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Lectur
e

S
um

m
ary

A
new

technique
for

allow
ing

users
to

haptically
interact

w
ith

a
deform

able
slow

ly-sim
ulated

object
in

a
stable

m
anner

is
presented.

S
tability

has
been

appr
oached

in
the

past
by

various
researchers

using
passivity

theory
in

order
to

avoid
having

to
m

odel
the

hum
an

operator
closing

the
haptic

loop.
N

one
of

these
solutions

how
ever

can
w

ork
w

ell
w

ithout
the

use
of

high
update

rates
and

thus
break

dow
n

in
the

case
of

haptic
interaction

w
ith

slow
ly

sim
ulated

virtual
envir

onm
ents

such
as

the
ones

featuring
highly

precise
deform

able
objects.

T
his

is
particularly

true
for

the
case

of
surgical

sim
ulation

w
ith

force
feedback,

w
her

e
precision

is
a

key
issue

and
w

her
e

com
plexity

can
reach

high
levels.

T
he

technique
presented

in
this

lectur
e

are
based

on
the

concepts
of

local
m

odel
for

haptic
interaction

adapted
to

deform
able

objects.
A

m
ulti-rate

system
theor

etic
appr

oach
is

used
to

prove
the

stability
of

the
sim

ulation
loop.

W
ork

is
in

progress
to

analyze
the

stability
of

the
m

ulti-rate
system

by
m

eans
of

the
passivity

theory.

A
ll

the
data

presented
in

the
lectur

e
have

been
collected

thr
ough

experim
ents

running
on

a
P

H
A

N
T

O
M

haptic
inter

face.
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the
P

roblem

R
igid

O
bject

D
efor

m
able

O
bject

P
ai's

experim
ent

Less
results

are
present

for
deform

able
objects.

R
igid

object
stability

analysis
[C

olgate,
H

annafor
d

et
al.]
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M
otivation

(the
F

etouch
system

)

C
on�uence

of
U

ltrasound
(fetus)

and
H

aptic
techniques

w
w

w
.fetouch.or

g
(the

S
W

is
freely

available)
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m
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the
P

roblem
/

Intr
oduction

S
im

ulation
of

deform
able

objects
has

been
w

idely
studied

in
the

past
decades.

H
aptic

interaction
w

ith
deform

able
objects

is
how

ever
a

m
ore

recent
�eld

of
research,

the
�rst

results
dating

back
to

the
m

id
90's.

A
s

of
today

no
solution

has
been

accepted
as

a
standar

d
and

m
any

open
problem

s
still

exist.
F

inding
the

right
trade-of

f
betw

een
the

level
of

precision
allow

ed
by

a
speci�c

sim
ulation

technique
and

its
speed

has
been

the
m

ain
challenge

in
creating

realistic
haptic

interaction
w

ith
deform

able
objects.

H
igh

precision
techniques,

such
as

those
based

on
the

F
E

M
,

tend
to

be
very

slow
,

str
ongly

lim
iting

the
haptic

interaction
servo-rates

and
com

pr
om

ising
the

device's
stability.

S
im

pler
techniques,

such
as

spring
and

m
asses,

are
typically

not
feasible

for
applications

w
her

e
a

high
level

of
realism

is
necessary,

such
as

surgical
training.

S
table

haptic
interaction

has
been

w
idely

studied
in

the
last

decade.
T

he
�rst

efforts
in

this
dir

ection
have

dealt
w

ith
sim

ple
rigid

objects,
such

as
the

virtual
w

all
[C

olgate
'93,

H
annafor

d
'98].

W
hile

these
results

are
not

dir
ectly

applicable
to

com
plex

virtual
envir

onm
ents,

such
as

the
ones

consider
ed

hereafter,
they

have
given

great
insight

on
how

haptic
devices

w
ork.

In
[C

olgate
'93]

it
has

been
show

n
the

existence
of

a
link

betw
een

servo-rates
used

to
contr

ol
a

haptic
device

and
the

range
of

im
pedance

that
the

device
can

display
in

a
stable

m
anner

(Z
�

w
idth

of
the

device).
H

igher
servo

rates
are

needed
in

the
case

of
stiffer

objects
w

hile
low

er
servo-rates

can
be

used
in

the
case

of
m

ore
com

plaint
objects.

A
s

a
consequence

of
this

it
is

com
m

on
practice

to
drive

haptic
devices

at
rates

of
at

least
1K

H
z.

P
revious

w
ork

on
defor

m
able

objects
V

arious
solutions

have
been

proposed
in

order
to

obtain
stable

haptic
interaction

w
ith

slow
ly

sim
ulated

deform
able

objects.
A

ll
of

such
solutions

are
based

on
�nding

w
ays

to
sim

plify
existing

high
precision

techniques
to

a
level

that
allow

s
for

haptic
rates

(�
1

K
H

z)
w

hile
not

str
ongly

lim
iting

their
level

of
precision.

B
ur

dea
(1998)

as
w

ell
as

H
ayw

ar
d

(1998)
and

Z
huang

(2000)
all

propose
sim

ulating
deform

able
objects

using
different

m
eshes

updated
at

different
frequencies.

T
his

allow
s

for
local

speed
and

precision.
P

re-com
putation

has
also

been
em

ployed
by

various
authors.

Jam
es

(2001)
and

C
otin

(2000)
propose

various
w

ays
to

com
pute

interaction
forces

using
off-line

pre-com
puted

functions.
T

he
draw

back
of

all
the

solutions
above

is
that

haptic
rendering

algorithm
s

and
sim

ulation
techniques

becom
e

inter
-dependent.

In
general

it
is

not
possible

to
use

the
sam

e
haptic

rendering
algorithm

s
w

ith
different

sim
ulation

techniques.
S

olutions
that

are
independent

from
the

particular
sim

ulation
technique

used
have

also
been

proposed
in

the
past.

B
osdogan

(1998)
as

w
ell

as
R

uspini
(1997)

com
pute

forces
proportional

to
the

penetration
depth

of
the

virtual
probe

contr
olled

by
the

user
w

ith
respect

to
the

sur
face

of
the

deform
able

object
at

rest.
A

s
a

consequence
the

haptic
loop

is
perform

ed
on

a
rigid

representation
of

the
deform

able
object

and
ther

efore
can

run
at

high
servo

rates.
M

azzella
(2002)

proposes
a

data
structur

e,
called

the
F

orcegrid,
w

hich
is

updated
every

30H
z

using
an

extrapolation
algorithm

that
keeps

track
of

all
past

interaction
forces

w
ith

the
deform

able
object.

In
order

to
drive

a
haptic

device
at

high
servo-rates

an
algorithm

perform
ing

interpolation
of

past
forces

is
used.

D
raw

back
T

he
draw

back
of

all
of

the
solutions

above
is

that
they

do
not

allow
m

ultiple
users

interacting
w

ith
a

sam
e

object
to

feel
each

other's
in�uence.

T
o

better
explain

this
point

let
us

consider
an

exam
ple

of
tw

o
users

touching
a

balloon
�lled

w
ith

w
ater

in
different

points.
E

ach
user

globally
deform

s
the

object.
A

s
a

consequence
of

such
global

deform
ations

each
users

is
able

to
feelthe

other
user's

in�uence.
C

learly
this

is
not

possible
if

interaction
forces

are
pre-com

puted,
based

on
past

force
values

or
based

on
a

rigid
shell

of
the

object.
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the
P

roblem

�
M

axim
ize

Z
�

w
idth

w
hile

m
aking

interac-
tion

stable

�
Inter

face
im

pedance
device

to
def.

object
(F

as
input)

W
e'll

present
a

solution
that

�
is

sim
ulation

m
ethod

independent

�
supports

m
ulti-point

contact

�
is

stable
and

allow
s

for
a

good
level

of
realism
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E
xtended

local
m

odel

O
ur

solution
is

based
on

the
“local

m
odel”

(LM
)

concept

A
dachi

(1995),
M

ark-R
andolph-T

aylow
(1996),

B
alaniuk

(1999)

�
obtain

sim
pli�ed

local
representation

of
object

(slow
)

�
haptic

interaction
w

ith
such

representation
(fast)

�
extension

1:
local

stiffness
is

also
consider

ed

�
extension

2:
LM

is
based

on
curr

ent
m

esh
shape

(changes
slow

ly)
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O
ur

contribution
In

this
lectur

e
w

e
propose

a
haptic

rendering
algorithm

that
is

independent
from

the
particular

sim
ulation

technique
used

and
allow

s
a

real
m

ulti-user
interaction.

T
he

solution
proposed

is
based

on
the

concept
of

local
m

odel
[A

dachi
'95,

M
ark

'96,
B

alaniuk'99]
adapted

to
the

case
of

deform
able

objects.
Local

m
odels

w
ith

defor
m

able
objects

O
ne

com
m

on
practice

that
allow

s
for

high
servo-rates

w
hile

interacting
w

ith
slow

ly
sim

ulated
virtual

envir
onm

ents
is

to
decouple

the
haptic

loop
from

the
graphics

and
sim

ulation
loops.

V
arious

techniques
have

been
proposed

in
the

past
in

order
to

accom
plish

this.
T

he
basic

idea
behind

all
of

these
solutions

is
to

use
a

sim
ple

im
plicit

function
that

appr
oxim

ates,
to

a
good

extent,
a

sm
all

part
of

the
object

being
touched.

M
ore

speci�cally
such

inter
m

ediate
representation

,
or

local
m

odel,
represents

the
part

of
the

object
w

hich
is

closest
to

the
curr

ent
position

of
the

haptic
device.

T
he

�gur
e

in
the

slide
gives

an
idea

of
this

sim
ple

concept.
S

uch
m

odel
can

be
com

puted
in

the
slow

sim
ulation

loop
w

ithout
the

user
noticing

discontinuities,
since

the
frequency

of
the

hum
an

hand
m

ovem
ent

is
typically

low
er

than
the

sim
ulation

frequency.
H

aptic
rendering

algorithm
s,

such
as

the
proxy

or
god-object

[R
uspini

and
K

athib
'97,

Z
illes

and
S

alisbury
'95],

can
run

at
high

rates
thanks

to
the

sim
plicity

of
the

im
plicit

sur
faces

involved.
E

xtending
the

local
m

odel
technique

to
the

case
of

deform
able

objects
w

ould
have

various
advantages.

It
w

ould
allow

us
to

decouple
haptic

loop
from

a
slow

ly
sim

ulated
deform

able
object

sim
ulation

thus
w

idening
the

Z
�

w
idth

of
the

device.
F

urther
m

ore
it

w
ould

create
a

haptic
rendering

algorithm
totally

independent
from

the
sim

ulation
technique

used.
S

uch
an

extension
is

how
ever

non-trivial
in

the
case

of
a

m
ulti-user

scenario.
In

order
for

different
users

to
feeleach

others'
in�uence

w
hile

touching
a

deform
able

object
a

local
m

odel
com

puted
using

the
curr

ent
sur

face
representation

of
the

object
should

be
used.

B
y

doing
so,

any
global

deform
ation

on
the

object
(due

to
any

user)
can

be
felt

by
all

other
users.

T
his

how
ever

com
plicates

the
overall

stability
of

the
system

.
C

om
puting

a
local

m
odel

for
rigid

objects
(or

for
“soft

rigid
objects”)

can
be

seen
as

an
“open

loop”
problem

.
G

iven
a

new
probe

position
inside

the
V

E
,

a
new

local
m

odel
can

be
com

puted
solely

based
on

geom
etric

considerations.
T

he
sam

e
does

not
apply

to
deform

able
objects.

T
he

local
m

odel
position

depends
on

the
state

of
the

object's
sur

face.
T

his
state,

on
the

other
hand,

depends
on

the
interaction

force
betw

een
user

and
virtual

object,
i.e.

on
the

local
m

odel
position.

H
ence

a
closed

loop
is

created.
S

uch
closed

loop
can

becom
e

unstable,
as

discussed
in

the
follow

ing,
thus

driving
both

the
V

E
and

the
haptic

inter
face

in
a

vibrating
state

that
com

pletely
destr

oys
any

sense
of

realism
.

In
order

to
avoid

these
problem

s
a

“sm
arter”

local
m

odel,
one

not
solely

based
on

geom
etrical

considerations,
m

ust
be

de�ned.



R
&

S
Lab

-
U

niversità
di

S
iena

6

R
igid

object
m

odeling

H
aptic Interface

            &

H
um

an O
perator

V
irtual

 E
nvi.

Local M
odel

O
bj P

os

F
orce

H
aptic P

os

H
aptic

V
irtual 

O
bject

Local

M
odel

�
T

he
virtual

envir
onm

ent
is

static

�
S

tandar
d

m
ethods:

god-object
and

virtual
proxy

[S
alisbury

et
al.,

1995],
[R

uspini
et

al.,
1997]

�
T

he
Local

M
odel

only
renders

the
force

to
the

user
[A

dachi
et

al.,
1995]
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D
efor

m
able

object
m

odeling

H
aptic Interface

            &

H
um

an O
perator

 V
irtual	

 E
nv.

 

O
bj P

os

H
aptic P

os

F
orce

Local 

M
odel

1K
H

z (fast)

20H
z (slow

)

H
aptic

V
irtual

O
bject

Local 

M
odel

�
T

he
virtual

force
is

fed
back

to
the

deform
able

object
also.

�
P

re-com
puted

sur
face

m
ethods

are
not

able
to

m
anage

m
ulti

contacts.

�
O

ne
m

ore
closed

loop
is

involved
w

ith
a

dynam
ic

virtual
envir

onm
ent.

S
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M
ultirate

system
—

stability
&

per
for

m
ances

�

��

�

20H
z

N

��

���

	


or

N

��


 ander

��

� ay
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E
xpander

and
D

ecim
ator

N
N
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W
hy

a
local

m
odel

?

Ideal
dynam

ic
behaviour:

x(k)
D

 (z)

H
aptic sys 

M
ultirate / LM

-1

F
(k)

F
(k)

Ideal

If
the

deform
able

object
sim

ulation
could

be
updated

at
1K

H
z,

its
dyn.

could
be

used
to

evaluate
the

virtual
force.

U
nfortunately

this
is

not
and

the
the

local
m

odel
is

needed
!

S
istem

i
R
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ntr
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-
B
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F
or

ces
along

nor
m

al
dir

ections

A
one

dim
ensional

analysis
is

perform
ed.
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S
tability

A
nalysis

(disr
egarding

the
hum

an
loop)

T
he

hand
m

otion
is

not
in�uenced

by
the

sensed
hand

force.

�

��

�

20H
z

?

��

� ay
N

N

��

	 ander



��

�


��

or
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H
aptic

loop
instability

?

Loosing
any

sense
of

realism

because
of

vibrations
.

S
istem

i
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-
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ertinor
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S
tability

—
L

T
I

sys
equivalence

x(k)
L(z)

D
(z)

Z
O

H
N

N

F
(k)

1/z

D
ecim

ator
Local M

odel
E

xpander

V
irtual E

nvironm
ent

M
ultirate

haptic
loop

,
L

T
V

periodic
sys

(1K
hz/20H

z)
,

L
T

I
sys

(20H
z)

Lifting
technique

[F
rancis

et
al.,

1988],
[K

har
gonekar

et
al.,

1985]

R
esult:

T
he

haptic
loop

is
A

.S
.

iff
the

L
T

I
sys

below
is

A
.S

.

D
(z)

1/z
L (z)

D

being
L

D
(z)

�
[A

NL
; P

N
�

1
i=

0
A

iL
B

L
;C

L
;D

L
]

and
[A

L
;B

L
;C

L
;D

L
]

a
realization

of
the

Local
M

odel
L

(z).
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S
tability

analysis
(P,

linear
spring)

K
0

L(z)

x
x

0

D
(z)

=
K

�
1

0
[20H

z]
L

(z)
=

K
h

[1K
H

z
]

L
D

(z)
=

K
h

[20H
z]

D
(z)

1/z
L (z)

D
G

(z)
=

1
1

+
K

o
K

h
z

A
.S

.
iff

K
h

<
K

o
(K

h
;K

o
>

0)

K
o

is
the

local
im

pedance
characteristics

of
the

def.
obj.
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P
erfor

m
ance

—
steady

state
err

or
(P

)

S
teady

state
error:

�
x

=
K

o

K
h

+
K

o
x

h

It
is

im
portant

to
obtain

an

overall
sense

of
realism

.

�
x

!
0

,
K

h
>

>
K

o

against
stability

K
h

<
K

o

H
aptic

V
irtual

O
bject

Local 

M
odel

S
teady S

tate E
rror

h
x

S
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T
radeof

f
betw

een
stability

and

per
for

m
ances

0
1

2
3

4
5

6
7

8
9

10
 

70

 
-60

 
-50

 
-40

 
-30

 
-20

 
-10 0

� �

� xy

p

�

� �

� om

Linear
spring

response
to

a
step

input
(K

o
=

0:9
and

K
h

=
0:1)

0
1

2
3

4
5

6
7

8
9

10
- 60

 -50

 -40

- 30

 -20

 -10 0

proxyphantom

Linear
spring

response
to

a
step

input
(K

o
=

0:2
and

K
h

=
0:19)

�
x

!
0

,
K

h
>

>
K

o

stability
,

K
h

<
K

o

=
)

add
an

integral
term

in
L

(z).
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S
tability

vs.
P

erfor
m

ances
S

im
ply

picking
K

h
and

K
o

to
obtain

a
stable

behavior
for

the
deform

able
object

is
not

enough
to

ensur
e

a
realistic

haptic
experience.

S
tability

is
in

fact
only

one
aspect

of
a

satisfactory
system

response.
In

the
follow

ing
w

e
w

ill
closely

study
both

transient
and

steady
state

response
for

our
system

as
w

ell
as

the
trade-of

fs
betw

een
such

behaviors.
T

ransient
response

F
actors

characterizing
the

transient
response

of
a

dynam
ic

system
,

such
as

settling
tim

e
and

overshoot,
play

a
key

role
in

the
case

of
realistic

haptic
interaction.

In
reality

in
fact

a
pur

ely
elastic

deform
able

object
w

ill
assum

e
a

new
sur

face
con�guration

instantaneously
and

w
ithout

vibrating.
In

our
case,

how
ever,

this
m

ight
not

alw
ays

be
true

and
certain

sets
of

param
eters

m
ight

lead
to

noticeable
oscillations.

It
can

be
show

n
that

settling
tim

e
(and

overshoot)
grow

s
w

ith
K

h
K

o
and

thus,
to

lim
it

such
effect,

it
should

be
K

o
�

K
h

w
henever

possible.
T

his
condition

does
not

contradict
the

stability
condition.

S
teady

state
response

F
actors

characterizing
the

steady
state

response
of

our
system

are
equally

im
portant

in
order

to
obtain

an
overall

sense
of

realism
.

In
general

the
stiffness

perceived
at

steady
state

by
the

user,
calculated

as
the

steady
state

force
divided

by
the

deform
able

object
sur

face
position

change,
is

alw
ays

equal
to

K
o

.
H

ow
ever,

due
to

the
natur

e
of

im
pedance

devices,
a

position
error,

de�ned
as

the
distance

betw
een

proxy
and

haptic
device

position,
is

alw
ays

present.
W

hile
such

error
m

ay
go

unnoticed
at

tim
es

due
to

the
lim

itations
of

the
hum

an
position

system
,

certain
thr

esholds
exists

above
w

hich
the

sense
of

realism
is

lost.
S

uch
error

is
equivalent,

in
our

speci�c
case,

to
the

steady
state

tracking
error

for
a

step
input

applied
to

the
system

(??
),

w
hich

is

equal
to

�x
o

=
K

h
K

h
+

K
o

x
h

:
In

order
to

lim
it

the
extent

of
such

error
to

be
under

the
hum

an
position

system
perception

thr
eshold,

it

should
be

K
o

�
K

h
.

T
his

w
ould

how
ever

drive
the

system
to

instability
and

thus
K

h
should

be
chosen

to
be

the
closest

possible
to

K
o

.
T

rade-of
f

betw
een

steady
state

and
transient

response
A

tradeof
f

betw
een

transient
and

steady
state

response
exists,

as
m

entioned
above

and
has

been
tested

experim
entally.

In
the

case
of

K
o

�
K

h
,

e.g.
K

o
=

9
K

h
,

the
system

response
has

virtually
null

settling
tim

e
but

the
steady

state
error

is
very

large
since

the
sur

face
m

oves
only

1cm
for

a
physical

m
ovem

ent
of

the
haptic

device
equal

to
10

centim
eters.

In
the

case
of

K
o

'
K

h
,

e.g.
K

h
=

0
:19

and
K

o
=

0
:2

,
the

system
response

has
a

settling
tim

e
of

about
2

seconds
and

it
is

thus
clearly

perceived
as

an
oscillatory

effect.
T

he
steady

state
distance

betw
een

proxy
and

phantom
position

is
how

ever
better

,
being

equal
to

25
m

m
for

a
sur

face
deform

ation
of

12
m

m
.
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S
tability

analysis
P

I

KB

00

L(z)

x
x

0

D
(z)

=
(K

0
+

B
0 (1

�
z

�
1))

�
1

[20H
z]

C
hoose

L
(z),

com
pute

L
D

(z)
and

then
apply

the
Jury

criterion.

(P
I)

L
(z)

=
K

h
+

I
1

z
�

1

+

(lifted
P

I)
L

D
(z)

=
K

h
+

N
I

z
�

1
)

K
0

+
K

h
�

N
I

>
0

K
0

+
2B

0
�

K
h

+
N

I
>

0

2K
0

+
4B

0
+

N
I

�
2K

h
>

0
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S
tability

volum
e

—
P

I

0 5 10 15 20 25 30 35 40

0
100

200
300

400
500

600
700

800
900

1000

K
h - stiffness proxy

I - integral term

S
tability analysis given K

o, deform
able object stiffness

T
he

stability
area

for
param

eters
K

h
and

IN
given

K
o

of
the

object

being
touched.

0
5

10
15

20
25

30
35

40
0

200

400

600

800

1000

0 2 4 6 8 10

S
tability analysis given K

o, deform
able object stiffness

K
h - stiffness proxy

I - integral term

Ko - deformable object stiffness

T
he

stability
volum

e
for

param
e-

ters
K

h
and

IN
T

w
hile

K
o

varies.

R
em

ark
K

h
and

I
are

chosen
inside

the
volum

e
in

a
robust

w
ay

so
that

stability
is

not
lost

for
errors

on
K

o .
S

istem
i

R
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A
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opici
-
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P
erfor

m
ance

—
C

O
H

�lter

C
runchy

force
feedback

due
to

the
slow

update

rate
(20H

z)
and

Z
O

H
)

substitute
Z

O
H

w
ith

C
O

H

F
(k)

x(k)

L(z)

D
(z)

Z
O

H

N
N

F
(k)

1/z

x(k)
D

(z)
N

N

F
(k)

1/z

C
O

H

Z
O

H
N /

1

P
I

P
I

Z
O

H
Z

O
H

N /
1

C
O

H
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C
ontinuous

order
hold

W
hen

using
a

continuous
order

hold
instead

of
a

zero
order

hold,
the

sur
face

of
the

object
does

not
jum

p
to

its
new

position
every

N
T

seconds
but

linearly
m

oves
betw

een
successive

positions.
H

ow
ever

an
extra

delay
is

intr
oduced.

W
hile

this
does

not
com

pr
om

ise
the

sim
ulation

loop
stability

it
m

ay
be

noticeable
in

the
case

of
large

values
of

N
T

.
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P
I-C

O
H

P
erfor

m
ance

V
isual

settling
tim

e
at

the

lim
it

F
orce

settling
tim

e
0:3

sec

[good
<

0:5]
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P
erfor

m
ance

—
overshoot

and
settling

tim
e

x(k)
L(z)

D
(z)

C
O

H
N

N

F
(k)

1/z

G
raphic S

ubsystem

x (k)
0

KB

00

L(z)

x
x

0

F
(k)

haptic
realism

settling
tim

e
less

than
0.5

secs
(exp.)

x
0 (k)

visual
realism

settling
tim

e
less

than
0.2

secs
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M
or

e
involved

LM
structur

es

T
he

m
ultirate

system
theor

etic
appr

oach
allow

s
to

analyze
m

ore
involved

local
m

odel
structur

es.
F

or
instance

those
based

on
the

S
m

ith
predictor

schem
e

[S
m

ith,
1959]

[A
rioui

et
al.,

2002].

x(k)
D

(z)

Z
O

H

N

N

F
(k)

1/z1/z
D

  (z)
D

   (z)
sV

sL

P
I
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C
onclusions

�
M

odeling
the

haptic
interaction

w
ith

def.
obj.

(m
ultirate

and
local

m
odel)

�
S

tability
and

perform
ance

(de�nition)
and

analysis

�
T

esting
P

I
and

predictor
based

contr
ollers

[C
D

C
02,

V
R

03]

�
E

xperim
ents

�
next

=
)
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C
onclusions

T
his

lectur
e

describes
new

techniques
allow

ing
users

to
haptically

interact
w

ith
a

set
of

deform
able

slow
ly-sim

ulated
objects.

In
particular

the
lectur

e
analyzes

possible
causes

of
instability

that
are

speci�c
to

the
case

of
deform

able
objects.

T
he

techniques
proposed

in
this

lectur
e

are
based

on
the

concepts
of

the
m

ultirate
system

theory
and

of
local

m
odel

for
haptic

interaction
previously

intr
oduced

by
various

researchers,
w

hich
are

adapted
for

the
particular

case
of

deform
able

objects.
E

xperim
ental

results
featuring

a
sim

ple
one-

dim
ensional

scenario
are

reported.
F

utur
e

w
ork

w
ill

focus
on

obtaining
m

ore
general

stability
conditions

for
the

overall
system

,
i.e.

considering
both

haptic
and

sim
ulation

loop
together

(passivity
theory).

M
oreover

the
proposed

stability
conditions

w
ill

be
extended

to
the

case
of

m
ore

com
plex

V
E

.
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F
utur

e
D

evelopm
ents

�

��

�

20Hz

O
n Line Iden

��

�

�

��

tion
A

daptive C

	 


� rol

H
um

� 


�

� op (passivity ?)
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R
efer

ences

T
his

lectur
e

is
m

ainly
based

on
the

follow
ing

contributions

F
.

B
arbagli,

D
.

P
rattichizzo,

and
J.K

.
S

alisbury,
“D

ynam
ic

local
m

odels
for

stable
m

ulti-contact
haptic

interaction
w

ith
deform

able
objects,”

in
P

roc.
of

the
11th

Inter
national

S
ym

posium
on

H
aptic

Interfaces
for

V
irtual

E
nvironm

ent
and

T
eleoperator

S
ystem

s
(H

A
P

T
IC

S
'03),

Los
A

ngeles,
C

A
,

M
arch

2003.

F
.

B
arbagli,

D
.

P
rattichizzo,

and
J.K

.
S

alisbury,
“M

ultirate
analysis

of
haptic

interaction
stability

w
ith

deform
able

objects,”
in

P
roc.

IE
E

E
Int.

C
onf.

on
D

ecision

and
C

ontrol,
Las

V
egas,

U
S

A
,

D
ecem

ber
2002.

M
or

e
info

F
or

m
ore

info
and

docs
on

this
lectur

e
please

refer
to

w
w

w
.dii.unisi.it/prattichizzo
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