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SUMMARY 

1. INTRODUCTION 

In order to animate complex bodies, it is 
often simpler to forget about the surfaces 
surrounding thc objects and focus on the 
movements of their underlying structure 
made out of joints and rigid links. Various 
key-frame and dynamic methods have been 
proposed to control the movement and the 
deformations of such articulated ‘skclctons’.’ 
To  obtain more aesthetic results, one has to 
coat these skeletons with a moving ‘skin’ 
which is deformed adequately at each ani- 
mation step. Automatic methods must be 
used to avoid lengthy frame-by-frame manual 
processing by the animator. 

An even more challenging problem is to 
create a skin able to detect collisions and to 
deform properly during and after the impacts 
(taking into account the flexibility of thc 
‘flesh’ it covers). In addition, the movement 
of the skeleton must be modified by the 
collisions. 

Several methods have already been pro- 
posed for the automatic computation of the 
skin surface from the movement of an 
articulated skeleton. 

In 1976, Burtnyk and Wein2 presented a 
method for putting a geometric skin on a 
skeleton animated with key-frames. Chadwick 
et al.’x4 implemented a model of that kind 
with dynamic layers to simulate various 
types of muscles and fatty tissues for figure 
animation. The deformations of the skin were 
computed from the precalculated movement 
of the skeleton through the dynamic and 
geometrical components of the structure. 
This model provided high-level control to 
the user, but the authors did not consider 
the collision detection and rcsponse problems. 
In consequcnce, even for a dynamic skeleton 
able to deal with interactions, nothing was 
devised to deform the skin according to the 
collisions detected. On the other hand, the 

We propose an intcgrated sct of methods for designing and animating bodies whose 
deformable flesh coats an articulated skeleton. The proposed methods provide good 
automatic positioning of the ‘skin’ after movements, and automatic deformation after 
collisions with rigid or deformable objects (dynamic or static). The response to collisions 
includes a feedback from the flesh to the skeleton, whose movement is adequately 
modified. Moreover, coating thc skeleton gives an easy solution to closed loop collisions 
and angle constraints control. Our model is modular and gives snmc high level control 
to the user. 
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skin, deformable muscles and fatty tissues 
were not designed to treat collisions by 
themselves: they were crcated with geornetri- 
cal intermcdiate structures (frcc-form defor- 
mation boxes),’ making their use quite diffi- 
cult to detect or compute the response to I 

collisions. In addition, detecting interactions 
at the flesh levcl would have induced unrealis- 
tic overall behaviour (the collision having no 
effect on the precalculated movement of the 
skeleton). 

Gourret rt a/.‘’.7 simulated the contact 
between a hand and a deformable ball through 
the clasticity equations for a set of finite 
elements. At each time step, the shape of the 
flesh was computed from a position of the 
skeleton specified by the user, the equilibrium 
position for the finite elements being found 
after a sequence of oscillations. The compu- 
tation of the response forces applied by the 
flesh onto the bones provided a detection of 
the unrealistic positions of thc skeleton. This 
mcthod, which gave very good results in the 
specific situation presented, does not seem 
well adapted to general animation purposes: 
the computations involved are important, a 
very complex database is required, and the 
dynamic equilibrium equations which arc 
used would not be valid for general collisions. 

In this paper, we propose a new model for 
‘complex deformablc bodies’, e.g. for objects 
whose deformable flesh coats an articulated 
rigid skeleton. One of the main advantages 
of our model is its ability to deal with the 
difficult problems of collision detection and 
response. A good collision detection must 
involve the flesh level, whereas the response 
must modify the movement of the skeleton. 
Therefore, we use a simultaneous dynamic 
animation of these two structures, which 
enables them to communicate at each ani- 
mation step. 

Thc deformable model employed for the 
flesh must be designed to deal easily with all 

kinds of interactions. In Section 2 ,  we 
first review the main models of deformable 
material which have been proposed in the 
past few years and motivate our need of a 
new layered structure. Then, we describe 
our deformablc model, whose main feature 
is the use of two different layers to model 
independently the local stiffness and the 

, propagation of deformations. This model 
yields a fast computation of the deformations 
during the animation, and an easy evaluation 
of the response forces due to collisions. 

In order to design complex deformable 
objccts easily, we present in Section 3 the 
‘automatic coating of skeletons’ method: the 
automatic coating creates the deformable 
flesh and the skin surfacc of the bodies from 
descriptions of their skeletons at rest (thcse 
descriptions include flesh thicknesses). 
Default values are given to the control 
parameters of the flesh, in order to produce 
very quickly first versions of the objects which 
can be tuned interactivcly afterwards. We 
also show in this Section how coating skel- 
etons with our deformable material offers 
convenient angle constraints control. 

In Section 1, we describe the animation 
mcthod associated with our model: first, we 
must find which of the algorithms for dynamic 
animation of articulated rigid bodies is most 
convenient for the skeleton of a complex 
deformable object. We choose a purely 
simulative approach, which leads to a very 
efficient computation. Then, we give the 
successive steps of the animation module for 
complex deformable objects. 

Section 5 contains comments on a sample 
animation designed with the system: our 
approach provides good automatic positioning 
of the skin of the bodies after movements, 
angle constraint control, automatic defor- 
mation after collisions, and feedback from 
the skin to the skeleton which gives adequate 
response to collisions. 
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COMPLEX DEFORMABLE BODIES 83 
to achicvc.’”’s The response is simulated 

work in progress. in References 13 and 15 by temporarily 
introducing a spring-like connection between 
the colliding deformable objects. In Refer- 
ence 14, the normal component of a mass 
point velocity is inverted when it collides the 

2. A NEW LAYERED 
DEFORMARLE MATERIAL 

floor. 
2.1. Deformable models in computer More general collision detection and 
graphics response methods are provided in Reference 
‘I‘he behaviour of very complex objects such 16: for deformable objects, the surfaces are 
as deformable models is hard to control with discretized into triangles. Interpenetrations 
key-frame systems. In the past few years, are detected by computing intersections 
several ty.pes of ‘active models’ built on between elementary trajectories of surface 
dynamic equations have been proposcd. points and triangles not containing these 

A first class of dcformablc models is based points. If the displacements of the triangles 
on the principles of mathematical physics. In are considered, a polynomial equation of 
Reference 8, the models are defined by the degree 5 must be solved by binary search 
non-linear elasticity equations for continuous before finding the time and the place of the 
bodies. Realistic animations are created by eventual impact. The response is simulated by 
solving these equations numerically (using introducing between the objects a temporary 
finite elemcnts techniques and discretizations spring whose stiffness decrcascs after the 
over time). But even for homogeneous and impact. 
isotropic objects the computations involved 
are important and thc equations tcnd to be 2.2. A layered model for deformable 
poorly conditioned when rigidity is increased. materials 
Morcovcr, the control of such models is not Our aim is to create a new model for 
easy. Various methods have been proposed deformablc material providing easy collision 
to cope with some of the limitations of detection and convenient computation of 
the first model: in Reference 9, constraint response forces. In order to animate in 
techniques offer better control of trajectories reasonable time several interacting complex 
and deformations. In Reference 10, a hybrid deformable objects, we are looking for a 
formulation and the use of h e a r  elasticity to model which provides good visual effects 
model the deformation of the objects from rather than a realistic simulation of existing 
their reference shapes enable the simulation materials. As emphasized in Reference 4, a 
of more rigid objects with well conditioned layered construction is a very efficient tool 
discrete equations. Inelastic deformations are for creating complex motions in animation. 
introduced in References 11 and 12. A layered model is also very convenient for 

At the same time, a class of layered the design of the objects: the inter-relations’ 
deformable models appeared. These active bctwccn the various layers are managed by 
models still obey mechanical laws, but they the system SO that the user has ~ C C C S S  
are not inspircd by the continuous elasticity to easier and more intuitive independent 
equations: modular representations of the parameters. 
objects are created by integrating geometrical In most laycred dcfonnable m ~ d c l s , ~ ~  13-’’, ’’ 
and discrete dynamic components (such as the mechanical components are created with 
springs and dampers).I3 Such models provide elementary masses linked by damped springs, 
easier control, bccausc of the indepcndent as in Figure 1. The dynamic animation of 
paramctcrs of the different layers. Therefore, these models is achieved by numerically 
complex composite objects can be animated integrating through time the differential equa- 
in reasonable time, with good visual effects. tions governing the movements of each 
For instance, snakes’ movements are mod- elementary mass of the model (finite differ- 
elled in Rcference 14 by covering masses cnccs method). This kind of model does not 
linked by springs with a geometric skin. Fatty provide any high-level control upon the 
tissues are simulated in Reference 4 by geomet of the deformations. Indeed, in the 
linking the control-vertex of an I+Tl (Free- real wo% some flexible objects preservc their 
Form deformation’) with viscously damped volume during deformations (modelling clay, 
springs. for instance), whereas others (a soft cushion, 

for instance) deform with constant surface 
Collision detection and response area. This kind of global constraint could not 
Automatic treatment of collisions is an be specified by controlling the stiffness of 
important topic to understand the usefulness the springs in Figure 1. 
of the models for animation purposes. 

This problem is especially tricky for models duced in Reference 18, takes advantage of 
based on elasticity equations for continuous the layered structure of the objects to model 
objects: the physical elasticity theory only (and control) independently two important 
describes the behaviour of deformable characteristics of the material: 
material during small oscillations around 
equilibrium states. No answer is given to thc 
coilisioris Thus’ Only fictitious and 
partial solutions are given in the models 
above: Terzopoulos et a1.‘ avoid interpen- 
etrations with still rigid objects of the scene 
by surrounding them with force fields. l h e  
constraint methods of Reference 9 prevent 
collisions between deformable objects and 
rigid polyhedral solids by automatic compu- 
tation of new external forccs which arc The radial stifiness layer 
exerted on the finite elements. 

For modular models composed ofmechan- 
ical and geometrical independent layers, a 
precise collision detection is sometimes hard 

Section 6 gives conclusions and discusses 

Figure 1 .  Classical mass-spring systems 

and weight of these cylinders, non-homo- 
geneous and non-isotropic objects can be 
created as well. 

The axes of thc cylinders are fixed with 
respect to the rigid kernel and the ‘main 
deformation directions’ at the surface of the 
object. Their movement is modelled by 
damped springs (SCC Figure 2 ) .  Each cylinder 
controls the movement of a sample point at 
the surface of the object. 

T~ compute the displacement of those 
sample points, we do not need to apply 
any finite differences method for integrating 
differential equations through time. Indeed, 
because of the fixed we use for the 
cylinders, the oscillations ofthe sample points 
are given by closed formulae in the co- 
ordinate system of the rigid kernel. M~~~ 
precisely, let k be the stiffness of the 
exponentially-damped spring s which sirnu- 
lates a cylinder ofmass m. ~~~t lo be its initial 
length, and y its damping coefficient. If, at 
time tl ,  s is expanded or contracted in such 
a way that its length becomes l,, if there 
is no external action bemeen time tl and 
time t, then, at time t, the length ofs is 

I, = li, + (4, - / I )  c-(l-ll)Y cos[m k ( t  - t I )]  

The sample point controlled by the cylinder 
is located along the fixed axis, at distance 
from the rigid kernel.* 

The limits of this first layer are obvious: 
it can model only a very restricted class of 
objects since the deformation of one cylinder 
has no effect on its neighbours. ,4s we said 
previously, we improve the structure with a 
second layer, which gives high level control 
on the propagations of deformations. 

Modelling the propagation of 
deformations 
Suppose that a force F is applied on one 
of the cylinders. The displacement of the 
associated sample point P is then computed 

second layer of the model, the animator can 
prccisely control the rclation betwecn this 
local displacement and the overall defor- 
mation of the object. To do so, he/she 

1. The local radial stiffness at sample specifies independently two characteristics of 
points of the surface. the deformation: the propagation zone and 

2.  Thc way the deformations propagate the propagation mode. 
when forces are applied by the external ’rhe ‘propagation associated with 

a cylinder is defined by selecting some world to these sample points. 
We usc a third layer for the regular ‘skin’ ‘neighbouring’ cylinders to which the 
which models the external surface of the deformation propagates. Such a control 
object. 

“It could be possible to replace the damped- 
springs modelling the movement of the cylinders 
by the plastic elements used in Reference 11; the 
initial length lo of each element would then change 
through deformations, modelling materials with 
plastic behaviour. 

Our deformable which was intro- from the radial component of F. Using the 

In this basic layer, a deformable object is 
modelled by cylinders of deformable material 
attached in a star-shaped way around a rigid 
‘kernel’. By varying the repartition, stiffness 
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objects (taking deformations into 
account) 

3. computing the response. 

2.  

Sections of the objects 
Main deformation directions 

at the surface of the skin , 

Figure 2. First layer of the model 

can be used for instancc for marking 
the difference betwecn the way a balloon 
and a sponge change their shape. If 
needed, the propagation zone can be 
computed from a default value by taking 
into account the direction of the force 
F applicd. 
The ‘propagation mode’ gives the 
relationship between the displacement 
of point P and the displacements of its 
neighbours. M7e considered two kinds 
of criteria: 

(a) Geometrical propagation mode: 
as we said previously, some flcx- 
ible materials deform Nith con- 
stant volume, and some with 
constant surface area (sce Figure 
3). Most of thcm are intermedi- 
ates between thesc two extreme 
models. So, we compute approxi- 
mations of the results given by 
these models (using the envelope 
of the sample points to approxi- 
mate the surface of the object), 
and then apply a lincar combi- 
nation of the results to the sample 
points of the propagation zone. 

(b) Intuitive propagation modc: we 
share the radial force used by 
the external world to move point 
P (multiplied by a dissipativc 
coefficient k, -1 < k <  1) 
between the ‘neighbouring cylin- 
ders’ of the propagation zone. 
They use these amounts of forces 
to deform.? ’This propagation 
mode is not founded on any 
mechanical law, but provides a 
very fast computation of the 

propagation, and good visual 
effects. 

The skin layer of the model 
In order to obtain a skin which stays very 
close to the deformable cylinders, and to 
hake easy and efficient calculations, we choose 
to model the skin as a spline surface Rhose 
control points are exactly the sample points 
associated with the cylinders. Then, a defor- 
mation of the two first layers of the structure 
will immediately translate into a deformation 
of the skin. 

In order to change the aspect of the object, 
various type of splines can be used. B-splines 
produce very smooth and regular deformable 
objects. Splines with tension, such as beta- 
spIines,I9 could be used to simulate the 
physical tension of the external surface 
of the objects. The splines presented, in 
Reference 20 could provide local precisc 
tuning of deformations, with their continuity 
and bias parameters. 

2.3. Collision detection and response 
The three-layer design of the model gives 
an clegant solution to the problem of detecting 
and giving an adequate response to a collision. 
The moving object can collide with a deform- 
able object as well as a rigid one, with a 
moving object as well 3s a still onc. Contact 
forces during collisions can be calculated 
without the artificial introduction of new 
mechanical elements as is done by other 
methods. As usual, we use three different 
phases: 

1. detecting collisions 
2. modelling thc contact between the two 

/ \ 

Undefornied object Constant volume Constant surface area 
deformation deformation 

Figure 3. Propagation niodcs based on geometrical criteria (section of the ohjccts) 

Collision detection 
l‘he method used in Reference 16 consists 
of testing the intersections between each 
‘elementary’ trajectory of control points 
between time t and time t + d t  and the 
trajectory of each triangular facet not includ- 
ing this point. Each of those tests requires 
solving a polynomial equation of degree 5 by 
binary search to compute the time t of the 
possible impact. 

In contrast, as we will see further, we do 
not need to know the exact time of the 
collisions (we do not go back in time to the 
moment of the impact when we compute the 
response). So, for our application, a detection 
of the interpenetrations at a fixed time (and 
then in fixed positions) is sufficient. This 
detection requires two steps: 

1. In order to get rid very quickly of the 
non-intersecting cascs, we first use a 
bounding box (or bounding sphere) 
method. 

2 .  Then, we tcst whether the sample 
points associated with each cylinder of 
deformable material pcnetrate inside 
another cylinder (as is true for the 
technique of Reference 16, our method 
can report self-intersections). ’To do so, 
we approximate the surface of the 
second object by the envelope of its 
sample points, and compute intersec- 
tions bemeen triangles of this envelope 
and spring-segments linking a sample 
point of the first objcct to its rigid 
kernel (SCC Figure 4). 

Modelling contact 
When a collision is detected, the next step 
is to model the contact (and prevent the 
interpenetrations) between thc two objects by 
deforming them according to their local 
stiffnesscs and propagation modes. Our lay- 
ered model makes this processing ve? easy 
(because the sample points alwzays move along 
fixed axes): 

If the collision occurs between a dcform- 
able object and a rigid one, the sample point 
P which had penetrated insidc the other 
object is positioned at the intersection point 
I. Then, the propagation modc is used to 
compute the rcsulting shape of the object. 

If both objects are deformable, wc must 
find a deformation which takes into account 
the relative stiffness of the two objects near 
the contact zone. Let k p  denote the stiffness 

?Note that conbtant volume deformations can 
be imitated by using k < 0, whereas constant 
surface area deformations correspond to k > 0 
(see Figure 3). 

Figure 4. Collision detection between deformable 
objects 
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of the cylinder associated with point P, and 
k.%, kB, kc. the stiffnesscs of thc cylinders 
defining facet ABC. Let (a, fi, y) be the 
barycentric co-ordinates of I with respect to 
(A, B, C) (see Figure 5). We choose to define 
the relative stiffness k of the two objects near 
the contact point by the formula 

bP 

kp t ( a h  t px., + ykc)  k =  

Then, we position point P at 
M, = kP + (1 - k)I and move the vertices 
A, B and C of the triangular facet, according 
to the values of k!,, k~ and kc, in such a way 
that M, becomes a point included in the 
facet. Then the deformations are propagated 
according to the propagation layers of the 
two objects. At the end of this phase, P = M, 
is a contact point between the two objects. 

Response to a collision 
The use of impulses as in the case of 
rigid objects is not appropriate for collisions 
between deformable objects because 

(a) contact lasts for more than an intini- 
tesimally short time interval 

(b) the energy produced during collisions 
is first stored by the objects as internal 
deformation energy then restored in 
the form of contact forces when the 
objects push each other away while 
trying to recover their initial shapes. 

Computing the contact forces seems appro- 
priate to our problem. The computation of 
those forces is easy with the model we use 
without addition of any fictitious part: At the 
end of the ‘modelling contact’ phase, contact 
points have appeared bctwecn the two collid- 
ing objects. The internal deformation energy 
of thc cylinders associated with those points 
is known (because the cylinders are modelled 
with dampcd springs). Thus, the response 
forces exerted at contact points by one of the 
objects are easy to compute. The 
action-reaction principle states that the other 
object exerts a symmetrical force on the first 
one. These response forces are added to the 
external forces exerted on the objects. 

A few remarks: 
1. This computation can be used even if 

one of thc objects is rigid. If so, all thc 
reaction forces are evaluated using the 
cylinders of the deformable body, and 
are transmitted to the rigid object 
through the action-reaction principle. 

2. If two objects collide in such a way that 
their rigid kernels collide, an impulse 
has to be used as a result. 

3. The vclocities and inertia of the objects 
at collision time, although not used 
explicitly, have an effect on the collision 
through the importance of the defor- 
mations (which are computed from the 
interpenetration areas at each time step). 

Figure 5. Computation of the new position of P 

As in References 6 and 7, we need to 
prevent too deep interpenetrations, which 
would produce too big forces. In order to 
detect this problem, we test the sum of the 
kinetic energies of the touching objects: if it 
got too big during the collision, wc ‘go back’ 
in time and choose a shorter time interval. 
A dissipating coefficient is used: the amount 
of energy which must have fadcd in dcfor- 
mation is a function of the time length of 
the collision (approximated by an integral 
number of time steps) and of the amplitude 
of deformations. 

3. THE AUTOMATIC COATING 
OF SKELETONS 
As depictcd in Figure 6, a complex deform- 
able body is made of three parts: 

a skeleton which is a rigid articulated 
body (a tree of rigid parallelepipeds 
called links, each link other than the 
root being connected to its parent by 
a hinge) 
a set of deformable elements associ- 

ated with the links, and created with 
the deformable material previously 
described 
a ‘skin’ which covers all the deformable 
elements. 

Although the set of deformable elements 
associated with the links and the ‘skin’ can 
he produccd interactively by the user, they 
can often be created more easily by ‘coating’ 
the skeleton. The method used is an extension 
of the ‘automatic fleshing of skeletons 
method’ described in Reference 21 which 
generated automatically the ‘skin’ of the 
object from the description of its skeleton. 

We extend this method to produce, not 
only the surface of the ‘global’ contour of 
the object, but also the deformable elements 
attached to each link which will model the 
deformations. 

3.1. Automatic fleshing of skeletons 
Thc fleshing method presented in Reference 
21 uses two high-level tools, welding and 
pinching, to create an object’s ‘skin’ automati- 
cally from a geometric description of its 
skeleton. During a breadth-first traversal of 
the tree structure representing the skeleton: 

1. A spline tube created by sweeping is 
associated with each link (using the co- 
ordinates of the parallelogram rep- 
resenting the link to compute a sweeping 
axis and an ellipsoidal cross-section). 

I: 

2.  

3. 

The 
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Then the tube is ‘welded’ to the surface 
corrcsponding to its parcnt in the 
structure. 
If neccssary, it is ‘pinched’ according 
to thc number of sons in the trce 
structure (the pinching method was 
designcd to create multiple junctions of 
tubular surfaces, when a single tube 
had to be welded to several other ones). 
resulting skin is as regular as the initial 

tubes (class C2 for instance if B-splines are 
used), except near the ‘pinching points’ where 
only a (? continuity is achieved. 

3.2. Basic coating method 
The fleshing method is extended in the 
following way: a deformable element is 
created for each link each time a skin tube 
is created. 

The cylinders of the deformable element 
associated with a link are such that their 
sample points are the control points defining 
the skin tube. This ensures that a later 
deformation of the element will translate 
immediately into a deformation of the skin. 

The total number of control points (which 
is also the total number of cylinders defining 
the deformable element) can be specified by 
the user before the coating is done (the 
number of points along the axis and the 
section of each tube is chosen). 

In order to produce deformable elements 
with desirable properties for the simulation 
and animation of articulated deformable 
bodies we make the following choices: 

1. We close thc surface of the deformable 
elements because we need closed vol- 
umes whose surfaces have to be triangu- 
lated for collision detection (section 
2.3): as shown in Figure 7, triangles 
with one vcrtcx located at an end-point 
of the link have to be added to the 
triangular facets whose vertices are 
located on the skin. 

2. We attach the ‘internal’ end-points of 
the springs modelling the deformable 
cylinders to the centre of gravity of 
the link. This choicc guarantees fast 
computations and is also well suited to 
angle constraints control: as shown in 
Figure 8, if the angle at the articulation 
point becomes small, a collision will 
be detected between the deformable 
elements associated with the two links 
connected to this hinge and forces will 
be produced which will try to prevent 
the angle from becoming smaller. 

Deformable 
objects 

the links 

Skin 

s 

Figure 6. Automatic coating of a skeleton 



86 M.-P. GASCUEL, A. \‘ERROUST AND C. PUECH 
angles. Such deformable asymmetric 
elements can be obtained very easily by 
positioning the skeleton before coating 
in such a way that each link is in a 
median position with respect to the 
aimed extreme positions. By moving 
points it is also very easy to change the 
shape of the deformable elements after 
coating. 

2. The shape of the deformable elements 
being given (and thus the thickness of 
the object), the articulation’s ‘stiffness’ 
can be controllcd by changing inter- 
actively the spacing of neighbouring 
deformable clcments: if the deformable 
objccts are further located, the articu- 
lation can bc bent more easily. 

.. . .  

Triangles closing Skin surface 
the flexible objects 

Figure 7. Addition of triangular facets to closc the deformable objects 

fl---\ 

Figure 8. Angle constraints controlled b) a collision 

When the deformable elements arc created, 
the lengths of the springs associated with the 
deformable cylinders are computed (thcse 
will be thc springs’ lengths ‘at rest’) and their 
axes (which will stay fixed with respect to the 
link) are determined. 

Default values arc given to the other 
parameters such as stiffnesses, damping coef- 
ficients, etc. Four neighbouring cylinders are 
also associated with cach cylinder to definc 
by default the propagation zone, and a 
propagation mode is choscn. 

The user can modify interactively each of 
these parameters. The automatic coating is 
mainly intended to give default values in 
order to produce very quickly an ‘initial’ 
object which can be tuned interactively. 

3.3. Skeletons with branching points 
The basic coating method proves to be 
sufficient for coating chain-like articulated 
objects., The fleshing method of Referencc 
21 produces multiple branching through 
pinching. This technique is not well suited 
to the skin creation needed hcre: 

1. When a pinching is donc, some of thc 
control points are computed from the 
others in order to prevent discontinuit- 
ies. It would be difficult to take these 
geometrical constraints into account 

during a dynamic animation without 
locally losing some desirable propertics 
of the body (such as its ability to detect 
collisions). 

2. The movement of articulations mod- 
elled through pinching would probably 
give unaesthetic results, because of the 
tangent discontinuities which appear 
near pinching points. 

As shown in Figure 9, when coating thc 
skeleton we choosc to decompose thc under- 
lying trce structure into chains which are 
coatcd separately. When necessary, the skin 
surface is cxtended and can locally penetrate 
into another part of the skin. The case of 
deformable elements associated with links is 
quite differcnt: they must not penetrate 
one another because no collision should be 
detected ‘at rest’. 

3.4. Precise angle constraint control at 
hinges 
The constraints imposed on angles at articu- 
lation points can be tuned very prccisely by 
the user. This tuning is not a mere control 
of the thickness of neighbouring elements: 

1. As shown in Figure 10, the asymmetric 
shape of‘ the deformable elements will 
produce asymmetric constraints on the 

Figure 9. Coating of a skeleton with branching points 

4. ANIMATING COMPLEX 
DEFORMABLE OBJECTS 

4.1. Choice of a n  animation algorithm 
for the skeleton 
In order to animate a complex deformable 
body, the skeleton animation module must 
take into account the response forces and 
torques given by the ‘flesh level’ of modelling. 
In addition, we want to obtain ‘interactive’ 
animations. So, among the methods using 
dynamics to animate articulated bodies u-e 
privilege the efficiency of the computations. 

The main forward dynamic simulation 
approachcs are the following: 

1. Reference 22 uses the Gibbs-Appel 
formulation. This method is very 
expensive in computation time (O(n4), 
n being the number of degrees of 
freedom). 

2. The method presented in Reference 23 
allows only rotations between a link 
and its parent. This restriction allow 
acceleration of the resolution process 
which is linear in the number of links. 

3. Reference 24 is based on d’Alembert’s 
princble of virtual work and its exten- 
sion” uses Lagrange multipliers. It 
allows combination of kinematic and 
dynamic specifications and closed loops. 
But the resolution is at least quadratic 
in the number of degrees of freedom. 

4. Reference 26 uscs, as does Reference 
23, a recursive dynamic formulation. 
Their approach is a generalization of 
feather stone'^,'^ and has a complexiw 
linear in the number of joints. 

In our model, the dcformable flesh of 
the objects will avoid closed-loop problems, 
control the angle constraints and detect 
collisions. Thus one of the fastest dynamic 
methods, i.e. Armstrong and Green’s,23 in 
spite of its limitations (it allows only rotations 
between a link and its parent) is for us a 
good choice to animate thc skeleton (its 
computation time grows linearly with the 
number of links). 

As in Reference 23, in the rest of the 
paper, the skeletons are trees whose edges 
are links; their roots have six degrees of 
freedom and other other links have three 
degrees of freedom (rotation around the 
hinge joining them to their parents): see 
Figures 6 and 9. 

4.2. Animation module 
Our animation algorithm for complex 
deformable bodies can bc decomposed as 
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follows” (for the first iteration, the initial 
positions are known and the algorithm begins 
at step 2; for the next iterations, the values 
obtained at step 5 of the previous interation 
are used in step 1): 

1. 

2.  

3. 

4. 

5. 

Update the transformation matrices, the 
positions of the links, the accelerations 
and the velocities. 
Update the positions of the springs of 
the deformable elements of the model 
(their lengths can vary because of 
oscillations) without considering any 
possible collision. 
Test for collisions between deformable 
objects and rigid objects (using a hier- 
archical bounding box/sphere method 
for speed-up). For each such collision, 
compute and store the resulting forces 
and torques. Compute the new shape 
of the deformed object. 
Test for collisions between deformable 
objects (using a hierarchical bounding 
box/sphere method for speed-up). For 
each such collision, compute and store 
the resulting forces and torques. Com- 
pute the new shapes of the deformed 
objects (once a spring has been 
deformed it will not be modified until 
the end of the current iteration in order 
to prevent cycles). 
Compute the acceleration of the root 
through a bottom-up traversal of the 
skeleton using external forces and tor- 
ques and the forces and torques due to 
collisions. 

At the end of step 4, all the forces and 
torques due to collisions detected at the skin 
level have been stored. They are used at step 
5 to compute their effect on the movement 
of the skeleton. 

As noticed at the end of Section 2.3, the 
time interval is ‘adaptive’. Kinetic energy is 
controlled and this test can require going 
back in time. 

5. A SAMPLE OF ANIMATIONS 
Figures 11, 12 and 13 show a few images 
from animations designed with the system. 

5.1. Articulated nails 
The three ‘articulated nails’ of Figure 11 are 
each composed of a four-link articulated 

+We use Armstrong and Green’s resolution 
method: steps 1 to 4 correspond to the top-down 
and step 5 corresponds to the bottom-up traversal 
of the tree of links. 

Figure 10. Asymmetric angle constraints 

skeleton, coated with four deformable 
elements. The green nail is falling with a 
vertical initial velocity, whereas the yellow 
one is merely dropped. 

Notice the collision between the green and 
red nails at t = 18. Then, the deformed red 
nail runs against the yelIow one (t = 21) and 
the latter gets deformed, because of the 
different forces applied to its links. At t = 33 
the yellow nail collapses against the floor, 
while the red one swings and the green one 
is still in the air. 

5.2. A new kind of bowling 
In Figure 12, five ‘articulated skittles’, each 
one composed of four deformable elements, 
are stroked by a chain, whose extremity is 
fixed, and which is thrown with an initial 
rotation velocity. 

‘The first four skittles, touched lightly by 
the chain, roll symmetrically sideways (see 
t = 11, t = 17, etc.). On the opposite side, 
the red skittle is crashed with a head-on 
collision, and stops the rotation movement of 
the chain. The lower part of the red skittle is 
composed of two thick deformable elements, 
coating an articulated skeleton. The signifi- 
cant angle constraints between these two 
elements explain the crumpling which can be 
observed at t = 23 and r = 27. 

5.3. Colliding octopus 
The ‘octopus’ of Figure 13 has six tentacles, 
each of them composed of four deformable 
elements, and the head of the octopus is 
composed of two deformable elements. At 
the beginning of the animation, the octopus 
is thrown up in the air and external forces 
are applied to the end of the tentacles 
to make them gather. Collisions between 
tentacles occur ( t  = 80) and the tentacles 
react. The  gravity force tends to make the 
whole body fall. 

6. CONCLUSION 
We have proposed an integrated set of 
methods for designing and animating deform- 
able articulatcd bodies. The proposed 
methods achieve: 

1. Good automatic positioning of the ‘skin’ 
after movements. Results similar to 
those of Reference 4 can be obtained. 
The  parameters used for the compu- 
tation are not purely geometrical: colli- 
sions can be detected between neigh- 
bouring deformable elements associated 
with links, and deformations are propa- 

2. 

3. 

4. 

5 .  

6. 
7. 
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gated in an easily controlled wag. 
Automatic deformation of the skin after 
collisions. 
Feedback from the skin to the skeleton: ~ .. 

the skeleton receives information from 
the outside world through the skin layer 
which computes forces and torques to 
be applied to the links of the skeleton. 
General collision detection: dynamic 
and static objects, deformabie and rigid 
objects, etc.; adequate response to colli- 
sions without introducing fictitious 
elements. 
Easy solution to the closed-loop prob- 
lem through the use of the skin level; 
on a rigid articulated body the problem 
is very difficult to solve; as the skin 
prevents loops on the skeleton, an 
efficient animation method for the skel- 
eton can be used. 
Angle constraints control. 
Modularity and, as a result, high-level 
control from the user. 

The system proves to be efficient. Inter- 
active animations can easily be computed on 
a standard graphics workstation such as 
the Personal Iris on which the system is 
implemented. 

Work in progress includes attempts (using 
methods inspired by those in References 9, 
28 and 29) to incorporate some control on 
the trajectories and intermediate shapes of 
the bodies in order to give a more natural 
set of parameters to the user to define the 
animation. 
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