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Abstract
Working with volumetric information is always challenging. Displaying, processing or modifying volumes requires
in most cases processing a considerable part of them, if not the whole structure. Such delays might be inconvenient
for applications which require fast or smooth interaction, like realistic rendering or virtual sculpting.
This paper focuses on the volume sculpting paradigm. Making use of a haptic device for interaction, the solution
presented here provides a smooth and physically correct force feedback. The deformation algorithm is designed
to provide a fast visual response. Additionally, this method is able to operate with large volumes, since it was
designed to create a progressive, and therefore, scalable simulation.

Categories and Subject Descriptors (according to ACM CCS): I.3.5/6 [Computer Graphics]: Physically based
modeling—Interaction techniques

1. Introduction

Deformation has been widely studied in computer graphics.
Solids, implicit volumes, FEMs and many other abstractions
have been used to create realistic visualizations and fast in-
teractions. However, when representing physical properties
of a certain material, volumetric representations seem to be
more appropriate [Del98], since they inherently store both
external and internal properties.

The main contribution of this paper is precisely a new de-
formation method which works directly on a 3D image, to-
gether with a haptic device for the interaction. Topological
changes can be naturally performed due to the volumetric
nature of the data. Under a quasistatic assumption, a natu-
ral visual output and a physically consistent force are gen-
erated. Plasticity is implemented displacing property values.
The lazy, progressive deformation approach removes any ar-
bitrary limits on the size of the volumetric representation.

2. Related works

There is a vast collection of works which cover, more or
less directly, the topic of volumetric deformations. Kim and
Park [KP04] developed a sculpting system based on the
proxy technique. They used implicit volumes to represent
the material, and the proxy abstraction to create force feed-
back. Spring-mass models have also been widely used to

Figure 1: Volume representing a block of clay which has
been plastically deformed.

calculate deformations on human tissues or elastic materi-
als [Del98], and works such as those of Choi et al. [CSH03]
and McDonnell [MQW01] have shown satisfactory results
when it comes to combining them with haptic interaction.
The drawback of the spring-mass methods is that requires
heuristic methods to acquire physical reality [NC10]. De-
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waele and Cani [DC04] presented a method that made pos-
sible the global plastic deformation of a volumetric structure.
Displacements fields were computed directly on the grid, us-
ing two ore more contact points. The Chain-Mail Algorithm,
developed by Frisken-Gibson [FG99], makes use of a vol-
umetric structure to compute both elastic deformations and
haptic responses. This technique uses chained control points,
so when a vertex is translated carries other vertexes in the
neighbourhood, therefore simulating plasticity. Many works
have also used FEMs to represent deformable solids, such as
the one presented by Nesme et al. [NPF05]. Notable results
were shown by O’Brien et al. [OBH02], who developed real-
istic fractures and deformations applying a physically based
approach on a FEM. Also noteworthy is the work done by
Delingette et al. [DA04]. They presented a solution which
makes use of continuum mechanics to perform operations
with a virtual liver, built on top of a tetrahedral FEM model.

3. Theoretical background

For the system to produce a physically correct and consis-
tent force feedback, mechanics of deformable solids shall
be taken as the basis of the simulation. More precisely, the
Incremental Theory of Plasticity [OdSB06] will be for this
matter used, for it offers a simple but powerful model which
can be easily adapted to our simulation environment.

In the one-dimensional case, this theory defines three
differentiated stages in the deformation, which linearly re-
late the performed deformation ε and the applied stress σ.
Briefly, it states that the material accepts a certain amount
of elastic deformation, which can be undone if the applied
force decreases. The deformation remains recoverable until
a critical value of σ is reached. Once crossed, a plastic (and
therefore permanent) deformation is produced. This thresh-
old value is known as σ f , and might increase following a
hardening pattern. Anytime the applied force σ decreases,
the material returns to an elastic state [OdSB06].

The constitutive law — which establishes a univocal rela-
tionship between applied stress σ and caused deformation ε

— reads as follows:

• Elastic zone. The solid stays in this zone as long as the
stress tensor σ does not exceed σ f .

dσ = E dε (1)

• Elasto-plastic load zone. This state applies when σ = σ f
and there is an increment dσ > 0 in σ so that σ+dσ > σ f .
When hardening is present, σ f updates to dσ+σ f .

dσ = Eep dε (2)

• Elasto-plastic unload zone: Applies when σ = σ f , and
there is an increment dσ < 0 in σ so that σ + dσ < σ f .

dσ = E dε (3)

where E and Eep are constants. The generalization of
the three-dimensional case is immediate, just using three-
dimensional stress and strain tensors and using a matrix of
elastic properties for the relation between them in the differ-
ent zones.

Concerning the transformations occurred in the inner ma-
terial, the results presented by Prevost [Pre84] shall be
used. The work details a simulation of the internal displace-
ments of a deformable solid using a two-dimensional finite-
elements method. Those results will be the reference for the
later described deformation algorithm.

4. Volumetric deformations

Simulating a pull operation performed on the surface of a
plastic material requires two differentiated concerns. Firstly,
a force signal needs to be created for the haptic device to
create a tactile sensation. Secondly, the volume structure re-
quires some processing, for the permanent changes of the
plastic deformation to be reflected on the surface.

In this section a brief description of the virtual environ-
ment shall be given. The force computation algorithm is af-
terwards detailed, and finally the deformation technique will
be traced.

4.1. Volume domain

The virtual structure which supports the here described tech-
nique consists of a 3D image representing the volumetric
information. The volume will be defined as a set of homo-
geneous cubes partitioning the three-dimensional euclidean
space, holding each of them a unique property value. Such
distribution creates a grid which can be conveniently indexed
with three integer numbers i, j, and k. Each cube vi jk, also
called a voxel, will be the smallest element used for geome-
try and force computation. The set of all voxels will be noted
as V . The haptic input device will be translated into an im-
plicit function t(~x) : R3→V which returns, for any point of
the space~x, a discrete set of voxels which are included in the
tool volume.

4.2. Force feedback

The haptic device used for the implementation (a PHAN-
TOM Desktop) does not provide any estimation of the user
applied force. However, as every input device, offers a chain
of position samples. The Incremental Theory of Plasticity
unequivocally relates a certain displacement d~ε with the
force d~σ required to perform it. The constitutive law for a
quasistatic environment reads:

d~σ = Cd~ε (4)

d~σ = Cep d~ε (5)

where Eq. 4 refers to the elastic and elastoplastic unload
states and Eq. 5 governs the elastoplastic load state, being
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Figure 2: Computation of the overall displacements during
the elastoplastic load. ~xi

0 was the last point where the tool
did not intersect the material. ~σ increases accordingly with
the overall strain until the haptic device reaches ~xi

f , point
where the yield condition is met. A further movement causes
~xi

0 to be updated to the new surface at~xi+1
0 (modifications in

the surface are marked in pale yellow).

C and Cep the correspondent stiffness tensors. Considering
these equations, once the virtual tool has produced a dis-
placement on the volume surface, the force which should
have produced it can be computed. This calculation pro-
duces the normal cause and effect flow to be inverted, but
that turns out to be a minor flaw due to the fact that the hap-
tic sampling is performed at 1kHz.

Collisions are detected checking for each sampled posi-
tion~x that all voxels in the set t(~x) have zero property value.
Once a collision has been detected, the differential displace-
ments d~ε generated by each unit area of the tool surface will
be computed. Differential displacements must be then com-
posed to get the overall stress~σ.

For the sake of simplicity, it shall be considered that the
material will remain in the elastic load state until |~σ| < σ f ,
being σ f a scalar value inherent to the simulated mate-
rial. This criterion is formally known as the yield condition.
When the tool reaches the position~x f within the material so
that the yield condition is met (|~σ|= σ f ), the material enters
the elasto-plastic load zone. Provided that ~x0 stores the last
collision-free position of the tool, any registered displace-
ment that makes |~σ|> σ f will trigger the following changes:

1. ~x f updates to the latest~x.
2. ~x0 needs to be recomputed so it lays on the new surface.
3. The surface of the volume must be modified, so it cap-

tures the permanent deformation.

Force is computed during the elasto-plastic load using Eq.
5. As it will be later explained, changes in the surface are
performed by the deformation algorithm. The updating pro-
cess can be seen in Fig. 2. Should a displacement cause the
stress tensor ~σ to decrease at any time of this process, the
system would inmediatly move into the elasto-plastic un-
load zone. No further permanent effect in the volume would
be then registered.

4.3. Deformation localization

Ideally, once the force applied to the surface is known, the
elastic-plastic equations could be applied to the whole vol-
ume to solve the deformation, as seen in Prevost’s study
[Pre84]. However, the whole volume should be processed
each time a new differential change in the tensor~σ appeared,
leading to unacceptable response times for an interactive
system.

Therefore, for the material to reflect the permanent
changes occurred when the system enters the elasto-plastic
load zone, the proposed deformation algorithm shall pro-
gressively operate with the volume from the initial state of
the deformation (localized changes in the surface) up to its
final state (deformation propagated throughout the material).

Whenever a change in the surface is produced, the posi-
tion of the tool in the new surface (~xi+1 in Fig. 2) is passed
to the deformation algorithm, which shall be noted in the
following as ~ci. Since the force estimation and deformation
algorithm run at different speeds, and also due to the fact
that deformation is much slower that estimation, subsequent
changes have to be queued, for the deformation algorithm to
process them when possible. Considering all this, deforma-
tion will work as follows:

1. While there are positions~ci in the queue:

a. Move the property value of the voxels in t(~ci) in the
direction of the estimated displacement at that point.
Add the removed property value to the next voxel in
that direction. After deletion, t(~ci) must be empty, cre-
ating a hole in the material.

b. Put every modified voxel in the active voxels list.

2. While there are no new positions~ci in the queue and there
are voxels in the active voxels list:

a. Take the active voxel with the highest property value.
b. Compute the mean density in the neighbourhood of

the voxel.
c. Change the voxel property value back to the normal

value, being the normal value an arbitrary value in-
trinsic to the material.

d. Send the remaining material to neighbours which have
a property value lower than the mean density, updating
them to the mean density.

e. Put every modified voxel in the active voxels list.

3. Go to step 1.

In short, the deformation algorithm first compresses the
material where the tool pushed enough to deform the surface,
and, when possible, starts smoothing this overload through-
out the volume until everything returns to a relaxed state.

Doing such an incremental processing provides two main
advantages. First, it gives an interactive response, as valleys
are instantly created in the surface — thanks to the fact that
deletion is done with the highest priority. Second, it makes
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Figure 3: Test sculpting application.

Figure 4: Strongly deformed clay.

the algorithm to be independent from the volume size: no
matter how big the volumetric data is, interactive results can
be achieved.

5. Results and conclusions

In Fig. 1 and Fig. an example of the results achieved with
the described method is shown. Fig. 3 shows the sculpting
application which implements the work described here. The
interaction depicted there shows an example of a topological
change in the solid, and also the modifications produced in
the nearby of the zone where the tool deformed the surface.

Table 1: Framerates for the force computation thread

Volume \Tool 16 32 64
1283 4654Hz 566Hz 74Hz
2563 4612Hz 567Hz 71Hz
5123 4567Hz 560Hz 67Hz

Performance rates for the force computation thread are
given in Table 1. For a 512-voxel sided volume, deletion is
performed at about 2kHz using a 16 voxel diameter spheri-
cal tool, 250Hz for a 32 voxel sized tool and at 24Hz for the
64 diameter tool. The relaxation of the volume is done at a
mean speed of 217.000 voxels/second. Speeds were obtained
using a Intel Core 2 Quad CPU at 2.93GHz with 3.50GB of
RAM.

Results show that both force computation and deforma-
tion rates are only tool-size dependent. Force is computed
locally just using the tool implicit volume, and deformation
is progressively computed, no matter the size or nature of
the interaction. Together with the natural feedback supported
by the theoretical background, the contribution of this paper
turns out to be a robust, plausible method for plastic defor-
mation.
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