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Abstract: In this article, we describe the latest developments of the minimally invasive
hepatic surgery simulator prototype developed at INRIA. The goal of this simulator is to
provide a realistic training test bed for performing laparoscopic procedures. Therefore, its
main functionality is to simulate the action of virtual laparoscopic surgical instruments for
deforming and cutting tridimensional anatomical models. Throughout this paper, we present
the general features of this simulator including the implementation of several biomechanical
models and the integration of two force-feedback devices in the simulation platform. More
precisely, we describe three new important developments that contribute to improve the
overall realism of our simulator. First, we have developed bio-mechanical models, based on
linear elasticity and finite element theory, that include the notion of anisotropic deformation.
Indeed, we have generalized the linear elastic behavior of anatomical models to "transversally
isotropic" materials, i.e. materials having a different behavior in one given direction. We
have also added to the volumetric model an external elastic membrane standing for the
"liver capsule", a quite stiff skin surrounding the liver and creating a kind of "surface
anisotropy". Second, we have developed new contact models between surgical instruments
and soft tissue models. For instance, after detecting a contact with an instrument, we define
specific boundary constraints on deformable models to represent various forms of interactions
with a surgical tool, such as sliding, gripping, cutting or burning. In addition, we compute
the reaction forces that should be felt by the user manipulating the force-feedback devices.
The last improvement is related to the problem of haptic rendering. Currently, we are
able to achieve a simulation frequency of 25Hz (visual real-time) with anatomical models of
complex geometry and behavior. But to achieve a good haptic feedback requires a frequency
update of applied forces typically above 300Hz (haptic real-time). Thus, we propose a force
extrapolation algorithm in order to reach haptic real-time.

Unité de recherche INRIA Sophia Antipolis

2004, route des Lucioles, B.P. 93, 06902 Sophia Antipolis Cedex (France)
Téléphone : 04 92 38 77 77 - International : +33 4 92 38 77 77 — Fax : 04 92 38 77 65 - International : +33 4 92 38 77 65



2 Picinbono , Lombardo , Delingette , Ayache
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Améliorer le réalisme d’un simulateur de chirurgie:
élasticité linéaire anisotrope, interactions complexes et
extrapolation des forces

Résumé : Dans cet article, nous décrivons les derniers développements du prototype de
simulateur de chirurgie hépatique minimalement invasive développé 4 'INRIA. Le but de ce
simulateur est de fournir un outil d’entrainement réaliste permettant de réaliser des opéra-
tions en laparoscopie. Sa principale fonctionnalité est donc de simuler la déformation et la
découpe de modéles anatomiques tridimensionnels & ’aide de deux instruments de chirurgie
laparoscopique virtuels. Tout au long de cet article, nous présentons les caractéristiques gé-
nérales du simulateur, comprenant le développement de plusieurs modéles biomécaniques et
I’intégration & la plate-forme de simulation de deux systémes & retour d’effort. Nous décri-
vons plus précisément trois importants nouveaux développements qui contribuent & améliorer
le réalisme global du simulateur. Premiérement, nous avons développé des modéles biomé-
caniques, basés sur les théories de ’élasticité linéaire et des éléments finis, qui intégrent la
notion de déformation anisotrope. En effet, nous avons généralisé le comportement élastique
linéaire de nos modéles anatomiques aux matériaux "transversallement isotropes", c’est &
dire les matériaux qui ont un comportement différent dans une direction donnée. Nous
avons aussi ajouté au modeéle volumique une membrane élastique externe qui représente la
"capsule de Glisson", une peau relativement rigide qui entoure le foie et qui crée une sorte
d’"anisotropie de surface". Deuxiémement, nous avons développé de nouveaux modéles de
contact entre les instruments chirurgicaux et les modéles de tissus mous. Par exemple, aprés
avoir détecté un contact avec un instrument, nous définissons un ensemble de contraintes
aux bords sur le modéle deformable afin de représenter différentes sortes d’interactions avec
un instrument chirurgical, comme glisser, agripper, couper ou briler. De plus, nous cal-
culons les forces de réactions qui devraient étre ressenties par 'utilisateur qui manipule
les instruments & retour d’effort. La derniére amélioration est liée au probléme du rendu
haptique. Actuellement, nous sommes capable d’atteindre une fréquence de simulation de
25Hz (temps réel visuel) avec des modéles anatomiques & la géométrie et au comportement
complexes. Mais réaliser un bon rendu haptique nécessite une fréquence de remise & jour
des forces appliquées supérieure & 300Hz (temps réel haptique). Ainsi, nous proposons un
algorithme d’extrapolation des forces permettant d’atteindre le temps réel haptique.

Mots-clés : Simulation, élasticité, anisotropie, méthode des éléments finis, modéle defor-
mable, temps réel, retour d’effort, extrapolation.
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Anisotropy, Interaction and Extrapolation for Surgery Simulation 5

1 Introduction

A major and recent evolution in abdominal surgery has been the development of laparo-
scopic surgery. In this type of surgery, abdominal operations such as hepatic resection are
accomplished through small incisions. The abdomen of the patient is blown up with gas so
that there is open space inside. A video camera is introduced into the abdomen through one
of the small incisions. The video image is magnified and transmitted to a high resolution
monitor, allowing the surgeon to see the abdominal anatomy with great clarity. Special
instruments are introduced through the other incisions, allowing surgeons to perform less
invasive operations. The advantages for the patient are obvious: less pain and less strain for
the organism, faster recovery, and shorter illness time. The drawback of this technique is
essentially for the surgeon who needs to learn and adapt himself to this new type of surgery.
In this context, surgical simulation systems could be of a great help in the learning and
training processes, allowing the surgeon to acquire this difficult hand-eyes coordination, to
repeat several times the most difficult gestures or to choose the best surgical procedure for
each pathological case.

i

Figure 1: Surgery simulator prototype developed at INRIA

There are several key problems in the development of a surgical simulator [2, 22]. To
simulate a surgical gesture, it is necessary to build geometrical and physical models of the
anatomical structures described in a simulator. Organs geometry may be extracted from
tridimensional medical images (CT scan images for instance) of given patients. It may be
useful to build a "standard" model of a given organ, in particular in the context of teaching
surgical gestures. On the contrary, when the simulator is used for the rehearsing of a given
surgical procedure, the anatomy of a given patient must be extracted from his medical im-
ages (see [24, 30] for an example on liver surgery).

Several mathematical models have been proposed in the literature [18, 23], for representing

RR n° 4018
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the bio-mechanical behavior of biological soft tissues. The choice of a bio-mechanical model
must take into account two contradictory elements : the simulation realism and the compu-
tation cost for implementing this model. The latter basically includes three distinct stages
(figure 2). First, collisions between an anatomical structure and any surgical instrument
must be detected. Then, boundary constraints on deformable models must be computed
in order to realistically represent the action of surgical instruments. Finally, the geometry
of soft tissue models must be updated and reaction forces must be sent to force-feedback
devices.

Position

V'

\j

Force

Collision detection

25Hz || Deformation For ce feedback J200HZ

Computation of force
Display

Figure 2: Surgery simulator simplified work flow.

This article focuses on the development of a laparoscopic surgery simulator prototype
(figure 1) based on linear elasticity and finite elements theory and permitting the use of force
feedback. Here we give a general description of three key components of this simulator. First,
we describe a generalization of "tensor-mass" models [17] which can simulate visco-elastic
soft tissue and which are well-suited for the simulation of cutting. Our contribution has
been to improve these tensor-mass models by including "transversely anisotropic" behaviors
of soft tissues. This is of high interest in a surgical simulator since most biological tissues
behave as anisotropic material. We have also introduced another kind of anisotropy: a lot of
human organs are surrounded by an elastic membrane or skin, which can be very stiff. We
model this external stiffness by adding a spring-mass mesh at the surface of our volumetric
model.

INRIA



Anisotropy, Interaction and Extrapolation for Surgery Simulation 7

Second, we describe new contact models between laparoscopic surgical tools and a de-
formable soft tissue model. It mainly consists in applying specific boundary constraints
where collisions have been detected, in order to represent common tools interactions such
as sliding, gripping, cutting or burning.

Finally, we deal with the problem of haptic rendering: while up to date physically based
deformable models are able to run at sufficient frequencies to provide a visual real time
(about 25Hz), this is not the case for haptic rendering. It is commonly admitted that to
give good haptic sensations, the forces must be refreshed at more than 300Hz for soft objects.
We propose to extrapolate the forces produced by the simulation at a visual rate to feed the
force feedback device at the appropriate frequency (typically 500Hz).

2 Previous work

A number of deformable models have been proposed in the framework of soft object simula-
tion. In the particular case of real-time surgery simulation, the main challenge is to define
a compromise between surgical realism and computation time.

Various computer animation techniques have been used in surgical simulators, mainly
selected for their computational efficiency. For example Basdogan et al.[3] use "Free Form
Deformations" in their laparoscopic simulator, the efficiency of this deformable model al-
lowing them to use force feedback device under good conditions. Suzuki et al.[33], defined
a particle system for their liver surgery simulator, coupled with their three fingers force
feedback device. Unfortunately, even if these deformable models can be very fast, they are
not mechanically realistic.

In surgery simulation, a great interest has been given to spring-mass models due to their
simplicity of implementation and their relatively low computation complexity. For instance,
Neumann et al[25] present a vitrectomy simulator based on vectorial spring-mass model
(in the case of vectorial springs forces not only depend on the variation of length of the
springs, but also on the variation of angle between spring directions). Although in this case
the user interactions are driven by surgical instruments (including tissue cutting), no force
feedback is used. The simulator of knee arthroscopic surgery developed by Gibson et al.[19],
takes into account the volumetric nature of the organs with a deformation law derived from
spring-mass model. While these approaches allow interactive rates, they exhibit a lack of
realism since they represent a solid as a discreet set of masses.

The continuum mechanics theory establishes a set of relationships between the shape
of a body, constraints and internal deformations within this solid and the external forces
applied to it. In particular, the use of elastic materials along with finite element method is
widely described in the literature [35, 34, 29, 6, 5, 13]. Generally, various modifications and
simplifications - e.g. linearization - are introduced to reduce computation time or to induce
a particular behavior, as it is usually the case in surgical simulation. For instance, non-linear
elastic models have been used recently for solving inverse problems [35] or for gynaecological
laparoscopy simulation [34], but they are not well suited for real-time computation, or require
very sophisticated and powerful parallel computation [29]. Even when using linear elasticity,

RR n° 4018
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finite element based deformable models require optimization methods to reach real-time
computation. Bro-Nielsen and Cotin [6, 5] have studied the problem of computing time
reduction using a condensation technique. Cotin et al.[13] also proposed a method based
on a set of pre-computed equilibrium solutions which allows real-time interactions with a
volumetric deformable model of an organ. The main drawback of these two models is that
they do not allow topology changes.

Indeed, topology changes usually occur when the tissue model is cut into pieces. These
changes discard any method based on pre-computation of the inverse of the stiffness ma-
trix since they induce a modification of this matrix [12]. The challenge is then to propose
a formulation of a deformable elastic model allowing real-time deformations and cutting.
Song and Reddy [31] have described a technique for cutting linear elastic objects defined
as finite element models. However, this technique was only applied to very simple two di-
mensional objects. Another approach, well suited for this kind of problem, consists in using
spring-mass models. By construction, these models can be easily modified to allow topology
changes. However, they exhibit non realistic behavior during deformation or cutting opera-
tions. Finally, geometric models defined implicitly [9] have been proposed for the simulation
of tearing but without any real-time constraints.

This work is a part of an INRIA joint action: to study all the problems related to surgery
simulation, INRIA gathered six teams in the AISIM project [1]. To simulate the deformation
of the organ, AISIM’s members followed several approaches, including spring-mass models
[15], finite element methods [13, 17], and hierarchical multi-resolution finite volume models
[16]. To evaluate the validity of the simplifications made on real-time physical models, a non-
linear incompressible model with an external shell [36] fitted with bio-mechanical results was
developed. A new method was designed to detect collisions between a deformable object
(the organ) and a rigid tool passing though a fixed point ([21]). Finally, the rendering
processes, both visual and haptic were addressed. This led to a new technique to map
undistorted textures on complex geometries [26]. Our solution to the haptic rendering issue
[27] is described later in this paper.

3 Deformable models

3.1 Linear elasticity

The physical behavior of soft tissue may be considered as linear elastic if its displacement and
deformation remain small [18, 23] (typically less than 10% of the mesh size). To describe
a linear elastic model, we first need to define a reference volumetric anatomical model
Minitial corresponding to its rest position. Under external constraints, for instance a surgical
instrument, the anatomical model Miyisia is deformed. We represent the deformation of a
volumetric model from its rest shape with a displacement vector U(z,y, z) for (z,y,2) €
Minitial and we write Maeformed = Minitial + U(, 9, z). The displacement vector U(z,y, 2)

INRIA



Anisotropy, Interaction and Extrapolation for Surgery Simulation 9

has three components:
w(z,y, 2)
U(z,y,2) = § v(2,9,2)
w(z,y,z)

With this displacement vector, we define the linearized Green-St Venant strain tensor
(3 x 3 symmetric matrix) E by:

1
E= 3 (VU +VUY). (1)
From the principal invariants of E:
h=trE ly=trE? (2)

we can express the linear elastic energy Wgiqstic, for homogeneous isotropic materials, by
the following formula (see [11]):

A
Weiastic = 3 (trE)* + p trE?, (3)

where A and p are the Lamé coefficients characterising the stiffness of the material.
Equation 3, known as Hooke’s law, shows that the elastic energy of a deformable object
is a quadratic function of the displacement vector.

3.2 Anisotropic elasticity

Isotropic behavior is too restrictive when modeling human tissue. Indeed, most of anatomical
structures such as muscles, tendons, ligaments, blood vessels, are strongly anisotropic. That
is why we are interested in simulating materials having a different behavior in a given
direction, which are called transversally isotropic materials.

A.J.M. Spencer gives a detailed theoretical description of transversally isotropic ma-
terials in [32]. In the literature we can find applications for modeling human organs such as
the knee ligaments [38] and the eye [20], but without any real-time constraints.

We propose to apply the transversal isotropy to linear elasticity in the framework of
real-time deformable models. For these materials, the elastic energy of equation 3 must
be modified in order to account for the anisotropy. First, we explain in more details, the
meaning of the strain tensor E.

1 2€; Yoy Ve
E= 3 Yoy 2€y5 Vy: (4)
Yoz Vyz 2€:

We consider an elementary cube (figure 3(a)) in Mipitia1 and then look at its shape after
applying the displacement U(z,y, z). The local cube deformation is characterized by six

RR n° 4018
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P

(@) (b) (©

Figure 3: Deformations of an elementary cube (a): elongation in cube direction (b) and
change of angle between cube faces (c)

components of strain corresponding to the relative elongations (figure 3(b)) (e, = du/dz, €y,
and ¢,) in the three cube directions and the relative changes of angle (v,, = du/dy + 0v/dx,
Vzz, and 7y ) between the cube faces (figure 3(c)).

The isotropic elastic energy of equation 3 can be written as a function these components
of strain :

A
WEiastic = 5 (em + €y + 62)2 +u (€i + 62 + Gﬁ)

I .
This energy is isotropic since the same weight is given to each direction of stretch and
shear. For transversally isotropic materials, it is necessary to define two sets of Lamé con-

stants:

e (AL, ur): Longitudinal Lamé constants in a
given direction having unitary vector ag;

e (AT, uT): Transverse Lamé constants in the
plane transversal (i.e. orthogonal) to ag;

e AA=X AT and Ap=p" —pu”.
Figure 4: Transversally isotropic
material

For instance, if the z axis is the direction of anisotropy ag = (0 0 1), then we need to
add to the isotropic energy of equation 5, the anisotropic contribution AW 4,;so-

This anisotropic contribution is composed of two different parts : the anisotropic
stretch and the anisotropic shear.

INRIA
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e Anisotropic stretch : In this case we must modify the weight of the terms containing
the 2z axis elongation, that is to say the terms containing €,%, €€, or eye,. We obtain
two anisotropic contributions :

A)
AVVAniso—,S'tretch = (7 + AM) €z2 (6)
AWAnisofc’Tossfstretch = AX (emfz + Gyez) (7)

In the general case, these anisotropic elastic energies can be simply written with the
introduction of the new invariant /4 linked to the strain tensor £ and direction ag by :

ly=ap" Eag (8)

Then the anisotropic stretch energies can be written as:

AN
AWAnisof.S'tretch = (7 + A,LL) l42 (9)
AWaniso—Cross—Stretch = A (lll4 - 142) (10)

e Anisotropic shear : If we want to take into account the shear part of the anisotropic
deformation, we must also modify the terms containing 7., and ,., by adding another
anisotropic contribution :

A
AVVAniso—Sl'u»zar = TM ('71z2 + 'sz2)~ (11)
If we define another invariant Iy :
l5 = aot E2 ao (12)
this anisotropic shear contribution becomes :
A
AWAniso—Shea'r = 7/1/ (l5 —4 142) (13)

Therefore, the anisotropic elasticity formulation can be decomposed into two stretch terms
and one shear term. By weighting differently the stretch and shear components in the
anisotropic energy, we can model several mechanical behaviors (see part 7 for more results).

For instance, to model a complete anisotropic model, with both stretch and shear con-
tributions, we must add the following energy :

AWaniso = AN 1114 + 2A,LL ls — (% + A/,L) li (14)

Finally, the total elastic energy of a transversally isotropic material is:

WTrans—Iso = WElastiC + AWAniso‘ (15)

RR n° 4018
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3.3 Finite element formulation

Our deformable models are based on a finite elements model consisting of a conformal tetra-
hedral mesh with first order interpolation (P; element). At each point M(z,y, z) inside
tetrahedron T, the displacement vector is expressed as a function of the displacements Uy,
of the vertices Py:

U,
R

3
U(‘T7yvz) = ZAk(l',y,Z) Uk
k=0

R
3
with OM = Ax(z,y,2) OP; B
k=0

R
Figure 5: P, finite element

where Ay are the barycentric coordinates of M in the tetrahedron.
First, we can write the two invariants used in elastic energy formula, l;? and l5, with the
finite element method :

LW o= (trB)?’= ZUZ (o, ® o) Uy (16)
k,l
Iy = trE>=Y Uj[(ou®ou)+ (). ou)lds)] U, (17)
k,l

where:
(=1)*
¥k = BV (T:) (Piy1 X Pryo + Pryo x Prys + Pryg x Pryg),k=0,...,3

are the shape vectors of the tetrahedron, X is the cross product, and ® is the tensor product
of two vectors which gives a matrix: u® v =u v’.

We can then write the isotropic linear elastic energy of tetrahedron T; as a function
of its vertex displacements:

3 3
WElastic = Z Z Ui; [K'];Il‘i]Uh (18)
k=0 [=0

where
K= Ao, @ ) + p oy @ o) + p (e, - o) Ids

INRIA
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is the tetrahedron contribution to the stiffness tensor of edge (Pg,P;) or of vertex Py if
k = I. Likewise, we obtain a similar equation for the anisotropic invariants 42, l;{4 and I :

> = (aot E ao)2 = ZUZ (a0 ® ap) (ar ® au) (a0 ® a9) Uy
k,l
Lly, = tr E(aotan) :ZUi (ap ® ag) (a ® ay) Uy (19)
k,l
Is = a)'E%ag= ZUE [(ap ®ag) (o ® ag) + (o @ o) (a0 @ ag)
k,l

+ (au.ap) (ap ® ag) + (ag ® ag) : (a.ax) Id3] Uy
(20)

where : is the dot product of two matrices, which is defined, for two matrices A and B by:
A:B= Ei,j Ai]‘Bij.

For a complete anisotropic model (stretch and shear), the elastic energy of tetrahedron
Ti is :

3 3
AWaniso = Y Y ULIAG UL, (21)
k=0 1=0

) A
AT = AXag ®@ ag)(ax ® ay) — (7 + Ap)(ag ® ag)(ar @ ag)(ag ® ag)

+ 58 (ap © a0) (e © en) + (o0 @ o) (a0 © 20) + (e - )0 © o)

+(ap ®ag) : (o, ® oy)Ids] (22)

To obtain the elastic force F;r' applied to vertex P by tetrahedron T;, we derive the
elastic energy with respect to the vertex displacement Uy:

3
Fli = 22[K$i+AE;]Ul
=0
3
= [GEU, + Z [GTU,  where GE =KE + AT (23)
1=0;1#k

This equation gives only the force applied by one tetrahedron on the vertex P,. We ob-
tain the global force applied on vertex a Py, by adding the contributions of all the tetrahedra
sharing this vertex:

RR n° 4018
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Figure 6: Accumulation of the stiffness tensors on the vertices and the edges

Fk = [Gkk]Uk + Z [le]Ula (24)
PIEN(Pk)
G = Z Gri : is the global stiffness tensor of vertex Py
Gr = Z Gr - is the global stiffness tensor of edge P, P;.

T; EN(Pk,Pl)

Thus, Fj are linear functions of the displacement vectors of node Pj and its mesh
neighbors N(Py).

3.4 Tensor/Mass model [17]

Given a tetrahedral mesh of a solid —in our case an anatomical structure— we build a data
structure incorporating the notion of vertices, edges, and tetrahedra. For each vertex, we
store its neighboring tetrahedra, its current position Py, its rest position P?, and its tensor
[Grr]- For each edge, we store its two vertices as well as its tensor [G;]. Finally for
each tetrahedron, we store its four vertices, its six edges as well as the Lamé coefficients
M uE AT il the direction of anisotropy ag, and the four shape vectors a.

3.4.1 Numerical integration

We use a Newtonian differential equation:

d?P; dP;
as the equation governing the motion of our linear elastic model. This equation is related
to the differential equation found in continuum mechanics [4]:

MU + CU + KU =R. (26)

INRIA
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Following finite elements theory, the mass M and damping C matrices are sparse matrices
that are related to the stored physical properties of each tetrahedron. In our case, we consider
that M and C are diagonal matrices, i.e., that mass and damping effects are concentrated
at vertices. This simplification called mass-lumping decouples the motion of all nodes and
therefore allows us to write equation 26 as the set of independent differential equations (25)
for each vertex.

Furthermore, we choose an explicit integration scheme where the elastic force is estimated
at time ¢ in order to compute the vertex position at time ¢ + 1:

m; Vi ) 41 _ 2m; (mi Vi ) -1
_ pitl = F, pt — pi-t.
(At2 9AL) tae T \ae Taad)

3.4.2 Simulation of cutting

One of the basic tasks in surgery simulation consists in cutting soft tissue. With the dynamic
linear elastic model, this task can be achieved efficiently. We simulate the action of an electric
scalpel on soft tissue by successively removing tetrahedra at places where the instrument is
in contact with the anatomical model.

Figure 7: Possibility to change mesh topology "on line"

When a collision between the instrument and a tetrahedron is detected, local deformation
tensors associated with the tetrahedron are subtracted from the current deformation tensors
at the tetrahedron edges and vertices (figure 7). Since the tensors are only updated locally,
this is performed in a very efficient manner. For instance, when removing tetrahedron T3,
10 update operations are performed:

[Gy;] =[G - G] [Ga] =[G — (G,

Finally, we update the list of displayed triangles located on the mesh surface. By locally
updating tensors, the tissue has exactly the same properties as if we had removed the
corresponding tetrahedron at its rest position. Because of the volumetric continuity of finite
element modeling, the tissue deformation is realistic during the cutting.

RR n° 4018
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3.5 Pre-computed [13] and Hybrid models [17]

The most common method to solve the elasticity problem formulated in equation 24 is to
build the global linear system [K] U = F which gives the displacement of all nodes as a
function of boundary conditions and external forces. Unfortunately, such linear systems
cannot be solved fast enough for complex objects. The main idea is to pre-compute unitary
deformations of each node and to decompose, during the simulation, any deformation into a
sum of unitary deformations. This method allows real-time simulation for complex objects
like anatomical structures but cannot model any change of mesh topology. This drawback
led us to develop a new model. This combination of the two previous deformable models
have been proposed in [17]: a hybrid model combines a large pre-computed model with a
smaller tensor-mass model allowing for topology changes.

3.6 Results

In this section, we give two examples of anisotropic material modeling. In the first example
we give a direct application of our "transversally isotropic" deformable model to simulate the
biomechanical behavior of tubular structures like blood vessels or tendons, and the second
example highlights the effects of introducing anisotropic fibers into isotropic materials.

3.6.1 Modeling of tubular structures

In this first example, we consider two identical cylinders: one is isotropic (figure 8a and 8c)
and the other is 5 times stiffer in the z direction (figure 8b and 8d). In this case, we have
included the complete anisotropic energy with both stretching and shearing terms. First,
the cylinders are pinched by applying forces perpendicular to the anisotropic direction. We
can see that the range of the deformation is the same for the two models. Furthermore the
deformation is more realistic in the second case because it is smoothed along the anisotropic
direction (because of the shear part of anisotropic energy). On the second set of cylinders
(figure 8c and 8d) we can see the deformation resulting from the application of the same force
in the z direction on the top face of each cylinder (the bottom face is fixed). As expected,
the model is much stiffer in the anisotropic direction, and the stretch is much smaller.

To highlight the difference between the stretch and shear parts of the anisotropic energy,
we present another result on figure 10 : (a) is an isotropic cylinder and (b) is anisotropic
with only the stretching term. The superimposition of the two deformations (figures 10(c)
and 10(d)) shows that the deformation terms are equivalent for transversal constraints. On
the other hand, the deformation of the last cylinder (10(e)), which is anisotropic in stretch
and shear, is somewhat smoother. In fact, the shearing term of anisotropic energy penalizes
the variation of angle between faces along the anisotropic direction. This leads to a smoother
distribution of the shear along this direction (see figure 9).
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Figure 8: Comparison between isotropic (a and ¢) and anisotropic (b and d) cylinders

Strong shear

No shear

@ () (©

Figure 9: Shear: variation of angle between edges. (a): rest shape. (b): with isotropic
material, shear can be locally very strong. (c): with anisotropic shearing term, the shear is
weaker and smoothly distributed along the anisotropic direction.
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(a) (b) () (d) (e)

Figure 10: Comparison between isotropic (a), anisotropic in stretch (b) and fully anisotropic
(stretch and shear) (e) elasticity

3.6.2 Introduction of anisotropic fibers into isotropic materials

Besides the modeling of anisotropic anatomical structures, our "Transversally isotropic"
tensor-mass model also allows to include such structures into isotropic materials, simply by
adding the anisotropic terms only in some tetrahedra, the rest of the deformable model
remaining perfectly isotropic. In the example shown on figure 11, we have defined an
anisotropic strip (darker part) in an isotropic elastic material (we have chosen a simple
geometrical model for this example in order to have a better understanding of the effects
of the anisotropic parts on the overall deformation). This anisotropic part could model the
presence of fibers (blood vessels, muscles or tendons), with the direction of anisotropy cor-
responding to the largest dimension of the stripe. First we have stretched the model along
the direction of anisotropy. Figure 11(a) shows the result of this stretch and figure 11(b)
focuses on the local shear at the frontier between isotropic and anisotropic materials. Then
we have stretched the model in the direction perpendicular to the direction of anisotropy, to
check that, in this direction, the stretch is the same as in the isotropic case (figure 11(c)).
Figure 11(d) confirms that the anisotropic part hardly deforms in the fiber direction.

Finally, figure 12 shows the modeling of the blood vessels in the liver. In this example,
the geometry of the vessels is built as a tree made of seven straight lines. Each tetrahedron
containing on of these lines has a transversally isotropic behavior (figures 12(a) and 12(b)),
the direction of the line being the direction of anisotropy (figure 12(c)). We obtain a de-
formable model of the liver that takes into account the anisotropic mechanical properties of
blood vessels (figures 12(d), 12(e), and 12(f)).
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(c) (d)

Figure 11: Effects of the introduction of anisotropic fibers in isotropic materials. The darker
part of the solid model (in blue) on (a), (b) and (c) is anisotropic with the direction of
anisotropy corresponding to the largest dimension of the stripe. Its deformations along the
direction of anisotropy ((a) and (b)) and orthogonally to this direction ((c¢) and (d)) are
compared with an entirely isotropic model (in wireframe on (a) and solid rendering on (c))
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Figure 12: Modeling of the main vessels of the liver using anisotropic elasticity in the
tetrahedra containing these vessels
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3.7 Surface anisotropy

Several anatomical structures have an external skin or membrane. In particular, the liver
has an external "capsule" or membrane. The goal of this section is to model this specific
skin in order to improve the realism of the liver deformations.

3.7.1 External spring-mass membrane

The "liver capsule" is quite stiff, and plays an important role in the deformation of the liver
([15, 36]). As we do not want to slow down the simulation frequency, we choose to add
to our tensor-mass model a spring-mass mesh on top of external vertices, edges and faces
of the volumetric mesh. The same method is use by Boux de Casson et al. in [15], who
define two different sets of springs, one for the liver paremchyma and the other, stiffer, for
the liver capsule. The working scheme for spring-mass deformable models is very close from
tensor-mass one. Each edge of the surface behaves like a spring, with a rest length /y and
a stiffness coefficient k. At each time step we only have to compute, for each edge of the
surface, its current length [ and the forces this spring applies to its two vertices V; and V,
(see figure 13).

Figure 13: spring-mass mesh

These forces are derived from the elastic energy of a spring given by:

1
Wspring = gk(l - 10)27 (27)
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and only depend on the stiffness & and the length variation:

F;pring — _sz’ring -k (l _l lO) V]Vk (28)

The goal of this external membrane being to penalize the stretch of the surface of the
organ, we use a stiffness value k proportional to the sum of the altitudes (see figure 14) of
the two triangles sharing out this edge. If the direction of the edge does not change too
much, the force applied by the spring on its vertices is a good approximation of the variation
of area of the two adjacent triangles (see figure 14):

k = ah
F;pring = kAl T;‘k = (h Al) T;'k; =aAS j—;jk (29)

N\

atitude h1

\
\\: AS

Figure 14: Stiffness of each spring of the surface

3.7.2 Results

We have implemented this additional spring-mass membrane on our tensor-mass model.
The simulation frequency is almost unchanged (less than 4% decrease) since the additional
computations are very simple and only concern the edges of the surface.

Figure 15 shows the comparison between an isotropic tensor-mass model (in solid ren-
dering on figure 15(a) et (b)) and the same model on which we have added the spring-mass
membrane (in wireframe rendering on figure 15(a) et (b)). Figures (a) and (b) of figure 15
show the local deformation differences brought by the external membrane (between left and
right of figure 15(a) and (b), the stiffness of the membrane, i.e. the stiffness of the springs,
was multiplied by 10). The introduction of the external spring-mass membrane around the
liver improves the anatomical modeling of the liver, and increase the realism of the simulated
deformations.
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(a) The model with wire-frame rendering has an external spring-mass membrane, while the other (solid
rendering) is isotropic. Between left and right figures, the stiffness of the springs of the membrane was
multiplied by 10

(b) Close look on the experiments presented above

Figure 15: Comparison of the deformations between an isotropic model and the same model
with an external membrane standing for the "liver capsule"
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4 Biomechanical validation

The liver is filled with blood (near 50% of its global weight), which implies that ex-vivo liver
tissue should not behave like an in-vivo tissue. Therefore, to validate our biomechanical liver
model, we would have to compare it against in-vivo deformations of a real liver. Currently,
such an experiment raises several technical and ethical difficulties. For the same reasons, the
elastic properties of the liver (Young modulus and Poison ratio) must be measured in-vivo,
or using complex in-vitro experimental protocols. In both cases, the results obtained by
several teams (F. Carter et al. [10], V. Vuskovic [37], D. Dan [14]) have showed a strong
variability in the parameter estimation.

In the framework of real-time surgery simulation, we essentially need to build soft tissue
models that behave realistically. Therefore, we are currently relying on the feedback from
surgeons experimenting the simulator to validate the behaviour of our liver model. Linear
elasticity appears to be reasonable for small displacements. For large displacements, we are
also working on a non-linear modeling of deformations [28].

5 Detection and definition of contacts with surgical in-
struments

We use the deformable models presented above in our laparoscopic surgery simulator. An
important stage in the simulation loop corresponds to the detection and processing of the
contact between a laparoscopic instrument and soft tissue models. In this section, we first
describe how the collision with an instrument can be efficiently detected using accelerated
graphics hardware. Then, we present the different contact models that we have implemented,
corresponding to the action of gripping, cutting, sliding or burning.

Figure 16 shows the modeling of a basic laparoscopic instrument which consists of a
long and narrow cylinder, terminated with a hook or pliers, passing through a fixed point
corresponding to the hole by which the instrument is inserted inside the patient abdomen.

Figure 16: Modeling of a basic laparoscopic instrument.

INRIA



Anisotropy, Interaction and Extrapolation for Surgery Simulation 25

5.1 Collision detection: LCN method

The main idea of this method is to use the OpenGL library to detect the intersection of a
complex scene with a polyhedral object consisting of a very limited number of faces (limited
by the number of clipping planes). The polyhedral object is represented by an OpenGL
camera with a set of clipping planes, and the collision detection is performed with the
OpenGL selection buffer technique (more details on this method can be found in [21]).

Figure 17: Collision detection between a moving surgical instrument and a liver model.

This approach is very well suited for detecting contacts between soft tissue models and
laparoscopic surgical instruments since they can be represented as a single box. Furthermore,
it has two main advantages. First, it is rather simple as it can be implemented with no
more than twenty lines of OpenGL code. Second, this method is very efficient, especially
when using dedicated (accelerated) graphics hardware. For instance, on an SGI Onyx2
workstation, the collision detection takes less than 0.2 ms. Even on a PC Pentium2 running
at 333MHz under linux and using the Mesa 3D software library with no graphics hardware,
the collision detection typically takes less than 3.0 ms ([21]).

5.2 Modeling contact with surgical instruments

The collision detection module outputs a set of triangles colliding with an instrument. The
next task is to modify the geometry of these triangles in order to model the contact between
the rigid laparoscopic instrument and a soft tissue model. A common technique described
in the literature is the penalty method where a force proportional to penetration depth
is applied on all triangles collided by the tool. The problem with this method is that it
does not really respect the geometry of the contact. In fact, it does not guarantee that the
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collided faces will exactly follow the displacement of the tool. Some faces can be penetrated
by the tool during several time steps or can be pushed too far away, which creates some
discontinuity and instability problems. Instead, we choose a geometric approach rather than
a physical approach: we apply precise displacements to the colliding faces. The main idea
in our approach is to compute these displacements so that all triangles stay in contact with
the instrument. Indeed, this avoids the soft tissue model to oscillate inside and outside the
instrument. Finally, we must keep in mind that the computation of these displacements
must be simple enough to keep the simulation frequency as high as possible.

Our goal being to model the contact between the whole tool and the organ, we first
consider the collision with the handle of the tool. In this case the problem is to move a set
of adjacent triangles in such a way that they all contain the same straight line (the edge
of the tool). The only solution is to project every vertex of the collided faces on a plane
containing the straight line (see figure 18 and 20(a)).

Figure 18: Definition of the projection plane, and projection of the collided faces on it

For that, we define the projection plane with the direction of the handle of the tool (’_—[" P
of figure 18) and the average normal of all the collided faces N. From these two vectors we
define the normal to the projection plane by:

ﬁij = ('f'FP A ﬁ) A rf'FP,
and we project the vertices orthogonally on this plane:

4V = (PV . Npyo)) N
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But there are two problems with this method. First it does not perform well when the
tool is far from being parallel to the surface. In this case only the end of the tool collides
the surface, involving an unrealistic deformation (see 2D example of figure 19). The second

Figure 19: Problem when colliding with the end of the tool

problem is that when the tool is perpendicular to the surface, the projection plane is ill-
defined. For these reasons, we have developed a specific algorithm for the end of the tool:
we now project the collided faces on the plane defined by the end of the tool and the average
normal of the collided faces (figure 20(b)).

Figure 20: Modeling of contact between the surgical tool and the liver soft tissue model.

The problem was to split the set of collided faces in two sets, one for the end of the
tool and the other for the handle. We took advantage of the efficiency of the collision
detection algorithm by performing two collision detections at each simulation step. The first
is restricted to the last centimeter of the tool and the second is done with the handle. In this
way we can define very realistic boundary constraints for the soft tissue model deformable
model (figure 21 and 22).

Furthermore, in order to slide on the surface, we do not apply any position constraint on
projected vertices: these vertices are not fixed during the computation of the deformation.
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Figure 21: Double collision detection (in red for the end of the tool and in blue for the
handle) and corresponding projections

Figure 22: Processing the contact with the whole tool and the liver soft tissue model

In fact, the collided vertices are projected on the corresponding plane, and after each defor-
mation step of the mesh, we re-project them on the same plane. This way, the vertices can
move on the projection plane, allowing the triangles to slide under the tool, which means
that we simulate a contact without any friction.

5.3 Interesting features

The interaction between a laparoscopic tool and soft tissues (the liver for example) is in
reality very complex, and therefore very difficult to simulate realistically. But, for a surgery
simulator, the quality of this interaction strongly influences the overall realism of the simu-
lation. In that context, we have tried to model some of the most important gestures used
in surgery :
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e Sliding on the surface : The surface of most abdominal organs is wet and slippery.
The surgeons often use this property to insert a tool between two organs, or to move
a part of an organ in order to ease an other gesture. In some cases, this sliding is used
by surgeons during a palpation process in order to identify some stiffer structures that
can reveal the presence of lesions. In our model, the tool handle is always sliding on
the liver. However, the tool end may have different actions depending on the nature
of the surgical tool chosen.

e Gripping a piece of the liver : Even if the liver surface is fairly slippery, some
part of the liver can be gripped by the jaws of pliers. In most cases, during surgery, a
surgeon grips the edge of a liver lobe in order to reach a remote part of the liver or to
ease the removal of a liver segment. We model this gesture as follows (see figure 23) :
if the tool collides the liver with jaws of pliers wide open (see figure 23(a) and 23(b)),
and when the jaws are half-closed (figure 23(c)), we consider that the corresponding
triangles stick to the extremity of the tool (figure 23(d)).

Figure 23: The tool grips a part of the liver

¢ Removing tetrahedra with the jaws or with an electrical or ultrasound
tool : One important advantage of the tensor-mass model presented in section 3.4
is that it is well suited for the interactive simulation of cutting. In liver surgery,
cutting is performed by removing pieces of parenchyma which we model by removing
tetrahedra. We have implemented two cutting gestures, corresponding to the most
common surgical methods. The former consists in “chewing” the liver with the jaws
of the tool. We use the same approach as for representing the gripping gesture, but
when the jaws are completely closed, we remove all tetrahedra located inside the jaws
(figure 24).

The latter gesture is related to another surgical tool often used for removing parenchyma :
the cavitron (ultrasound lancet). The tool extremity creates ultrasound waves which
explode the haptic cells at the vicinity of the tool. The main advantage of this
method, when the ultrasound frequency is suitably chosen, is that it only removes
the parenchyma without damaging the blood vessels. We model this gesture simply
by removing all tetrahedra in contact with tool end. An example of this method is
shown in part 7 (figure 27).
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Figure 24: The tool jaws cut a part of the liver

From these contact model between soft tissues and laparoscopic tools, we compute the
organ deformation and the reaction forces applied to the tools. These reaction forces are
sent to the corresponding force-feedback devices in order to provide a haptic feedback to the
user.

6 Force feedback

Laparoscopic surgery is much more difficult for surgeons than classical surgery. Surgeons
loose the third dimension and use two long tools instead of their ten fingers. So they must
use all the clues to understand and reconstruct the scene in their mind. Force feedback is
one of these clues, and its introduction in our surgery simulator highly improves the overall
realism of the simulation.

But haptic rendering requires a high update rate (ranging from 300Hz for soft objects
to 10kHz for rigid contact) to give the user a proper sense of touch.
To achieve a satisfactory haptic feedback, two approaches have been proposed:

e computing forces empirically [3], for example by using a force proportional to the
penetration depth of the tool in the object. In this case the force is not computed
from a physical deformation, but only from geometric constraints.

e using a simplified physical model. The simplification can be performed in two ways,
either by decreasing the mesh size [8] or by performing as much pre-computation as
possible [13].

We propose another solution based on human characteristics. Indeed, it has been shown
[7] that if haptic rendering is very precise (we can feel force discontinuities above 300 Hz),
human gesture can be sampled at a much lower frequency (from 1Hz for the answer to an
unexpected signal to 10Hz for a reflex action). Thus, all applied forces must be updated at a
high rate, but, because it is related to the user’s hand gesture, their evolution is quite slow.
The idea is to estimate forces between two time steps of the deformable model simulation
with an extrapolation. A more detailed presentation of this study can be found in [27].
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6.1 Force extrapolation

Our aim is to generate forces at a rate of 500Hz from forces computed by the deformable
object simulation at a rate of about 30Hz. The simulation loop gives us a discrete time series
of parameters (t,, P,, F,) representing the force F,, applied to the tool in position P,, at
time t,,. Good quality force feedback can be reached by a force update at about 500Hz. So,
we must choose an extrapolation function F(t) providing an estimate force applied at time
t (tn <t < tny1) according to already known data (¢;,P;,F;), i = 0..n.

The hardware of the Laparoscopic Impulse Engine assumes a constant extrapolation
between two received forces. This has several advantages. First, it does not require any
additional computation. Second, as the applied force results from the deformation compu-
tation, such an extrapolation scheme ensures that only valid forces are applied without the
risk of damaging the device. The main problem with this method is the discontinuity of the
applied force which gives the sensation of touching a rough surface as soon as the update
rate becomes too low (under about 300Hz).

Another way to estimate the current value of a signal changing over time is to extrapolate
it over time. As our deformable model sketches a linear elastic behavior, we only consider
linear extrapolation over time. This method gives better results than the previously
described one. The force discontinuities are less important. But we must face a new problem,
since the applied forces do not originate from the simulation of deformable models, they
can be arbitrarily large. These force amplitude peaks occur especially when the time step
increases.

t—1tn

Fp(t):F”+t —tn—1

(F, —=Fp_1)  tn <t<tpq1 (30)

The force changes are mainly due to the tool movement. In addition, it is possible to
query at a very high rate the position of the tool during the extrapolation. These observa-
tions led us to develop a force estimator based on the tool position: linear extrapolation
over position. We project the current tool position P onto the line defined by the two
previous tool position P,,_; and P, to obtain P’ (figure 25). We can then consider the
norm ratio for extrapolation:

[P — Pl
”Pn - Pn—lll

We notice that the error induced by the tool position projection is null when P,,_4, P,,, and
P are aligned, in other words when the tool trajectory is a line.

All of these three extrapolation methods were implemented in our surgery simulator. In
order to compare and to evaluate them, several experiments were performed. The results
are presented in the next section.

Fp(t) =F,+ (Fn — Fn_1> tn <t <tpnt1 (31)

6.2 Results

To evaluate and compare the three extrapolation methods, time of acquisition , tool position,
and computed reaction forces were recorded during several surgery simulation sessions. We
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Figure 26: Evaluating the different extrapolation methods

have interpolated the force a posteriori to have a reference for the computation of the errors.
We present results on the norm of the force. The top row of figure 26 shows the original
data set with the impulses and the extrapolated one as a line. The norm of the difference
between the extrapolated and the interpolated forces, which is taken as a measure of the
error, is plotted on the bottom row.

We note that the linear extrapolation over position gives very interesting results (very
few discontinuities and no singular forces). We tried the same type of experiments with
different simulation frequencies and with different tool movements. The position linear
extrapolation always gave the best results, which is confirmed by the sensation perceived
during simulation.

7 Results: simulation of liver surgery
In this section, we present an example of the typical gesture we want to simulate: figure 27
shows a simulation of laparoscopic liver surgery during which the user pulls the right part

of the deformable model with one tool while cutting with another tool. The interaction
algorithm we have developed allows us to simulate several procedures, while the force ex-
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trapolation method provides a realistic haptic feedback despite a low simulation frequency
(about 30Hz). Our linear elastic deformable model reaches this frequency with a mesh size
of up to 8000 tetrahedra, which allowed us to model reasonably complex organs.

Figure 27: Simulation of hepatectomy
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8 Conclusion

We have described, in this paper, several improvements to our minimally invasive surgery
simulator. First, we have enhanced the bio-mechanical behavior of our deformable model
by adding the possibility to simulate the deformations of anisotropic material. Indeed,
we can now model materials having a different behavior in one given direction, thanks to
the generalization of linear elasticity to transversally isotropic materials. We have also
modeled the skin surrounding some organ by adding an external spring-mass mesh to our
3D tensor-mass model. Second, we have defined complex interactions between the organ
and a laparoscopic tool, which can slide on the surface of the organ, grip, cut, or burn the
organ. Finally we have proposed a method of extrapolation of the forces applied on the
laparoscopic tools providing a realistic haptic feedback with only visual frame rate.

Our future work will focus on modeling more complex bio-mechanical behavior, with the
introduction of non-linear elastic models. Another improvement will be the modeling of the
hepatic vessels networks which constitute one of the main problems during liver surgery.
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