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Abstract rithms can reach very high levels of computational complex-
ity, which translates into low servo rates and computational
In this paper we describe a new solution for stable haptic interacdelays. These effects, as shown by various authors in the past
tion with deformable object simulations featuring low servo rate¢Colgate and Brown 1994; Gillespie and Cutkowsky 1996;
and computational delays. The solution presented is a combinatidfiemeyer and Slotine 1997; Adams and Hannaford 1999),
of the local model and the virtual coupling concepts proposed igan often lead to various forms of unstable behavior.
the past. By varying the local model impedance depending on the In order to limit such effects, various approaches have
local stiffness of the deformable object, the interaction between locgken proposed in the past. Past solutions can be classified into
model and simulation can always be made stable independentlythfee main groups: simplify the deformable objects algorithms
low servo rates or computational delays. Moreover, by using moiig order to be less computationally heavy (Astley and Hay-
complex local impedances that feature an integral term, we are ablgard 1998; Cavusoglu and Tendick 2000; Cotin, Delingette,
to control the steady-state error between the device and the surfagad Ayache 2000); create a virtual coupling between hap-
of the deformable object. This allows us to maximizeZheidth  tic device and virtual tool in order to ensure passivity of
of the simulation, while obtaining overall stable behavior withouthe overall simulation (Colgate, Stanley, and Brown 1995;
using any added damping. The local model is always computgdiams and Hannaford 1999); create a model that approxi-
using the current deformable object surface, thus allowing for multinates the deformable object with which haptic interaction
point contact interaction, i.e., allowing multiple users to feel eacltan be computed at high servo rates (Adachi, Kumano, and
other’s influence on the object. The proposed solution is present€ijino 1995; Mark et al. 1996; Balaniuk 1999; James and Pai
and analyzed in a multirate setting. Experimental results employir@001; Mazzella, Montgomery, and Latombe 2002; Mahvash
a Phantom haptic interface are presented. and Hayward 2003, 2004). Solutions that belong to the latter
KEY WORDS—nhaptic interfaces, deformable objects, multi,EWO classes have the advantage of bei.ng simulatiqn method
point interaction, multi-rate, stability mdependent, i.e.,can be equally used with any algorlthm mod-
eling deformable objects. We will thus focus our attention on
these types of algorithms.
1. Introduction Algorithms belonging to the second class have the great
advantage of ensuring stable haptic interaction with a wide va-
Obtaining stable haptic interaction with deformable objectsiety of unknown virtual environments. In the most complete
such as those employed in force-feedback enhanced sufigirk on stable haptic interaction to date, Miller, Colgate, and
cal simulators, is a challenging task. Deformable object alg@reeman (2000) show that haptic interaction with a very gen-
- - eral class of virtual environments (non-passive, delayed and
The International Journal of Robotics Research . . . . "
Vol. 24, No. 9, September 2005, pp. 703-715, non-linear) can be accomplished by introducing additional
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to program virtual environments do not have to worry abouuted using a single matrix inversion, which is normally pre-
stability. The main drawback of these algorithms is, howevecpmputed off-line before the simulation starts. Moreover, we
that they rely on high servo rates, which often cannot be afocus our attention on the case of impedance haptic deévices
complished when interacting with deformable objects, and @uch as the Phantom.

damping, which compromises the overall transparency. To the best of our knowledge, the only other example of

Algorithms belonging to the third class have the advaralgorithms allowing multiple-point contact interaction with

tage of decoupling simulation and haptic rendering loop, thuideformable objects were proposed in James and Pai (2001).
allowing high servo rates. Their application to the case of de-
formable object simulations featuring low servo rates as we
as computational delays however can be a very challengi
task. This is due to additional stability problems that do n

Problem Description

have to be considered in the case of rigid objects. 0lthe state of the art on _deformable object simulation nor-
ggally features computational delays as well as slow servo

In thi r we present a haptic rendering algorithm th . )
this pape e prese ta. aptic rende g a19o t t rates & 100 Hz). One common practice that allows for high
allows for stable interaction with deformable objects featurlng o . : : .
ervo rates while interacting with slowly simulated virtual en-

computational delays and low servo rates, extending the re . . .
P Y g onments is to decouple the haptic loop from the graphics

sults presented in Barbagli, Prattichizzo, and Salisbury (200§Zd simulation loops. Various techniques have been proposed
to a multirate setting. The solution presented is simulation : PS. . qu propo:
*he past in order to accomplish this in the case of rigid vir-

method independent and can be seen as a combination' b

the two types of algorithms described above. More speci ual objects (Adachi, Kumano, and Ogino 1995; Mark et al,
. ypes ot alg - pe 996; Balaniuk 1999). The basic idea behind all of these solu-
ically, our solution may be seen as a fast virtual couplin

or local model that adapts its parameters on-line to the | ons is to use a simple implicit function that approximates, to

cal impedance characteristics of the deformable object beif ood extent, a small part of the object being touched. More

: L : - specifically, such intermediate representation, or local model,
touched. This allows for stable haptic interaction and a hig . T
. " . Srepresents the part of the object which is closest to the current
level of transparency, since no additional damping is injected’ . . ; . . . .
sition of the haptic device. Figure 1 gives an idea of this

in the system to make it stable. Here, stability refers to th:ﬁ?nple concept
simulation loop that plays a key role to guarantee the over- i . . .
P play y g Such a model can be computed in the slow simulation loop

all stability as shown in experimental results. In other terms, . . . o .
y P without the user noticing discontinuities, since the frequency

this work does not focus on the passivity analysis of the ha;())— . . .
. . . . f the human hand movement is typically lower than the sim-
tic loop; however, extensive experimental results have shown

that stable behavior is obtained by applying the solution dg_laﬂon frequency. Haptic rendering algorithms, such as the

! S o ... proxy or god-object (Zilles and Salisbury 1995; Ruspini, Ko-
scribed in this paper. A similar problem to that tackled in thl%rovy ang Khatin 19(97) can run at hig¥1 rates thanFI)<s to the

paper has been recently approached by Mahvash and H%}lrﬁ licity of the implicit surfaces involved
ward (2003, 2004) using a time-domain multirate passivity plicity « P . ' .
: Extending the local model technique to the case of multi-
analysis. o . . . . !
L . oint interaction with deformable object simulations featur-
It is important to note that the presented solution allow! . . -
ing computational delays and slow servo rates is non-trivial.

for multiple-point interaction, i.e., different users interactinqn order for different users to feel each other’s influence while
with a same object can feel each other’s influence. This feature

cannot be obtained by applying the standard haptic rend@rimpedance haptic devices accept forces and return positions (Adams and
ing algorithms (Zilles and Salisbury 1995; Ruspini, Kolaroytannaford 1999).
and Khatib 1997; Balaniuk 1999; Mazzella, Montgomery, and
Latombe 2002) to the case of deformable objects and sets
this work apart from that of other research groups. To better
explain this point, let us consider an example of two users
touching a balloon filled with water in different points. Each
user globally deforms the object. As a consequence of such
global deformations, each user is able to feel the other user’s
influence. Clearly this is not possible if interaction forces are
computed based on a rigid shell of the object (Ruspini, Ko-
larov, and Khatib 1997).

In this paper we focus our attention on admittance de-
formable objects$,whose elasto-static behavior can be com-

1. Impedance environments accept positions and return a new interaction

force. Admittance environments accept forces and return a new mesh position . .
(Adams and Hannaford 1999). Fig. 1. Local representation of object surface.
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touching a deformable object, a local model computed using
the current surface representation of the object should be used.
By doing so, any global deformation on the object (due to any
user) can be felt by all other users. However, this complicates
the overall stability of the system. Xp, X
Computing a local model for rigid objects can be seen as T I o
X
I
I
I

an “open loop” problem. Given a new probe position inside
the virtual environment (VE), a new local model can be com-
puted solely based on geometric considerations. The same
does not apply to deformable objects. The local model posi-
tion 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 | | L_ 1 I

closed loop is created. Such a closed loop can become unsta- — L[

ble, as discussed in the following, thus driving both the VE

and the haptic interface in a vibrating state that completely dgig. 2. The mechanical model of the haptic interface in-
stroys any sense of realism. In order to avoid these problenigsacting with a deformable object. The probe position is
a new local model, one not solely based on geometrical cofepresented by, and the proxy byx,. The inputs of the
siderations, must be defined. This can be seen as an adapfi¢l modelL are the proxy and the probe positions while
virtual coupling (Colgate, Stanley, and Brown 1995) whosghe output is the interaction force. The local model runs at

rate is completely decoupled from that of the deformable ol faster rate than the simulation engine of the deformable
ject simulation. objects.

2.1. Mathematical Description of the Problem

We consider the case of a one-dimensional deformable object
as shown in F_'9“Ie 2 and appro>_<|mate its behavior using '6 rator, computes the new interaction force with the local
Ioc_al meghanlcal impedance. This corresppncIs o the case fdel and writes such force to the haptic interface. Such a
using a simple plane-based local model, whichistangenttot B cess runs at high servo rates greater thaf (& 1 kHz).
object being touched at the point of contact, and simulating t

. . . . is allows for maximization of the dynamic range of the
one-degree-of-freedom interaction with such an object aloQR:hievable impedances of the devic idth as defined in
the contact normal.

: . . Colgate and Brown (1994).
Referring to Figure 2, the mechanical impedance along the The simulation loop is a process that computes how the

)r;-g:ree(c:g%n T:n gene;i:n;pﬁozamﬁ ’tﬁgﬁgﬁﬁggﬁlmem: dn;r?meraction force between haptic interface and local model in-
o piexdy icm ' N icalimp Hfuences the deformable object surface. Such a process is usu-
IS Ilngar we can refer_ ot Ihrough its discrete-time tranSfeeilly slow due to the complexity of the simulated environment
function. NoIe th".ﬂ a linear |mpgdance can be thought of a f/NT > 100 Hz). For simplicity such loops are considered
local appro>_<|mat|on_of amore mvc_JIved dynamics along th nchronized. Note that if the two loops are not synchronous
same direction. In th's. o_ne-d_|m<_an5|ona_l example, the pos't'?ﬁis always possible to consider an equivalent problem with
of the proxy used on it is coincident with the free end of th%ynchronized rates (Khargonekar, Poolla, and Tannenbaum

objectx, (Figure 2). . . :
o . 1985; Francis and Georgiou 1988).
The local model can be chosen with different dynamic be- Let k (k') be the integer variable for the low (high) rate

hawors that are modeled by the dl_scre_te-tlme t_ransfer_funﬁl-ne interval. In order to model the multirate nature of this
tion L(z). The system proposed in Figure 2 is multirate

. . . - system, we use aN-fold decimator whose outpyt(kN) of
in nature. EveryT secs a new haptic device position he high rate signaf (k') and theN-fold expander
is sampled and a corresponding interaction force equal tto

f(@) = L@@)[x,(z) — x,(z)] is fed back to the user. Such ) %,(kN), if K =kN

a force is sampled evelyT s by the simulation block return- X, (k) = { 0, otherwise

ing a new deformable object surface position al@rs, i.e.,

after a computational period. are used as shown in Figure 3. Note that variableas been

The time-domain representation of the closed loop memsed to distinguish the object surface position at low rate from
tioned above, in the case of a one-dimensional deformablgthatis the corresponding fast rate variable obtained through
object, is the one reported in Figure 3. Two closed loops eihe expander.
ist. The haptic loop is a process that reads the new position In the next section we consider the stability of the simula-
of the haptic interface while it is being moved by the humation as independent from the haptic loop, the one involving the
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Haptic Interface
& ZOH
on/ T Human Hand

A
continuous time f(K') f (kN) Ro((k +1)N) Xo(kN)
xn(K) + " | pef. obj. | Xo(K)
Local Mode > : ' > >
O—f LN Simul. Delay TN
0=27/T decimator 0=27/NT expander

Fig. 3. All the blocks that are typically present in a deformable object simulation with haptic feedback. Two separate closed
loops exist. The lower one is referred to as the simulation loop.

k
f(K') yff) uf,k)
K)= 0 Xo(K’
Xn(K') —>+Q—> L(2) I N D(2) % > 1 N H(2) Xo(K)

o=2n/T decimator ®=2n/NT 0=2n/NT expander ow=2n/T

Fig. 4. Simulation loop with generic discrete time transfer functions.

human operator. This is not sufficient to ensure overall stabitience of the reader, we briefly recall the definition of the
ity. However, the stability of the simulation loop plays a keylifted mapM of a generic map/ defined through actions on
role to guarantee the overall stability as shown in experimentalput—output time sequences:
data that supports the results presented in the following.

PP P 9 M wO). u). .. uN). .. )

2.2. Simulation Loop Stability — ((0), y(D),...,y(N),...) (2)
In Figure 4 L(z) is the discrete transfer function represent- u(0) u(N) T
ing the local model force algorithm, ardl(z) is the discrete u(l) u(N + 1)
transfer function representing the deformable object surfaceM : . ) : ;
admittance relating the deformable object position at time- : :
step(k + 1)N to the force exerted on the objectiat u(N -1 u(2N —1)
In Figure 4 a discrete-time zero-order hold described by (0) Y(N)
HEZ) =142 4724 47D (1) N y(1) y(N +1)
has been added after the expander to gain a zero-order hold : :
X o yw-1 ) \ yen-1

behavior of signals. Other types of holders can be simply taken
into account in this framework. In Khargonekar, Poolla, and Tannenbaum (1985) and Francis
The analysis of stability and performance of the multiratand Georgiou (1988) it has been proved that if dynamids
system of Figure 4 is approached in a multirate framewotinear, time-varying and periodic with peridd, it is equiva-
based on lifting techniques (Khargonekar, Poolla, and Tatentto alinear time invariant (LTI) system in the lifted domain
nenbaum 1985; Francis and Georgiou 1988). For the conwd that proving stability of lifted systeM is equivalent to
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)
(K ~ %
LU O+ L [F s (1| D) | vz | sT [ zow [Pk
N N 1 1 N

Fig. 5. LTI equivalent system. The deformable object dynamics does not change?mbilis the lifted version, of the local
modelL(z), with N inputs andV outputs.

proving the stability ofM. It is worth noting that the lifted
system runs at a lower rate than the non-lifted one. In partic-
ular, the time-step of dynamicd is N times larger than the u(Nk)

time-step of dynamica/. Henceforth we use symbot for O = AND), T = u(Nk+1)

all vectors and matrices defined in the lifted domain. o ’ o : ’

_ T_he basic idea is to find a system that is equivalent to _that u(Nk+ N — 1)

in Figure 4 but for which only the slower servo rate (with

time indexk) is considered. This is done by first transforming F(Nk)

the multirate simulation loop in an equivalent periodic system F(Nk+1)

and then noticing that this is isomorphic to an LTI systemwith ~ F (k) = : ; 4)
slower servo raté2z7 N)/T (Khargonekar, Poolla, and Tan- :

nenbaum 1985; Francis and Georgiou 1988). In particular, F(Nk+N-1)
Lemmata 27 and 28 of Khargonekar, Poolla, and Tannen- nd
baum (1985) are the key results that allow us to use the meff:
ods from LTI stability analysis applied to the lifted systems

I N N-1 N-2
to study the multirate system in Figure 4. A=AL = A BLAL By - By
It can be shown that the lifted LTI system can be repre- e
sented by the block diagram reported in Figure 5. Note that C,A,
the lifted LTI system equivalent to the multirate system in C = . (5)
Figure 4 is no longer single input single output (SISO). In :
particular, the input and output of the lifted local modek) | C.AY
are N-dimensional vectors. According to the vector notation, — D 0 01
the decimator can be modeled by the row vector -
C.B, D, 0 :
A D=1 c,a,B C.B D
LALDPL LPL L
Sy=[1 0 --- 0] . .
: : : 0
CLAQ’*ZBL C.A *1BL .o ... Dy

and the expander by the vect§). Let[A,, B,, C,, D,1bea - -

state space realization 6{(z) and letA (k') be its state vector Note that in the lifted dynamics only dimensions of input and

at fast rate. The low rate (time indeéxlifted dynamicsL (z) output vectors change while the state space dimension does
of the local model have state space realization, representeddy.

the quadrupl¢A, B, C, D] and state vectox(k), The block diagram reported in Figure 5 can be further sim-
plified to obtain the block diagram in Figure 6 by noting the
Tk + 1) = AX(k) + Bick) - following.
F(k) = Ci(k) + Diu(k) « The structure of the decimatk implies that only the

first output ofL(z) mfluences the deformable object
with dynamicsD(z), i.e., L =[AY B C., D;].
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y(Kk) u(k) in the case of a simple elastic approximation. In such a case,
/ / in fact, we have
Xh \\I \\I Z— 1 -t
LI Ln | b LRy D(2) = (Kn v ) ©)
— Z
where B, is equal to the local damping of the deformable
object divided by the time intervdlT. The simulation loop
analysis reduces to the study of the closed-loop transfer
o=2n/NT function
. . - (Ko + Bo)z — B,
Fig. 6. SISO equivalent LTI system describing slow-rate G(z) = (Kot Bz + K, — B
dynamics. 0T Po)z b 70

for which the asymptotic stability is guaranteed if and only if
Kh < Ku + 2Buv (10)

* For x,(k') = 0 the input toL is a vector withN  which is always satisfied if stability is guaranteed in the ab-
equal elements, and thus the LTI system in Figure Sence of damping (eq. 8).
is equivalent to that reported in Figure 6 with =
[AY, "N 'AiB,, C., D.]. Note that this holds also
for N-steps piecewise constani(k’) and not only for
zero values of, (k).

4. ProblemsWith ThisApproach

Simply pickingK, andK, to satisfy eq. (8) in order to obtain
In the block scheme of Figure 6, both the local model and stable behavior for the deformable object is not enough to
the deformable object dynamics are SISO systems. Sucleasure arealistic haptic experience. Stability isin factonly one
system describes the behavior of the multirate simulation log@spect of a satisfactory system response. In the following we
at the slow rate and it can be used to conveniently analygéosely examine both transient and steady-state response for
the stability of the simulation loop. In fact, using the result®ur system as well as the trade-offs between such behaviors.
in Khargonekar, Poolla, and Tannenbaum (1985) it can be )
shown that studying stability of the multirate loop in Figure 4+1. Transient Response
is equivalent to studying the stability of the LTI system inFactors characterizing the transient response of a dynamic
Figure 6. system, such as settling time and overshoot, play a key role
in the case of realistic haptic interaction. In reality, a purely
3. Proportional Local Model elas_tic d_eformable object will assume a new surface config-
uration instantaneously and without vibrating. In our case,
Consider a one-dimensional deformable object whose lod¥PWeVer, this might not always be true and certain sets of pa-
mechanical impedance is a simple spring rame'Fers_m|ght lead to notlcea_lble osc_lllatlons (see F_lgure 7.
Considering the transfer function (7), it appears obvious that

Z,=K, and D(z) = K" (6) settling time (and overshoot) grows wiky,/ K,, and thus to
) limit such effectk, should be chosen such th&t > K,
Let the local model be proportional whenever possible.
L(z) = K.

4.2. Steady-state Response

The simulation loop analysis reduces to the study of thlg h ina th q f
closed-loop transfer function (Figure 6) actors characterizing the steady-state response of our sys-

tem are equally important in order to obtain an overall sense
Gz) = 1 7 of realism. In general, the stiffness perceived at steady state
1+ (K,/Ky)z by the user, calculated as the steady-state force divided by the

. ... deformable object surface position change, is always equal

at the Iower_rateu N (2.”/NT)‘ The asymptotic stability is to K,. However, due to the nature of impedance devices
guaranteed if and only if (Yoshikawa et al. 1995), a position error, defined as the dis-
K, <K, 8) tance between proxy and haptic device position, is always

present. While such an error may go unnoticed at times due to

Note that using a visco-elastic approximation of the dehe limitations of the human position system, certain thresh-

formable object generally results in more stable behavior thaids exist above which the sense of realism is lost.
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oy

Phardom: T |

Phantom Fhanbam

(ah (] (cl

Fig. 7. Linear spring response to a step input forkg)= 0.9 N mnr* andk, = 0.1 N mn1?, (b) K, = 0.2 N mnm* and
K, =0.19 Nmnt!and (c)K, = 0.2 N mnT! andK, = 0.22 N mnt?. The time-scalex-axis, is in seconds while the proxy
and probe positions scalgsaxis, are in millimeters.

Such error is equivalent, in our specific case, to the steadgcal model, enhanced with an integral term in parallel to
state tracking error for a step input applied to system (7)he proportional term used before, has been implemented. A

which is equal to similar idea has been proposed and implemented in Massie
% (1996) for the case of rigid virtual walls.
K= — . (11) Referring to Figure 4, let us consider tletransform of
K, + K, the local model to be
In order to limit the extent of such error to be under the human TI TIiz™?
position system perception threshold, it shouldkhex K. L@ =K, + -1 K+ 171 (12)

This would however drive the system to instability and thu\?Vhere coefficient/ weighs the integral action of the local
K, should be chosen to be the closest possiblg to 9 g

model. Recall that both the proportional terkl, and the

. discrete integrator terr 7 /z — 1), run at a high servo rate
4.3. Trade-off Between Steady Stateand TransientResponse (2 / 7y while the deformable object simulation runs slowly

Atrade-off between transient and steady-state response exi§&,/NT)- The basic idea of such a scheme is that the com-
as mentioned above, and has been tested experimentally. Inhéed force thatis fed to the user and to the deformable object
case ofK, > K,, reported in Figure 7(a) whei&, = 9K,, simulation still depends on the haptic deV|.ce penetration ywt_h
the system response has virtually null settling time but tH&SPect to the local model. However, the integral term elimi-
steady-state error is very large since the surface approximat8ffes such error through time thus reducing the distance be-
moves only 1 cm for a physical movement of the haptic devidaveen proxy and haptic device p_osmon. This is accomplished
approximately equal to 6 cm. through a dual effect. On one side, the force fed back to the

In the case ofk, ~ K,, reported in Figure 7(b) where User by the haptic device grows, pushing the user's hand to-
K, = 019 N mm* and K, = 0.2 N mnr?, the system Wards the proxy position; on the other side, a larger force is
response has a settling time of about 2 s and it is thus cleafff! t0 the deformable object algorithm and thus tends to fur-
perceived as an oscillatory effect. The steady-state distari@€r indent the simulated surface, i.e., move proxy and hand
between proxy and Phantom position is however better, beiRgSition closer to each other.

approximately equal to 25 mm for a surface deformation of Clearly the stability condition (8) will no longer hold true
25 mm. In Figure 7(c)K, > K, and the system is clearly since the discrete transfer function describing the local model

unstable. is no longer a simple proportional term. As for the case of the
simple proportional local model, it is possible to obtain the
5. A Solution for Steady-state |mpedance: closed-loop LTI system in Figure 6 for the stability analysis as
i NTI 1
Using an Integral Term Glo) = (Z e Kh> — (13)

The main problem of purely elastic local models is that, in
order to obtain a non-oscillatory force feedback, the steadgnd
state position of the device cannot be controlled and can often G(2)

be larger than desired. In order to solve this problem, a new (@) = 1+ GG (14)
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Stability analysis given Ko, deformable object stiffness

10

» [o2] ©

N

Ko — deformable object stiffness

\/O

1000

800

600

integral term 40

0 5 10 15 20 25

Kh - stiffness proxy

Fig. 8. The stability area for parametdfs andINT given K, of the object being touched.

In order to study how the stability of the simulation loop de- The scalability of such areas is a consequence of the fact
pends on the parameteks, K,, andl, the method of Jury that in eq. (13)G(z) can be expressed witki, and ! nor-
(1964) has been applied. In order for the simulation loop to bmalized with respect t&,. This makes the stability of the
stable, the following conditions must hol&( > 0, K, > 0, simulation loop robust to errors due to the approximation of

and/ > 0) the deformable object dynamics as its local stiffn&ssIn
fact, the values oK, andI can always be picked based on
IINT — K| < K,, (15) VvaluesofK, lower than those returned by a deformable object
INT — 2K, > —2K,. simulator in order to have a certain stability margin.

Note that, as for the case of proportional local model, also

These relationships lead to a stability area for paramelers in this case the stability condition can only be improved by the
andINT for a givenk,, as those depicted in Figure 8. presence of damping in the deformable object dynamics. In
PickingK), and! inside such an area will lead to an asympfact, for visco-elastic local dynamics of the deformable object

totically stable behavior for the simulation loop, unstable oth9), the stability loop analysis (Figure 6) reduces to the study
erwise. Itis important to note that such an area has the sagf&he closed-loop transfer function

shape for different values of,. Larger values oK, imply
areas scaled upward. A stability volume such as that depictg{{z) _ (Ko + Bo)z> 4 (=Ko — 2Bo)z + Bo

in Figure 8 can be definednterestingly, the simulation loop (Ko + By)z? + (K, — Ko — 2By)z + B+ NI — K,
tends 10 have_larger_s_llces for h|gh_er va!ues,’_g;‘that 13, I IS and according to Jury's method stability is met if and only if
eaS|e_rto optam stab_lllty when deallng.wnh stiffer quects (l.ethe following conditions hold

the simulation loop is easier to stabilize when stiffer objects

are simulated). This however does not mean that infinitely IINT— K, + B,| <K, + B,,

stiff walls can be rendered due to the limits on théerm of INT — 2K, > —9K — 4B (16)

the local model imposed by the stability of the haptic loop " ? >

(Colgate and Brown 1994). Conditions (16) are always satisfied if inequalities (15) hold,

3. Note that only some slices of the solid are shown to better give the ideaioe-_’ if stability i$ guaranteed in the absence of damping in
the volume. object deformationsB, = 0.
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Fig. 9. Probe and proxy positions for proportion&}, = 0.1 N mn1?, and integral/ = 0.003 N mnt? s7* (with offset),
local model. The object is modeled with a spring with elastigity= 0.3 N mnr?,

The effect of the proportional and integral local model has The errore integrated by thd term must be chosen very
been tested experimentally in the case&kgf= 0.1 N mnt?, carefully. Choosing such an error as the distance between
I = 0003 N mnt! s!, K, = 03 N mnt%, B, = proxyand haptic devices, i.e.= x, — x,, may lead to unre-

0.0 N s mnt?. In Figure 9 the proxy and the haptic probealistic effects. In such a case, in fact, théerm will tend to
position have been reported as a function of the time. THerce proxy and haptic device positions to be as close as possi-
advantages of using a proportional and integral local modele, ultimately leading to an “object exiting” situation such as
are clear: the steady-state error reduces to a user-defined tfft described above. Feeding thierm withe = x;, —x, — 6,

set introduced to avoid the limit condition where the proxyhered is given by

and the haptic probe position coincide. Note that such a limit

condition would generate critical behavior to any collision ¢ = { 0 ']f €= g €. ncr)]con:]act . a7)
detection algorithms. Also the settling time improves with the 6 Ite>0,le.,whentherels contact
integral term. andé is the maximum error between proxy and device po-

sitions that we decide to tolerate at steady state, will ensure
“enough” distance between proxy and haptic devices.
The side effect of using an “integration threshold” is that a

proposed goals, in practice some changes must be mad&fsuch error is always contro!lable and can be made very
order to adapt it to the real case of haptic interaction. small. In the end, every force will be affected, at steady state,

In order to prevent the surface of the deformable obje&y a small offset error, which is an acceptable compromise on
feeling unrealistically active, the feedback force to the usdhe overall performances of the system.
should be null when the user is not in contact with the ob- [N practice, a variable threshottlhas been used. More
ject, i.e., when the proxy and haptic device positions coincidéPecifically,¢ can be made a function of the HI device pen-
While this is implicit in the case of proportional local models &tration speed, i.e¢, = X, — x;, or/and on the current total
the same does not hold for proportional integral ones. Th@lue of the integral term. In the current implementatias
force due to the integral term should be eliminated. Howeve#!Ven by
this should not occur instantaneously when pulling out of the

5.1. Some Notes on Proportional Integral Local Models

object but should be a somewhat linear process. One possible 0 ife <0,i.e.nocontact

approach, successfully tested in this work, is based on driving

the integral term to zero linearly over an a priori fixed time 0, ife>0andx,—x,) <0

interval. If such an interval is picked to be comparabldlio 0 —

the visual delay introduced by this solution will not be no- ]9_2 if e > 0and(x, — x,) > 0andl,, < I,
ticeable. Moreover, the object surface will not pop up to its

original configuration but will do so in a more gradual way. g, ife>0and(x, —x,) >0andl, > i,.

Typical time intervals can be small multiples Nf. Longer (18)
periods introduce higher delays on the surface movement but
lead to a nicer, more gradual force feedback effect. Hence 6 is zero when there is no contact with the object; it
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grows linearly when penetrating the object up to a certain limget up for one-dimensional experiments. In particular, the un-
and then is fixed to such limit; it is set to different values whedeformed object surface is at 0 mm and collision is detected
entering an object and when exiting an object. The value ofwhen the Phantom probe is lower or equal to 0 mm. After colli-
should linearly grow to its set valu® while penetrating the sion is detected, the proxy algorithm starts and a displacement
object, because otherwise the integral term would not be actietween the Phantom probe and the proxy is processed by the
for penetrations smaller th@. Moreover, itis very useful to local modelL (z) at 1 kHz generating the force fed back to the
have different values a@f depending on the penetration speediser and to the deformable object running at 20 Hz. Plots in
and sign. Infact, itis usually desirable to have small thresholdsgures 7 and 9 refer to the case of proportional local model
while penetrating an object, in order to limit the steady-stat@nd proportional and integral local model, respectively. The
force offset, and large thresholds while exiting the object, itime-scale x-axis, is in seconds while the proxy and probe
ordertolimitthe cases whenthe penetration error drops to zguositions scales;-axis, are in millimeters.
and the surface is brought back to its original configuration. As pointed out in the previous sections, Figure 7 shows
how low steady-state errors can be gained to the detriment of
6. Local Model Algorithm settling time and stability. In fact, in Figure 7(k), is closer to
The algorithm we have used in conjunction with sIowaK” and the settling time is larger than the case of Figure 7(a)

. . . . hereK, « K, or lower than the case of Figure 7(c) where
simulated deformable objects can be summarized as in t¥¥e - . . L
following. he stgbll|ty condition (8) is not satisfied. N _

In Figure 9 plots of proxy and probe position over time have
Algorithm been reported for the proportional and integral local model.
Step 1. The local model is calculated inside the slow simulal he integral action yields both low steady-state error and set-
tion loop using the current surface configuration of th&ing time. An offset equal to 4 mm has been added to the error
deformable object, as if it was static. In order to simuSignal integrated over time by the local model. Consequently,
late the local geometry of the deformable object at thile steady-state error in Figure 9 is equal to 4 mm. Recall that
contact point we employ simple geometric primitivesthe integral input offsetis required to avoid collision detection
such as planes and spheres, as proposed in Adachi, klgorithm problems.

mano, and Ogino (1995) and Balaniuk (1999). The proposed algorithm has been also used to control the
contact interaction with more complex deformable objects as

tIPose reported in Figure 10. Deformations and forces along
Normal directions to the undeformed object are managed ac-
ording to the proposed algorithm. In particular, a simple pro-
ortional local model is used. In Figure 10(a) the proportional
in of the local model is set to®N mnt?! while in Fig-
ure 10(b) it is set to @ N mnt?. The result is that in the
%irst case the difference between the proxy and the Phantom
probe is lower than the second case, which exhibits a lower
steady-state error.
Figure 11 shows some frames of an unstable behav-
Step 3. The force that the local model returns to deformablgyr video sequence. This is obtained by increasitigto
object simulation, for it to compute its next configura-1.2 N mn?, which does not satisfy the stability condition
tion, is evaluated as the last force returned to the haptfg) k, = 1.0 N mnt?* (Extension 1).
device. In Figures 10 and 11 the propagation of the deforma-
| : tion from the contact point to the neighborhoods is obtained
n the case of very large computational delays, the user . .
still has the impression of touching a deformable object. | rough suitable shape f_unctlons. The pr(_)posed proxy a_lgo—
hm for deformable objects can be easily rearranged in a

such cases, the local model resuits as an even more funmu_lti oint contact framework (Extension 2). Details on force
mental block since it allows for fast collision detection, given P :

o : ; and displacement propagation and on multipoint contact can
its simple shape (plane or sphere), and stable interattion. be found in de Pascale et al. (2004).

Step 2. K, (and eventually’) are chosen inside the volume
described in Figure 8. We assume that the value
K, is returned by the algorithm used to simulate th
deformable object, i.e., this paper does not deal wit
methods to estimate local stiffness (real or appare
of deformable objects. It is important to note, howeve
that the overall stability of the local model is robust t
errors onk, if the local model'sK, and terms are
computed using a value @&, lower than that returned
by the deformable object simulation algorithm.

7. Experiment

. Conclusion
The proposed proxy algorithm has been tested using a Pha8n—c0 ciusions

tom Desktop device. A simple experimental testbed has bebrthis paper we have described new technigues allowing users
4. Using a normal virtual coupling with a delay of 10 ms, for instance, Woults0 haptlcally interact with a deformable ObJeCt simulation fea-

result in the user penetrating the virtual object too much and obtaining 2H"NY ComPUtauon"f‘l delays and low servo 'jates- In order to
unrealistic force response. have stable interaction, we propose an adaptive local model (or
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Fig. 10. A deformable object represented by triangular meshes. The local modé,giset to 07 N mnt! in (a) and to
0.6 N mnt?in (b).

(© (d)

Fig. 11. Unstable sequence of haptic interaction with deformable objects. In this case instability is due to the high level of the
local model proportional gairk, = 1.2 N mnt?,
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