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1 Introduction

Realistic modeling of cloth draping and fabric manipulation requires complex al-

gorithmic implementations. The range of possible surface topologies that must be

handled is very wide. Phenomena such as folding, wrinkling and crumpling has to

be anticipated. Also, cloth interaction with rigid surfaces as well as the self-collision

problem must be treated.

The objective of this chapter is to present an easily programmable technique for

solving the collision problem when working with a dynamic particle model of cloth.

The idea is to develop a general solution applicable both to fabric/external object

interaction and to cloth/cloth collision. Particular attention is given to di�cult

cases, which involve multiple contact with several layers of the fabric or the sliding

of two surfaces permanently in contact during the motion. The following issues have

received prominent attention while developing the collision detection ideas:

� The dynamic particle method is physically based and it must provide a realis-

tic response to the highly non-linear problem of cloth drape and manipulation.
The results obtained must agree with experiments and/or theoretical results.
The model must demonstrate stability with a wide range of possible param-

eters; considering both material properties and external loads. The collision
algorithm must not interfere with the physical behavior of the network by cre-
ating local instabilities or constraining the natural evolution of the network.

� The base geometric element for the collision detection algorithm is the triangle.
Every surface involved in the simulation (deforming objects or �xed objects
of the scenery) can be conveniently triangularized by well-known methods.
The collision method provides the same kind of response for handling all the

collisions with the di�erent parts of the environment.

� Simulation time can be dramatically e�ected by introduction of collision detec-
tion. The search method that detects colliding parts of the deforming structure

must be performed at every simulation step. A systematic method that checks
every possible colliding con�guration requires a considerable amount of time.

� The collision detection algorithm has to be implemented with the possibility

of dissipative properties, including viscous e�ects or Coulomb friction.

2 Overview

Several methods have been applied in computer animation in order to simulate and
to control the motion of rigid and exible objects. Dynamic and static equations
are discretized and integrated to calculate the motion of surfaces of rigid bodies

and networks of nodes for exible objects. The e�orts are generally addressed to
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solve problems of simulation time and realistic motion achievement. The collision

detection problem and the related issue of the response to the collision have been

the object of several research studies. Moore and Wilhelms [1] propose two di�erent

methods for collision detection. One algorithm is based on surface triangularization

and it can be applied to rigid and exible surfaces. The second method is based on

objects modeled as rigid polyhedra and it o�ers a robust and fast solution to the

collision problem. A di�erent approach is followed by Wilson and Larsen [2]. They

propose a possible algorithm that runs queries on collision detection and object dis-

tance computation, based on an overlap graph technique. They use this solution as

an alternative to the classic method of bounding volume hierarchies to accelerate the

queries. This method, in fact, can only handle relatively small models. Krishnan and

Gopi [3] present a method to determine collisions between spline models. They ap-

ply a bounding box solution in order to compute the areas of collision and to reduce

the simulation time and the memory requirements. A hierarchical representation of

general polygonal models using oriented bounding box trees is the technique applied

by Gottschalk and Lin [4]. The trees are scanned at run-time, testing for possible
overlaps between bounding boxes. A method to report geometric contacts between

objects in a large-scaled virtual environment is implemented by Cohen, Lin and
Manocha [5]. The algorithms use spatial and temporal coherence between successive
instance in order to compute the collisions. The method described in the following
sections proposes a solution where the surfaces are triangularized in order to detect
the collisions. A spatial enumeration method is adopted to reduce the number of
necessary tests needed for collision detection. A completely inelastic impact is sim-

ulated in those areas where the contact between surfaces is detected and a hashing
list is implemented to reduce memory requirements.

3 Collision Detection Algorithm

The collision algorithm proposed here has been studied and implemented on a dy-
namic particle model. The particle network is a system of square elements where
each vertex is a particle or node. The internal strains considered are: in-plane
stretch/compression, in-plane shear, and out-of-plane bending. Gravity, speci�ed

forces, and speci�ed displacements can be applied as input to the nodes of the net-

work for simulating di�erent conditions of the cloth draping or manipulation pro-
cesses. The elastic modulus, thickness, and weight per unit surface area of the cloth
are input as well. It is possible to use di�erent parameters for the warp and the weft

direction of the fabric.

A direct numerical integration of Newton's second law with Runge-Kutta is employed

to compute the evolution of the network. This method acts directly on position and

velocity. The network is conveniently triangularized at the beginning of the simula-
tion. The normal vector for each triangle is of paramount importance for the collision

algorithm.
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3.1 Geometry - collision detection between elements

The fundamental geometric entity for our network is the element triangle. The sim-

ulation algorithm operates directly on the nodes, providing position and velocity for

each of them at every simulation step. The simplest idea, in terms of minimizing

algorithm complexity and reducing simulation time involves checking possible colli-

sions between node-triangle pairs. When a collision is detected, position and velocity

corrections are performed for the colliding node. A key issue is to distinguish between

the inside and outside of the surface and the relative position of the colliding node

for computing the collision response. For dealing with complex situations like folding

and multi-layer overlapping, we cannot simply use an initial orientation of the fabric

which de�nes an inside/outside face. We must update the orientation of the fabric

while the simulation is running. The idea is that it is not necessary to know which is

the inside/outside orientation of all the network elements at every simulation step.

For our purpose, it has proved su�cient to know only locally if a particular node

is crossing a fabric surface. We have found a solution for determining if a node is
penetrating the surface of a triangle and thus compromising the local consistency of
the network. This solution is based on:

� The study of the trajectory of the node considering the current consistent posi-
tion of the node and the future position predicted by the numerical integration,

� The current position of two other nodes associated with a triangle element in
relation to the colliding node,

� The components of the normal vector on each triangle being updated every

step.

Fig. 1 shows the relative positions of two elements of the network at step k.

This con�guration is assumed consistent, i.e. there is no intersection between the
two elements at this time. Consider now the con�guration shown in Fig. 2 where

node D has assumed a position at step k+1 that has compromised in some way the
con�guration existing at step k and has produced an intersection. We are considering

the triangle ABC as the colliding surface and node D as the colliding particle. The
vectors X

F
and X

D
are de�ned by the directions that join the position of nodes F

at step k and D at step k + 1 with vertex A at step k of the triangle ABC.
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Figure 1: Con�guration of two triangles of the network at step k

X
F

= F
k
�A

k
;

X
D = Dk+1 �Ak: (1)

The components Xn

F
and Xn

D
of the vectors X

F
and X

D
are parallel to the

normal vector n of the triangle ABC.

Xn

F
= (XF � n)n

Xn

D
= (XD � n)n (2)

If X
F � n and XD � n are of opposite sign, then node D has crossed the plane

during its path between step k and k + 1, or at least the edge DF of the triangle
DEF intersects the plane of the triangle ABC. In fact if the collision involves two

edges of di�erent triangles, the con�guration shown in Fig. 2 is still veri�ed. In this
case, the node D does not intersect the triangle ABC during its path between the

step k and the step k+1, but the edge DF still intersects the triangle ABC with an

edge-to-edge collision con�guration.
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Figure 2: First test for collision detection

The algorithm then computes the intersection between the segment DF , as
de�ned in Fig. 2 and the plane de�ned by the triangle ABC, as shown in Fig. 3.
The equation of the plane of the triangle (�) can be written, as

(P �A) � n = 0; (3)

where P = xi + yj + zk is a vector pointing to a general point in the plane, A =

xAi+ yAj + zAk is the vector pointing to the vertex A, and n = ai+ bj + ck is the
normal to the plane. Thus, the equation of the plane is

a(x� xA) + b(y � yA) + c(z � zA) = 0 (4)

Using the coordinates of node F at step k and the coordinates of node D at step

k + 1, it is easy to de�ne the equation of the line r as a function of a parameter t.
This line describes the new direction of one of the edges of triangle DEF once the
updated position of node D is known. The components of the vector r = li+mj+nk

along the line r are

l = xD � xF
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Figure 3: Intersection between the line r and the plane �

m = yD � yF

n = zD � zF (5)

Then the parametric equations for coordinates of points on the line r are

x = lt+ xF

y = mt+ yF

z = nt+ zF (6)

The parameter t varies between 0 and 1 while a generic point is moving along the
line r from node F to D. By simple substitution of the equation of the line into the

equation of the plane, we can �nd the value of tQ corresponding to the intersection

point Q between the plane (�) and the line r

tQ = �
p

s
; (7)

where p = n �F �n � (A�0) and s = al+ bm+ cn. By using the parametric equation
of the line r it is now possible to obtain the coordinates of the intersection Q,

xQ = ltQ + xF

yQ = mtQ + yF

zQ = ntQ + zF (8)
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The next step allows us to understand if the intersection between the edge FD

and the plane of the triangle falls inside the surface outlined by the perimeter of the

triangle ABC. The �rst test which has to be conducted is to verify if the intersection

Q is coincident, within the precision of the machine, with one of the vertices of the

triangle, as shown in Fig. 4. This is necessary because otherwise the following

steps of this approach do not guarantee a correct response. If the intersection Q is

coincident with one of the vertices of the triangle, then the collision algorithm stops

the consistency tests considering this vertex. Otherwise the algorithm proceeds.

Figure 4: Case where intersection Q is coincident with vertex A of the triangle

At this point the problem is not three-dimensional anymore but the �nal analysis

is made in two dimensions on the plane de�ned by the vertex of the triangle and the

intersection point Q. The outcome of this analysis determines if a correction of the
position and the velocity of the node is necessary because a collision is occurring.

The inside/outside test shown in Fig. 5 is performed by means of the following steps:

� The triangle is divided into three triangles, de�ned by joining the intersection
point Q with the vertices A, B and C. The angles �, �, and  surrounding

point Q are computed.
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� If one of these angles is equal to � (within a certain tolerance ��), then the

intersection Q must fall on one of the edges of the triangle. That edge is

between the two vertices that include the angle � (AB for �, BC for �, CA for

). If this condition exists, the following step is not necessary and a collision

between the node and the triangle is occurring.

� �total = �+�+ is computed. If �total is equal to 2� within a certain tolerance

(��), then the intersection falls inside the area of the triangle. Otherwise it is

falling on the plane of the triangle but outside the area de�ned by the perimeter.

Figure 5: Inside/outside analysis

The angle �, as well as � and , can be calculated using the formula:

� = arccos
v1 � v2

kv1kkv2k
(9)

where v1 = A�Q and v2 = B �Q.
The angles �, � and , are calculated using the arccos function that always returns

a value between 0 and �. The geometric collision between a node and a triangle has
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been tested by simulating the case of a free-falling (gravity load) single node free to

move inside an icosahedron. In this case the segment used for checking the collision

with a possible triangle was the segment that joined the position of the node at the

current step k and the position of the node at the following step k + 1, provided

by the Runge-Kutta routine. Through these numerical experiments (see Fig. 6) we

have found that an e�ective value for the tolerance � is:

� =
2�

100
(10)

A possible alternative solution may be applied to verify if the intersection Q

falls inside the perimeter of the triangle, avoiding trigonometric functions. The

intersection Q needs to be translated to the origin of an XY coordinates system. If

the positive X axis intersects the triangle's edges 0 or 2 times, then Q falls outside

the triangle, otherwise Q is inside. If the Y coordinate changes the sign along an

edge, that edge intersects the X axis.

Figure 6: Icosahedron Test Surface

This geometric approach for checking collisions between one node and a triangle
of the network provides information about the local consistency of the network but
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also information about the modalities of collision. If a collision is occurring, the

algorithm can evaluate the possible con�guration of this collision: node-to-node,

node-to-edge, node-to-triangle. If the line, considered for computing the collision, is

the segment FD, the algorithm can even check the edge-to-edge and the triangle-to-

triangle type of collision. In case of an edge-to-edge collision, the node D does not

intersect the plane of the triangle during its path between the step k and the step

k+1. However, the segment FD, which is the possible colliding edge, still intersects

the plane of the triangle and the intersection Q can be calculated, detecting the

collision.

The basic idea of the collision algorithm is that, for every simulation step, our

network moves from a consistent con�guration, to a new one where possible collisions

and intersections can be veri�ed. So we have to provide a correction of the position

of those nodes so as not to compromise the consistency of the network.

3.2 Collision Dynamics - post collision position and veloc-

ity updates

When a collision between a node and a triangle is detected, a correction has to
be applied to the position and velocity of the node involved in the collision. The
correction is made according to the momentum conservation law, consistent with a

perfectly inelastic collision. We make the following initial assumptions, which allow
simpli�cation of the collision response calculations:

� The collision is supposed central and oblique. The collision line passes through
the centers of mass of the two bodies that are colliding but the velocities are
not necessarily directed along the collision line. The collision line is considered
to be the normal line to the triangle surface at the point of intersection with
the colliding node.

� If we consider that a single triangle is connected to the rest of the network, then
its mass M is much greater then the mass m of the colliding node (M � m);

� The intersection point Q between the line r and the triangle is considered as
the collision point between the node D and the triangle. As shown in Fig. 7, it

would be more correct to use the intersection Z between the path of the node
D and the surface of the triangle. Since the collision tests are performed every

simulation step, the node D can penetrate only very weakly into the surface
of the triangle before the collision is detected and the correction in position

and velocity is provided. Thus, the approximation of the intersection Z by the
point Q will introduce only small errors.
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Figure 7: Intersections Q and Z and the trajectory of node D

The �rst hypothesis insures that the interaction between the node and triangle
can only alter the component of momentum along the collision line, normal to the
surface. The second hypothesis (M � m) forces the triangle to keep its velocity after
the collision. The relations between the velocities of the node D and the collision
point Q before (�) and after (+) the impact are expressed by

v+
Dk0 = �ev�

Dk0 + (1 + e)v�
Qk0;

v+
Qk0 = v�

Qk0 ; (11)

where v�
Dk0 and v�

Qk0 are the components of the velocities of D and Q along the
direction k0 normal to the triangle's surface, before the collision. v+

Dk0 and v+
Qk0 are

the same components after the collision, and e is the restitution coe�cient. Fig. 8

shows the relationships among vD, vQk0, vQ and vQk0 . If the collision is assumed to
be completely inelastic, e = 0 and the colliding node assumes the pre-impact velocity

of the triangle.

v+
Dk0 = v�

Qk0
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v+
Qk0 = v�

Qk0 (12)

Figure 8: Components of the velocities along the direction normal to the triangle

During any simulation step the position and velocity of the vertices of the tri-
angle ABC are known. For the collision algorithm we also need the velocity of a

generic point Q that falls inside the area of the triangle. For this purpose, we de�ne
a mobile coordinate system (i0; j0; k0) �xed to the surface of the triangle as shown in
Fig. 8. Vector k0 is chosen normal to the triangle, vector i0 is parallel to B �A and
vector j0 = k0� i0. The motion of the triangle is described by the i0; j0; k0 vectors and
their time derivatives

i0 =
B �A

kB �Ak

v
i0

=
di0

dt
=

vB � vA

kB �Ak

w0 =
C �A

kC �Ak

vw0 =
dw0

dt
=

vC � vA

kC �Ak
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k0 =
i0 � w0

ki0 � w0k

v
k0 =

dk0

dt
=
v
i
0 � w0 + i0 � v

w
0

ki0 � w0k

j 0 = k0 � i0

vj0 =
dj0

dt
= (vk0 � i0 + k0 � vi0) (13)

The angular velocity 
 of the triangle is given by


 = (v
j0 � k

0)i0 + (v
k0 � i0)j0 + (v

i0 � j
0)k0 (14)

and the velocity of the collision point Q is

v
Q
= v

A
+ 
� (Q�A) (15)

Therefore the velocity of node D after the collision is:

v+
D
= v�

D
� v�

Dk0 + v
Qk0 (16)

where
v+
D

= velocity of node D after the collision, v�
D

= velocity of node D before the
collision, v�

Dk0 = (v�
D
� k0)k0 is the component of v�

D
along k0, and vQk0 = (vQ � k

0)k0 is
the component of v

Q
along k0.

Every time a collision between a node and a triangle is detected, a new post
collision velocity v+

D
is calculated and assigned to the node. The impact does not

modify the component of the nodal velocity tangent to the triangle surface. This
component, before and after the collision, is given by

v
Dt

= v�
D
� v�

Dk0 (17)

It is simple to use this tangential velocity for computing the e�ect of viscous damping
or the e�ect of Coulomb friction. In these cases a friction force, directed opposite
to the velocity vDt, would have to be added when computing the total force applied

to the node D. The correction of the position of the node is a more di�cult task.

A reasonable solution seems to be to use the position of the intersection point Q

as the new coordinate for the node involved in the collision. However, this solution

generates instability with the integration algorithm for certain special con�gurations
of the network. An alternative to this approach is to keep the current position (before

the collision) of the colliding node in the next simulation step, as recommended by
Volino et. al. [6]. In this way we manipulate the velocity and position of the node

according to the physical constraints and we integrate the imposed values at the
following simulation step. The most di�cult case for our self-collision algorithm is
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probably a con�guration involving the sliding of two persistently interacting surfaces

over each other. In this situation, the nodes involved in the collision are subjected to

correction in position and velocity at almost every simulation step. When trying to

address the sliding problem between colliding surfaces, the following considerations

are important:

� Because the simulated collision between the node and the triangle is completely

inelastic, the node loses its relative velocity in the normal direction to the

colliding surface. After a collision is detected, the distance in the normal

direction to the surface between two positions of the node at di�erent simulation

steps, progressively decreases. If the intersecting line r is calculated using the

current and updated position of the node, and anticipating some numerical

error, after several detected collisions the penetration can no longer be detected.

A solution for this problem is to consider the intersecting line r to be along

the edge of the triangle containing the colliding node. The nodes at the vertex

of the edge are used to perform the collision test as described above. Because

the separation between the two nodes is almost constant during the simulation,
the collision is always detected including the case where the node that crosses
the surface of the triangle loses its relative velocity during the collision

� There are rare situations where the algorithm we have described allows a node
to get locked in place along a surface where it should slide. The problem may
be experienced when the after a collision the position of the node is chosen to
be coincident with the position of the node at the previous step. In this case,

if multiple subsequent collisions are detected, the node maintains its position
and no tangential displacement is allowed.

3.3 Spatial Enumeration

Collision and self-collision detection are often the most time consuming part of the

simulation algorithm. The collision algorithm described above provides a good re-
sponse for a wide range of cloth drape and manipulation problems involving very
complex cloth/cloth interactions. The algorithm can be directly applied to our net-

work, comparing each node with all the triangles by using the described geometric
approach. All the calculations must be performed every simulation step and the time

complexity of the algorithm as presented is O(n2), where n is the number of nodes
in the network. When comparing all the nodes with all the triangles of the network,

many (or most) of the performed tests are superuous. Regions of a deforming sur-

face that are separated by great distance are very unlikely to collide. Adjacency and
surface curvature are two criteria, which allow building a hierarchy between di�erent

areas of the network thus avoiding collision checks on large regular regions. This
is the fundamental idea of the collision algorithm proposed by Volino et. al.[6] and

Volino and Thalmann [7], which reported rapid simulation times. An alternative to
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this approach is to use a spatial enumeration method. The entire 3D space where

the simulation of our deforming structure is being performed is divided into small

volume elements or boxes. Collisions are checked only between those nodes of the

network, which fall in the same box. This is the solution that we have used in our

algorithm. The entire 3D space where the motion of the network occurs, is dis-

cretized into thousands of cubes. Each resulting box is identi�ed by a number or key

(K). From the coordinates of the network it is possible to calculate the key of the

cube where a particular node has arrived. We number our box system left to right,

increasing the key along the direction of the x axis, and up along y axis (see Fig. 9).

Figure 9: Spatial enumeration system

If Ncpl is the number of boxes in the x direction and Ncpp is the number of boxes
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in the x; z plane. The key for a generic node M with coordinates xM ; yM ; zM is

K = dxM + (Ncpl � dzM) + (Ncpp � dyM ) (18)

where:

dxM = xMdivLce

dyM = yMdivLce

dzM = zMdivLce

Lce = length of the edge of a single cube of the spatial enumeration

If two nodes of the network have the same key, they fall inside the same cube.

Then the collision detection algorithm is activated and performs the checks for pos-

sible intersection between the triangles that have one of these two nodes as a vertex.

The problem is to �nd a data structure that contains all the information about each

cube: key, number of nodes which fall inside the cube, and the indices of these nodes.

The choice must consider the following peculiarities:

� The data structure must be fast to access, since the insertion of a node of the
network into the data structure must be done at every simulation step for each
node of the network. The operation of testing if two nodes fall into the same
box must also be executed every simulation step for every cube stored in the

data structure

� The number of cubes of the spatial enumeration can be very high. Not all the
cubes have to be stored in the data structure, since the algorithm has to keep
track only of those boxes that contain at least one node.

A possible solution is the use of a hash table indexing an array of structures, that
allows storing and retrieving only the boxes that contain one or more nodes of the
network. Each structure contains all the information related to a single cube. The
dimensionNarray of the array is a certain fraction of the total number of cubes Nbox of
the enumeration. While keyK can vary between 0 and Nbox, the index h of the array

has a smaller range, between 0 and Narray. The hashing function that transforms
the key K into the index h of the array is given by:

h = H(K) = (K)mod(Narray) (19)

where H(K)=hashing function and mod returns the remainder of the division be-
tween two integers. The hashing-collision inside the array is de�ned as the situation

where two elements with di�erent key values provide the same value of the index
h. This situation can be handled by a quadratic survey that is equivalent to the

following recurrence relation

hi+1 = hi + di

di+1 = di + 2 (20)
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with d0 = 1 and h0 = H(K) When inserting a new element into the hash table, the

calculation of the hash index h is iterated until the element with the same key or

an empty element is found (see Worth [8] for more details about hashing-functions).

The maximum number of tests performed before �nding the correct position for a

new element is Nbox=Narray. After �lling the array with all the nodes of the network,

we have available a list of elements, one for each non-empty cube, that we can analyze

for �nding possible situations which can compromise the consistency of the network.

Figure 10: Collision detection

If two nodes fall inside the same box, we believe that applying the geometric

method described in this article will account for all possible collision con�gurations.

All the edges of triangles that have node A as one of the vertices (see Fig. 10) are

compared with all triangles that have node B as one of the vertices. At the �rst

detected collision, the procedure stops and the correction in position and velocity
is applied at node A. Eventually the same procedure is performed for node B.

When more than two nodes fall in the same box, the procedure is iterated on all
nodes checking all possible combinations. The edge length of the cubes of the spatial

enumeration is a delicate parameter to set. In fact, if the box is too small, the
collision analysis is faster but possible collision con�gurations can be missed. For
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instance, two nodes in a relative position which compromise the consistency of the

network could fall in di�erent cubes. Otherwise, if the box is too large in volume,

many useless consistency tests are performed. By experiments conducted with several

possible collision con�gurations we have determined an e�cient value for the cube

dimensions has to be comparable with the dimensions of triangle of the network. A

possible size for the elementary box can be de�ned using the maximum expected

velocity Vmax of a node of the network and the time step �t, as

Lce > Vmax ��t; (21)

We have tested our collision algorithm with and without using the spatial enumera-

tion. The di�erence in simulation time is quite considerable. When using the spatial

enumeration the complexity of the algorithm becomes proportional to the number of

boxes occupied by more than one node of the network.

4 Run-time algorithm path

In every simulation time step, the following operations are performed:

� The external loads are applied to the nodes of the network and internal reac-
tions are computed resulting in a total resultant force for each node.

� The positions and velocities of the nodes are advanced ahead in time using
Runge-Kutta integration.

� The hash table is �lled by computing the key K for each node of the network

and the corresponding hash table index h.

� The hashing table is scanned looking for possible collision con�gurations. If
two or more nodes fall into the same box, the collision detection algorithm is

applied to these nodes.

� The positions and velocities for those nodes that compromise the consistency

of the network are corrected.

� For those nodes where no self-collision is detected, an algorithm for collision
detection with external surfaces is performed. For regular surfaces (such as

planes or regular solids) the collision algorithm simply compares the coordinates

of the node with the coordinates which de�ne the position of the external
surface. If the contact surfaces are more complicated, these surface are also

triangularized and the self algorithm is applied again.

� Updated coordinates and velocities de�ne a new con�guration of the surface
that can be stored as a frame and rendered.
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5 Results and Conclusions

For our experiments to validate the algorithm, the simulation and collision detection

code were implemented in C++, using Visual C++ and MFC on the Windows NT

platform. The graphic output was realized with OpenGL. The �rst example in Fig.

11 shows some frames from the simulation of a vertical strip which falls on a at

horizontal surface under the e�ect of the gravity. One end of the strip is �xed to the

horizontal surface and two vertical feeders (not shown in the pictures) constrain the

strip movement. An initial imperfection is imposed at the bottom of the strip. This

is necessary for initiating the out of plane buckling. The imperfection constructed to

result in an irregular evolution of the motion in 3D space. This case is a strong test

for any collision algorithm: multiple layers of the fabric are permanently in mutual

contact and inter-penetration is completely avoided. The network is a structure of

125 � 3 nodes and the base element is a square of 5 mm edge. The total simulation

time was 14 hours on a Pentium 200Mhz machine. Fig. 12 shows a second case

where collision and self-collision algorithms play an important role. An initially at

tablecloth falls on a solid parallelepiped displaced in a non-symmetric con�guration.
The e�ect is that the tablecloth slides o� (since there is no friction) the solid under
the e�ect of gravity and crumples to the ground showing several folds and multiple
layers overlapping. The sequence of frames clearly shows the interaction between the

fabric and external surface. The structure of the tablecloth is modeled with 25� 25
nodes: 576 square elements with 10 mm edge length. The total simulation time was
9 hours on the Pentium 200Mhz machine. The collision detection algorithm does not
heavily a�ect the simulation time and it seems to provide an e�cient response to
di�cult cases where folding on multiple layers and buckling occur. However, further

improvements are probably required in order to reduce the time spent in detecting
collision every simulation step. The number of test performed is still to high and
it might probably be reduced using a data structure that allows storing the path of
colliding nodes. Also, the after collision response should allow more exibility to the
network of nodes, reducing the constrains imposed to the position of the nodes and
allowing a more realistic simulation of the motion.
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Figure 11: Falling Vertical Strip
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Figure 12: Falling Tablecloth

22


