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Abstract

A method is deseribed whereby the virtual haptic in-
teraction with deformable elastic objects is created
in terms of two processes: a slow process which car-
ries out the simulation, and a fast process to render
forces. Passivity theory is used to design an update
strategy which reproduces exactly pre-computed re-
sponses between a tool and an object. This yields
a design procedure for adjustable local models which
guarantee the passivity of the interaction while pre-
serving fidelity. Two examples of local models are
given and some experimental results are reported.

1 Introduction

Creating a force reflecting virtual environment which
simulates the details of actual contacts is a challenge.
Moreover, the stability of an artificial haptic interac-
tion is usually lost due to the discrete nature of the
simulation, even when the update rate is in principle
sufficiently high to represent the physics of a contact.
We propose a method which provides stability as well
as fidelity of the interaction in a multi-rate setting. A
low rate process passes the contact responses to a fast
control unit which provides passivity while preserving
the details of the response. The computations done by
the fast control unit are minimal, so this unit can be
conveniently implemented using ordinary computing
piatforms or embedded processors.

The design of a passivity-based control strategy us-
ing model updates is first discussed in the general case.
The technique is exemplified for the case of “poking”
a surface and for the case of 3D interaction of a given
tool with a virtual elastic object which can be inho-
mogeneous and/or anisotropic. The simulation also
includes friction.

A useful approach to the stability of a haptic inter-
action is based on passivity because a system model
of the operator is not required in the design. What
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is required instead is passivity of the artificial system
which creates the virtual haptic interaction and that
of the operator. Stability is achieved by providing
passivity for all the components of the system. This
is similar to what happens in the physical world when
objects come into contact. Passivity and fidelity of
the artificial system are sufficient to create realistic
artificial contacts whether the interaction is stable or
not.

2 Related Work

Anderson and Spong pioneered the use of passivity
theory in teleoperation systems. They introduced the
basic notions needed to analyze force feedback sys-
terns in terms of passivity [2]. A complete system
was divided into four passive subsystems and a non-
passive communication block. This made it possible
to design a control such that the complete system re-
mained passive. Niemeyer and Slotine adopted a simi-
lar framework and successfully used the notion of wave
variables to provide stability as well as explicit design
tradeofts regarding fidelity [12]. This framework was
also used by Yokokohji et al. to deal with fluctuating
time delays [14].

Colgate and Shenkel used passivity to study the
the effect of discrete time implementation of a vir-
tual environment and derived a sufficient condition
for stability [4]. Miller ef al. later derived a suffi-
cient condition for stability for a broad class of non-
linear and time delayed virtual environments [11]. To
provide stability, the approach is to introduce a vir-
tual coupling to combat the effects of delay and dis-
cretization [1, 3, 11]. Recently, Hannaford and Ryu
employed a different strategy involving a passivity ob-
server coupled to a time-varying passivity controller
designed to inject damping into the system [5]. In
all these approaches, fidelity may be compromised to
gain stabillity.

The excellent survey by Salisbury et al. describes



many important issues in haptic rendering, including
the need for fidelity in some applications [13]. The
authors suggest that calculating forces from a poten-
tial field can provide passivity for contact interaction
with three dimensional virtual bodies, but the design
of these fields was left as an open question.

The present paper adopts notions developed for
teleoperation and uses them for haptics, considering
that the remote environment, the slave robot, and
the communication link are replaced by the compu-
tational simulation of a tool interacting with a body.
Thus, the five basic subsystems of teleoperation are
replaced by three in haptics as seen next.

3 Passivity in Haptic
Interaction Systems

Definition: A system with input v, output f and
initial energy E(0), v(t), f(t) € R™ is passive if [8]:

f t F(M u(rydr + E() =0 (1)
1]

for all functions ¥, f, and ¢ > 0, see Figure 1.

Figure 1: A block element.

A haptic interaction system is represented in block
diagram format in the Figure 2.
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Figure 2: Haptic interaction system block diagram.

The complete system consists of three subsystems:
the human operator, the virtual environment and the

haptic device. No matter how well constructed, a de-
vice always has some residual damping. The device
is thus represented by two sub-blocks: a damper B v,
where B > 0, and a block which represents the other
device dynamics which, excluding the force transduc-
ing element, are passive. The virtual environment is
represented by two sub-blocks: f[z(¢)], the contin-
uous time realization of a virtual environment and
fle((k — 1)T)) — fiz(t}], the difference between the
discrete and the continuous time realizations of the
same environment.

The damper sub-block and the block which rep-
resents the effect of delay and discretization can be
lumped into one subsystem as in Figure 3. If the con-
tinuous realization of the virtual environment is pas-
sive, since the device dyhamics are passive, the haptic
interaction will be passive if the subsystem of Figure 3
is also passive.

Fix(k-11)

B
=flx()] = R v

Figure 3: Subsystem of the complete system of Fig.2.

The subsystem of Figure 3 wiil be passive, if

2T [f(z1) — flz2)] (71— 2)

< (.1'1 - ;EQ)TB (Il - CCQ), Vri,zp € 3. (2)

Substituting =, by z(r) , 22 by z((k — 1)T), and
(z1 —x2) by [ — (k - 1)T)v(7), for small T, Eq. (2)
yields:

2T

T M) — Fell - DD o)

<o(r) Bu(r). (3)
Then, for (k+ )T > 7 > kT ,
[F (7)) = fla((k = DTN Tu(r) <u(r)TBu(r) (4)
Integrating both sides of Eq. (4) gives:

/0 [F(2(7) = Fla((k ~ DT u(r) dr
</0 o(r) Bu(r) dr, (5)

that is

¢
fo [f(x((k -0 — flaltr) + Bv(’r)}T v{T)dr > 0.
(8)

3723



Eq. 6 is the passivity condition for the subsystem
of Fig. 3 for E(0) = 0. For x; close to za:

[f(21) = fl@2)]" & Ip(z1 — 22), (7)
Cond. {2) can be simplified to:

B > 2T J;(z) ®)

Cond. (2} or Cond. (8) mean that the passivity of
the haptic interaction, as seen from the end-effector of
a device, for a passive virtual environment f(z) can
be achieved by a sufficiently high rate force update
and without the need for virtual coupling.

4 Passive Model Update

We show that f(z) can be passively re-created in
terms of force updating models running at high-rate
but updated at low rate by a slow process, see Fig. 4.
Let i be the time slot used by the low rate process
from time #; to &4 and let f;(x) be the local model
during that time slot:

flzy=filz), ti<t<tin 9)

fix)y E f(x)

Low Rate ——»{ High Rate
Process |Ei1(x)= E;j(x;)|  Process
i169] J(x)

Figure 4: Multi rate haptic rendering.
The f;(z)’s are conservative passive models which
locally fits the contact simulation responses calculated

by the low rate process.
The passivity condition for f(z(t)) is:

E(t) = fn Falr) w(r)dr > 0 (10)

E(t) can be written in terms of f;:

Bt) = Z( [ fi<m(f>fvcf)d?)

=0
+ ﬁ: filz(T) w(r) dr. (11)

For fi(z) conservative, V x f; =0,

[ e e dr = (12)
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tit1 Tdr(r)
[ ey Bl = [ e q3)
- f ") dy= Edwin) - Bz, (19)
where ©; = z(t;) and where E;{z) is defined by
@~ [ f)'a (13)

Using Eq. (14), Eq (11) can be written:

n-1
E(t) = ) [Ei(zis1) = Ei(@:)] + Ba(z) — Enl(an)

i=0
n n—1
=3 "Eii(z:) = Y Ei(z:) — Ea(2a) + En(z)
=1 =0
= Z[Ez--l(xa-) — Ey(z)] + En(a). (16)

Suppose now that f; is adjusted at time ?; such that
B 1(x:) 2 B2, (17)

then
E(t) > E,(2} = 0, (18)

therefore f is passive.

Several strategies can be used to insure that
Cond. (17) is met. In the next Section, two exam-
ples are discussed.

5 Passive Rendering Examples

The first example shows how poking a virtual surface
with a virtual tool can be rendered with high fidelity.
The second shows how the theory can be applied to
the case of interaction with deformable bodies. The
two examples used different passive update strategies.

5.1 Local Linear Impedances
And Adjusted Relaxed States

5.1.1 Strategy

The local models are selected (among other possibil-
ities} to be linear impedances that locally fit single
valued simulation responses. Such linear impedances
are associated with an energy which is easily evaluated
and which depends on three quantities: a state, the
value of the state for which the energy is zero, i.e., the
“relaxed state”, and the impedance itself. The relaxed
states are adjusted to preserve the energy condition
Cond. (17).



For interactions along the poking dimension, linear
local models are given by:

ISCh

0

where the ¢; are the relaxed states and the k; are the
impedances locally fitting the cutput force of the low
rate process. The value of k; can be expressed in terms
of the desired output force f; at time t;:

_fii— &
k; = P (20)
E;i(z) for f; is given by
1 2
Ei(a:) = 51&(1’ - C,;) . (21)

The equality of Cond. {17) is used to find an energy
response equal to the desired response:

1 1

—kg’—l(fﬂz’ - C-"ﬁl)2 = —ki(l‘i - Ci)z. (22)
2 2

Solving for ¢; gives a value that guarantees a passive
update:

ki ki
3 1 i + ki1

c; = (1 — Ci—-1- (23)
When k; =0, i.e. moving in free space, k; and ¢; are
updated by:

k:i = 0, Ci =&, if Ez'fl = 0,
ki=ki_q, ci=c0c4, i E_q1>0 (24)

5.1.2 One Dimensional Interaction
With Nonlinear Response

The strategy of last section was implemented to eval-
uate the gain in stability performance in comparison
with other strategies.

The forces were generated by a PenCat,/Pro™ hap-
tic device (Immersion Canada Inc.). This device was
powered by Lorenz flat-coil actuators driving the end-
effector in a single stage via a planar linkage. These
actuators were in turn powered by current amplifiers.
As a result, the device had very little damping and
friction, a best case for fidelity, but a worse case for
inherent stability margin in the sense discussed in Sec-
tion 3.

The simulation program consisted of twe inde-
pendent real-time threads running under RTLinux-3.
One thread provided for rendering the forces and the
other for computing the contact simulation. Here, the
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virtual environment is a nonlinear wall with & mea-
sured in N/m and z in m.

0 0<x
100k z2 0<z<0.005 (25
k(z — 0.000025) 0.005 < z

fle) =

The response parameters are chosen such that & alone
defines an appropriate stability margin as defined
by Cond. 8 To see that, consider that inside the
quadratic portion of the response when z < 0.005,
J; reduces to 200k z and therefore is bounded by k.
Thus, the same margin applies to the two portions of
the response.

In order to create repeatable experimental condi-
tions, the handle of the device was loaded by a rubber
band stretched to create an equilibrium around 1 N.
Then, k was increase until small disturbances deter-
mined the onset of limit-cycles. This was tested for
three different methods:

1. A single process at various rates.

2. Two processes. The first one computed a re-
sponse as in Eq. (25) at various rates as above,
and a second rendered forces at a rate of 2,000
Hz using linear interpolation from one update to
the next.

3. Two processes as described in the last section.
The first one was the same as above, and the
second one also ran at 2,000 Hz but implemented
the passive updates strategy.

The results listed in Table 1 show the largest
impedance values which could be rendered in a stable
fashion for all conditions.

The results indicate that the linear interpola-
tion method performs better than the single update
method. The passive update method, however, gave a
constant stability margin even when the update rate
decreased from 2,000 to 100 Hz. The results also show
that the passivity based approach strategy could re-
alize larger impedances than the other methods.

Single Linear Passive
thread interpolation update
Rate k k k
{Hz) (N/m) (N/m) (N/m)
2000 170 170 212
1000 120 160 212
500 93 127 212
250 63 110 212
200 57 104 212
100 38 85 212

Table 1: Achievable impedances for three strategies.



5.2 Deformable Body With
Nonlinear Response

The same strategy can be extended to the three di-
mensional haptic rendering of deformable bodies. It
could be applied in settings which use FEM, BEM,
or LEM methods for the simulation of deforma-
tion, provided that a low rate process provides lo-
cal impedances to a high rate process (e.g. [7]). The
development of a passive update technique for these
cases is possible but is outside the scope of this paper.
On the other hand, methods based on pre-calculated
responses, as described in [8, 10, are simple enough
to be treated in this section.

5.2.1 Pre-Calculated Response
of a Deformable. Body

A deformable body at rest is represented by a free-
form surface meshed into triangular elements. The
interaction of a tool with the body is encoded as a
finite set of normal force-deflection responses stored
for each node (penectration in a direction normal to
the undeformed surface with a given tocl). Each de-
flection maps to a force that has a magnitude and
a direction. An assumption that we make is that the
force direction is assumed to remain invariant with de-
flection (if needed, a dependency could be included),
therefore, each of these responses requires the specifi-
cation of a vecter and of a single-valued function fi(4).
This is depicted by Figure 5a. During interaction, a
point of contact z. is known on the flat surface of
the patch. A vector u,, termed the response normal
vector, is defined by:

Uy = Z ng(wc) uf, (26)

7=1,2,3

where the uf are the unit deflection normal vectors of
the responses at node j of the element i, and where
n] is an interpolation function for element ¢ for each
node j which depends on z.. A common choice in
continuous mechanics that we use here is based on
natural coordinates:

A=)
A

n(z) = 27
where A® is the area of the element i and A; is the
area of the triangle formed by the contact point and
two nodes as defined in Figure 5b. A key property
of the interpolation approach is to ensure continuity
of the normal response vector over the surface of the
‘body. This vector is almost always different from the
geometrical normal vector defined by the patch.
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Figure 5: For each triangular element ¢, the vertices
are associated to a normal uf,5 = 1,2,3 and to a re-
sponse along this normal {a). A point inside a triangle
defines three areas labeled as indicated (b).

5.2.2 Slow Simulating Process
And Fast Rendering Process

The role of the low rate simulation process is to sup-
ply the vertices locations, the deflection normals at
these vertices, and the force deflection curves of one
element at a time. The active element, i.e. the el-
ement in contact with the tool, is determined using
an interference detection method similar to the god
object approach in haptics [15]. Since the elements
are large relatively to a typical tool speed, this can
be done at low rate; 100 Hz is sufficient (moving at 1
m/s over 10 mm patches).

The interaction force, however, is evaluated at high
rate. The normal component is interpolated from
three pre-calculated force-deflection responses, each
representing the response of an actual contact (not
an approximation) of a given body interacting with a

* given tool:

fi’n.(m) = E ”?(xc) ff(dn(xc)) (28)

§=1,2,3

An element switch is allowed when the contact
point z. crosses the edges of the active element. If
available, a new element is accepted and the point
z. moved to it. This is accomplished with dual-
threaded code communicating by a first-in-first-out
(FIFO) queue. Two cases can arise: if z, belongs to a
neighboring patch found in the FIFO, a new element is
accepted, otherwise the rendering process carries on
with same patch. This gives a correct response at a
wrong place, but there is no loss of continuity nor of
passivity even if there is loss of synchronization be-
tween the movement of the tool and the simulation
process.

We now add friction to the local model. Inside ele-
ment i:

fi(z) = fin(z)un + fie(z)u; (29)



The contact point z. is a function of the measured
virtual tool position x set by the user. We first look
at the case when there is no sliding, that is, when x,
is invariant. Referring to Figure 6, the deflection § at
the point of contact is given by:

= T— I, = 6nun + 6tut1 (30)

where &, and §; are the components of § in a local
frame. The penetration is defined by 4,. The com-
ponent &; may be viewed as presliding displacement
in friction modeling [(6].! When there is no sliding,
& < 8r, where 6 is the displacement under which
there is no sliding.

u i, u*
x4 O /
A
x()

Figure 6: For clarity, only the two-dimensional case
is illustrated. The extension to three dimensions is
straightforward. w, is defined in terms of u! and u?.
This defines a frame with origin at the point of contact
Ze. When §,; reaches 4y, sliding occurs.

The pre-displacement &, is simply mapped onto the
patch surface to determine the movements of z. such
that &; never exceeds §z [6]. The friction force at
the sliding limit is f; {z} = pfi, (¢) where u is the
limiting friction coefficient. Coulomb’s law is invoked
to assume that the friction force is independent from
the area of contact.

5.2.3 Passivity

When poking without sliding, point x, is created by
projecting the x onto the surface of the active ele-
ment, but only when z is outside the previous active
element. From the time of creation of point 2o until
the next creation, § is replaced by & — §p where d; is
the initial value of . This adjustment of the relaxed
state ensures that Cond (17) is satisfied.

During sliding, . moves within the element surface.
If the energy lost due to sliding friction is greater than
the change of E;(x) due to the sliding movement of
contact point, the energy E(t) of the interaction must
be greater than E;(x), so passivity is preserved. Dur-
ing element switch, since the change in force is con-
tinuous, even with updates at low rate, Cond. (17) is

n [9], it is verified that & is largely independent from &,
for rubbery materials. It is probably also the case for many
biomafterials.

satisfied which eliminates the need for further adjust-
ment of the local model. ’

5.2.4 Implementation

The model was tested with a deformable cylindrical
virtual body. The normal responses were:

0 0< 68,
100 ké,,2 0<§, <0005 (31)
k(8. — 0.000025) 0.005 < &,

f(‘sn) =

In this model, the system returns the nonlinear re-
gponse at high rate and performs simulation at low
rate. Figure 7 shows the user interface used in the
test. The low rate process was running at only 100
Hz, yet the simulation was stable for k., = 170 N/m
for the fast process running at 2,000 Hz, as found in
the experiment described in the previous section.

Figure 7: Tool contact simulation.

5.3 Conclusion

It was shown that low-rate yet stable haptic simula-
tions involving tools interacting with deformable bod-
ies could be achieved withoul compromising fidelity,
In particular, various tcol shapes and anisotropic
and/or in-homogenous body can be haptically repre-
sented using a pre-calculated force-deflection response
approach. This was achieved using a dual-threaded
system having a slow thread executing the simulation
itself and a high rate thread locally rendering the in-
teraction. Passivity theory was used to constructively
design twao different local update strategies that guar-
anteed passivity under a wide range of circumstances,

Work is under way to extend the same framework
to multiple contacts, and to tool movements with six
degrees of freedom. It should also be extended to time
varying dissipative virtual environments involving vis-
cosity, plasticity, cutting and other forms of damage
insofar as the application requires the simulation of
these phenomena.
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