Creating a simulator for training physicians
to perform minimally invasive surgical
procedures.
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he goal of surgical simulation is to
provide highly realistic training to
increase the diffusion of innovative
and less-invasive procedures while
decreasing the surgeon’s learning curve.
Consider, for instance, the development and
refinement of laparoscopic surgery. In this type
of surgery, abdominal operations such as hepatic
(liver) resections are accomplished through small
incisions. The abdomen of the patient is inflated
with gas to create open space inside and a video
camera is inserted 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. The
surgery is performed using special instruments
introduced through the other incisions. The
advantages of surgical simulation for the patient

COMMUNICATIONS OF THE ACM February 2005/Vol. 48, No. 2

31

include less pain and less strain for the body, faster
recovery, and reduced overall illness time. The surgeon,
however, must acquire specific skills and develop
advanced hand-eye coordination before attempting to
perform such a procedure in a real-world setting.
Prior to digital surgical simulation, physicians could
train themselves on dedicated mechanical systems
known as endotrainers or on animals. The endotrainers allow the surgeon to use the same elongated instruments as the ones used in minimally invasive surgery,
inserted through the openings of a transparent box.
The surgeon can then interact with plastic objects
describing various organs of interest. This is a very

mally invasive procedures. Surgical simulators can
potentially be used to rehearse a complex procedure
with the patient-specific data and thus become a natural extension of preoperative planning. Simulators
could also be utilized to certify the skills of surgeons in
a quantitative and objective way.
Different Generations of Simulators. Surgery simulators can be classified into three categories, as shown
in Figure 1a. First-generation simulators describe only
the anatomy, in particular the geometry of the structures involved in a surgical intervention. In these simulators, the user can essentially navigate within a virtual
representation of the patient, with a limited set of possible interactions. Several simulators of this type have
been developed, in particular for virtual endoscopy (for
Third Generation
Blood Cells
Brain
colonoscopy or bronchoscopy procedures). Some of
Physiology
Medical Simulator
these simulations are commercially available, already
Pathology
Liver Cells
linked to the processing console of some imaging systems, such as magnetic resonance
imaging (MRI) and computed
tomography (CT). These simulaDeformation
Temperature
Second Generation
Figure 1a. (left) The
tors are mainly used as complePhysics
different generations
Medical Simulator
of surgical simulators. mentary diagnosis tools, and also
Liquid/Solid
Forces
to assist with surgery planning,
Figure 1b. (below)
but are generally not well adapted
The different
technological
to the simulation of surgical gescomponents of a
Morphology
tures.
Shape
second-generation
First Generation
Second-generation simulators
simulator.
Anatomy
Volume
Medical Simulator
Surface
not only include the geometric
modeling of the body anatomy,
but also the modeling of the physBiomedical Information
crude and static approximaical properties of the living tissues.
tion of reality, which does not
The introduction of biomechaniGeometric Modeling
Physical Modeling
account for the dynamic
cal properties is essential to allow
nature of the tissues, the presrealistic interactions between surence of vessels, the indirect
gical instruments and soft tissues,
Second-Generation
Simulator
vision of the surgery field, the
including deformations and cutpotential bleeding of organs,
ting. No second-generation simuand other such factors. Surgilators are currently commercially
Visual Feedback
Haptic Feedback
cal training using animals is
available, although a number of
much more realistic, but raises
prototypes have been developed
User Information
a number of ethical concerns
and demonstrated by several
that severely limit its current
research groups: examples include
and future diffusion. Moreover, using animals for sur- the simulation of gall bladder resection [6] and the simgical training remains a rather expensive approach to ulation of gynecological surgery [12].
teaching and learning.
Third-generation simulators combine anatomical,
In comparison, digital simulation can offer a num- physical, and physiological modeling, that is, the modber of immeasurable advantages: the ability to learn eling of the functions of some organic systems such as
from mistakes and failure, to practice alone or with a the cardiovascular, respiratory, or digestive systems.
mentor, and much greater versatility, allowing the sim- There is an additional degree of complexity due to the
ulation of various scenarios ranging from standard coupled nature of physiological and physical properpathologies to extremely rare cases. But surgical simu- ties. Some interesting models exist for the cardiopullators have more to offer than serving as a support for monary system [8], the vascular system [11], and the
training surgical residents to perform known mini- cardiac system [1].
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Figure 2. Extraction of
the hepatic parenchyma
(parts a and b), the vascular
trees and hepatic lesions
(parts c and d) from a
CT scan image.

c.

d.

Issues in Surgical Simulation
The components of a second-generation surgical simulator are summarized in Figure 1b. These components
are related to the geometric and physical modeling of
human tissues and to the design of a multimodal user
interface.
The geometrical models of anatomical structures
are, in most cases, extracted from 3D medical images
(usually CT or MRI images) with some dedicated
image-processing tools. We can make a distinction
between building “standard” anatomical models or
patient-specific models. The former is relevant in the
context of teaching surgical gestures to medical residents whereas the latter is required when the simulation
is used to rehearse a particular surgical procedure.
The physical modeling of a simulator includes the
modeling of contacts between virtual instruments and
soft tissues as well as the biomechanical deformation of
soft tissues. When a collision between an anatomical
structure and a surgical instrument is detected, the
boundary constraints on soft tissue models are updated
and, depending on the nature of the instrument, a piece
of tissue is removed. The soft tissue is then deformed
according to a given biomechanical behavior. If several
mathematical models have been proposed in the literature [5], the choice of a biomechanical model must take
into account two contradictory elements: the simulation realism and the computation cost for implementing this model.
The user interface of the surgical simulator is of

prime importance since it is essential for effective training that surgeons act as if they were operating on an
actual patient. The two main senses that should be
reproduced are vision and touch. To produce convincing visual feedback, it is necessary to correctly model
the textures of tissues, the specific lighting effects of an
endoscope, and different special effects such as the
occurrence of blood. Haptic, or touch-sensitive, feedback is also an important element for the tridimensional understanding of a surgical procedure.

A Simulator of Hepatic Surgery
Here, we describe some of the main phases during our
development of a hepatic surgery simulator.1 Our primary motivators were the importance of liver pathologies and the inherent complexity of hepatic surgery. We
also realized that modeling the interaction with the
deformable organs of the abdomen (in particular of the
liver itself) was a very challenging research problem we
wanted to study thoroughly.
Two complementary tools were developed as part of
this project. The first concerns the planning of the
hepatic surgery; the second is related to the simulation
of the surgical gestures and movements. The planning
of hepatic surgery mainly involves the determination of
the so-called Couinaud (or functional) segments,
1Our hepatic surgery simulator was developed by our research team Epidaure during
the past seven years at INRIA, the French National Institute for Research in Computer
Science and Control, in collaboration with IRCAD (Institut de Recherche Contre le
Cancer de l’Appareil Digestif) in Strasbourg, France. Additional details are available
in [2, 3, 7].
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Figure 3a. Liver deformation using a linear
combination of precomputed elementary
deformations.

Figure 3b. Sequence of a simulated liver resection that
includes the clipping and cutting of the portal vein.

which correspond to main vascular territories of the
liver. Once surgery planning is completed, surgery simulation attempts to reproduce the surgical gestures with
enough realism to allow for efficient training.
Geometric Modeling. We designed a combination
of image-processing techniques to extract the principal
hepatic structures of interest from the clinical CT
images taken before surgery (preoperative images): the
hepatic parenchyma, the main vessels, the Couinaud
segments, and the potential lesions. This extraction is
performed in two stages: first, the hepatic parenchyma
is delineated, then the vessels, and finally the lesions are
detected. To extract the hepatic parenchyma, one uses
a geometric model based on a simplex mesh that is
deformed to fit the corresponding 3D edges of the CT
image. The extraction of the vessels is based on the
exploitation of mathematical morphology and digital
topology techniques. Finally, the extraction of the eight
34
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Couinaud segments is based on the
computation of the regions of influence of the first branches of the portal
vein (similar to a generalized Voronoi
diagram). Figure 2 shows examples of
these various stages. This led to the
first computerized hepatic surgery
planning system, used at the Hospital
of Strasbourg, which proved to have a
significant impact on surgical training
and practice at that facility.
Physical Modeling. Modeling the
deformable nature of biomaterials is
extremely computationally expensive,
which makes this task the most critical
one to reach real-time performances.
This is the reason why, since 1995, we
have been working on the definition
of new algorithms allowing a realistic
deformation of soft tissues, while preserving reasonable computing costs.
For the sake of realism, we chose to
rely on two widely accepted frameworks: the theory of continuum
mechanics (more precisely, the elasticity theory) and the finite element
method. The elasticity theory has
been the basis for estimating the deformation of deformable structures for
more than a century, especially in civil
engineering. In addition, the method
of reference for transforming a problem of mechanics into a numbercrunching problem has been the finite
element method. But those
approaches were known to require
hours or even days of computation to solve a given
problem. Our contribution has been to propose new
algorithms for computing soft tissue deformation in a
few milliseconds.
We initially decided to simplify the behavior of biological soft tissues by assuming linear elastic materials.
Indeed, for small deformations (less than 10% of the
original size), linear elasticity is considered a valid
approximation for most tissues. Next, we decomposed
the domain of computation—in our case, a liver—into
a set of tetrahedra, with the goal that each tetrahedron
should be as regular as possible. The number and the
shape of tetrahedra strongly influence both the accuracy of the computation and the time required to solve
the problem.
To build a linear elastic model of the liver, we need
to define two additional items: the position of the liver
at rest and its material properties described by its

Young Modulus and Poisson ratio. We assume the rest
position corresponds to the position of the liver in the
preoperative CT scan image. Estimating reliable
mechanical properties of living tissues, even under the
simple assumption of linear elasticity, is a very difficult
task because of their different behavior between invivo (within the body) and ex-vivo (outside the body)
experimental conditions [10]. Currently, we are relying
on data obtained in-vivo but there is a large amount of
variability in the parameter estimation, possibly due to
the acquisition method: for instance the variation of
the degree of perfusion of an organ between in-vivo
and ex-vitro conditions dramatically modifies its
mechanical properties.
We proposed two complementary algorithms for
optimizing the computation of the deformations of a
linear elastic material based on the finite element
method. The first approach exploits the linearity of the
model during a precomputation stage. Indeed, a direct
consequence of the linear model is that the deformation
under the application of several forces is obtained by
the addition of the deformations produced by each
force independently. Therefore, it is possible to compute in a preliminary stage a set of deformations
obtained from elementary forces applied to each node
and to store this information. During the simulation, it
then suffices to compute a linear combination of these
stored deformations to retrieve the actual deformations
of the model. This is a very efficient method that typically requires a few milliseconds to deform a liver model
similar to the one shown in Figure 3a; the method is
precisely described in [3].
The main limitation of the first approach is that the
precomputation strategy assumes the topology of the
model mesh remains the same during the simulation:
this obviously prevents the simulation of cutting or
suturing gestures. Moreover, this method is also a quasistatic method, as it computes directly the equilibrium
solution produced by the application of the instruments against the liver surface. It does not take into
account the viscoelastic nature of the soft tissues.
Because of these limitations, we proposed a second
approach introducing new deformable models we call
tensor-mass models, because they share a number of
similarities with the spring-mass models commonly
used in the computer graphics community. The main
(and essential) advantage of these tensor-mass models

stems from the fact they really implement a discrete
approximation of a volumetric and continuous
mechanical behavior, which generally is not the case
with classical spring-mass models.
This second approach is more costly in terms of
computing time as it requires integration of the differential equation of the motion at each iteration. Therefore, depending on the performances of the computer
and the rigidity of the material, it is necessary to limit
the number of nodes of the mesh in order to satisfy the
constraints of a real-time implementation (typically a
few thousand nodes on a modern PC). This is why we
introduced the hybrid models, which combine the precomputed and the tensor-mass models. By restricting
the regions where cutting is allowed, it is therefore possible to include in the simulator deformable models of
a large size. In the hepatic surgery context, we decomposed our model into eight regions, corresponding to
the detected Couinaud segments, and restricted the
cutting regions to a number of 3D bands at the interfaces between these segments. These bands are
described by tensor-mass models, while the rest of the
mesh is described by precomputed models. Details on
tensor-mass and hybrid models are available in [4].
Visual Rendering. In a collaborative project called
AISIM, specific tools were developed by graphics
experts to produce a realistic rendering of the liver during surgery simulation. In particular, the projection of
the reflection of the circular light source used in laparoscopic surgery enhances the realism, and improves the
perception of the 3D deformations of the liver under
the action of the instruments. An original method of
texture mapping was introduced to minimize texture
distortions all around the model [9]. In addition, the
texture reproduces the marks created by the application
of certain instruments like an electrical scalpel, further
increasing the realism of the simulation (see Figure 3b).

Conclusion
The implementation of a surgical simulator is very
challenging because it requires the integration of different technologies, including advanced user interfaces,
computational structural mechanics, robotics, and
computer graphics. In particular, haptic and visual
feedback require a high update rate (more than
1000Hz for the haptic display of hard materials), which
is not compatible with the heavy computational

The user interface of the surgical simulator is of prime importance since IT IS
ESSENTIAL FOR EFFECTIVE TRAINING THAT SURGEONS ACT AS IF
THEY WERE OPERATING ON AN ACTUAL PATIENT.
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demands of soft tissue deformations. The current
architecture of our simulator platform relies on a multiprocessor graphics workstation, where one processor
is dedicated to the extrapolation of forces sent to forcefeedback devices.
The simulation of surgical gestures raises many
important scientific and technological issues. One
major issue concerns the degree of knowledge of the
physical behavior of human tissues. Currently, this
knowledge is mainly qualitative and it is of paramount
importance for many biomedical applications that
more biomechanical studies are undertaken in the near
future to create representative and accurate models of
the human body. c
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