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Figure 1: A bending match while burning.

Abstract

In this paper we present a method for deforming objects for graph-
ics applications, based on the results of internal physical simula-
tions. As driving examples, we describe in detail methods for sim-
ulating the bending of burning matches, and the crumpling of burn-
ing paper. In these cases, the small-scale changes in a chemical
process result in large-scale deformations of the given object. We
propose the use of a free form deformation to model such large-
scale deformations. Changing object properties are mapped onto
the edges of a proxy object, which is then modified by treating the
edges as springs. This proxy object then serves as a control struc-
ture for defining the deformation of the underlying object. The re-
sults we present are fast, controllable, and visually plausible.

CR Categories: I.3.5 [Computer Graphics]: Computational Ge-
ometry and Object Modeling—Physically Based Modeling

Keywords: physically based modeling, deformation

1 Introduction

In the push for greater realism in computer graphics applications,
complex physical simulations are playing a larger and larger role.
From real-life experience, users are often familiar with the physical
phenomena being simulated, and different simulations have vary-
ing success at replicating the details of a physical process. Such
details can make the difference between a believable virtual world
that draws the user in and a jarring environment that destroys any
sense of presence.

Many complex physical simulations require modeling of a number
of different phenomena. Depending on the particular application,
these phenomena can require different levels of accuracy in order
to create an overall visually plausible result. Though an “ideal”
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simulation might accurately simulate all details of all physical phe-
nomena, this is usually impractical, given constraints on time, pro-
cessing capability, and even underlying knowledge of the physical
process. Instead, what is usually done in the computer graphics
community is to simplify the physical model, use a simpler simu-
lation, and eliminate certain secondary effects in order to achieve a
plausible result in reasonable time. This is the case for all simula-
tions, but it is particularly magnified in interactive applications.

The goal of our work is to develop a method for efficiently modeling
certain secondary effects in physical simulations, thereby increas-
ing visual plausibility of the overall simulation for only a reasonable
cost in efficiency. We do this by attempting to model the large-scale
effects of certain physical processes, rather than spending a dispro-
portionate amount of computation on a minor yet potentially com-
plex phenomenon. In particular, in this paper we propose a way of
approximating larger-scale deformations of objects guided by the
results of a simulated physical process.

An example of such complex physical processes is burning objects.
To simulate a burning object, the combustion reaction, heat distribu-
tion, fuel consumption, and even object shape must be modeled and
changed over time. The pyrolysis process, where an object releases
combustible gases, causes decomposition and additional structural
changes in burning objects. Although these structural effects are
usually minor, some create a dominant deformation on burning ob-
jects. One such structural change is caused by microscopic contrac-
tion of fibers within a burning object. This results in effects that are
quite noticeable at the macroscopic level, such as the way matches
bend when burnt, and the way burning paper tends to crumple. We
can simulate the combustion reaction, the object catching fire and
burning, and even the decomposition of the object as it burns, but
unless we model the fiber contraction, the simulated matches will
not behave like actual burning matches (fig. 2).

In this paper we present a free form deformation (FFD) based
method for approximating large-scale deformations due to smaller-
scale physical simulations. We also show specific examples of how
this approach can be applied to represent the deformation of burn-
ing objects according to the changing object properties encountered
during the simulation.

The major contributions of this paper are

• We present a framework for creating deformations guided by
physical simulations. This includes:

– Defining a proxy object. The deformations are simu-



Figure 2: Real vs simulated matches without bending.

lated on the proxy instead of the actual object.

– Mapping simulation parameters to the proxy object.

– Modifying the proxy object based on the simulation re-
sults.

– Creating a deformation using the modified proxy object.

• We present the first models that give a physics-driven simula-
tion of two physical phenomena, namely:

– Bending burning matches.

– Crumpling burning paper.

The organization of this paper is as follows. We start by discussing
the background and related work (Section 2). In Section 3, we
will describe our Free Form Deformation (FFD) based deformation
guided by a physically based simulation. We then describe how
this can be applied to two of our motivating cases, bending matches
(Section 4) and crumpling paper (Section 5). We describe how this
method can fit into a larger simulation framework in Section 6. Fi-
nally, we discuss drawbacks of our proposed method, and potential
future work in Section 7.

2 Background

Burning Objects

Since our motivating case is deformations of burning objects, we
will first look at related work in this area. We previously pre-
sented [Melek and Keyser 2003] a simple but effective model for
simulation of the decomposition of burning objects using a levelset
method. Losasso et al. [2006] model burning objects using remesh-
ing, and can model fine scale decomposition structures. However,
neither of these works addresses secondary deformation effects due
to structural changes. Although this effect is minor for large ob-
jects, it creates a dominant deformation on small objects. Exam-
ples include the upward bending seen in burning matches and the
crumpling of burning paper. The current state-of-the-art for creat-
ing such deformations involves an artist modeling the deformation
manually.

Deformations related to physical processes

There has been some work on deformations related to physical pro-
cesses other than burning. One example is given by O’Brien et al.
[2002]; their work deal with fracturing solid objects. Yngve et al.
[2000] combine shock waves together with the fracturing of solids.
Carlson et al. [2002] solve the melting problem by treating the solid
as a liquid with high viscosity that changes in space and time, allow-
ing the same material to exhibit different states. Modeling internal
stresses on a moving viscoelastic fluid is presented by Goktekin et

al. [2004] using a levelset method [Sethian 1999; Osher and Fedkiw
2002; Fedkiw 2002].

Clay-like deformations

Many different methods have been proposed for modeling clay-
like deformations including Octrees [Bærentzen 1998], Freeform
Deformations (FFDs) [Coquillart 1990], Finite Element Models
(FEMs) [Wang and Kaufman 1995; Galyean and Hughes 1991],
Adaptively Sampled Distance Fields (ADFs) [Bremer et al. 2002],
and levelsets [Bærentzen and Christensen 2002]. Different user
interfaces have been presented to control the deformations [Mc-
Donnell and Qin 2002; Bremer et al. 2002; Llamas et al. 2003].
Recently, vector fields have been used to control deformation on
surfaces [von Funck et al. 2006]. Capell et al. combine finite el-
ement methodology with a multiresolution subdivision framework
for interactive simulation of elastic deformable solids [Capell et al.
2002a] using trilinear subdivision [Capell et al. 2002b].

Imprints and tracks

Another group of deformation work models imprints and tracks on
the ground. Methods used for doing so include bump maps [Lundin
1984; Lundin 1994], heightfields [Sumner et al. 1998], particle
“blobbies” [Terzopoulos et al. 1989][Terzopoulos et al. 1991], and
elastic sheets [Chanclou et al. 1996]. ADFs have been used to de-
tect collision of soft bodies [Frisken and Perry 2001]. The contact
deformation is modeled using forces defined inside the overlapping
regions. Some methods also include models of soil dynamics [Li
and Moshell 1993; Onoue and Nishita 2003]. Similarly, soft body
deformations of colliding objects have been investigated [Gascuel
et al. 1991; Dewaele and Cani 2003; Pauly et al. 2004].

Free-form deformation

Free-Form Deformation (FFD) tools are widely used in soft-object
animation and shape deformation. The points on the object are rep-
resented as an affine combination of the vertices of the encapsulat-
ing shape around the object. An overview of deformable modeling
can be found in [Gibson and Mirtich 1997]. Barr [1984] introduced
a set of hierarchical transformations for deforming an object, in-
cluding twist, bend and taper operations, using the position vector
and surface normal of the undeformed object and a transformation
matrix. Each level in the deformation hierarchy requires an ad-
ditional matrix multiplication. Sederberg and Parry developed a
technique for deforming the solid geometric models in a free form
manner [Parry 1986; Sederberg and Parry 1986]. Their method
could be applied to quadrics, CSG based models, parametric sur-
face patches, or implicit objects with derivative continuity. The
FFD is usually defined in terms of a tensor product trivariate Bern-
stein polynomial. Coefficients of the Bernstein polynomial are the
control points. Coquillart presented an extension to this method,
Extended FFD (EFFD) [Coquillart 1990], adding arbitrarily shaped
bumps or bending the object along an arbitrarily shaped curve using
B-spline control points. Chang and Rockwood [Chang and Rock-
wood 1994] deform objects using a Bezier curve and affine maps
controlling handles.

Interpolation schemes

Affine combinations of vertices encapsulating a shape form an in-
terpolation scheme. Vertex positions could be used as data val-
ues in these interpolation functions to form deformations. Usually,
these methods are used for deformations defined by a user. Many
interpolation schemes have been proposed [MacCracken and Joy
1996; Kobayashi and Ootsubo 2003]. Warren et al. [1996; 2004]
extend the Washpress interpolant for convex shapes into 3D. Ju
et al. [2005] use mean value coordinates [Floater 2003] for 3D
non-convex shapes. Similar results were produced concurrently by
Floater et al. [2005].



Figure 3: The proposed simulation driven deformation process. (a) initial object, (b) placing proxy, (c) subdivide along the deformation
axis,(d) mapping parameters onto the proxy, (e) deformation defined on the proxy, (f,g) apply the deformation onto the initial object.

3 Simulation Guided FFD

Rather than modeling the actual chemical process fully, we propose
a simplified model to mimic similar behavior for secondary defor-
mations. Similar to the multi-representation framework proposed
earlier [Melek and Keyser 2005], we propose using the change of
object properties during the simulation to control the deformation.
Note that we assume there is some physically based simulation de-
termining the “major” processes acting on the object, and the effects
of any “secondary” processes are either too complex to model, or
too time-consuming to simulate. We therefore use a simplified de-
formation, guided by the primary simulation, to model the defor-
mations created by these secondary effects, rather than modeling
the effects themselves.

The overview of our proposed method is as follows (fig. 3)

• Run the simulation for the primary physical processes affect-
ing the initial object.

• Place a proxy object around the deforming object of interest.

• Map the simulation results from the initial object onto the
proxy object.

• Determine an approximated deformation for the proxy object
using the mapped properties.

• Use the deformed proxy object to control a deformation ap-
plied to the original object.

In the remainder of this section, we will describe the elements in
the most general terms. Later sections (section 4, 5) will show how
this can be specialized to very particular situations.

3.1 Placing a Proxy Object

The basic idea is to define a simplified object that can later be used
to deform the object of interest. We refer to this simplified shape
as a “proxy object.” Given a particular object or region of interest,
there are many ways of defining a proxy object. Options include a
bounding box, the convex hull of the object, a simplified skeleton
of the object, or a user-specified simple shape. This proxy object
simplifies the calculations required for deformation, such that we
can define the deformation using the proxy and then apply the same
deformation to the high resolution object.

In general, we will consider the proxy object to be a polygonal
boundary representation that encapsulates the object of interest.
However, it is certainly possible to use other proxy objects. For
example, a tricubic spline function would be useful for some appli-
cations where deformations of the internal structure must be mod-
eled. In other applications, a medial or skeleton-based representa-
tion might be useful. There is no particular restriction on the proxy
object that can be used, other than that it must be usable in the
later stages of the process; the later need to map properties onto
the proxy and define a deformation from the proxy might influence

the particular choice of a proxy object. Obviously, in most cases
the proxy object should be significantly simpler in some sense (e.g.
fewer polygons, lower genus, or more convenient representation)
than the original object, since the idea is to simplify the simulation.

Note that while this is not a strict restriction, we will make an as-
sumption that we have a single proxy object of genus zero. In real-
ity, even if we start with a genus zero object, solids might undergo
topological changes during complex physical simulations. We usu-
ally do not want to have to model such topological changes explic-
itly in the proxy, as it would defeat the simplicity we are seeking in
the proxy. So, we assume that a genus zero proxy will be sufficient
to represent any deformations and that any changes in the deforma-
tion due to topological changes in the underlying object will have
only a minor effect. Clearly this is not always the case; if a single
deformation cannot be used to model the underlying deformation,
or if the proxy would need to change in genus, another method
might be more appropriate.

3.2 Mapping Simulation Results

Given a proxy object and a simulation on the underlying object, the
second step involves mapping the “interesting” simulation proper-
ties from the original object onto the proxy. The exact nature of
this mapping will vary depending on exactly what proxy object was
chosen. Note that we are not mapping the results of the deformation
we are trying to simulate, rather we are mapping properties that can
be used to later define the deformation. For instance in the exam-
ples we provide below related to burning objects, we map internal
heat distribution and rate of pyrolysis onto the proxy faces. For
a different simulation, we might map another parameter, e.g. air
pressure, onto a surface.

If we assume that we have an encapsulating convex proxy object,
the mapping process can be as simple as a cylindrical or spheri-
cal map. If a skeletal proxy is used, the mapping process can be a
simple retraction to the skeleton. Note that this mapping onto the
proxy is not necessarily one-to-one; several points of data from the
underlying simulation can map to the same point on the proxy ob-
ject, or none of the underlying points on the object might map to a
particular point on the proxy. Also note that parameters could map
to different parts of the proxy object. For example, for an encap-
sulating polygonal proxy, we could conceivably map parameters to
the faces, or to the edges, or to the vertices. The part that we want
to map to should be determined by the way the proxy object itself
will be deformed, as described in Section 3.3.

3.3 Defining Deformation of the Proxy

The critical part of our proposed method is defining the approxi-
mated deformation on the simplified proxy object. However, it is
difficult to give details for this process as this portion will be very
specific to the particular simulation. The main point is that we take
the parameters that have been mapped onto the proxy object, and
use these to define a deformation of the proxy object itself.



A few examples of the ways that the mapped properties (the “val-
ues”) might define a deformation on the proxy object include:

• The values can be used as constants for a spring system along
edges of the proxy. The proxy object can then be simulated to
equilibrium.

• The values can be used to define a local transformation (e.g.
scaling, translation) of the proxy mesh. The deformed proxy
is formed from the superposition of these local transforma-
tions.

• Weighted averages of the values can be used to determine pa-
rameters of the proxy. For example, a medial proxy represen-
tation could have the radius information set by the mapped
parameters.

• Values can be used to apply weighting to particular points.
For example, for a tricubic rational spline proxy, some values
could adjust the positions of control points, and others the
weights.

Generally, a “good” deformation will have these properties:

• Similarity: The deformation will have the same effect on the
proxy that one would want it to have on the underlying object.
That is, the proxy object should “behave” in the same way
(though at a coarser level) as you would want the underlying
object to behave in response to those simulation parameters.

• Simplicity: It will be significantly cheaper to compute than
the simulation on the original object would have been. Note
that you could potentially use the exact same deformation as
would have been used on the original object, but save signifi-
cant time by simulating over a much simpler object.

• Control: The user should be able to control the way the de-
formation behaves. Generally, this deformation is an abstract
model for some more complex underlying process. Because
of this level of abstraction, it is likely that a user will need to
set some parameters manually (e.g. the ratio between a partic-
ular mapped property and the spring constant it defines on the
mesh). In addition, user control of parameters allows greater
artistic control in some cases, while still ensuring that the de-
formation is defined by the physical simulation.

We will discuss sample deformations on two different cases in de-
tail in the following sections.

3.4 Applying the Deformation

Finally, we apply the deformation defined on the proxy to the en-
capsulated object. The proxy will define the deformation that will
be used to warp the local coordinate system of the actual object.
The specific way this is accomplished will depend on the way the
proxy was defined.

For basic encapsulating polygon proxies, the simplest approach is
to use the proxy object as a free form deformation (FFD) lattice
around the deforming object. We can decompose the cells into
tetrahedra [Ning and Bloomenthal 1993] and apply piecewise linear
interpolation using barycentric coordinates inside the tetrahedra.
This approach can be made arbitrarily more complex. If more con-
tinuity is desired, a nonlinear interpolation method could be used.
Or, one could easily use mean value coordinates [Ju et al. 2005] or
similar interpolation schemes to define a deformation from a given
polygonal proxy.

Other types of proxies would afford different deformations. For ex-
ample, tricubic spline proxies could directly define an FFD. Skele-

tal or medial proxies could be used as the basis for a distance-field
based deformation of space.

3.5 Evaluation

This procedure outlined above allows us to define a deformation
behavior similar to the desired physical process. Note again we are
not simulating the actual physical process, but rather we use a com-
putationally cheap approximation of the same phenomenon to give
visually “plausible” results. The key issue of our proposed method
is that by using a set of related object and simulation properties we
are able to approximate our desired behavior as a simple deforma-
tion.

4 Bending Matches

We describe here how the deformation described above can be used
to model the bending of burning matches.

Figure 4: Before and after simulation driven bend deformation.

Matches are made out of fibrous material oriented along the length
of the match. During burning, the fibers lose water and other chem-
icals. Though there is still debate about the precise mechanism, this
loss of material causes the fibers to contract at a microscopic level.
Due to the shape of a flame, the upper part of a match receives more
of the heat generated from the combustion reaction that forms the
flame. Thus, it is hotter on the upper side of the match compared to
the bottom; this means that the fibers on the top contract more than
the ones at the bottom. This imbalance accumulated at the micro-
scopic level forces the match to bend upwards at the macroscopic
level. This is exactly the type of situation our proposed method was
designed for: a simulation-driven deformation, where modeling the
true process (fiber deformation at a microscopic level) is impracti-
cal, but the overall behavior is significant.

We begin by selecting a proxy object for the match. Due to the
shape of the match, we use a simple bounding box aligned along
the match axis as a proxy. This bounding box is subdivided into a
number of individual segments along the bending axis (the length
of the match), creating a 1x1xN FFD lattice surrounding the match.

During the simulation of burning and decomposition, the rate of
pyrolysis d

dt P and internal heat T of the object are mapped onto
the faces of the proxy object. Each face of the proxy will store the
average of the pyrolysis rate and heat values that map to it. Since the
proxy object we used in the previous step is rectangular, we can just
use a cylindrical mapping from the burning match onto the lattice.
Note that this simplification does not take changing topology during



the decomposition process into account, but this should introduce
only a minimal amount of error.

Before we define the deformation, we need to clarify one issue. We
can define a simple cylindrical mapping at the start, but what will
happen as we bend the match? Since the match will also decom-
pose, the faces will change and we cannot fix the mapping. One
thing to note here is that although the match is bending in world
space, it is still undeformed in its own local space, and so is the
proxy. Hence we can define the mapping from the object to the
proxy in the unbent local object space.

At this point, we have our proxy object and some simulation val-
ues (pyrolysis rate and heat) stored at the faces, and must use that
information to deform the proxy object. To achieve the bending
behavior we are seeking, we consider opposing faces of the proxy
object. The proxy faces are contracted or expanded according to the
difference on facing faces. This individual contraction/expansion of
the individual proxy cells defines a smooth deformation along the
proxy object. This expansion/contraction of the opposing faces also
causes rotation of the rest of the lattice.

Di j
T = ∆Ti −∆Tj (1)

Di j
P =

d
dt

Pi −
d
dt

Pj (2)

Di j =
{

αDi j
T +βDi j

P , Pi,Pj ≥ Pthresh & Ti,Tj ≥ Tthresh
0, otherwise

(3)

where i and j are opposing faces. Ti and Pi are the temperature and
pyrolysis values mapped to vertex i. Di j is the rotation amount. α

and β control how much the heat and rate of pyrolysis affect the
final deformation respectively; these are the parameters that allow
an element of user control to the deformation. Tthresh and Pthresh are
thresholds for starting the deformation. Note that the axis around
which the rotation occurs is perpendicular to both the ~i j axis and
the axis along the match length.

Figure 5: Curling match using simulation guided FFD.

On a rectangular proxy, we have two sets of opposing faces, hence
two sets of deformation values for every cell (Di j,Dkl) for two axes
orthogonal to the match length. We use those deformation values
by rotating the rest of the cells centered around the “active” cell.
Here, we can either apply rotation to both sides, or fix one side (if
the match is anchored or held at one end) and apply the rotation to
one side only (fig. 5).

Figure 6: Two alternating configurations of tetrahedral elements.

Finally, we use our deformed proxy to deform the match itself. We
subdivide the proxy lattice cells into tetrahedral elements [Ning and

Bloomenthal 1993] (fig. 6) and apply piecewise linear interpolation
using the barycentric coordinates inside the tetrahedra to deform the
space around the burning match. Although this approach is only C0

continuous, we have not observed any artifacts even with a fairly
small number of segments (N = 20). This then creates the overall
deformation that we were seeking.

Note in all of this the importance of the choice of proxy object. The
particular proxy object we chose to use plays a big role in what
mapping can be used, how the proxy object itself can be deformed,
and how easy it is to define a deformation from the proxy. While
a different proxy object could be used, it might require significant
modification of the approach, particularly for determining how the
mapped values are used to define the deformation.

5 Crumpling Paper

We describe here a second possible application, crumpling of burn-
ing paper, using a different type of proxy object. Like matches, pa-
per is also made out of fibrous material. When paper is burned, the
contraction of the fibers can cause the paper to crumple (the specific
nature of crumpling depends on the fiber structure). A simple single
axis lattice proxy object like that presented in the previous section
would not be applicable here, because of the planar structure of a
sheet of paper.

Figure 7: Deformation of the center cell on the “2D lattice”. Note
that the deformation falls off as we move farther from the deforma-
tion axis.

First, we choose a proxy object suitable for representing the defor-
mation of the planar paper. We use an enclosing bounding box,
subdivided along two axes to form a NxMx1 lattice around the ob-
ject. We will call this lattice a “2D lattice”. One should notice that
this approach is suitable for a burning sheet of paper, but not for
burning folded origami artwork.

Similar to the case of bending burning matches, the rate of pyrolysis
and heat are mapped onto the faces of the proxy, with each face
storing an average. In this case, however, we use an orthogonal
mapping from the object to the proxy. The face normal of the object
determines whether the properties of that face are mapped to the top
or bottom of the proxy.

The proxy object is then deformed. Similar to the case for matches,
we will use rotations defined by the difference in values on oppos-
ing faces. For the match bending case, a simple rotational scheme
worked fine using the deformation Di j, but we need to use a more
complex scheme to deform our 2D lattice.

We will deform the proxy lattice by combining the deformation ef-
fects computed at each cell of the lattice. For a given cell of the
lattice, i, we set an amount of deformation, Di, by the same process
as for Di j in Equation 3. There are several possible ways to deform
the proxy cell from this value. We choose a simple approach that
works as follows:

• We choose an axis for the cell. The cell will cause the lattice
to tend to “fold” about this axis, ~u. Generally, we choose ~u to
be one of the two lattice axes, passing through the center of
the cell, though any axis through the center would be valid.
We have not observed any difference in choosing one of the



Figure 8: Crumpling paper during burning. (top) decomposition alone, (bottom) decomposition and crumpling. Flames are not shown.

two lattice axes randomly versus alternating the deformation
axis between neighboring cells.

• We then define how the deformation in that cell, Di, will affect
other cells in the lattice. That is, we model the result of the de-
formation of that cell on the nearby cells. This will be defined
as a rotation about the axis chosen above. The amount should
be highest near the axis and fall off as one moves away from
the axis. We choose to use a cosine function to describe this
weighting (Eq. 5), though a different function (e.g. gaussian)
could be used instead. This effect corresponds to the rotation
around the deforming cell in the match case, except only cells
near the axis of the deforming cell are modified.

• The deformation defined above will tend to cause stretching in
the lattice as we move along the deformation axis away from
the cell. To minimize this effect, we add a deformation that
pulls the corners of the cells closer to the axis as we move
along the axis away from the original cell (Eq. 6).

• At this point, we have defined a deformation function inde-
pendently for each active cell. We then need to combine the
contribution of these deformations within all the cells of the
mesh. So, each cell of the lattice will end up in a new position
defined by the deformation amounts given by the other cells
(Eq. 4 ). Note again that after summing these deformations,
we immediately have the final position of that cell - i.e. the
result of the deformation.

To summarize, then, the new position of a vertex, V j, in the lattice
is determined as follows:

V ′
j = V j +∑

i
Di ∗distu(i, j)∗ (D1

i j +D2
i j) (4)

D1
i j = α ∗ cos(distv(i, j)) (5)

D2
i j = β ∗distv(i, j) (6)

where distu(i, j) is the distance along the deformation axis of cell
i to vertex V j, and distv(i, j) is the distance of cell V j orthogonal
to the deformation axis of cell i. α and β are parameters that al-
low user control of the deformation - i.e. controlling the amount of
deformation created by these effects.

The collection of individual deformations results in a deformation
that mimics the crumpling action seen in burning paper. Note
that for simplicity we omitted any explicit tests to avoid self-
intersections; self-intersections were never seen as a problem in our
examples.

Because of the additive deformations, we observe excessive stretch-
ing behavior around the corners (fig. 9). This is an expected result,

Figure 9: Excessive stretching at the corners.

since we are not using a volume preserving scheme. While control-
ling α and β can help reduce this, they are not sufficient. To avoid
the artifacts that would result from such a stretching, a relaxation
step is applied to pull back those over-stretched areas to create a
more plausible deformation. This is done by setting a spring mass
system with the rest lengths defined from the initial state, and iter-
atively allowing the system to come to a rest state. In practice, we
have observed that just a couple of iterations of relaxation are suffi-
cient enough to avoid noticeable artifacts from the stretching, but it
can create oscillatory artifacts. We suggest to use relaxation only to
prevent excessive stretching, but not as a global volume preserving
scheme. Note that such a cloth-like solver could have been used as
an alternative (but slower) method for deforming the proxy lattice.

Now that we have deformed the lattice mesh, the final deformation
is then applied to the paper itself. Again, we can easily tetrahedral-
ize the lattice, and use this to apply a linear FFD. A more complex
deformation could be used but did not appear necessary in our tests.

Note again the significance of our choice of proxy shape. Besides
requiring a different mapping from the previous example, the de-
formation process applied was also significantly more complex.

6 Integration

Generally, the proposed method should be fairly easy to integrate
into an existing simulation system. The mapping of simulation data
onto the proxy can occur at almost any point in the simulation. Care
must be taken as to when to actually apply the deformation of the
object, but there will usually be several points in a simulation pro-
cess at which it is “safe” to adjust geometric data. To show how
this can be done, we describe how the deformations we described
earlier will fit into a general simulation of burning objects.

Our prior simulation framework consists of two main modules,
along with a synchronization and data exchange interface. The two
main components are a fire/flame simulation and a solid object sim-
ulation; each of these is composed of several sub-modules dealing
with different phenomena.

A detailed overview of the fire simulation framework is beyond the
scope of this paper. The fire module is responsible for air motion,
gas distribution, and heat generation. It models the combustion pro-



Figure 10: Decomposition process.

cess, which generates heat and drives the air motion. The solid ob-
jects module consists of heat transfer, object decomposition, and a
rigid body solver.

Figure 11: Extending the model to include bending/crumpling.

The two simulations are coupled together by: pyrolysis (transfer-
ring fuel from the solid representation to the fluid representation),
heat interpolation (transferring heat information from the fluid sim-
ulator to the solid representation), and external forces (changes in
air motion due to object movement and the reverse).

To incorporate the deformation into this framework, we add a
“wrapper” function to the solid simulation. Solid objects are simu-
lated within their own local space in the simulation framework de-
scribed above. The FFD model is placed between the flame simula-
tion and solid decomposition processes. The burning solid does not
know that it is deformed, except during the synchronization with
the flame module at the pyrolysis stage, when the simulator must
follow an extra layer of indirection to map locations between the
two modules. No special handling or extra code is required in any
of the modules themselves. The proposed process is simple, easy
to integrate to our existing simulation framework, and could also be
used to model similar behavior from other secondary phenomena.
Compared to the rest of the simulation, the deformation adds only a
minor overhead. Most of the overhead does not come from the de-
formation process itself, rather the space deformation adds a fixed
amount of overhead during the synchronization between flame and
solid modules.

As discussed in the earlier section, the deformation framework does
not handle self intersections. However, it is important to note that

the deformed object now exists in a different world position. Thus,
any simulation data can be correctly placed into or interpolated
from world coordinates; this introduces a bidirectional coupling be-
tween the transformation and the underlying simulation. For exam-
ple, if a match bends into a U shape, the ends of the match will be
near each other in world space, and thus heat that is transferred via
a world-space (as opposed to local object space) calculation, as in
our flame simulator, will easily allow heat transfer from one end of
the match to the other.

By using the FFD approach presented in this paper, we can thus
deform complex models without the additional simulation cost as-
sociated with modeling the actual physical process of the secondary
deformation.

7 Conclusion

In this paper we present a simple deformation framework to ap-
proximate some physical process, thus giving increased realism to a
simulation using only a limited computational overhead. Instead of
modeling a rather complex and detailed process to create such sec-
ondary behavior, we propose the use of a free form deformation to
model large-scale deformations. Changing object properties from
the physical simulation modeling the “main event” are mapped onto
the edges of a proxy object, which is then modified by treating the
edges as springs. This proxy object then serves as a control struc-
ture for defining the deformation of the underlying object. We note
here that this approach fits well in the multi-representation object
modeling paradigm [Melek and Keyser 2005], where the proxy ob-
ject can be seen as just another representation of the original object.

We have demonstrated that this approach can be used to create
deformations that currently must be modeled by hand in simula-
tion systems. We present results on bending burning matches as
well as crumpling of burning paper that demonstrate the first such
physically-based graphical simulation of these phenomena.

7.1 Limitations and Drawbacks

Though our model presented here is simple, there are some draw-
backs that accompany this simplicity:

• We ignored topological changes during the mapping of phys-
ical properties onto the proxy object.

• Material compression during the bending is ignored.

• Self collisions are not handled.

• The proposed model is suitable for simple deformations and
might be of more limited use for complex deformations.

• By definition, we are not simulating the “real” physics.

7.2 Advantages

Although we do not simulate the actual physical process, we can
approximate some of the deformations easily using our proposed
model. Our method thus also has several advantages:

• This framework has a minor computation overhead that is eas-
ily integrated into existing systems.

• The user has some control over the desired behavior. Though
the deformation is still physically-based, we have not elimi-
nated the opportunity for user input.

• The method is “based” on simulation data, and thus is driven
by a physical process, but does not actually simulate the “real”



physics behind the process, which might be overkill for many
purposes.

• Plausible results are easy to construct for the cases presented.

7.3 Future Work

There are still many avenues open to further work. Though we have
presented two possible applications, one can easily imagine several
other options for applications of this framework. These other ap-
plications will, of course, require different proxy objects, mapping
of parameters, deformation descriptions, and possibly even applied
deformations. Two examples are briefly mentioned here.

One such alternative deformation is the bending of heated metal
objects. We can simulate the heat diffusion inside the object, and
then map this onto the simplified proxy encapsulating the melting
object. We can now define torques on the proxy cells by using the
density of the object, and find high stress regions on the proxy to
apply a bend deformation. Similarly, high stress regions could be
used to fracture the object. Here, the proposed model would not
perform fracturing, rather it will point to potential fracture areas. A
number of more complex bending operations can also be imagined.

Another interesting possible use of this model is geared towards in-
formation visualization. When we deform the objects using phys-
ical simulation as presented in this paper, we deform them in the
global space, and all the interactions with other objects are affected
by this deformation. For scientific or information visualization pur-
poses on the other hand, we can deform the object to highlight
which part of the object has “interesting” data. Using the same
framework described here, we can define a deformation-based vi-
sualization. We start by mapping the information on/in the object
onto the proxy. Here, we can use only one kind of data, or a combi-
nation of data values we are interested in. We can grow parts of the
object with ”interesting“ data and shrink the rest. This deformation
would not affect the actual object or its interactions with the others,
but it could help us to visualize and investigate the data and detect
features in it more easily.
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