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Abstract

Echography is a useful tool to diagnose a thrombosis; however, since it is d
tive of this work is to create a simulation to allow students to practice in a virtua

Firstly, a physical model of the thigh was constructed based on experij
robotic arm. We present a spring damper model consisting of both lineg
elements are then fitted to the experimental data using an optimizatioy
dynamics of the system we obtain a stable physical simulation at g

Secondly, a haptic interface was added to interact with the sim !
deform the thigh in real-time. In order to allow a realistic sensati
approximate the forces at much higher frequency using a mu}{

Finally, we present the basis for a fast echographic ima
probe as well as the force applied to it.
© 2005 Published by Elsevier B.V.

1 data obtained using a force sensor mounted on a
-linear elements. The parameters of each of these
By employing an implicit integration to solve the

g a PHANTOM force-feedback device may touch and
gpontact we employ a local modeling technique allowing to
ded architecture.

16n depending on the position and orientation of the virtual

1. Introduction

A very useful exam is the echograph
detect a thrombosis in the vein. A b
press under the influence of an
vein affected by thrombosis
not at all compress, depending
tion of the illness. Dependip
titioner applies with the e
thigh, he will get an imaj
of the vein can be ded
bosis diagnosed.

Motivations. How he learning process of this
procedure is somehow long and only after approxi-

dphic probe on the
vhich the current state
hence a possible throm-

* Corresponding author.
E-mail addresses: diego@aulignac.com (D. d’Aulignac),
christian.laugier@inrialpes.fr (C. Laugier), Jocelyne.troccaz@imag.fr
{J. Troccaz).

1361-8415/$ - see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.media.2005.02.001

mately 1000 echographic exams an acceptable compe-
tence in acquired. The first 500 exams will have to be
carried out under the supervision of an experienced
practitioner. Virtual environments present an alternative
to the conventional medical training scheme. It is possi-
ble to create an interactive 3D simulation environment,
where the doctors can manipulate or cut virtual models
of organs and tissues with an haptic interface. The idea
is similar to using flight simulators to train pilots. Vir-
tual environments give an environment where there is
no risk to a patient, and therefore less stressful. They
are interactive and three dimensional contrary to books.
Virtual environments also give a unique advantage, as it
is possible to generate arbitrary anatomies and patholo-
gies, so that the doctors can be trained for cases that are
not frequently encountered.

Objectives. The goal of this work is to lay the ground-
work for the development of an echographic simulator
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with force feedback. In the final system, the trainee will
be looking at artificially generated echographic images,
and interacting with a computer simulated dynamical
thigh model through a haptic interface. Constructing
realistic but computationally efficient models is the main
challenge in developing a virtual reality training simula-
tor. In this application it is necessary to have models for
deformable tissue being manipulated by the doctor as
well as models to construct artificial echographic
images.

In this paper, a dynamic model of the human thigh
based on experimentally determined deformation char-
acteristics will be presented, followed by a discussion
of the results and future directions.

2. Previous work
2.1. Echographic image generation

2.1.1. Generative approach

Ultrasound imaging is based on ultrasonic wave
propagation inside matter. The generative approach is
a physical approach consisting in modeling this propa-
gation. Therefore, in order to generate images, we need
accurate physical and geometrical models of both the
probe (characteristics of emitters and receptors) and tis-
sues to be observed. We need also a model of the inte
action between the acoustic wave and the tissues. Thi
a very complex problem which can be tackled in seV| al
ways depending on the objectives of the simulatign.

Meunier has focused on the simulation of ¢
diographic image textures (Meunier, 1989). Th
is here to be able to automatically recogniz
the texture analysis of the image. His stud
Bamber and Dickinson work (Bamber
1986) concerning diffuser modeling. H
g a realistic ultrasound image needs
modeling. Jensen has taken into agf
wave behavior at interfaces and th
tomical structures. He has ge
age of a cyst (Jensen, 1996). mputation of this
image, including only two kin sifuctures, has lasted
11 h! Varlet proposes an attraf&(\f solution dealing with
real-time constraints (V¥iel, 1997). Firstly, a 3D model
of organs is built from &g OWMRI data (e.g., from the
Visible Human Proigct) ushg implicit surfaces. Then,
for a given position of ographic probe, the image
is generated using a ray tracing method adapted to ultra-
sonic rays. In order to reduce the computational time,
propagation and reflection are the only acoustical prop-
erties that are considered at a purely geometric level.
Texture-less images displaying the tissue interfaces are
generated for echo-endoscopic applications. In these
applications a major issue is to understand the topogra-
phy of the organs from the echographic images to be

ultrasonic
of the ana-

able to monitor the difficult progression of the endo-
scope in the gastrointestinal track. Work is in progress
to map textures onto these images. Wibaux et al.
(1997) generated echographic images directly from the
geometric model of the anatomy. The echographic pro-
cess itself is simulated by modeling the refraction of the
signal caused by the organs. In the quest for real-time
performance a simplified refraction model is used to
generate the images.
Generative approaches
applicable to any type of or
of them is available. Hq
acoustic phenomena t
plex and even simpli
ing. In our contex

she advantage of being
s provided that a model
x have shown that the
ered are extremely com-
on is very time-consum-
al-time simulation is needed,
a large computat is totally prohibitive. The
compromise WhiCH en proposed by Varlet (1997)
reduces the chmpiit ¥ time but does not allow yet to
generate drimages which is prohibitive for most
clinical agbliggtion of echography.

2.1.2. Interpoldiion approach

ive alternative to the generative approach is
a more or less dense 3D ultrasound volume
images can be generated. The 3D ultrasound
is acquired in an off-line pre-processing and
are generated during simulation, by computing
slice in the volume. Such images can be generated very
®oidly. As they come from real ultrasound images,

& there is no realism problem. Aiger from Tel-Aviv univer-

sity presents UltraSim, a commercial real-time ultra-
sound simulator (Aiger and Cohen, 1997) following
this approach. Berlage proposes CardiAssist, a system
including a simulator for training in echocardiography
(Berlage, 1997). In this clinical application, the typical
problems a trainee has to face are (1) to find the stan-
dard orientations of the probe relatively to the heart,
(2) to detect the relevant anatomical structures in the
images and (3) to learn the diagnostic content of these
features. In this system, slices are computed from a
pre-acquired volume of ultrasonic data and visualised.
A view of a 3D model with visualization of the echo-
graphic plane is offered to the trainee for a better local-
ization of the image.

2.1.3. Taking probe pressure into account

Further, it is possible to deform the interpolated im-
age obtained with respect to the pressure that is applied
to the probe. The criteria on which this deformation de-
pends on includes important factors such as the arterial
and venous pressure. By modifying these criteria we can
simulate a set of pathologies on which medical students
could be trained for the identification of the latter (Troc-
caz et al., 2000). UltraSim (Aiger and Cohen, 1997) in-
cludes elastic registration tools to build a coherent
volume from data acquired under different probe posi-
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tions therefore involving different local deformations.
Nevertheless, during simulation no deformation is ap-
plied onto the images when the computed pressure of
the virtual probe varies. Varlet (1997) proposes a local
non-linear model of deformation of the computed image
allowing to deal with the constraints applied by the tip
of the echo-endoscope to the local tissues.

The simulator we propose is based on the use of an
interpolation approach to compute realistic echographic
images in real-time and includes image deformation and
force rendering using a physical model.

2.2. Physical modeling

However, for a meaningful echographic simulation it
is of paramount importance to consider the forces in-
volved in such a procedure since they will dictate the
deformation of the tissue, and therefore, the subsequent
image that is acquired.

Basdogan et al. (1996) developed an interactive 3D
model of the human thigh along with a set of surgical
tools to simulate procedures in virtual environments.
Laffont (1997) studied the implications of the deforma-
tion of such a system, which are essential in the develop-
ment of a realistic simulator coupled to a haptic
interface. He based his model on a system of inter-con-
nected springs.

Mass-spring networks already been successfully a
plied to areas such as facial animation (Lee et
1995) and have the decisive advantage of being ¢
to-implement and faster than finite-element simulgtig
even though lately considerable speed-ups h
achieved in this domain through the use of pr
lated matrices. This has resulted in, for exampl
real-time simulation with force-feedback of. the huffian
liver (Bro-Nielsen and Cotin, 1996) baseg the, Visible
Human dataset. However, the model 4 nconve-
nient in the sense that the assumpti
tissue is hyper-elastic and linear in
is clearly not the case. As biom
confirm, the stress—strain cu
non-linear.

i experiments
nan tissue is

; g by using a three-
layer model which takes mto:iccount the properties of

and the bone The grealiffidulty for such a system hes
in the identification«gf the Barameters of the individual
springs that will give fame results to an external
force being applied as the measurements in the real
world.

On the other hand, in Pai et al. (2001) an interest-
ing approach is taken; The model is constructed di-
rectly from the experimental measurements. The
model is valid for linear elastic deformations, but is
unable to take into account non-linear material or
topology changes.

A complete survey is outside the scope of this paper.
Hence please refer to d’Aulignac (2001)! for a more
complete review on the real-time simulation of deform-
able objects .

3. Modeling of the thigh

We have constructed a dynamic model of the human
thigh based on experimentalgheasurements of its elastic-
ity. The work presented in tifection has been done in
collaboration with Cen #lu of UC Berkeley in
the framework of the erkeley cooperation.

A data acquisition

object such that its behavior
, measurements must be taken
sty this case we are interested in the
the thigh with respect to an external
applied. Intuitively we can affirm that
1 of the thigh is not the same depending
e of the object used to provoke this deforma-
re precisely, the contact surface of that ob-
our aim is to build a generic simulation
allow a physically correct behavior which is
independent of the object we choose to deform
he thigh with, two different objects have been used to
Rrasure the behavior of the thigh in terms of penetra-

% tion distance with respect to the external force bemg
¢ applied.

The first of these has a tip of pyramidal shape to pro-
voke a punctual force response, while the second one
has the same contact surface area as a typical echo-
graphic probe. These pseudo-probes are then mounted
on a force sensor which in turn is mounted on a PUMA
articulated arm. The probe is then positioned perpendic-
ularly to the surface of the thigh at each of 64 points
where measurements will be taken. These points are reg-
ularly distributed over the area where the echography is
performed when trying to detect a thrombosis in the
vein. The robotic arm then advances 2 mm using the ref-
erence of the end effector, i.e., the probe pushes along
the axis which is normal to the surface of the thigh at
the given point. The force is recorded and the procedure
is repeated up to an upper force limit (Fig. 1).

Fig. 2(a) shows the non-linear relationship between
the penetration distance and the reaction force at 11 dif-
ferent points along the thigh. The difference in the
curves may be accounted for due to the fact that the
thigh is not homogeneous and that the amount of the
material varies with the location (e.g., in some regions
fatty tissue might be pre-dominant, while in others there

! http://www.aulignac.com/diego/work/publi.html.
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Fig. 1. The two probes used for measuring the behavior of the thigh. A
probe with a punctual contact (on the left) and the pseudo-echographic
probe with a larger contact surface (on the right).

may be very little separating the epidermis from the
bone).

Fig. 2(b) plots the values of the forces for the same
points as above but using the second probe with a larger
contact surface. As one might expect this results in a lar-
ger force for the same penetration distance since the
external force applied is distributed over a much larger

area (note that the pressure is defined as force per unit 4

ent shape.

3.2. Model construction

gHe computa-
pent model
by several

Based on the experimental data
tional requirements, a two layer 1
is chosen. Multi-layer models we

ol

(a)
25+F E

201

fist

—- e OENOTHRWN -

-

LT

10}

authors in the literature, for example in Lee et al.
(1995) for facial animation or in Nebel (2001) for mod-
eling soft tissue with volumetric finite elements.

The two layer model is composed of a surface mesh
of masses, linear springs and dampers, and a set of non-
linear springs orthogonal to the surface to model volu-
metric effects by giving normal support to the surface
mesh (see Fig. 3). At each sample point recorded in Sec-
tion 3.1 we place a small masggthat is attached to a non-

&) =20

gth of the spring, ie., the ac-
length. Hence, when a and b
ude of the force grows very rap-
¥ compression).

orin®s on the surface give geometrical as

ical stability to the model. They avoid
singularities in the solution as well as

where x is the cha

Nonlinear Springs Linear Springs

Fig. 3. Two layer model of the thigh.

(b)

-t o QOO DU WR -

-

i

=70 15 20 25 30 3 40
u

Fig. 2. Plot of the reaction force fin function of the penetration distance u at 11 different points on the thigh using a probe with a punctual contact
(on the left) and the pseudo-echographic probe with a larger contact surface (on the right).
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adding damping. The force due to each linear spring is
given by

S@) = hx - @)
where x is the change in length of the spring, A is the
stiffness and p the damping coefficient. The rate of the
change in length is given by x.

The parameters of the surface elements are uniform
whereas the parameters of the nonlinear spring vary
around the mesh to model the heterogeneous nature of
the thigh mentioned above, while keeping the number
of unknown parameters small (d’Aulignac et al., 1999a).

It should be noted that this model has been chosen ad
hoc based on the experimental data available of dis-
placement normal to the surface. Hence, its results will
only be valid in compression, but not in extension.

3.2.1. Parameter estimation

Estimation of the model parameters from experimen-
tal measurements is a critical part of the modeling. Sev-
eral types of methods can theoretically be used for
solving this problem: an Artificial Neural Network ap-
proach requiring to make use of an adapted modeling
technique (Szilas and Ronco, 1995), the Simulated
Annealing (Bonomi and Lutton, 1988), the Genetic
algorithms (Goldberg, 1989) which have already given
some good results when identifying the physical param-

eters of a deformable object (see Louchet et al., 1995 and?

Joukhadar et al., 1997), and the Steepest Descent m
od (Minoux, 1983) which was used for this applicatipn.

Given that there are 64 sample points, and
each point we have taken between 6 and 18
ments with each probe, we obtain over 10
samples. Our objective is to find the para
model that best describe this data. We

s first fit to a
ents, i.e., only

sed as the initial
conditions for the para ation of the com-
plete model; the para
linear springs are

the experimental O the indenter and the

This approach is chosen to avoid problems with local
minima. We have obtained better results with this meth-
od than using genetic algorithms, perhaps, as the num-
ber of parameters is small, while genetic algorithms are
usually better suited for problems involving large num-
bers of unknowns.

One thing to note here is that the parameter estima-
tion is based on a simplified interaction model between
the tissue and probe, making the assumption that the in-
denter will principally act on one spring since the con-
tact area is small, while the larger probe acts on three
nodes simultaneously. In this simplified interaction
model, the nodes that are not in contact with the probe
are kept stationary. This is a valid assumption for the
thigh, as deformations are vegy local.

The mean absolute erro en the measured val-
ues and the values estima the model is 1.05 N,
with standard deviatio er the whole dataset
(ie., all measuremen obtained with both
probes). This is equj #an average error of 5%.
The distribution of r can be seen in Fig. 4, show-
ing how many of t s estimated by the model ex-

Inaccuraci easurements at some of the sample
points (p y due to movement of the leg during the
process). these points there exist no parameters

allowm

he area of the thigh of interest for an echographic
m is relatively small as compared to the whole leg.

% Thus it is sufficient to model the deformation only in this

area. However, to give the user an increased sense of
realism and as landmarks for orientation in the virtual
environment, we also render the lower leg and other side
of the thigh. These are not deformable and thus the po-
sition of the vertexes will not change during simulation.
It is therefore possible to transfer this data only once to

Distribution of Nonzero Error Values

600

Frequency

Error Value (N)

Fig. 4. Frequency distribution of the error between the measured
values and the values estimated by the model.
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Fig. 5. Decomposition of the parts of the leg (right). The part on the
left is the only part where deformation is simulated.

the graphics hardware, and subsequently it wg
minimal demands on the CPU.

Fig. 5 shows how the area where defoj
ulated is integrated with the rest of th
represent the leg only graphically
springs on the surface are shown;
are not visible in the graphical o

4. Dynamic resolution

As discussed in Hair

nner (1991), explicit
integrations suffers fro i

ity problems. This means
that for a given tin iere is a restriction on the
physical parameters thgt gillow a stable integration.
Moreover, the larger the stiffness, the smaller the time-
step must be, when using explicit methods.

The stiffness values that we have estimated in Section
3.2.1 are such that the integration is not stable on our
computer unless artificially large inertial values are used,
i.e., large mass. This, however, leads to an unnaturally
slow reaction to an external force that is applied. Fur-
ther the implementation of gravitational forces is impos-

sible. Even, higher order methods explicit methods do
not allow us increase speed since the stability region
does not double as we double the number of stages
per timestep.

4.1. Implicit integration

Unsatisfied with explicit integration for our simula-
tion, we have decided to invesggate the suitability of im-
plicit methods. Since speed or than accuracy is our
main concern, we have opted¥#r the semi-implicit Euler
method (Eq. (3)) hav stability (see Baraff
and Witkin, 1998). Fo p in the simulation the
forces on the mass- ¥calculated and the linear
system is solved u: ,conjugate gradient method

1. of
Ay [ZI T3y 3)
where y 1 tat®vector expressing the positions and
velocitie particles. Thus Ay represents the change

) the derivative at the current state. Fur-

uracy of the solution is proportional to the
Higher order integration will yield better

Since we only solve the linear system once per time-
& Step, our resolution is only semi-implicit and not guar-

anteed to be stable for any timestep, however, it is

¥ much faster to solve and has not given us stability prob-

lems in practice.
4.2. Experimental results

Fig. 6 shows the model as it has been built in our sim-
ulation system. A force is being applied on the thigh
using a probe which provokes a deformation which is
in accordance with the measurements taken. The com-
putational speed on a Silicon Graphics R10000 machine

Fig. 6. Dynamic deformation of the thigh under pressure.
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is in the order of 100 timesteps per second of animation
using semi-implicit integration, which lets us envisage
our simulation system as part of a working echographic
simulator which operates in real-time (d’Aulignac et al.,
1999b).

5. Interaction

In the previous sections the deformation of the thigh
has been modeled. In this section we shall examine how
to interact with the model we created using a virtual ech-
ographic probe. In Section 5.1 the collision detection
and response are discussed while the haptic force-feed-
back interface is detailed in Section 5.2.

5.1. Collision detection and response

The virtual echographic probe we use to interact with
the model of the thigh is simple in shape, and can be
modeled as a parallelepiped. However, the surface of
the thigh is represented by many polygons and can be-
come concave during interaction.

Therefore we choose to use the approach by Lom-
bardo et al. (1999). Hence, to find the triangles of the
thigh in collision with the probe, we render the surface
(enabling the picking mode) in a orthogonal boundin
box equivalent to the shape of the tool. This retu
the polygons inside the tool, i.e., in collision.

5.1.1. Distance computation
Finding the polygons of the thigh in interactid
the tool will not automatically compute the dist
make the assumption that the tool is touchip®
using the front side of the parallelepiped.

ter-penetration distance is computed as the distance be-
tween a polygon and the front tip of the tool.

5.1.2. Collision forces

If an inter-penetration distance has been found a
non-linear penalty force is calculated according to Deg-
uet et al. (1998). This force is then distributed over the
three particles of the colhdmg polygon using the bary-
centric coordinates of the po it on the triangle closest
to the tip of the tool. '

5.2. Haptic interaction

at our simulation runs at
n SGI Octane 175 Hz. This
ndred times for the collision,
penalty for a penetration (if
e ‘the position of the vertexes of the
iccording to external and internal
nd. Even if this guarantees a stable sim-
, 1.e., at least 10 frames a second, haptic
may be unsatisfactory. By this we mean
ontact forces are transmitted to the PHAN-
buted by SensAble Technologies) at the men-
ulation rate, unacceptable trembling may
» the low frequency of the force update. Balaniuk
J proposes the use of a local approximation of the
ntact which we shall use in this application (Fig. 7).

In Section 4 we
approximately 10
means that we ched on
calculate the )
present), and
deformab
forces eag

5.2.1. Experimental results

As mentioned in the previous chapter, interaction
forces with the simplified model are much less costly
to evaluate, and therefore, can be calculated at a much
higher frequency that will give 2 much smoother force
feedback response. Fig. 9 shows the user interactively
deforming the surface of the thigh.

Simnikitlon loop
(~600 Hz on bl pro 250MHz)
= Infegration of dynumic

cquations.
- Detection and response of the

- deduction of now plane
position €t ericntation from -

Graphic loop (-10 H)

Fig. 7. Graphical overview of the two threads: the force feedback (on the left, running at 1 kHz) and the simulation (on the right).
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3.5 T v
“outForce.dat*
*outBuffer.dat*
3
2.5
=
= 2
e
=3
st = \M/-‘\
o dad \\.,-/“"”’“"“‘*
1} et “-\,\\ i
N~ \
os | HH .
oL 1, Jlis,
0 50 100 150 200 250 300 350 400 450

timestep

Fig. 8. Evolution of the force over a time interval using the haptic
buffer model (dashed), and without (solid).

Fig. 9. The thigh model manipulated by the ph

aw

0 tue of the
igh. Using

Fig. 8 shows the evolution of the
force during a manipulation of the
the virtual probe we touch the lide over the
surface. When using the buffeg e obtain the
dashed curve. However, wheiffatterdpting similar inter-
action without the buffer mdge obtain the solid
curve. This curve presents s€ discontinuities; when
forces return to a zero A user has lost contact
with the surface of the™ ne to the trembling. This
trembling is due tq, variation of the forces
(d’Aulignac et al., 20

5.2.2. Discussion

The local model we have implemented is a static
approximation of the contact. By this we mean that col-
lision detection and response are calculated using a sim-
plified geometrical model at a much higher frequency
using a multi-threaded architecture. However, the defor-
mation is not modeled; the local model’s parameters are

constant during one step of the physical simulation (the
latter calculating deformation and global collision
detection).

Therefore, an interesting extension of the presented
approximation the contact, would be to combine it with
low order models of the deformation such as presented
in Cavusoglu and Tendick (2000) or Astley and Hay-
ward, 1998.

6. Echographic image genera

nulator described so far
to the actual deforma-
ach practitioner the correla-
of the surface of the thigh and
image. Hence for any position
*hrobe on the surface of the thigh
n image. Since we can not acquire
te amount of of images for all points
esort to some kind of interpolation tech-
nique. HoweveT, we must first prepare the data.

flect this data we have taken echographic
e same point as we have measured force—dis-
[ curves. These echographic slices are then ar-
thin a bounding box (see Fig. 10) which will
Aided into a 3D voxel map. The voxel map is then
led depending on the intensity of the pixels of the ech-
Ofraphic images within each voxel. These voxels are of
equilateral shape, and their size is chosen with respect
to the available live memory on the machine (i.e., no
swap).

Voxel map size. In this case we have used a voxel size
of 0.3 mm leading to a memory requirement of approx-
imately 120 Mb. Since the resolution of one pixel on the
original echographic images is 0.1 mm there will be a
small loss in resolution due to memory limitations.

Interpolation. It is clear that the for the number of
sample images we have acquired the voxel map will be

As a pedagogical t
is sterile. Images co
tion must be gene
tion between defo

-2 1 I a 5@ 1aQ

Fig. 10. Echographic slices arranged in a 3D volume.
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far from full. To fill the blank voxels we use interpola-
tion. The TIMC laboratory has provided us with such
an interpolation tool within the framework of a collab-
oration. Thus the voxel map is filled in the preprocessing
stage once and, thereafter, slices through the voxel map
may be generated in real-time. The resolution of the gen-
erated image is, of course, dependent on the resolution
of the voxel map (Vieira, 2000).

Once the voxel map is filled, we may calculate an im-
age for any given position and orientation on the mod-
eled area of the thigh. Given the data can be stored in
live memory this procedure is performed in real-time.

6.1. Image deformation

Motivation. The images to construct the voxel map
where acquired without deformation: the echographic
probe was placed on the sample point and minimal pres-
sure was applied to obtain the echographic image.
Hence an image generated from the voxel map will be
non-deformed. However, to detect a thrombosis in the
thigh, the diagnosis is based on the deformation of vein.
It is therefore essential for a useful simulator to take this
phenomenon into account.

Problem statement. The main difficulty in modeling
the deformation lies in the fact that each structure has
its own way of reacting under pressure. Arteries have al-

most no deformation while non-pathological veins flat

ten. Superficial soft tissues have a near lin
deformation. Deep tissues and bones have negli
deformation (Troccaz et al., 2000).

EXxisting approaches. The deformation of t
when pressure is applied can be obtained thr

Fig. 11. Echographic images generated for a given location and
orientation, with (right) and without (left) deformation.

Fig. 12. On-line generation of echographic images when interacting
with the thigh using the force-feedback device. A video can be
;//www.aulignac.com/diego/work/publi.html.

enry (1997). Given a segmentation of
the undeforme® echographic image to find the artery,
vei oft tissue areas their deformation can be cal-

aking into account parameters such as arte-
enous pressure. As mentioned before, by
gng these criteria we can simulate a set of pathol-
Alternatively, a deformation function can be cal-

 culated directly from the position of features on a
“#eformed and undeformed image. However, both these
4 approaches rely on a segmentation having been per-
¢ formed previously.

Since our voxel map is not segmented into the differ-
ent anatomical structures we have momentarily adopted
a linear deformation regardless of the tissue. Therefore,
future work on this subject should examine this problem
in detail; a possiblity might be to use precalculated
deformation functions as described in Troccaz et al.
(2000).

6.2. Experimental results

Fig. 11 shows how the echographic image changes as
an increasing pressure is applied to the surface of the
thigh by the means of the virtual echographic probe.
The probe’s position is given by the force-feedback de-
vice (see Fig. 12).

7. Conclusions

In this paper we have described the building blocks to
prototype of an echographic simulator.

Measurements have been taken on a real human
thigh using an articulated robot arm in combination
with a force sensor. The force—displacement curves we
have obtained on different sample points on the thigh
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demonstrate both the non-linear and non-homogeneous
elastic nature of the material.

Furthermore, we have built a mass-spring model of
the area of the thigh were the measurements were taken.
The topology of this model is based on the position of
the sample points and by making assumptions on the
anatomy based on the experimental data acquired.
Hence, we have chosen a layered model with non-linear
springs that approximate the measured force-displace-
ment behavior. As the elasticity of the thigh is non-
homogeneous a protocol of parameter identification
has been installed. Using a method of steepest descent
we aim to represent all the data samples with the lowest
possible error.

To model the dynamics we have investigated the use
of both explicit and implicit methods. We come to the
conclusion that the overhead of solving a linear system
at each time step using a semi-implicit integration is
preferable to explicit integration. Because of the stiffness
of the springs the latter approach is obliged to take ex-
tremely small timesteps to maintain stability.

To calculate the collision response we use the distance
of penetration as a measure to calculate the penalty
based response forces. However, if these forces are sup-
plied to the force-feedback device at the rate of the phys-
ical simulation of the deformation (100 Hz using semi-
implicit integration with constant Jacobian), unaccept
able trembling will be the result. To remedy this problem
we apply a local approximation of the contact, that
calculate the collision forces at a much hjgher rate

fices to largely improve the haptic sensatlon

Lastly we have integrated our physical mod
generator of echographic images. Previo
have interpolated images along one privil
of the thigh (namely the direction of the
this case, we want to provide an image g
the modeled area, we have created a Wt
approach. The echographic image
ple points are used to partially fill§

ht the sam-
map; using

map, echographic
can be found.

and corresponding tactile
feedback was possibl ollowing stage of this pro-
ject will be its clinical testing; this means that lessons
must be designed and implemented on the basis of the
existing simulator to allow a beginner to experiment ech-
ographic examination and diagnosis with the simulator.
The comparison of performances of learners using the
simulator versus learners using traditional learning is
the next stage and should demonstrate the potentiality
of such tools.
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