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ABSTRACT

An approach to realize manipulation of elastic object in virtual en-
vironment is discussed. In the approach, the behavior of elastic
object during interaction is separately described by two compo-
nents: rigid-body motion and elastic deformation. The component
of motion is simulated by solving equations of motion, while the
component of deformation is reproduced from a set of deformation
sequences in response to impulse force, or impulse response defor-
mation model. A prototype algorithm and interface environment
was built and experiments to evaluate the approach were carried
out.

Index Terms: [.6.5 [Simulation and Modeling]: Model
Development—Modeling Methodologies; H.5.2 [Information In-
terfaces and Presentation]: Multimedia Information System—
Animations

1 INTRODUCTION

Advancement of communication technology using internet has
raised expectation for expanding our communication channels.
Transmission of haptic information, in addition to audio and vi-
sual information, has been one of challenges toward development
of a new communication media. Some general-purpose hapic de-
vices have become commercially available, and these devices have
contributed to investigate potentials of haptic interaction. Also, ad-
vancement of computers have given us computational power to pro-
cess more complicated models for haptic interaction than before.

Haptic sensation informs us of various properties of objects
through physical interaction with the objects. Softness of object
is one of the properties that is hardly conducted through other sen-
sations; the property is intuitively recognized only by the integrated
presentation of the relationship between force and deformation that
are perceived by tactile and somatic sensations respectively. Soft-
ness is also an important property that is essential in various ap-
plication areas of haptics, such as palpation in medical diagnosis
simulation, tactile impression of materials in virtual prototyping.

Softness has usually been dealt as static property of elasticity
that is represented by static relationship between force and defor-
mation. However, it is unrealistic to assume quasi-static operation
on the object in practical interaction, and according to our prelimi-
nary study, dynamic aspect of the relationship is not negligible. For
example, static elasticity model immediately returns to the original
shape when interaction is over, which is visually unnatural. Also,
it can not present resonant vibration of object that often provides
us cues to perceive properties such as the density of the material.
These drawbacks of static elasticity model are though to become
more noticeable as the range of operation is enlarged and degrees
of freedom are increased.
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We have proposed a model, which is called impulse response
deformation model (IRDM), that is capable of representing dy-
namic deformation using record-and-reproduce, or pre-computing
approach. In this paper, an expansion of the model to represent
maneuverable object is proposed. A basic idea of the approach is
to divide the total behavior of the model into the components of
rigid-body motion and elastic deformation; the component of mo-
tion is computed by equation of motion, while the component of
deformation is represented by IRDM.

In the next section, previous researches are surveyed and the po-
sitioning of our approach is clarified. Details of our approach in-
cluding formulation of computing process are stated in Section 3,
and implementation and experimental results are presented in Sec-
tion 4. Some problems and future works are discussed in Section
5.

2 RELATED WORKS
2.1 Presentation of force sensation

Presentation of haptic sensation in virtual environment has been a
topic of interest from the dawn of virtual reality research, and it has
been studied from both hardware and software [6]. Among software
for haptics, models and algorithms to compute haptic sensation are
core topics of reseach, and they are collectively called haptic ren-
dering [13]. Softness has been a major issue of haptic rendering
because it is a fundamental property that defines the relationship
between force and displacement.

2.2 Object motion and manipulation

Physical motion of object is simulated by solving equations of mo-
tion. A primary issue of the simulation has been the ways to take
constraints that are caused by collision into account [10]. Funda-
mentally, two typical different approaches are known; one method
seeks for exact solution by solving equations of constraints simulta-
neously [5]; another method finds approximate solution by dealing
with the constraints by introducing penalty force [3].

An application of computing object motion is manipulation,
which is a special case where constraints are imposed mainly by
users. Especially in case of manipulation using hands or fingers,
the constraints on the object motion becomes complex because of
the complicated shapes of hands and fingers, and it is not effi-
cient to introduce constraints as simultaneous equations. Actually,
most researches on manipulation have employed the latter approach
[22, 11, 18, 4]. Also in case when the manipulated object is de-
formable, the penalty force approach is considered to be suitable
because the equation of constraints becomes more difficult to de-
fine, while the penalty force is given by computing the force that is
causing the deformation.

2.3 Simulation of Deformation

Realistic simulation of deformation has been a topic of research in
the field of computer graphics, and various approaches have been
proposed. Free Form Deformation (FFD) [21] is a geometric ap-
proach based on spatial interpolation using control points. This ap-
proach is not a physically-based model, and reactive force is not
computed.
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In the field of computational dynamics, Finite Element Method
(FEM) [19] and Boundary Element Method (BEM) have been com-
monly used. Although these methods are intended to compute
strictly realistic results based on the theory of continuum dynam-
ics, they have drawbacks that the complexity of computation is
relatively high. Recently some researches have investigated meth-
ods to accelerate the computation process using GPU[7], it is still
difficult to perform real-time simulation of practical complexity.
Also, it is known that complexity of computation using linear static
FEM/BEM model can be reduced [8, 12], however, as stated above,
static model has problems of reality in interaction.

There are some other approaches that approximate the mecha-
nism of deformation using spring-mass network [17] and particles
[20]. These models are usually solved using explicit formula to re-
duce computation time. However, it must be noted that the result of
this approach becomes inaccurate if the time step of computation is
not sufficiently small. Aside from the accuracy, the particle model
is thought to have some advantage in representing plastic deforma-
tion because it allows changing connection structure of particles
dynamically.

For haptic interaction, real-time computation of force is an es-
sential requirement. Mahvash et al proposed a analytical approach
for computing tool force-displacement responses of interactions
with localized deformation[15]. However, in this approach, dy-
namic feature of deformation was discarded. Some approaches
abandoned physically-based simulation and employed record-and-
reproduction approach, or pre-computation approach. One excel-
lent idea is using pre-computed trajectories in state space to de-
scribe the temporal change of object shape [9], however, it is
thought to have a drawback that increase in the degrees of freedom
of interaction causes explosive increase in pre-computed data.

In our previous work, as a way to allow large variety of interac-
tion, impulse response deformation model (IRDM) has been pro-
posed. In the approach, the degrees of freedom of interaction is
reduced by assuming linear and time-invariant system, and the be-
havior of the model is described as temporal sequence of deforma-
tion in response to impulse force. A problem of the model was that
it is not applicable to objects that are not fixed, or floating, in space.

2.4 Separation solid motion and elastic deformation

It a common practice to implement a floating object by introducing
a transformation matrix that defines the relationship between the
world and object coordinate systems. The mechanism is integrated
in scene graph systems and also in haptic scene graph systems [2].
In case of a solid object, there is no interaction between the object
shape and the motion of the object; motion does not change object
shape, and parameters of dynamics is kept unchanged. However, in
case of deformable object, the object shape and the object motion
interact each other. For example, fast spinning of an object causes
deformation of the object by centrifugal force, and the deformation
changes inertia tensor of the object, which affects the spinning mo-
tion of the object. In our study discussed below, the effect of the
interaction is ignored, because the merit of reducing computational
complexity is thought to exceed the demerit of deteriorating reality
of deformation.

In our approach, models of motion and deformation are sepa-
rately defined. In the pre-computing process, total behavior that
is computed by FEM simulation is separated into components of
rigid-body motion and elastic deformation; the component of mo-
tion is discarded and the component of deformation is recorded as
IRDM. In the presentation process, the motion is computed using
equations of motion, while deformation is computed using IRDM,
and the total behavior is obtained by adding the components of mo-
tion and deformation. By this separation approach, increase in de-
grees of freedom of the model in accordance with increase in the
variety of interaction is avoided.
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Figure 1: Separation and Integration of motion and deformation

3 SEPARATION AND
AND DEFORMATION

3.1 Overview

A schematic illustration of our approach is shown in Figure 1. In the
pre-computation process, as stated above, total behavior of object
invoked by impulse force is simulated using FEM program. The
object is not fixed, or floating, in space, and consequently it starts
moving as well as deforming. From the total behavior of the ob-
ject, components of rigid-body motion and elastic deformation are
extracted; the component of motion consists of translation of the
gravity center of the object and rotation of the object around the
gravity center. The rest component is considered as deformation,
and the component is recorded using IRDM. The component of mo-
tion is discarded because the component can be synthetically repro-
duced by solving equations of motion. In the presentation process,
based on the interaction force, both the dynamics of solid model
and deformation by IRDM are computed independently, and these
two components are added to obtain the total behavior of the elastic
object.

INTEGRATION OF MOTION

3.2 Separation of Motion and Deformation

As stated in Section 3.1, the component of motion consists of trans-
lation and rotation. The translation part is theoretically represented
by the translation of gravity center, which is derived from the con-
servation of total momentum of the model as shown in A.1 and
2. The rotation part is estimated by a kind of model matching ap-
proach; evaluation function was defined as sum total of the squared
distance between corresponding nodes in deformed model and non-
deformed rotated model, and rotation that minimize the evaluation
function was sought by a repetition algorithm.

The component of deformation is computed by subtracting the
component of motion (i.e. both translation and rotation parts) from
the total behavior and transforming the result in global coordinate
system into values in local coordinate systems of the object. Im-
pulse response matrix is determined by using the component of de-
formation.

3.3 Computation of motion

In the presentation process, component of motion is retrieved by
solving initial-value problem of equations of motion:

av
Mﬁ = ZFext (1)

do
wx(lw)—‘—lﬁ = ZTEXH (2)

where, M is total mass of the elastic object, / is inertia tensor, V and
@ are velocity and angular velocity of the solid model respectively,
and F .y and 7, are external force and torque that are applied by
the user. In the implementation that will be discussed in the next
section, Euler’s method was used to numerically compute the solu-
tion. As stated above, the effect of deformation on the dynamics of
rotation, including the change of inertia tensor, was ignored.

Authorized licensed use limited to: Universitaet Mannheim. Downloaded on February 10, 2009 at 09:58 from IEEE Xplore. Restrictions apply.



3.4 Computation of deformation and force

As stated in Section 3.1, the component of deformation is computed
using IRDM. The process of this computation is almost identical
with that process that is discussed in [14].

In case of using position-input force-output device, such as
PHANTOoM, interface points of the device applies forced displace-
ment on the model, and the reaction force on these points become
unknown. The reaction force is computed from the values of current
and forced displacements using the initial component of impulse re-
sponse (i.e. R[0]) (see [14] for details).

3.5 Complexity of computation

The computation algorithm inherits both advantage and drawback
of IRDM. The complexity of computation is independent of the
complexity of the model, and in case where forced displacement is
applied only on small number of nodes at a time, then it is possi-
ble to compute interaction force in real time at haptic update-rate.
Also, the computation time of deformation for visual feedback is
proportional to the complexity of the model.

As stated in Section 2.4, a basic idea of our approach is reduc-
tion of the degrees of freedom by assuming linearity of the model.
This assumption has significant effect on decreasing spatial com-
plexity of the algorithm; any sequence of interaction with the model
is described by a combination of interaction with each degree of
freedom, and change in the number of interaction points and dif-
ference in timing of interaction do not require any additional pre-
computation data.

On the other hand, the ability of the model to express realistic
deformation has not been made clear; although approximation by
linear model is an established approach to simplified description of
target system in engineering field, it is not clear whether the ap-
proximation is appropriate for the presentation of elasticity. In our
study, as described in the next section, a preliminary experiment to
evaluate the reality by comparing the result of our approach with
the result from off-line FEM simulation.

4 EXPERIMENT
4.1 Pre-computation

Simulation of deformation in response to impulse force in the pre-
computation process was performed using a FEM software . In the
software, the model was defined as a set of tetrahedral elements.
An impulsive force, instead of theoretically impulse force, is ap-
plied to each degree of freedom of surface node, and the result-
ing temporal sequence of displacements on all degrees of freedom
were recorded. Then, the component of rigid-body motion was es-
timated and removed from the record to obtain the component of
elastic deformation; the deformation data corresponds to a column
of a impulse response matrix R. By repeating the process of apply-
ing impulse force for all degrees of freedom, the entire matrix is
obtained.

In the experiment, a cubic model (12 x 12 x 12¢m) was used
(Figure 2). The complexity of the model is shown in Table 1. Phys-
ical parameters of the model were set as follows: Young’s modulus
E = 2000 N/mz, Poisson’s ratio v = 0.49, and density p = 110
kg/m>. The sequence of deformation was recorded at an interval of
2 ms for 1s of duration (i.e. impulse response for 500 steps).

Time step of FEM simulation changed according to the speed of
deformation; in the initial stage of deformation just after impulse
force is applied, the time step was set to 0.1 ms by subdividing
each interval of recording deformation. Computation time that was
required for the pre-computation process using a PC (Dual-Core
Xeon, 3.0GHz) is summarized in Table 1.

Figure 3 shows an example of impulse response of the cube
model where a rightward impulse force was applied on a node on
the left side of surface. Propagation of surface elastic wave is ob-
served. The velocity of the wave is approximately 6 — 8 m/s, which

coincides in its order with theoretical value obtained from the phys-
ical parameter of the model. Also, it is observed that the entire
model starts moving after the impulse force is applied. Figure 4
shows the component of rigid-body motion extracted from the sim-
ulation resultby red wireframe, and Figure 5 shows the component
of elastic deformation.

Figure 2: Experimental model

Table 1: Complexity of model

free nodes (n) 866
triangle patches 1728
entire nodes 1360
tetrahedral elements 5309
pre-computation time per d.o.f. (s) | 1462
data size per d.o.f. (MB) 9.9

4.2 Presentation and interaction

The environment for presentation consists of two PCs and two
PHANTOM devices [16] (Figure 6). All computation that is related
to the model was performed by PC1 (CPU: Itanium2 1.4GHzx4,
memory: 16GB, OS: Linux); processes of computing force and de-
formation are asynchronously executed respectively by using thread
mechanism. In the process of force computation, first, the position
of interface point (or, the tip of stylus) is obtained from PC2 (CPU:
Pentium3 500MHz x 2, OS: Windows) through Ethernet, next, colli-
sion detection with the model is performed. If the interface point is
colliding with the object, then reaction force is computed. Finally,
the history of interaction force is updated, and the information of re-
action force is sent back to PC2 to feedback the sensation of force.
The process is repeatedly executed at an interval of 2 ms. Colli-
sion detection was performed using an algorithm that is similar to
God-Object Method [23]. In the process of deformation computa-
tion, total behavior of the model is computed using the history of
interaction force.

Program for PC1 was developed using Intel Compiler and Per-
formance Libraries [1]. The process of computing current de-
formation using the history of passed forces was parallelized us-
ing OpenMP Compiler and 3 CPUs were allotted for the process.
Also, other part of deformation computation was implemented us-
ing Math Kernel Library.

PC2 is dedicated to controlling two PHANToM devices. Force
update process running in the PC performs simple conversion from
GHOST API [2] to TCP/IP connection interface. The main loop
of GHOST runs at a rate of 1kHz, and it passes the latest value of
output force to the device and updates the information of current
position of interface point that is cached by the PC.

4.3 Result

Figure 7 shows an example of interaction; a sequence of images
during the interaction is presented. Since it was not possible to cap-
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Figure 3: Example of impulse response
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Figure 4: Example of component of rigid-body motion
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Figure 5: Example of component of elastic deformation
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Figure 6: Experimental system

ture and store screen images in real time, these images were gener-
ated off-line based on the record of the history of interaction force.
Figure 7(a) shows cases where the user is swinging cube model by
pinching a node on the top surface of the models; resonant vibra-
tion that is determined by the form factor of the model observed.
Figure 8 shows the time change of force during the swinging inter-
action. Figure 7(b) show the response of two models after they are
tapped on a node respectively. The motion of entire body of the ob-
ject, as well as the deformation on the surface of object, is invoked.
Also, a relatively quick response of the model just after tapping is
represented.

Figure 7(c) is the result of off-line simulation of the identical in-
teraction with Figure 7(b) using FEM. These two results are approx-
imately same each other; the difference in the orientation of object
is gradually increasing over time, which is thought to be caused
by the difference of computation algorithms in pre-computation
and presentation processes; although, theoretically, the object is ex-
pected to rotate around a fixed axis of the cube, rotation axis in FEM
simulation is changing its orientation, probably because of subtle
computation errors that derives from asymmetric mesh structure of
the object.

0.2 0.4 0.6 0.8 1.0
Time (s)

Figure 8: Interaction force

5 DISCUSSION
5.1 Separation of Motion and Deformation

In our approach, the behavior of elastic object was separated into
components of rigid-body motion and elastic deformation, and they
are modeled and simulated independently, although, as stated in
Section 3.1, these components affects each other theoretically. The
effect of the assumption of independence on the resulting shape
was perceptible in some cases in the experiment. For example, the
result of FEM simulation in Figure 7(c) is causing larger defor-
mation compared with the corresponding result of our approach in

Figure 7(b). Range of allowable difference, or error, in deformation
thought to depend on application; in our impression through exper-
imental interaction, the error was not noticeable so far as relatively
small object is manipulated in a usual and moderate manner; on the
other hand, our approach will not be suitable for applications where
swinging long object is a primary task.

5.2 Futureworks

An important topic of research of our future work is compression
of impulse response data. Size of the data in our current implemen-
tation is too large for practical use in usual PC hardware. One ap-
proach under investigation is retrieving the whole data set from a re-
duced representative data subset by interpolation. This approach is
based on the idea that sequences deformation on neighboring nodes
in most cases are similar each other. According to a preliminary
experiment, compression ratio of one-tenth or less, depending on
allowable error, is expected to be attained.

Another topic is evaluation of reality. Comparison with the result
from FEM model, as reported above, certainly provides an index
of evaluation. A problem of the index is that it is not taking the
characteristic of human perception of hapic sensation into account;
for example, relatively small vibration of object, that is visually not
important, may have haptically significant impact. An evaluation
method or experiment to clarify the advantage and drawback of our
approach must be developed.

6 CONCLUSION

In this paper, an expansion of impulse response deformation model
for floating and movable object is discussed. By this expansion,
manipulation of dynamically deformable object became possible.
Softness is a essential information that is obtained only through
haptic sensation, and in our daily life, the softness is perceived
while holding and manipulating the object. The result of our re-
search is expected to contribute to present haptic sensation in natu-
ral interaction with virtual objects.
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A APPENDIX
A.1 Conservation of momentum

Spatial distribution of mass in FEM model is approximately de-
scribed by a set of nodes on which the mass of connected elements
is appropriately assigned. Equation of motion of node i in the model
is:

d
miaTVi:Fi'i‘ZFkiv 3)
t i

where m; and V; are mass and velocity of node i respectively, and
F; and F; are external and internal forces on the node respectively.
By summing up the equations for all nodes:

%Z(mivi):ZFi+ZZFki:ZFi7 “

i i i k#i i
where action-reaction law: F;; + F; = 0 was applied. Incase where

no external force is affecting, the right-hand side of the equation
equals zero, and consequently:

Y (mvi) =

1

(const). %)

The equation implies that the total momentum of a model is con-
served as far as internal forces in the model are balanced out.
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Figure 7: Example of interaction
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A.2 Motion of gravity center

Position of gravity center of a model that consist of mass points rg
and total mass M are defined by:

rG = ZT/’QM:ZW ©)

where m; and r; are mass and position of node i. From these equa-
tions, the relationship is derived:

d
M.’:G:Zmi.fi: EZ(WI,’V[)ZZF,‘. 7

L

This equation implies that the motion of the gravity center of the
model is identical with the motion of a point mass of M.

A3

Suppose a one dimensional model whose temporal change of dis-
placement after impulsive force is given by r(¢). The response of
the system to a given sequence of force f(r) is computed by a con-
volution as:

Impulse response deformation model

u(t) = /0 " ()£t — 5)ds. ®)

A time-discretized expression of the equation for processing by
computer systems is given by:

Wl = Y 7l =] )

where, s and ¢ in square brackets are indices of discrete time, rather
than time itself. Also, the duration of impulse response is limited
to T steps.

In case of n degree-of-freedom model, the relationship is ex-
panded as follows:

(10)

where, f an u are (n x 1) arrays of forces and displacements respec-
tively on all degrees of freedom, and R is a (n X n) matrix.
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