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Abstract
There are two actual challenges in the simulation
of the human body for medical purpose: the ability to
model complex structures and their interactions, and
the ability to accurately represent reality. In this article
we show further developments of a model presented
some years ago to address the former and we present
some solutions concerning the latter. In this model soft
tissues are considered as three−dimensional elastic
bodies. Bones are considered as three−dimensional
rigid bodies. All these objects are dynamically moving
in a viscous medium and are submitted both to internal
cohesive forces and to external attractive or
interactional forces. Three examples show the
qualitative evaluation of this model. The first example
demonstrates our modular approach by building a
complex object made of soft tissues, muscles, bones
and passive layers. The second example show a more
realistic object, where the bones of the arm are
displaced by a muscle contraction and relaxation. The
third example, for which this model was originally
developed, shows a human trunk object, reduced o the
essential structures, that could simulate the trunk
movements. The remaining of the article look into a
more quantitative evaluation of the model.

1. Introduction
Two major directions are taken by researchers to
model human soft tissues [Del98][]: the biomechanical
approach and the computational discrete approach.
The biomechanical approach is mainly based on the
Mechanics of Continuous Media, and use framework
such as the Finite Element Method (FEM). It offers
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the advantage of being based on a strong theoretical
background. The are two kinds of inconvenients when
one apply this method to generate the computer aided
medical simulation: the computation time cost and the
difficulties to build complex assemblage of where
rigid, elastic and active structures objects. The first
inconvenient was recently being addressed by using
pre−calculation [Cot99], simplification of complex
law [Pic00], or use of simple type of material [Kee99].
Computational discrete approach, such as mass−spring
networks [Lee95], are often viewed as a fast but not
easily controllable or assessable way of building such
complex assembly.
The extraction of physical parameter such as
Young modulus and Poisson coefficient by measuring
isolated tissue is possible [Fun93], even if difficult on
actually living tissue samples. These measurements
are extremely useful to set the model parameters,
especially for FEM based method. However, the
complexity of tissue interactions and the wide range of
possible situations make the backward validation
process, i.e. from the simulation back to the real data,
becomes difficult
Many studies focus on realistic looking aspects of
human−body or animals simulation in movements
[Sch97] [Wil97] [Aub00]. The accuracy of the
generated movement are not compared to real
movements.
As our aim is to include multiple dynamic
interactions and properties and to be able to produce
real−time simulations, the present study is based on a
discrete approach. The discrete models, by nature,
allows us to exactly decide which phenomenon is
taken into account in the simulation. To handle new
phenomenon, new processes are to be added in the
model core algorithms. However, as the main
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drawbacks of these models is the control and
assessment of parameters, we investigates here two
different ways of doing so: qualitatively and
quantitatively.

rigid components (to model skeleton),

2. Methods

outer and inner layer to represent organs or tissues
that are to be taken into account in a particular
simulation. Layers components are passives: they
follow underlying active structures at a given
distance (inward or outward).

deformable components (to model soft tissues),
active deformable components (to model muscles),

This work proposes to model different kind of
living structures (tissues, bones) by using the
physically−based
mechanical
interactions
of
individual object with defined mechanical identity.
More precisely, living structures are defined as 3D
physical object with characteristic sizes, in which
mechanic features are based on force balance
equations. In the present study, we illustrate the
potentiality of such an object−oriented approach for
modeling anatomical and functional living structures.

To be able to model individual behaviors, each
organ or tissue is considered as an entity, each of them
having its own history, properties and actions. To be
able to manipulate such entities computer models and
algorithms are needed. Moreover, as each of these
objects follows a general scheme, the object−oriented
programming framework is used. This approach gives
a strong structure for the methodological organization
of concepts and their relationships. The object−
oriented framework allows us to describe properties
and actions for a whole category of objects, called a
class. Each object is thus a particular instance of a
particular mold and has an individual behavior.
Moreover the object−oriented approach allows to
organizes classes into a hierarchical representation
depending on the properties to be modelled. The
behavior laws described in a class could depend on
intrinsic properties, interactions, and could change
along time; but it could also be a specialization of
another class. For example a muscular tissue could be
considered as an elastic tissue in which contractile
properties are added. Intrinsic properties are mainly
dynamic properties such as elasticity, contractility,
and incompressibility. But they could also be bio−
chemical or genetic properties.

2.1 The approach
Our hypothesis lead us to add new features to a
discrete model developed in [Pro96] and [Pro97]. This
discrete model is based on computer graphics
modeling [Ter87]. Natural motions and realistic−
looking flexible and elastic objects are efficiently
modeled and simulated by means of physically−based
computer graphics models. These models use a small
amount of data (object geometries and relations
between objects). From this, an animation motor
(using forces, energies, or direct displacements),
integrates movement and deformation laws to compute
the evolution of shapes and positions. Generally,
constraints are added to control the movement or
deformation or to model complex physical properties.
[Pro97] modeled the human abdomen using an
elastic and incompressible 3D object and the human
diaphragm using an elastic and contractile membrane.
These objects were linked together as well as with a
rigid object, modeling the rib cage. An explicit
algorithm was developed to compute the dynamic
evolution of these objects as well as to insure the
necessary
constraints.
Incompressibility
and
connections were considered as constraints. This
model, allowing for rigid, incompressible elastic or
contractile objects is the groundwork that we extended
to model more complex and realistic objects in the
present article. The model is basically explained in
previous work, we only detail here the object−oriented
approach and some improvement in the concept or
implementation.

Interactions between instances could be in
relation with the environment, e.g. mobility or motor
functioning, or with other instances, e.g. collision and
adhesion. Evolution of the laws could also be set. For
example a tissue could become less elastic along time.
In our model a component is called a region.
There are four different kinds of region: (rigid) solid
region, elastic region, muscular region and layer
region. A set of masses (called elements) control the
region surfaces and are organized using triangles; this
is similar to a mass−spring network (but more efficient
in term of stability, as described in [PBP97]).
Elements are themselves organized depending on the
region and properties they are modeling. Figure 1
shows the organization diagram of our model. This
results in a highly parallel organization.

2.2 The object−oriented framework
To model living structures, we need four
different kinds of components:
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Another LAF is used to define muscular forces.
Once the contraction directions on the muscular region
contours are defined, target positions for muscular
elements can be defined. The LAF could then be
activated by varying the stiffness coefficient during
the simulation.
2.4 Constraints and loads
Forces are not often sufficient to model complex
behaviors. Constraints are added to maintain some
conditions
like
non−penetrating
area
or
incompressibility. Our algorithm considers constraints
as non−quantified force components: they are solved
using a direct projection algorithm based on the
gradient vector of the constraint function. Thereby it is
possible to handle the total incompressibility of a
contour [Pro97]. New improvements of the previously
published method allows for real−time computation of
this particular constraint and thus for any kind of
triangulated surface.

Figure 1. Simplified UML diagram of the classes used to
represent the objects of the model.

2.3 Simulation forces
To generate forces and dynamic, a mass is
assigned on each element. Forces are exerted on the
nodes to generate displacements and deformations.
Three kinds of forces can be used in our model: force
fields (e.g. gravitation force), locally applied forces
(e.g. user manipulation), and Linear Actuator Forces
(LAFs). We introduce a LAF when a target position
Ptarget is known for a given node P of the contour. To
minimize the distance |PPtarget| a spring is created
between P and Ptarget. It generates a force that linearly
attracts P towards Ptarget. The expression of the LAF is:

The model is also improved to take into account
local forces know in intensity and direction at any
time during the dynamic simulation. This allow to add
external forces due to the surgeon or its instruments.
2.4 Resolution
The following algorithm is used to compute the
evolution of the dynamic system from time t to time
t+dt:

F = kLAF (P − Ptarget),

1. for each region, for each element: compute the sum
of applied forces.
2. Use a discrete integration scheme for equation of
motion (e.g. Newton−Cotes) to compute the new
velocity and position of the elements, without
considering any constraints.
3. Take local and global constraints into account, i.e.
impose given displacements to the elements.
4. Adjust the velocity to include the imposed
displacements.

where kLAF is the stiffness of the spring. LAFs can be
seen as potential forces that tends to minimize a
distance (e.g. muscle contraction, elasticity). LAFs
permit to model any kind of forces that could be
defined by target positions. Ptarget can be dependent on
geometry or on constraints.
Spring−mass networks are known to be difficult
to parameter and adjust. Therefore, to model elasticity
we define a local shape memory [Pro96]. The elastic
property of an object region is simply its ability to
come back in its original shape once deformed. To
model this property we define a local shape coordinate
system where each node is defined relatively to its
neighbors by three parameters: α, β and γ. These three
scalars are initialized at the rest shape. During the
simulation, given the neighbor positions, α, β and γ, a
target position is computed for each node. This target
position satisfies the local shape and defines a LAF.
An elastic object is defined by a contour where the
shape memory force is applied to all the elements. The
unique elasticity parameter is the stiffness kelasticity used
by the corresponding LAF.
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3. Results
3.1 Qualitative evaluation of the model
In order to validate the model through qualitative
simulation, we present here three examples. The
physically−based model is first validated using a
complex object where all different properties are
implied (figure 2). The second example validates the
muscle region, the solid region, their links and the
incompressibility constraint. It models a biceps muscle
contraction (figure 3). The third example focuses on a
more complex object that models how the respiratory
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movements could be generated using our framework
(figure 4). The trunk object has two layer regions
representing the skin and the lungs. The choice of
using passive regions means that we consider here the
skin and the lung deformations as outputs of the
model. The respiratory movements generated by the
model is shown in Figure 5.

types. The algorithms found in the literature (such
as [Cou00]) are not directly suitable.
Another approach consists in comparing not the
geometry but the physiological or physical measured
data with the synthetic generated data. Figure 7 shows
the resulting volume/pressure curve observed in the
lung during a generated respiratory movement. Note
that although the shape looks not so far from a real
volume/pressure curve, the resulting hysteresis is not
yet acceptable.

3.2 Quantitative evaluation of the model
To really evaluate this model, it should be
compared to real data. The model parameters should
be set so that the resulting simulations would be
comparable to reality. One thing is to be realistic the
other is to reproduce exact simulation.

4. Conclusions
In the purpose of simulating movements or
deformations of living structures, some simplifications
have to be made. The object−oriented approach
presented here allows to build complex object and to
model different kind of interactions.

We first studied the elastic properties of our
model. In order to achieve this step, our model was
used at another scale : we simulated red blood cells
(RBC) using a simple elastic region. Mechanical
properties of the living red blood cells can be
extracted from micro−manipulation by optical
tweezers, see [Hén99]. The elastic LAF (local shape
memory) proved to be able to accurately simulate
RBCs [Pro00].

In order to produce more realistic simulations,
one has to focus on how the model generates the
movements. In the trunk object, the movements are
generated by the diaphragm contraction. To improve
the way the modeled diaphragm contracts, the real
diaphragm contraction has to be studied in more
details. A new Magnetic Resonance Imaging
acquisition protocol is being design to reconstruct 3D
diaphragm during respiration [Cou01]. The first results
demonstrate the feasibility of the protocol to extract
diaphragmatic surface movements (see figure 8). The
use of these data as an input for our model is currently
under study.

Considering the simulation of respiratory
movements, we first tried to evaluate our model and to
fit its parameter by comparing its output with data
captured by an optoelectronic system (ELITE System,
BTS Milan, Italy) synchronized with physiological
measurements (lung volume for example) [Car96].
The ELITE system is composed by 4 video cameras
which track hemispheric markers attached to the skin.
A mesh was build, which deformation was driven by
the ELITE data. The trunk model was iteratively
register to this mesh (Figure 6). Direct comparison
between geometric markers and geometric output of
our model is not easy and is not carried on any more
for two reasons:
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always possible.
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Figure 2. A complex object (a) is made of four regions: a
muscular region (left), a rigid region (center), an elastic
region (right), and a layer region which envelops
everything. The muscle is being contracted and relaxed
following a given function that control the muscle behavior.
The function is set so that the contraction and relaxation
phases last the the same time, as shown by the muscular
region volume curve (b). The inside volume is kept constant
during simulation, thus the muscle contraction implies

the lack of suitable registration algorithm to
transform a generic trunk object to fit real data. To
fit a particular subject, the trunk object has to be
transformed (scaled, translated and rotated). As the
trunk object is composed by elastic as well as rigid
articulated bodies, the matching algorithm should
be able to process each region depending on their
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deformations of the remote elastic region. The passive layer
region enables us to visualize the resulting global
deformation.
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Figure 5. Simulation of a respiratory cycle, contraction and
relaxation of the diaphragm. The downward movement of
the diaphragm and the outward movement of the abdomen
are qualitatively satisfactory. Elevation of the ribs is present
as in a normal quiet breathing movement.

Figure 3. Fixed shoulder blade and humerus; contraction
and relaxation of the biceps (incompressible muscular
region). The simulation gives a satisfactory result for the
force transmission between muscle and bones as well as for
the hand movement fluidity. The hand is composed by a set
bones, linked to the arm with elastic links.

Figure 4. The human trunk object is composed by
articulated rigid regions (rib cage), a muscular region
(diaphragm), an elastic region (abdomen) and two layer
regions (lungs and skin). Each rib modeled by an
independent region. The rib cage elasticity is controlled by
the elastic properties set at the joints along the sternum. The
incompressibility constraint is applied to the compartment
composed by the diaphragm and the abdomen.
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Figure 6. ELITE system (top) and integration of their data
in the model (bottom).
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Figure 8. 3D reconstruction of the diaphragm and the rib
cage from echo planar MRI images acquired during
breathing. From the MRI images (a) the diaphragm and the
rib cage surfaces are reconstructed (b), a diaphragm surface
is reconstructed at different respiratory phases (c).
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