesured velocities
(figure 15), the model does not provide adequate
torque feedback around the zt = zm axis (figure
16).

Figure 14: Test path T2

Figure 15: T2 closed–loop velocity mesures
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Figure 16: T2 closed–loop haptic feedback

6 Conclusion and future work

This first implementation shows promising results,
providing more realistic feedback than a simple
point-and-segment blade model. The interaction is
anisotropic, depending on the orientation of the
blade and the direction of the movement.

This experimental setup still needs to be com-
pleted with additional experiments. A first step is
to allow an arbitraty shape for the tissue, which im-
plies an efficient collision detection. This collision
detection should be simpler to design than general
collision detection, since the geometry of the tool
is limited to segments.

Moreover, the two kinds of elastic behaviour
(equations 2 and 5) depend on the geometry of the
material: we need to model the behaviour of this
material. A purely geometric (i.e. not physically
realistic) might be enough to ensure the credibility
of the animation.

Finally, each coefficient has been arbitrarily cho-
sen: we expect to identify the different physical pa-
rameters in order to provide a more credible haptic
feedback and to evaluate the performaces of the
model.
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