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Abstract

This paper introduces a methodology to simulate the

dynamics of visco-elastic 3-dimensional bodies in real-

time using a �nite element approach. The method is

currently being applied to a haptic simulation of a de-

formable body incorporating mass, damping, and sti�-

ness. The central idea in this scheme is to reduce the

computation required in regions which are to the pe-

riphery of area of interaction between the virtual hap-

tic device and the virtual body. This is accomplished

by implementing a multi-layer mesh; the top layer, or

parent mesh, consisting of a coarse mesh, while child

meshes represent sub-regions of the coarse mesh but

have a much �ner resolution. The e�ective decoupling

of regions enables the system not only to have di�er-

ent resolutions in di�erent regions, but also allows the

regions of the mesh to be updated at di�erent frequen-

cies. The key to achieving this is by utilizing equivalent

impedances.

1 Introduction

The goal of this research is to provide an environment

which not only enables simulation of deformable bod-

ies with respect to mass, damping, and sti�ness prop-

erties, but also has the potential, or has the ability to

achieve the following objectives.

� Simulation of complex three dimensional bodies

real-time.

� Implement not only sti�ness, but damping and in-

ertia as well, and possibly other constitutive prop-

erties.

� Incorporation of the realities of the simulation

with respect to redundancies in calculations and

also absolve calculations which have a minimal ef-

fect on the system.

� Scalability in order to accommodate other tasks,

for example virtual cutting of tissue in surgical

simulation and other applications.

The advance in computer power with respect to cost

has made the notion of the interactive simulation of

three dimensional deformable bodies feasible. This is

reected in current research focussed on performing

these tasks in real time. However, the numerical com-

plexity of these simulations require that some form of

\numerical compression" is applied to achieve reason-

able simulation update rates.

Examples of using numerical compression are nu-

merous. Cover et al. [7] elect not to use a �nite ele-

ment approach due to its data density and adopts an

energy surface instead. Many of the modeling issues in

deforming solids have been addressed by Terzopoulos

[15, 17] and then applied to �nite element systems in

[14, 16]. Cotin et al. [5, 6] have integrated a �nite ele-

ment system with haptic feedback in real-time. They

have used linearity principles and thresholding to re-

duce on-line computations. As yet their system has

not implemented damping and inertia.

These approaches have not considered the need for

accuracy enhancement close to the region of interac-

tion between the virtual device and the deformable

body. Similarly, in areas to the periphery of the in-

teraction region, less detail and accuracy is required

in the simulation, and hence numerical compression

opportunities exist.

This paper presents a �nite element based method

which enables the mesh to be decoupled into high

node density regions and low node density regions in a

multi-layered mesh. By decoupling the mesh into sep-

arate �nite element systems, di�erent regions of the

mesh can be computed at di�erent rates while simul-

taneously facilitating the goal of reducing computation

in areas to the periphery of direct interaction. As the

region of interaction moves with the input device the

higher density meshes are activated and deactivated

as required. Importantly, most of the overhead for the

multi-layered mesh can takes place in pre-processing.
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2 Constraints and Assumptions

The goal of this research is to emulate deformable bod-

ies and facilitate interaction using a haptic device. It

is therefore necessary to comprehend the constraints

imposed by the human user in design of the system as

well as the available hardware.

2.1 Human Factors

Understanding human bandwidth constraints is essen-

tial when designing interactive systems.

� Humans can sense force vibrations well in excess

of 300 Hz.[8, 10]

� An update rate in the range of 20-40 Hz is pre-

ferred for the visual feedback rendered using com-

puter graphics.

� The maximum human force of motion output

bandwidth is 10 Hz although in general the out-

put is in the region of 1 or 2 Hz [2].

Clearly designing a system which solely runs at the

highest target frequency of 500Hz would be over de-

signed. (If it was indeed computationally possible.)

This indicates that to e�ciently distribute the com-

putational load in order to service the various human

response requirements, a system will have components

running at di�erent rates. Clearly at the haptic out-

put, high rates are needed compared to visual update

rates.

2.2 Deformable Body Properties

It is clear that most accuracy is required in the re-

gion of interaction between the virtual tool and the de-

formable body. The contact point de�nes the location

of a neighborhood of interest and should be as accurate

as it is computationally possible, i.e. within the haptic

time constraints; yet, to the periphery of this region

of interest, neither the eye nor the dynamic simulation

calculations require a high accuracy or a fast update

rate. Obviously this is an accuracy for computation

reduction trade-o�. This tradeo� has the potential of

reducing the required CPU load tremendously|a nec-

essary factor for real-time interaction.

2.3 General Hardware Constraints

From the outset it was decided not to simply \throw"

multiple processors at the real-time dynamic simula-

tion problem. It can be easily shown that any naive

implementation will be much too slow. Rather, a re-

duction of the per cycle processing is sought. The

hardware which the following work is implemented on

is as follows:

� A single processor R10000 Silicon Graphics IM-

PACT computer. This is used for the dynamic

simulation and graphics display.

� A Pentium processor used for low level control of

the haptic device.

� A 7 D.O.F. force feedback hand-controller [11].

Somewhat ironically the algorithm to be presented is

also conducive to a multi-processor environment, but

as yet, we are using just the one CPU.

3 Adaptive Meshing

Given the notion of representing di�erent regions of

the deformable body with varying mesh densities, how

can this be achieved using traditional methods? Look-

ing at the �eld of �nite adaptive meshing, the problem

is two-fold.

1. The error of the FE approximation must be esti-

mated in order to decide where the mesh must be

made �ner or, where it can be coarser, based on

an a given error bound.

2. The mesh must be regenerated in order to reduce

error in the identi�ed regions.

Fortunately step one is not explicitly necessary in

the virtual interaction case. This is because the region

in which we desire to reduce the error will always be

in the region surrounding the point in which device is

in contact with the deformable body.

Unfortunately, despite being alleviated of the er-

ror estimation, the mesh re-generation procedure re-

quires a powerful mesh generation engine to achieve

the desired densities [20]. Further investigation makes

it clear that on-line re-meshing is problematic not only

with respect to the fact that these procedures are very

time consuming, but also with respect to real-time us-

age, re-meshing times are hard generally indetermi-

nate. A real-time system, by its very nature, must be

able to guarantee that processing will have an upper-

bound on the time it takes to complete. It is ap-

parent, especially in the three dimensional case, that

the re-meshing times are di�cult to establish due to

[1, 3, 9, 12, 13, 19, 18]:

� A search of surrounding nodes must be performed

in order to verify density.

� When a new element is added, the new element, as

well as the surrounding elements, must be checked

for numerical conditioning.

� The mesh must be conforming.

� In the event that ill-conditioned elements are

formed, the system must must backtrack to cor-

rect for the numerical instability.
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(a) Body at Rest

(c) Region of Interest -- Fine Mesh

(b) Coarse Mesh

Apply a Coarse Mesh
Region of
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Figure 1: A Deformable 2D Body { Segmenting into Macro and Fine Grids

It is clear that even if a local adaptive re-meshing

scheme could be executed at the speeds required, it

would not be satisfactory for real-time use due to these

often in-determinant factors.

In two dimensions, this approach might seem quite

promising, however the jump in complexity in three di-

mensions surpasses its useful properties. In summary,

adaptive meshing techniques do not provide the guar-

antees necessary for real-time operation. It is clear

that if a variable density mesh is desired which will

follow the user input, a di�erent approach is required.

Therefore a more \reex" approach was investigated

in which the structure of the original mesh is so de�ned

that given any point from which the mesh is to be

re�ned, a pre-determined re�nement will be carried

out without calculations. The goal being to eliminate

the need for checks on element singularities and other

conditions.

4 Introducing the Multi-Phase

Mesh

The following meshing approximation is proposed

which circumvents the problems found in traditional

adaptive meshing systems, and ful�lls the goals delin-

eated in the introduction.

In brief, the mesh is made of more than one level.

For example a two layer mesh consists of one top layer

coarse mesh, and several �ner meshes which are sub-

sets of the coarse mesh. At anyone time, one mesh

is active from each level. A lower level mesh is phys-

ically linked to its higher level mesh parent through

equivalent impedances.

By explicitly splitting the mesh into several layers

the following objectives are achieved:

� The region of direct interest has a �ner mesh,

while regions to the periphery are considered only

by the coarser mesh. This means that regions of

the mesh undergoing less change will be resolved

at lower resolutions.

� The two systems, although physically coupled,

can be solved independently and at di�erent rates.

This allows the �ne mesh which is the region of

principle interest to be solved at the fastest rate,

while the coarser mesh is solved at a slower rate.

� The majority of the workload in the two level

adaptation can be done in pre-processing, rather

than on-line, this frees up valuable CPU time.

� By creating a mechanism in which a mesh can

be plugged into another, the possibility of plug-

ging other functional units into the system is also

possible. For example, rather than using an FE

system in the �ner mesh position, a cutting func-

tional unit could be implemented.

The mechanisms involved in the system are now de-

scribed.

4.1 Mesh Description

In this section the multi-layer mesh is described using

a two layer mesh in two dimensions. The concept is
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Figure 2: Application of Norton Equivalent to the �ne mesh.

scalable to an arbitrary number of layers and to three

dimensions.

Figure 1.a shows an arbitrary body at rest. It is

segmented into a coarse mesh in the usual manner in

Figure 1.b. Finer meshes are then de�ned based on the

general structure of the coarse mesh. For example two

coarse elements in Figure 1.b have been chosen to form

a �ne mesh region. An exploded view of this region is

shown in Figure 1.c with the �ne meshing complete.

The next issue is to physically join these two regions

such that the coarse and �ne mesh are physically cou-

pled.

4.2 Coupling the Two Meshes

Using an electrical analogy, the concept for coupling

the two meshes can be found in any basic electronic

circuit text|that of the Thevenin or Norton equiva-

lent [4].

In network analysis it is frequently desired to �nd

the voltages of just part of a large circuit, the part

which is not of direct interest can be replaced by a

simpler equivalent. This equivalent consists of a volt-

age or current source and an impedance as shown in

Figure 2.

Using displacement and force as mechanical analogs

for voltage and current, the equivalent impedance con-

cept is applied to the two layer mesh as shown in Fig-

ure 3.

The �ne and coarse mesh share some nodes. These

are labeled Uf1, Uf2, Uf3, and Uf4 in the Figures. The

task is to �nd the impedance as seen from these com-

mon nodes. The impedance is taken from the mesh

surrounding the region of interest at the coarse mesh

NETWORK

2

NETWORK

2

1
NETWORK

Equiv.
Imped

Equiv.

Force

(a)

(b)

Figure 3: The Norton Equivalent Network Theory

level. It is important hat the equivalent impedance

calculation at the coarse level does not include the re-

gion of interest (the shaded region in Figure 1) because

this region is explicitly modeled in the �ne mesh us-

ing regular meshing techniques. Once the equivalent

impedances are found for each common node, their ef-

fects are augmented to the �ne (second level) mesh.

The calculation of the equivalent impedance for a

given common node i is carried out as follows. Given

the �nite element system at the coarse (top level) mesh

as:

Ku = F (1)

The contribution of the coarse elements in the region
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of interest (the region which the �ne mesh represents)

are subtracted from the system. Giving K�.

The equivalent impedance at that node can be found

by applying an arbitrary force to the node Fi. The

system K
�
u = Fi is then solved. The equivalent

impedance is simply.

Kequiv =
Fi

ui
(2)

This impedance is then augmented to the �ne mesh

system Kfuf = Ff .

The multi-layer mesh creation, the equivalent

impedances, and the generation of all sti�ness, damp-

ing, and inertia matrices can be done o�-line in pre-

processing.

It can be seen from Figure 3 that along the �ne-

coarse mesh boundary the order of approximation of

the �ne mesh will be much greater than the coarse

mesh as is desired. This causes problems in confor-

mity of elements along the boundary. To eliminate

this problem the elements in the �ne mesh are con-

strained to the same order as the coarse elements of

which they abut.

4.3 Process System Flow

By decoupling the mesh into a �ne and coarse regions

it is possible to solve each mesh separately and at dif-

ferent frequencies. At present, the system is con�gured

such that the �ne mesh is solved ten times for each

time the coarser mesh is solved. Each time the slower

mesh has completed its calculations the system checks

to see which child �ne mesh should be activated. This

is based on the position of the haptic device in the

virtual world.

The coarse mesh experiences the e�ects of the in-

teraction between the �ne mesh and the virtual device

through the displacement of the common nodes shared

between two layers.

5 Implementation Results

Currently the system is being implemented using cu-

bic, quadratic, and linear brick elements. Using a 40

element quadratic coarse mesh with a 32 element cu-

bic �ne mesh update rates of over 10Hz have been

achieved for the �ne mesh, while the coarse mesh is

running at 1Hz. The simulation implements not only

sti�ness, but damping and inertia.

Currently we are negotiating several problems with

regard to the overall haptic interaction, these are:

� Collision detection between the device and the de-

formable body.

� Numerical integration stability.

� Generating a simple model to executed at rates

of � 500Hz for the a smoother force rendering on

the haptic device.

6 Conclusions and Future Work

This paper has introduced a method to simulate a de-

formable body with mass, damping and sti�ness. The

design methodology is based around three central con-

cepts.

� Regions to the periphery of the point of integra-

tion between the device and the deformable body

require less detail and numerical accuracy than

regions close to the point of interaction.

� The ability to decouple the mesh into di�erent

layers based on node density allows di�erent re-

gions of the mesh to be executed at di�erent rates,

allowing priority to rates of greater interest.

� In the future, algorithms for cutting virtual tis-

sue may require methods which do not involve

�nite elements; yet, in regions away from the cut,

the mass, damping, and sti�ness a�ects are still

pertinent. Using the concept of equivalent sti�-

nesses, damping, and inertia, a�ects can be cou-

pled between two very di�erent operational pro-

cesses. For example, a cutting process and a �nite

elements process.

What is more, although not an original goal of this

research, this method can be seamlessly implemented

on several processors for additional speed-up.

We are currently in the process of adding a more

complete interface for the haptic device. It is in-

tended to utilize and implement current haptics re-

search within this study. For example perceptual phe-

nomena sometimes known as \haptic illusions" will

prove useful in making simulations both more realistic

while also a�ording the opportunity to reduce compu-

tational load as well.
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