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Lectur e Summary

A new technique for allowing users to haptically interact with a defor mable slowly-simulated object in a stable manner is
presented. Stability has been appr oached in the past by various researchers using passivity theory in order to avoid having
to model the human operator closing the haptic loop. None of these solutions however can work well without the use of high
update rates and thus break down in the case of haptic interaction with slowly simulated virtual envir onments such as the
ones featuring highly precise defor mable objects. This is particularly true for the case of surgical simulation with force
feedback, wher e precision is a key issue and wher e complexity can reach high levels. The technique presented in this lectur e
are based on the concepts of local model for haptic interaction adapted to defor mable objects. A multi-rate system theor etic
appr oach is used to prove the stability of the simulation loop. Work is in progress to analyze the stability of the multi-rate
system by means of the passivity theory.

All the data presented in the lectur e have been collected thr ough experiments running on a PHANTOM haptic inter face.

Sistemi Robotici Antr opici - Bertinor 0 2003



R&S Lab - Universita di Siena 2

the Problem
Rigid Object Defor mable Object

Pai's experiment

Less results are present for defor mable objects.
Rigid object stability analysis [Colgate, Hannafor d et al.]
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Motivation (the Fetouch system)

Conuence of Ultrasound (fetus) and Haptic techniques

www.fetouch.or g (the Sw is freely available)
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the Problem / Intr oduction

Simulation of defor mable objects has been widely studied in the past decades. Haptic interaction with defor mable objects is however
a mor e recent eld of research, the rst results dating back to the mid 90's. As of today no solution has been accepted as a standar d and
many open problems still exist.

Finding the right trade-of f between the level of precision allowed by a specic simulation technique and its speed has been the main
challenge in creating realistic haptic interaction with defor mable objects. High precision techniques, such as those based on the FEM, tend
to be very slow, strongly limiting the haptic interaction servo-rates and compr omising the device's stability. Simpler techniques, such as
spring and masses, are typically not feasible for applications wher e a high level of realism is necessary, such as surgical training.

Stable haptic interaction has been widely studied in the last decade. The rst efforts in this dir ection have dealt with simple
rigid objects, such as the virtual wall [Colgate '93, Hannafor d '98]. While these results are not directly applicable to complex virtual
envir onments, such as the ones consider ed her eafter, they have given great insight on how haptic devices work. In [Colgate '93] it has been
shown the existence of a link between servo-rates used to contr ol a haptic device and the range of impedance that the device can display
in a stable manner (Z width of the device). Higher servo rates are needed in the case of stif fer objects while lower servo-rates can be used
in the case of mor e complaint objects. As a consequence of this it is common practice to drive haptic devices at rates of at least 1KHz.

Previous work on defor mable objects

Various solutions have been proposed in order to obtain stable haptic interaction with slowly simulated defor mable objects. All of
such solutions are based on nding ways to simplify existing high precision techniques to a level that allows for haptic rates ( 1KHz)
while not strongly limiting their level of precision.

Bur dea (1998) as well as Haywar d (1998) and Zhuang (2000) all propose simulating defor mable objects using different meshes
updated at dif ferent frequencies. This allows for local speed and precision.

Pre-computation has also been employed by various authors. James (2001) and Cotin (2000) propose various ways to compute
interaction forces using off-line pre-computed functions.

The drawback of all the solutions above is that haptic rendering algorithms and simulation techniques become inter -dependent. In
general it is not possible to use the same haptic rendering algorithms with dif ferent simulation techniques.

Solutions that are independent from the particular simulation techniqgue used have also been proposed in the past.

Bosdogan (1998) as well as Ruspini (1997) compute forces proportional to the penetration depth of the virtual probe contr olled by the
user with respect to the sur face of the defor mable object at rest. As a consequence the haptic loop is performed on a rigid representation
of the defor mable object and ther efore can run at high servo rates.

Mazzella (2002) proposes a data structur e, called the Forcegrid, which is updated every 30Hz using an extrapolation algorithm that
keeps track of all past interaction forces with the defor mable object. In order to drive a haptic device at high servo-rates an algorithm
performing interpolation of past forces is used.

Drawback

The drawback of all of the solutions above is that they do not allow multiple users interacting with a same object to feel each other's
inuence. To better explain this point let us consider an example of two users touching a balloon lled with water in different points. Each
user globally defor ms the object. As a consequence of such global defor mations each users is able to feel the other user's inuence. Clearly
this is not possible if interaction forces are pre-computed, based on past force values or based on a rigid shell of the object.
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the Problem

]

Maximize Z width while making interac-
_zﬂwwﬂéoom ommmuwwm tion stable
DEVICE Inter face impedance device to def. object
~1KHZ sz (F as input)

i

We'll present a solution that
IS simulation method independent
supports multi-point  contact

Is stable and allows for a good level of realism
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Extended local model

Our solution is based on the “local model” (LM) concept

Adachi (1995), Mark-Randolph-T aylow (1996), Balaniuk (1999)

obtain simplied local representation of object (slow)
haptic interaction with such representation (fast)
extension 1: local stif fness is also consider ed

extension 2: LM is based on curr ent mesh shape (changes slowly)
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Our contribution

In this lectur e we propose a haptic rendering algorithm that is independent from the particular simulation technique used and allows
a real multi-user interaction. The solution proposed is based on the concept of local model [Adachi '95, Mark '96, Balaniuk'99] adapted to
the case of defor mable objects.

Local models with defor mable objects

One common practice that allows for high servo-rates while interacting with slowly simulated virtual envir onments is to decouple the
haptic loop from the graphics and simulation loops. Various techniques have been proposed in the past in order to accomplish this. The
basic idea behind all of these solutions is to use a simple implicit function that appr oximates, to a good extent, a small part of the object
being touched. More specically such inter mediate representation, or local model, represents the part of the object which is closest to the
curr ent position of the haptic device. The gur e in the slide gives an idea of this simple concept.

Such model can be computed in the slow simulation loop without the user noticing discontinuities, since the frequency of the human
hand movement is typically lower than the simulation frequency. Haptic rendering algorithms, such as the proxy or god-object [Ruspini
and Kathib '97, Zilles and Salisbury '95], can run at high rates thanks to the simplicity of the implicit sur faces involved.

Extending the local model technique to the case of defor mable objects would have various advantages. It would allow us to decouple
haptic loop from a slowly simulated defor mable object simulation thus widening the Z  width of the device. Further mor e it would create
a haptic rendering algorithm totally independent from the simulation technique used. Such an extension is however non-trivial in the case
of a multi-user scenario.

In order for different users to feel each others' inuence while touching a defor mable object alocal model computed using the curr ent
sur face representation of the object should be used. By doing so, any global defor mation on the object (due to any user) can be felt by all
other users. This however complicates the overall stability of the system.

Computing a local model for rigid objects (or for “soft rigid objects”) can be seen as an “open loop” problem. Given a new probe
position inside the VE, a new local model can be computed solely based on geometric considerations. The same does not apply to
defor mable objects. The local model position depends on the state of the object's surface. This state, on the other hand, depends on
the interaction force between user and virtual object, i.e. on the local model position. Hence a closed loop is created. Such closed loop
can become unstable, as discussed in the following, thus driving both the VE and the haptic inter face in a vibrating state that completely
destr oys any sense of realism. In order to avoid these problems a “smarter” local model, one not solely based on geometrical considerations,
must be de ned.
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Rigid object modeling

Haptic Pos Haptic Interface

[ ety ) -
L J

Human Operator

+
m: Local Model
y § Force

Virtual
Object

Obj Pos

The virtual envir onment is static

Standar d methods: god-object and virtual proxy
[Salisbury et al.,, 1995], [Ruspini et al., 1997]

The Local Model only renders the force to the user [Adachi et al.,, 1995]

Sistemi Robotici Antr opici - Bertinor 0 2003



1KHz (fast)

Haptic Pos ﬂ Haptic Interface J
& P
ﬁ Human Operator L
20Hz (slow)
N F q — ; z~ Haptic
ﬁ: o Jd — : r_ Lo _ Virtual
A Model g > Env. el
J Local
Obj Pos Model

The virtual force is fed back to the defor mable object also.
Pre-computed sur face methods are not able to manage multi contacts.
One mor e closed loop is involved with a dynamic virtual envir onment.
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Multirate system — stability & per for mances

aptic Interfac md
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Expander and Decimator

;@J "
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Why a local model ?

Ideal dynamic behaviour:

F (K
XA_AV 1 Ideal
» D (2) >
Haptic sys F(k)
—> —>

Multirate / LM

If the defor mable object simulation could be updated at 1KHz, its dyn. could be
used to evaluate the virtual force.

Unfortunately this is not and the the local model is needed !
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A one dimensional analysis is perfor med.
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Stability Analysis (disr egarding the human loop)

The hand motion is not inuenced by the sensed hand force.

1% N ay N

or ander
20Hz

Sistemi Robotici Antr opici - Bertinor 0 2003




R&S Lab - Universita di Siena 13

Haptic loop Instability 7

Loosing any sense of realism
because of vibrations .
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Stability — LTI sys equivalence
F(k)
|v
Virtual Environment
x(k)
» L(2) > «z —» D(z2) P> 1, > »z —» ZOH
B Local Model Decimator Expander

Multirate haptic loop , LTV periodic sys (1Khz/20Hz) , LTI sys (20Hz)

Lifting technique [Francis et al., 1988], [Khar gonekar et al., 1985]
Result: The haptic loop is A.S. iff the LTI sys below is A.S.

z) " D) ™ Y%

P |
being Lo (z) [A);: _ZHOH>_r_wr_Or_DLm:Q [AL;BL;CL;D_] arealization of

the Local Model L(2).

14
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Stability analysis (P, linear spring)

?

L(z)

X —— e _—————

D(z) = K, [20HZz] L(z) = Kn [1KHz] Lo (z) = Kn [20HZ]

L2y " D@ [ % G(z) =

1
K
+ >0
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Ko is the local impedance characteristics of the def. ob.
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Perfor mance — steady state error (P)

Steady state error:

X = Ko X
Kn+ Kg "

It is important to obtain an
overall sense of realism.

x! 0 | Kn >> Ky

against stability Kp < Ky

Haptic

Steady State Error
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Tradeof f between stability and
per for mances

N :

10

-10-

-20-
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Linear spring response to a step Linear spring response to a step
input (Ko, = 0:9and K, = 0:1) input (Ko, = 0:2and K, = 0:19)
x! 0 Kn>> Kg

=) add an integral term in L(2).
stability _ Kh < Ko
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Stability vs. Perfor mances

Simply picking K |, and K o to obtain a stable behavior for the defor mable object is not enough to ensur e arealistic haptic experience.
Stability is in fact only one aspect of a satisfactory system response. In the following we will closely study both transient and steady state
response for our system as well as the trade-of fs between such behaviors.

Transient response

Factors characterizing the transient response of a dynamic system, such as settling time and overshoot, play a key role in the case of
realistic haptic interaction. In reality in fact a pur ely elastic defor mable object will assume a new sur face con guration instantaneously and
without vibrating. In our case, however, this might not always be true and certain sets of parameters might lead to noticeable oscillations.
It can be shown that settling time (and overshoot) grows with ﬂ|w and thus, to limit such effect, it should be K g K whenever
possible.

This condition does not contradict the stability condition.

Steady state response

Factors characterizing the steady state response of our system are equally important in order to obtain an overall sense of realism.
In general the stif fness perceived at steady state by the user, calculated as the steady state force divided by the defor mable object sur face
position change, is always equal to K . However, due to the natur e of impedance devices, a position error, de ned as the distance between
proxy and haptic device position, is always present. While such error may go unnoticed at times due to the limitations of the human
position system, certain thr esholds exists above which the sense of realism is lost.

Such error is equivalent, in our specic case, to the steady state tracking error for a step input applied to the system (??), which is

K - " . .
equal to xg = _A:+|:_on h - In order to limit the extent of such error to be under the human position system perception thr eshold, it
should be K ¢ K - This would however drive the system to instability and thus K |, should be chosen to be the closest possible to
Ko.

Trade-of f between steady state and transient response

A tradeof f between transient and steady state response exists, as mentioned above and has been tested experimentally. In the case
of K g Kh,e0 Ko = 9Ky, the system response has virtually null settling time but the steady state error is very large since the
sur face moves only 1cm for a physical movement of the haptic device equal to 10 centimeters.

In the case of K g Kh,e0 Kpip = 0:19 and Ko = 0:2, the system response has a settling time of about 2 seconds and it
is thus clearly perceived as an oscillatory effect. The steady state distance between proxy and phantom position is however better, being
equal to 25 mm for a sur face defor mation of 12 mm.
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Stability analysis Pl

?

L(z)

X —— e _—————

D(z) = (Ko+ Bo(1 z ) * [20HZ]

Choose L(z), compute Lp(z) and then apply the Jury criterion.

(PhL(z) = Kp+ I 2

z 1 Ko+ Kp NI > 0
+
- Ko+ 2Bo Kh + NI > 0
lifted PI)Lp(2) = Ky +
A JLo(2) = Kn+ 77 Ko+ 4Bo+ NI 2Kn > O
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Stability volume — PI

Stability analysis given Ko, deformable object stiffness
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| - integral term

The stability area for parameters
Kn and I N given K, of the object
being touched.

Remark Ky and | are chosen inside the
stability is not lost for errors on K.

Stability analysis given Ko, deformable object stiffness

ct stiffness

Ko - deformable obje

N
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S
1S3

@
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integral term 40
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Kh - stiffness proxy

The stability volume for parame-
ters Kp and INT while K, varies.

volume in a robust way so that
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Perfor mance — COH lter

Crunchy force feedback due to the slow update "

rate (20Hz) and ZOH \
) substitute ZOH with COH

: /

K
(k) P «Zlv D) > 1 IV»ZIVOO_._I;
Fly | ] COH [ =1 ZOH [ ZOH l@
L(2)
x(K) ﬁ
PI > N D@ > Y s $N [» zOH
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Continuous order hold

When using a continuous order hold instead of a zero order hold, the sur face of the object does not jump to its new position every
N T seconds but linearly moves between successive positions. However an extra delay is intr oduced. While this does not compr omise the
simulation loop stability it may be noticeable in the case of large values of N T .




R&S Lab - Universita di Siena 21

PI-COH Perfor mance

Visual settling time at the
limit

Force settling time 0:3 sec
[good < 0:5]
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Perfor mance — overshoot and settling time

H Graphic Subsystem 11

L(2)

?

L(z) > N[> D@ (% [ PN sl con
T o |

X mmmm e

F (k) haptic realism
settling time less than 0.5 secs (exp.)

Xo (k) visual realism
settling time less than 0.2 secs
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Mor e involved LM structur

23

€S

The multirate system theor etic appr oach allows to analyze mor e involved
local model structur es. For instance those based on the Smith predictor

scheme [Smith, 1959] [Arioui et al., 2002].

x(K)

Pl

«Z

D(z)

Dy (2)

N, zoH

D, (2)
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Conclusions

Modeling the haptic interaction with def. obj. (multirate and local model)
Stability and performance (de nition) and analysis

Testing Pl and predictor based contr ollers [CDC02, VRO03]

Experiments

next =)
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Conclusions

This lectur e describes new techniques allowing users to haptically interact with a set of defor mable slowly-simulated objects. In
particular the lectur e analyzes possible causes of instability that are specic to the case of defor mable objects. The techniques proposed
in this lectur e are based on the concepts of the multirate system theory and of local model for haptic interaction previously intr oduced
by various researchers, which are adapted for the particular case of defor mable objects. Experimental results featuring a simple one-
dimensional scenario are reported.

Futur e work will focus on obtaining more general stability conditions for the overall system, i.e. considering both haptic and
simulation loop together (passivity theory). Moreover the proposed stability conditions will be extended to the case of mor e complex VE.
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Futur e Developments

Hum op (passvity ?)

F
)

Adaptive C  rol On Line Iden  tion
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