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Local model of interaction for haptic manipulation
of rigid virtual worlds

Daniela Constantinescu, Septimiu E. Salcudean, Elizadetbroft

Abstract— This paper proposes a local model of rigid body
interaction that provides users with convincing kinestheic feed-
back while they manipulate a virtual tool within a rigid mult ibody
virtual world. The virtual tool can be a rigid object or a link age.
The local model can interface a haptic device to any virtual
environment simulation that provides the contact position the
contact normal direction, and the penetration depth of the vrtual
tool into the virtual world at the virtual tool contacts. The
local model includes a proxy of the virtual tool that embeds
an approximation of its geometry and of its dynamics, and
that eliminates force discontinuities at model updates vigroxy
deformation. In addition, the model includes active and prelicted
virtual tool contacts. Predicted contacts are used to mairdin
force continuity and to better constrain users to tight virtual
spaces. Experiments performed within a planar virtual world
demonstrate that, compared to prior local models of rigid baly
interaction, the proposed model enables users to feel stiff
contacts and improves users’ perception of free space in latly
cluttered virtual environments.

Index Terms—haptic feedback, local model of rigid body
interaction, dynamic proxy, rigid multibody virtual envir onment.

|I. INTRODUCTION

because it must reconcile conflicting requirements from our
sense of touch, the device controller, and the simulation. T
perceive virtual objects as realistic representations ezl r
objects, our sense of touch requires forces that suitalpyoxp
imate physical phenomena and are provided at frequencies of
the order of hundreds of Hz. To create an adequate perception
of rigidity and to maintain the stability of the interaction
the device controller requires setpoints for the force iint
loop at fixed frequencies of the same order of magnitude.
However, typical interactive, physically based, rigid tiddy
simulations provide forces at variable rates of the ordeen$
of Hz [10]. To address the need for physically motivated ésrc
at fixed high frequencies, two approaches have been pursued.
In a first approach, researchers have improved the real
time performance of the virtual environment via new calirsi
detection algorithms [7], [8], [9]. Those algorithms allze
the collision detection bottleneck characteristic of deions
of complex virtual worlds. Simulations that employ such
algorithms achieve haptic performance for complex contact
geometries, but the stability of the interaction is not guar
teed [7]. Furthermore, force feedback within such fastualt
worlds is still not possible if the haptics server differsrfr

For more than a decade, virtual reality applications have ithe virtual environment simulation server. This could acéor
terested various prospective users, from engineers whédwoexample, when the haptic device is connected to the siroulati
feel forces acting on virtual prototypes to doctors who woulengine through the internet.
learn brain surgery on computer models rather than on animaln another approach, researchers have decoupled the force
or human patients. Due to the wealth of potential advantaggstrol loop from the virtual environment simulation. The
of virtual force interactions, much research has focused decoupling relieves the haptic rate demand on the simulatio
the development of control [1], [2], and simulation [3], [4] thus enabling users to manipulate virtual worlds of inceeas

[5], [6], [7], [8], [9] algorithms for haptic manipulation fo

complexity. In addition, the haptics and the simulationieag

rigid virtual worlds. However, few applications are prethgn may be different. However, users perceive realistic imtioas

in use [6], [8] and consumer grade haptics still elude us.

only if the forces provided to the control loop during one

A prerequisite for the more common use of haptics is simulation step suitably approximate the forces actinghan t
method that allows the coupling of a haptic device to avirtual object that they manipulate in the virtual envirozmh

arbitrary virtual environment and provides stable andisgal

(hereafter called the virtual tool). Therefore, the dedimgp

forces to users. Such a method is challenging to developthe force control loop from the simulation requires a loca
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model of the interaction. This local model must run at the
fixed haptic rate and must include virtual world featureg tha
are salient to the interaction over one simulation step.

The earliest local model has been proposed for point interac
tion within virtual environments [11]. That model compsse
the position and the outward normal of the active contact.
Hence, it is a geometric local model of the virtual world that
shifts the computational delay of the simulation from detay
updating forces to delay in updating the local geometry. As a
result of faster force computations, users feel stiffertaots.
However, force discontinuities arise at model updates due t
geometry discontinuities, such as large changes in theacont
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manipulate rigid objects or linkages. Moreover, it enables
the haptic controller to transmit wrenches (i.e., forced an
torques) between the device and the dynamic proxy and to
coordinate body positions (i.e., position and orientgtion
between them. The experiments in Section V-C show that,
compared to directly coupling an impedance device to an

position or the contact normal. Force discontinuitiesddtrce
perceptual artifacts and may destabilize the interactlan.
prior research, force discontinuities at model updates hav
been diminished: (i) by allowing the active contact to move
in the local model with velocity equal to its velocity in the
virtual environment at the moment of the update [10]; (ii) by
updating the local contact position progressively, thitoug  admittance simulation [15], this controller renders stiff
linear interpolation between the old and the new positions contacts to users.

reported by the simulation [12]; and (iii) by alleviating-ge « The model maintains force continuity at model updates
ometry discontinuities via local models that comprise both via local proxy deformation. Proxy deformation converts

active and predicted geometry [13], [14]. Existing localdels
with predicted geometry consider only point interactiorthwi
the virtual environment. Furthermore, they compute exgubct

contacts with the virtual object touched by the user based on

information about the connectivity of the geometric featur

(i.e., faces, edges, and vertices) of this object. Thus, the

model in [13] comprises all object faces neighboring thévact

contact, while the model in [14] includes all object faces

within the user’s reach over the next simulation step ($etec

local geometry discontinuities caused by the virtual envi-
ronment delay into discontinuities in proxy geometry. At
the same time, it maintains the continuity of the proxy
motion and of the penetration of the local contacts. As
illustrated via simulations in Sections IlI-B and III-C
and via experiment in Section V-A, proxy deformation
eliminates force spikes at model updates and, thus, en-
ables stable haptic interaction within virtual environrgen
with interactive performance (environments with average

using the user’s hand velocity in addition to connectivity frequencies o60Hz are considered in this work).
information). However, existing simulations embed inferm « The model incorporates expected contacts between the
tion about the connectivity of the geometric features of the virtual tool and objects not adjacent to it. Expected
virtual objects in various data structures. Local modeiagis contacts are included in the local model via virtual envi-
prediction algorithms that require such information impos ronment geometry withim distance from the virtual tool
restrictions on the virtual environments that they canrfate (hereafter callede-active geometry). As the simulation
to the haptic device. in Section IlI-C and the experiments in Section V-B
A local model of rigid body interaction (called intermediat show, e-active geometry improves users’ perception of
representation) has been proposed in [15]. It includes all tight virtual spaces when users operate the virtual tool
active contacts of the virtual tool. Because instabilitises through small clearances.

Whe_n the virtual tool is tight!y const_rained by the virtual The proposed local model is presented in the following
environment (for example, during peg-in-hole manipulgly  sections, starting with a synopsis of haptic interactiothimi
the intermediate representation has been used to restiict Qigiq virtual worlds using this model in Section II. The ldca
the translation of the haptic device. Device rotation hasnbegeometry is presented in Section Ill. The local dynamics,
constrained to the virtual tool rotation through a virtuaue including the local contact model that they are based on, are
pler [1], [2] (i.e., a proportional derivative - PD - contl@l  gyerviewed in Section IV. Experimental results obtained by
that acts like a rotational spring-damper between them).  interfacing a planar haptic device to a virtual environment
To meet the need of haptic devices for physically motivatgflyough the proposed local model of interaction are diseiss
forces provided at high fixed frequencies, this work proposg, section V. A discussion of the advantages and limitations

to decouple the force control loop from the simulation. Agt the proposed local model and of directions for future work
demonstrated via experiments in Section V, it develops thgncludes the paper in Section VI.

first reported local model of rigid body interaction that damn
used to constrain both the translation and the rotation ef th
haptic device during user manipulations of rigid virtuabl®
within multibody virtual worlds. Four features distinghithe
proposed model from existing models:

« The model selects local geometry without requiring infor- Haptic manipulation of rigid virtual tools through the ldca
mation about the connectivity of the geometric featurasodel of interaction proposed in this paper is schemayicall
of the virtual objects to be available in the virtual endepicted in Figure 1. As shown in this figure, the interaction
vironment. Therefore, it can interface a haptic device toetween the virtual tool and the virtual world is approxietht
an interactive simulation regardless of the algorithms arl the local model through the interaction between the vir-
the data structures employed to generate the virtual wortdal tool and neighboring virtual objects. The quality oéth
This is shown in Section V via interfacing a haptic devicapproximation is maintained by updating the local model at
to a multibody simulation generated using a commerciahch step of the simulation. The virtual interactions adiag
physics engine through the proposed model. to users through a controller that coordinates both wreniche

« The model includes a dynamic representation of the viand body positions between the haptic device and the local
tual tool (hereafter called dynamic proxy). The dynamimodel of interaction.
proxy allows physically-motivated virtual tool interac- Figure 1 shows that the present local model comprises
tions to be computed locally regardless of whether useaastive and e-active constraints imposed on the motion of

I[I. SYNOPSIS OF HAPTIC MANIPULATION OF RIGID
VIRTUAL TOOLS USING THE LOCAL MODEL OF
INTERACTION
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Fig. 1. Communication between the virtual environment (M&¢ local model
of interaction, and the haptic device.

the virtual tool by the virtual environment, as well as
dynamic proxy of the virtual tool. The-active constraints
represent virtual environment geometry withidistance from
the virtual tool. They add contact prediction capabilities

and, thus, to enable the proposed local model to compute
convincing virtual interactions.

A further benefit of the dynamic proxy is that it allows the
four channel teleoperation controller developed in [26bto
used for coordinating both wrenches and body positions be-
tween the local model of interaction and the haptic devités T
controller feeds the user-applied wrench through to theypro
and the proxy interactions back to the user’s hand via its two
force coordination channels. Its position coordinatioaratels
act as one translational and one rotational spring-dangies p
between the proxy and the device. Compared to the virtual
coupler [27], [2] (which coordinates only positions betwee
the haptic device and the virtual environment), the founcieh
controller applies to users wrenches representing cmfissi
and dry friction and, thus, increases the realism of theualrt
interaction. Compared to the direct coupling of the haptic
Qevice to the virtual environment [15] (which only applies
the hand wrenches to the proxy and the virtual interactions
to the user’s hand), the teleoperation controller adds dagnp
through its position coordination channels. The experimen

implement particular data structures (like kinetic dataicst
tures [16], [17], [18] or velocity-aligned discrete oriedt

stiffer contacts to be rendered to users. Hence, the dynamic
roxy facilitates the use of a haptic controller that immsv

polytopes [19]) and algorithms (like those proposed in [20fhe compromise between transparency and stability duseg u

[21], [22], [23], [24]). By taking advantage of motion coRer manipulations of rigid virtual tools within multibody viral
ence and of geometric locality, such dynamic collision deteyygrids.

tion data structures and algorithms significantly imprave t

simulation performance while guaranteeing that no collisi

are missed. Therefore, many simulation packages implemen
some dynamic collision detection. However, the preserdlloc
model aims to interface a haptic device to any commerciaIW

avaialable simulation engine. Therefore, it predictsuattool
contacts using-active geometry. As described in Section Il

t

The physically-motivated forces required for a convincing
ptic experience arise at the contacts between the vidahl
and other virtual objects, collectively referred to as tivéual

L OCAL GEOMETRY

|environment. Hence, the representation of contact and the

C, e-active geometry imposes no restrictions on the simulaticgeometry of the virtual world are important for realistiade

The dynamic proxy differs from proxies used in priort
haptics research [3], [25] in two ways: (i) it provides a epr
sentation of the virtual tool rather than of the haptic deyic
and (ii) it approximates the geometry and the dynamics of t

feedback. Complete geometry is desirable for accurate agemp

ation of interactions, since it allows all contact traiwgis of

the virtual tool to be resolved locally. Nevertheless, ctete
eometry cannot be used in the local model due to the

I%Bmplexity and the variability across simulation packagés

virtual tool rather than only the position of its centre ofssa both the data structures and the collision detection lyos
(COM). These differences arise from the dissimilar PUrBOSE <o ciated with the complete geometry,

served by earlier proxies (in the haptic simulation) and by
the dynamic proxy (in the present local model of interagtion

Earlier proxies encode the position of the user in the sitraria

that is closest to the haptic device and is compatible wiéh tr&

geometry of the rigid virtual objects. Those proxies acclishp

two goals: (i) they prevent users from tunneling througtm th
virtual walls when the haptic device moves past such wal
in a single simulation step; and (ii) they identify a uniquﬁen
penetration distance and a unique direction of user peimtra

into the virtual environment regardless of the contact getoyn
thus enabling users to perceive constant environmentass#
During rigid body interaction within rigid multibody viral

Partial virtual environment geometry may result in per-
ceptual artifacts or unstable interaction due to undefrab
force discontinuities at model updates. The selection lxfrsa
eometry to be used in the local model, and the choice
of a method for transitioning between the old and the new
'L(%ﬁal models, are critical for a stable and convincing \dttu

I esthetic experience. The techniques employed for selec
g appropriate local geometry and for transitioning betwe
successive local models are presented in the followingasect

A. Active geometry

worlds, the geometry of the contact configuration and the Virtual environment geometry in direct contact with the
mass distribution of the virtual tool influence the realisfn ovirtual tool at simulation updates, called active geometry
the wrenches applied to users. Therefore, the dynamic prdgyof primary importance for realistic user manipulatiorfs o
is designed to provide suitable approximations both of thmeultibody virtual worlds. Therefore, the active geometsy i

geometry of the virtual tool contacts (described in Sectibn

initially chosen to approximate the virtual environmentfie

B) and of the virtual tool dynamics (described in Section,IV)proposed local model of interaction.
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To enable the coupling of a haptic device to an arbitrary

virtual world, the active geometry is restricted to infotina Virtual tool @, Virtual tool ¢,
generally available in physically-based virtual enviramts. Scon frtual too An
Typical simulation packages represent rigid bodies aecoll  ¢.=c ;. o V c
tions of convex polyhedra [8] and compute basic (vertexefac A . =

and edge-edge) contacts [28] between pairs of these patyhed :
Furthermore, to solve the forward dynamics of the virtual ;
world, they approximate rigid body contact via a finite numbe
of basic contacts[29], [30]. For each basic contact, they

provide a contact point - a contact normal direction,
and a penetration deptﬁ: The penetration depth is equal and

IS N

2= ot N

,,,,,, 7 \ \
/ j \

stp,\/mé S §

opposite to the separation distancédetween the polyhedra  Virtual environment Virtual environment

features involved in the basic contact; i.e., it is positveen

the virtual tool and the virtual environment overlap. Totive () Virtual tool in vertex-face  (b) Virtual tool in face-vertex
. . . . contact with the virtual environ- contact with the virtual environ-

geometry consists of all basic contacts of the virtual tool with  on¢ ment.

the virtual environment.

Note that the active geometry provides a discrete approx-
imation of the contact geometry of the virtual tool. This ap- c
proximation suitably embeds the motion constraints imgose Virtual tool = ga”” ~ Proxy @ v
on the virtual tool by the virtual environment at all but the n

contacts with indeterminate contact normals, for example a
E Ve

vertex-edge contacts. At such contacts, the contact normal
reported by the simulation may change frequently and alyrupt
due to the finite precision of the computations and the lack of
memory of existing collision detection algorithms for niult
body environments. For example, vertex-edge contacts rmay b
reported as vertex-face contacts with either face neighgor

the edge. To alleviate the perceptual artifacts due to ctsita Virtual environment Local constraint
with indeterminate normals, the local model of interactises
the e-active geometry, as described in Section IlI-C. (c) Virtual tool in edge-edge (d) Local contact.

In the local model of interaction, the active geometry Cono with the virtual environ-

is encapsulated in the local proxy contacts.ldkal proxy

contact is defined through the identifiers of the two contactingig. 2. Geometric information provided by typical simutati packages for
objects and its geometric, kinematic, and dynamic propgrti each basic contact of the virtual tool (Figures 2(a), 2(ind 2(c)) and its
Typically, the identifiers of the contacting objects are th§Presentation in the local model of interaction (Figurd)R(

addresses of their data structures in the simulation. Tlee ge

metric properties of a local proxy contact embed the gedmetr | . Fi 2(a)): it is the f int @
information provided by typical simulation packages foclkea virtual environment (Figure 2(a)); it is the face point des

basic contact of the virtual tool (see Figure 2). These pti to the vertex when the virtual tool is in face-vertex contact
consist of: the position of the local constraiat, the normal with the virtual environment (Figure 2(b)); and, it is theio

) ] ] » _on the virtual tool edge closest to the environment edge when
direction of the local constraint, and the local contact point {14 virtual tool is in edge-edge contact with the virtual ienv

b (see Figure 2(d)). The position of the local constrainhnment (Figure 2(c)). Note that, constraints are coneité
¢ is the position of the face point closest to the vertexxtend infinitely in the local model. Moreover, a proxy-aémnt
when the virtual tool is in vertex-face contact with the wat view is adopted in describing the active geometry: constrai
environment (Figure 2(a)); it is the position of the vertexormals are directed from the virtual environment to thérar
when the virtual tool is in face-vertex contact with the wat tool and the contact point is taken on the proxy.
environment (Figure 2(b)); and, it is the position of thentoi  Both the position of the local constrairt and its normal

on the environment edge that is closest to the virtual togeedgirectionn are provided in world coordinates by the virtual

when the virtual tool is in edge-edge contact with the virtugnyironment simulation. This is similar to the intermediat

environment (Figure 2(c)). The normal direction of the locgepresentation of virtual environment geometry used i [15

constraintn is the contact normal direction supplied by th@ng is a direct extension to rigid body interaction of the

simulation. Furthermore, the local contact pants the vertex jntermediate representation in [11]. The local contacthpoi

itself when the virtual tool is in vertex-face contact withet P is computed in proxy coordinates by the local model of
interaction:

1For example, typical simulation packages represent affme contact via
several vertex-face contacts, an edge-face contact viagwex-face contacts, P=R([c +sn—c (1)
and a vertex-edge contact via two vertex-face contacts [29] ~ ~p com )
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In Equation (1),R is the rotation from the world to the proxy
coordinates and: is the position of the centre of mass

(COM) of the prog&fw Local constraints

The kinematic properties of a local proxy contact are \
provided by the local constraint velocity.,,.:., which is the n, c,
projection along the constraint normalof the velocity of the ; ~

. nl
SP‘T

. . L . . Virtual
virtual environment point in contact with the virtual too| I
< environment
p

Vconstr = IlTVc . (2)

~

D
. L . . (a) Example contact geometry in (b) Local representation of the
The local constraint velocity is used to predict the comstra  ihe virtual environment simula-  virtual environment geometry

position at the next simulation update, thus diminishincalo tion. shown in Figure 3(a).

geometry discontinuities at model updates. The dynamip-pro

erties of a local proxy contact consist of the contact stfn Fig. 3. Partial virtual environment geometry available lie tproposed local
k., the contact damping;., the coefficient of restitutioe, ~™M0de! of interaction.

and the coefficients of static and kinetic frictionm, and uy,

respectively. In the proposed local model of interactioh, groxy deformation and prediction of the local constraints.
local contacts represent contacts between rigid bodiefavel As described in the following Sections 111-B and 1I-C, Idca
the same stiffness and damping. Furthermore, noninci@asgioxy deformation smoothes interaction forces at simaoiati
kinetic energy of the proxy during collisions is ensured bypdates via maintaining the penetration of the local cdstac
assuming that all local contacts have the same coefficient@ntinuous, while constraint prediction alleviates thieefof
restitution (as explained in Section V). the computational delay of the virtual environment sirriotat

The local proxy contacts are the only geometry that the locgh sending constraints to the local model before they becom
model is aware of. Hence, only partial virtual environmenictive.

geometry is available locally. This is illustrated in Figus,
where the local representation of an example virtual worlg | ocal proxy deformation
geometry is depicted. Partial geometry makes the proposeq)\n

: o : update of the local model may result in: (i) new local
approach compatible with simulation packages regardléssc%ntacts with significant penetration (this may happen when
the data structures that they use for representing theavirt 9 P y happ

objects. Moreover, it simplifies local collision detectjovhich the user quickly moves the virtual tool into a constraing)da

. . t ii) existing local contacts with significant discontiniag in
becomes an iteration through all local contacts in order : ; : .
. . : . e penetration (this may happen when the virtual environ-
compute separation distances according to:

ment is generated using a penalty-based simulation, becaus
T 1 the proxy interactions are approximations of the virtualto
s=n"|c +RP—c |. 3) . : L .
~oom ~ o~y interactions and the proxy penetration into the local aairsts
qay differ from the virtual tool penetration into the virtua
environment). Discontinuities in the local contact peatbn
lead to discontinuities in the setpoint of the force control
loop and may produce unacceptable force spikes or may
. . . destabilize the interaction. In the present local modek th
the virtual environment is made or broken between updat%s . . L .
ifficulty is addressed by maintaining the penetration @& th

Transitions of the proxy to contact states involving other . .
proxy 9 Socal contacts continuous through proxy deformation. When

features of the virtual tool and the virtual environmentrth . )
alhe virtual environment sends a new contact to the local fode

those reported by the simulation are not possible betwet ne roxv is deformed such that it onlv touches the new
updates. This is a direct consequence of the fact that no proxy y

geometric connectivity information is used in the local rabd (Cé):;t;?ézt;e"gjj the new local contact point is computed by

In Equation (3),s is the separation between the proxy an
the local constraint at the contact of interest &d’ is the
rotation from proxy to world coordinates. In other words;db
collision detection only checks whether a contact repobied

The active geometry shifts the computational delay of the _
. . . - : P=R(c -c : (4)
simulation from delay in computing interaction forces tdage ~ ~p ~oowm

in updating the local geometry. As a result of faster forog/hen the virtual environment sends an existing contacteo th

computations, the users’ haptic experience is improved t |ocal model, the local contact point is re-computed by:
ways: (i) they can manipulate much stiffer objects, due to

the high control rate that can be achieved; and (ii), they can P=R <C +sn—c > . (5)
feel physical phenomena that rely on fast force transitions ~ ~r com

such as collisions and stick-slip friction. However, at rabd The proxy is expanded back towards the actual geometry of
updates, undesirable discontinuities may arise in thellljocathe virtual tool whenever a local contact is lost.

computed forces that may destabilize the interaction. TwoTo maintain continuous penetration of the local contacts,
techniques are proposed to avoid such discontinuitiesl loproxy deformation introduces suitable adjustments in prox
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E,(;OM . .
Hand position Hand position
Deformed 5 5
TOX —
proxy _ E
go0 E0
Actual = =
proxy -5 -5
0 05 tls] 1 o 05 tIsl 1
Fig. 4. Local def ti f th due to violati f neanstraints.
9 ocal ceformation of the proxy dué fo viciafion of neanstraints (a) Local model with active ge- (b) Local model with active ge-
ometry (no proxy deformation). ometry and proxy deformation.

Fig. 6. Position of the user’s hand during the simulated dneedsional peg-
in-hole task depicted in Figure 5 for haptic interaction &itocal model with
penetration discontinuities at model updates (Figure)6éay via a local
model with proxy defromation (Figure 6(b)).

Jk . t .
[Virtual environment|  C. e-active geometry

To diminish drift and allow realistic haptic rendering of
small clearances (in virtual environments where rigid con-

) _ _ _ _ _ straints are enforced exactly) and of tight constraints (in
Fig. 5. One dimensional peg-in-hole task used to illustthte influence of . .
local proxy deformation on the stability of the interactiorFigure 6, and used penalty-based virtual worlds), the local model is augmente
to illustrate the influence of local geometry on user's petioa of locally by including constraints withire distance from the virtual
cluttered virtual environments in Figure 9. tool. These constraints are computed in the virtual envirent

simulation via performing collision detection between the
virtual environment and ap-active virtual tool. If the virtual

geometry (see Figure 4). Adjusted (deformed) proxy geometool is convex, the-active virtual tool is obtained by sweeping
eliminates force discontinuities at model updates and maia sphere of radius over the volume of the virtual tool, as
tains continuity of proxy motion. Hence, it alleviates tresth- described in [31] and depicted in Figure 7(a). If the virtual
bilizing effect of the virtual environment delay. This advage tool has concave surfaces, then typical simulation package
of the proxy deformation technique is illustrated through eepresentit as a collection of convex polyhedra [7], [8] #rel
simulated one degree of freedom peg-in-hole manipulation. e-active virtual tool is obtained by sweeping a sphere ofuadi
the simulation, the user shaked kg peg against the exactly e over the volume of each component polyhedron, as illustrate
fitting hole walls by applying a forcg, = 5sin (3%)N (see in Figure 7(b). Furthermore, the contacts computed by the si
Figure 5(a)). The simulation delay #ms and the stiffness ulation are clustered as proposed in [8] before sending them
and damping of the local contacts ak&.,,:..: = 10000N/m  to the local model of interaction. Contact clustering maiims
and B.ontact = 15N/(m/s), respectively. For simplicity, the the stability of the haptic interaction in concave configianas,
local model is directly coupled to the haptic device (i.ag t where the simulation may compute a large number of contacts
environment forces are directly applied to the user's handyhose combined stiffness may exceed the stiffness that the
as depicted in Figure 5(b). Moreover, the origin of thaxis haptic device can stably render to users [32]. An example
corresponds to the middle of the virtual hole. The trajgctocontact configuration involving a concawective virtual tool
of the user’s hand is plotted in Figure 6(a) for the case whamd the corresponding contacts computed by the simulation
contact penetration may be discontinuous at model updatae depicted in Figures 7(b) and 7(c), respectively (forityia
and in Figure 6(b) for the case when contact penetrationly the contact normals are shown in Figure 7(c)). Its local
continuity is maintained via proxy deformation. Note tratdl model representation is shown in Figure 7(d).

penetration discontinuities destabilize the examplerautiion, e-active geometry reduces drift by adding prediction capa-
while proxy deformation maintains the interaction stable. pilities to the proposed model: constraints are sent todball
Proxy deformation allows the user to drift relative to the vi model before they become active. Moreover, the approach is
tual environment. This drift is noticeable during fast ot in  simple to implement and general enough to be applicable
locally cluttered virtual environments, when significanbxy to any virtual environment. In addition to diminishing drif
deformation may occur in order to maintain the continuitthe e-active virtual tool selects a unique constraint normal at
of the penetration of the local contacts (see the simulatidiegenerate contacts, as illustrated in Figure 8 for a vertex
example in Section 11I-C). Therefore, the haptically péred vertex contact of the virtual tool with the virtual enviroent.
free space may be much larger than the free space perceikfféctively, the e-active virtual tool provides a method for
visually. To alleviate this probleme-active geometry is used interpolating the constraint normal at degenerate cofsstac
in the local model of interaction. and, thus, alleviates the singularity in the constraintrmmedr

(a) Virtual task. (b) Dynamic model of the task.
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g-active constraint

are plotted in Figures 9(a), 9(c), and 9(e), respectivaly, f

g-active constraint  rigyre 5(a). The local constraints, the trajectory of theriss
€ hand, and the environment forces acting on the virtual peg
- )

Virtual

: They are plotted in Figures 9(b), 9(d), and 9(f), respedbtive
- &7aCtVe  for the case wher-active geometry withirsmm of the virtual
virtual tool  g0] is sent to the local model.

(a) Fat convex virtual tool in the (b) Fat concave virtual tool in 1 _Left_conStramt 1 Left constraint
simulation. the simulation.

o= J L Lo

¢ &-active local constraint Right constraint Right constraint
}PK‘/ 1= & L
< |Sp3

Spl

L) L 0
0 1 t[s] 2 3 0 1 t[s] 2 3

(a) Local constraints in the local (b) Local constraints in the local

(¢) Unclustered contacts in the  (d) e-active local constraints model with active geometry. model with e-active geometry.
simulation representing the con-  representing the contact
tact geometry in Figure 7(b). geometry in Figure 7(b). . .
Hand position Hand position
Fig. 7. e-active constraints included in the local model through tise of 5 5
an e-active virtual tool, obtained by sweeping a sphere of mdiwver the
volume of each convex polyhedron composing the virtual.tool 5 =
£0 = O/VW\\M/\/\/\/\
Virtual tool Fat x <
virtual tool -5 -5
, 0 1 t[s] 2 3 0 1 t[s] 2 3
Virtual .
. ¢ Constraint
environmen normal direction (c) Position of the user’s hand (d) Position of the users
in the local model with active hand in the local model with
geometry. e-active geometry.
Fig. 8. Thee-active virtual tool eliminates the singularity in the ctat . .
normal computation at a vertex-vertex contact between ttaab tool and Environment force Environment force
the virtual environment by selecting a unique constraintma direction. 20 20
=10 —10
< <
computation at degenerate contacts. 20 EOW
. . . . . . (]
At simulation updatess-active geometry is included in the =7 =10
local model by computing the local contact position acangdi 20 20
to:
0 1t[s] 2 3 0 1t[s] 2 3
P=R|(c +(s—¢n—c , (6)
~ ~p ~com
o . (e) Environment force in the lo- () Environment force
for new local contacts and existing local contacts with sepa cal model with active geometry.  in the local model with
ration s, obeyings, < s —e < 0 or 0 < s — ¢, according e-active geometry.

to Equation (5) for existing local contacts with separatign

obeylngs €< Sp < 0, and accordlng to Equation (4) forln Figure 5 for a local model with active geometry (Figures)9@(c), and

existing local contacts with separatiop obeyings — e < 9(e)), and for a local model witk-active geometry withismm of the virtual

0 < sp. In Equation (6),s is the separation between theool (Figures 9(b), 9(d), and 9(f)).

e-active virtual tool and the virtual environment as repdrte

by the simulation. Note that the virtual peg exactly fits the virtual hole.
The ability of the e-active geometry to improve user'sTherefore, in the virtual environment, the peg is in conteiti

perception of a tightly constrained virtual tool generaisithg both hole walls when its centre of mass is at the origin. The

a penalty-based simulation is illustrated through the &ited peg penetrates the right virtual wall when the coordinatiésof

Fig. 9. Simulation results for the one dimensional pegétehtask depicted

one degree of freedom peg-in-hole manipulation depicted in

the case when active geometry is included in the local model.
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l Impending contact

centre of mass is positive, and it penetrates the left waérwh
the coordinate of its centre of mass is negative. Figurey 9(a
and 9(c) show that, due to virtual environment delay, thevact
constraints arrive late to the local model, when the penetra
tion between the virtual tool and the virtual environment is
significant (several mm in this example). Figure 9(e) shows
that local proxy deformation ensures force continuity atlelo
updates and, thus, the Stabi"ty of the interaction. HOWeV?—ig. 10. The states of one local contattdenotes the time step.
user’s perception of the virtual hole is inadequate. Note in

Figure 9(e) that environment forces act on the virtual peg

intermittently. In other words, the user feels the virtualeh
only occasionally despite the fact that the hole exactlytfies
peg. Hence, active geometry is not sufficient for realiséiptic

rendering of tight constraints in penalty-based simurkeio step of the local model, a local contact is said to be an

Figures 9(b), ,9@)’ and  9(f) ) demonstrate th"’“‘npending contact if it has positive separation distangg> 0.
e-active geometry withinsmm of the virtual tool enables 5 jqca1 contact is said to be aolliding contact if it has

users to realistical_ly perceive the virtual _hoIe. Figurdn)9( nonpositive separation distansg < 0, nonpositive normal
shows that constraints representm_g both ylrtual \_/va_llssam contact velocityu, ; < 0 (i.e., nonpositive relative velocity
to the local model throughout the interaction. This is beeau ¢ o proxy with respect to the constraint along the local

both constralnts are always W'th,'ng &mm neighborhood constraint normal), and was an impending contact at the
of the virtual peg. Therefore, environment forces act on t ffevious time steps; 1 > 0. A local contact is said to be

virtual peg continuously and the user feels that the peg S enetrating contact if it has nonpositive separation distance
constramed by a tlght h(_)le. Note t_hat user’s deV|at|o_n frogl < 0, nonpositive normal contact velocity, ; < 0, and was
th_e nominal p05|_t|0n in Figure 9(d) is d_ue only to the I_|m_|teq10t an impending contact at the previous time step < 0.
stiffness of thg virtual Walls. Hence;actlve geometry Wltlhln Lastly, a local contact is said to besaparating contact if it
5mm of the virtual tool eI|m|nat(?s the effgct of the V'rFua'has nonpositive separation distarsge< 0 and positive normal
environment delay on the user's perception of the Virtugh et velocityw, ; > 0. Note that the impending contact
interaction. state accounts for predicted geometry.

The proxy contact model has three states: free motion,
colliding contact, and resting contact. The proxy is said to
The realism of the kinesthetic feedback applied to usebg infree motion if all local contacts are impending contacts.

through the present local model of interaction depends en thhe proxy is said to be imolliding contact if at least one
local proxy dynamics in addition to the local geometry. Thincal contact is a colliding contact. Finally, the proxy mids
local proxy dynamics are designed to achieve two objectivas be inresting contact if it is neither in free motion nor in
(i) to improve the perceived rigidity of the virtual contagand colliding contact. This proxy contact model is employed to
(i) to allow users to operate both virtual objects and \dttu impose local geometry on the dynamic proxy according to the
linkages. The perceived rigidity of the virtual environmenapproach in [33]. The following section briefly overviewsth
is enhanced by incorporating the impulse-augmented pengltoxy dynamics, with emphasis on the additional assumgtion
simulation approach proposed in [33] in the local model dfitroduced in the local model of interaction.

interaction. In this approach, contacts are perfectlydrighen

they arise and have limited stiffness afterwards [33]. €fae,

users perceive large, impulsive forces upon contact andlfyen B. The proxy dynamics

and friction forces during contact. The impulsive forces im Linkage manipulation is allowed by defining the virtual tool
prove the perceived rigidity [34], [35] and the stability3]3 to be the entire linkage when the user holds one of its links, a

of the virtual contacts. In the local model of interaction, P . o . )
. . fMlustrated in Figure 1. By this definition, motion constrs
the impulse-augmented penalty approach is incorporated Vi

the model of proxy contact described in Section IV-A angnposed on users by the linkage topology are encapsulated

. . . . in the local proxy dynamics and nearby contacts of all links
the impulsive and penalty interaction forces are computed a : .
.must be sent to the local model. Bilateral constraints are

detailed in Section IV-B. Haptic manipulation of linkages | utomatically satisfied by computing the proxv dvnamics in
enabled by defining the virtual tool to be the entire artitada : aty - y computing proxy dy
nfiguration space; i.e., the bilateral constraints arbeezided

structure when the user holds one of its links (see Figure I), : ! . o
( g In’the coordinate representation. If the virtual tool is gidi

as described in Section IV-B. object, then its Cartesian space dynamics are its configarat
space dynamics.
A. The proxy contact model In this approach, only contact and user applied wrenches
The proxy contact model is defined based on the contawed to be included in the local proxy dynamics. Therefore,
model of one local contact. In turn, this model incorporatéga virtual tool with d degrees of freedom andcontacts is
predicted geometry in the impulse-augmented penalty moaeinsidered, the proxy dynamics during free motion andngsti

Colliding contact
5<0 & »,<0
& 5,50

enetrating contact
5<0 & »,<0
& 5,<0

Separating contact
$<0 & 2,>0

of contact [33]. In particular, the local contact model hasrf
states (see Figure 10): impending contact, colliding atinta
penetrating contact, and separating contact. Atitfie time

IV. LOCAL DYNAMICS
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f single proxy. The algorithm in [33] uses three assumptions t
! ensure nonincreasing kinetic energy of the virtual envirent
during collisions: (i) that collisions are frictionlesdj) (that
£ all local contacts have the same coefficient of restituéipa-
2 ... = e, = e; and (iii) that Newton’s restitution hypothesis
applies at all colliding and penetrating local contacts:

Fig. 11. One self-contact of the virtual tool is represerdsdwo contacts in
the local proxy dynamics, i.e., one contact on each conigdink.

Un, = —€Upg. (9)
In Equation (9), the indice8 and1 are used for pre-collision
contact are computed by: and post-collision quantities, respectively, ands [0,1] is
c the coefficient of restitutione = 1 corresponds to perfectly
D(q)d+G(a)=> I/ (@)fi+J} (@Fs (7) elastic collisions, during which the proxy loses no energy.
i=1 e = 0 corresponds to perfectly plastic collisions, whereby the

with ¢ = 0 during free motion. In Equation (7)D (q),,.., proxy does not separate from the constraints at the end of the

is the proxy’s configuration-space inertia matri&, (q) ., collision state. S _
are the gravitational termd, (q),,, , is the proxy's Jacobian To ensure non-increasing kinetic energy of the proxy during

computed at thé-th contactf;, , is the contact force at the collisions, one additional assumption is used in the pregos

i-th contact,J,, . (q) is the proxy’s Jacobian computed atocal model o_f interaction: that .the proxy cpllldes with tita

the user’s hand (the hand Jacobidh),_ , is the user-applied local constraints. Although thls assumpuon precludes the

wrench, andyysx 1, dax1, anddax: are the configuration Spacetransfer of energy fr(_)m the _V|rtual environment to the user

position, velocity, and acceleration of the proxy, respetg. UPON contac'g, it permits the V|rtual_ world to transfer.eryarg .

Furthermore, a contact between two links of the virtual tod€ user during contact. Hence, it allows contact inteoacti

called a self-contact, is represented once on each linkvedo Petween the proxy and moving virtual environments while

in the contact (see Figure 11). Note that, similar to worRnSuring that local collision resolution does not affeat th

in [36], [37], Coriolis and centripetal effects are negéét In  Coupled stabilty of the haptic interaction [41]. This asgtion

subsequent derivations, the dependence on the instangnd® enforced by taking the local constraint velocity to be

proxy state of all terms is implied. momentaply zero during proxy collisions, ey, = nTJq,
During resting contact, the proxy contact model describd{1€re J is the proxy Jacobian at the point wherg is

in Section IV-A enforces rigid constraints only approxieigz COMPuted. _ _ _

through penalizing constraint violation. Therefore, thatact ~ USiNg the four assumptions together with the first order

forcesf; have a component along the local constraint normd&©XY dynamics, obtained through time integration of Equa-

that models the limited rigidity of the local contact, and &°n (7):

component orthogonal to the local constraint normal, that m t

models dry frictiol. Hence, Equation (7) is solved for proxy Dq = Dqp + ZJT/ fidt = Dqo + J.'p, (10)

acceleration and the proxy state is advanced using a fixed i=1 to

step integrator compatible with the requirements of thetibapthe configuration-space impulse is computed by [33]:

control loop. Furthermore, the constraints imposed on the

proxy by the local geometry are represented to the userghrou p=—(1+e¢)(JD" JCT)T Jedo- (11)

the dynamically consistent inverse of the proxy Jacobi

n . : .
computed at the user's hand [40];: " Equation (10),m is the number of colliding and pen-

etrating local contacts (out of the colliding, penetrat-
; ‘L, ing, and non-penetrating local contacts). In Equation ,(11)
Fon, =3 ) 3. ® J.=[3"n...3"n;...30n,]", the' sign denotes matrix

i=1 T
h . . | | pseudo-inversion, angp = ([fo fidt...ftto fmdt2 is the
When new proxy contacts arise, 1.e., at least one Oc\%ctor of frictionless collision impulses. Note that csitins

contact is a collidir_lg contact, the proxy is in coIIiding 9N are modeled as instantaneous events @i.ex,t0). As aresult,
tact..Then, constrg|_nts are exactly epforced through isg the hand and gravitational forces contribute no impulsdkéo
applied at all colliding and penetrating local contacts.teNofirst order dynamics of the system

that impulses must be applied at colliding and penetratmg.i_he frictionless collision impulses are rendered to users a

local contac?s in order to e_n_force the rigidity of all ProXy,n impulsive wrench that, over one haptic stefy changes the
contacts during a proxy collision. In the present local ntod

. . . X omentum of the proxy by the same amount as the collision
of interaction, these impulses are computed by applying t proxy by

multiple collision resolution algorithm proposed in [33] & uﬁpulses:

F i jCTp
env — .
2Typically, users do not manipulate virtual linkages usirighhspeeds. At
Therefore, neglecting the Coriolis and centripetal effeist likely to not The impulsive wrench enhances the perceived rigidity of the
introduce large errors. . .

9 virtual contacts [34], [35]. In essence, it generates ldrged

3Dry friction can be implemented using any friction modelttieaploys X | o ; :
only local contact information, such as the models propasd@8] or [39]. accelerations without requiring increased contact &#fnand

(12)
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Rjgi(i enclosure the adaptive damping associated with the user manipulafion

Na the device represents a worst-case scenario for stalilfy [n
the experiments, the stiffness and damping of the localbaisit
are k;. = 4000N/m andb;. = 30N/(m/s), respectively. These

7 values represent the maximum contact impedance for which

H’ the interaction is stable in the intermediate represantdtie.,

Lol the virtual tool can be inserted in the tight-fitting hole hét

bottom of the virtual world and remains stable upon being lef

b there). Furthermore, collisions are considered perfgutigtic,

X N i.e., e = 0. Interaction with virtual environments with other

Virtual topl coefficients of restitution can be implemented via a diffii¢re

e value and was demonstrated elsewhere [43].

Fig. 12. The testbed virtual world used for the experimengdidation of the
local model of interaction (coordinates shown are the woddrdinates).

damping. Depending on the coefficient of restitution, the inft- Haptic rendering of static contact

pulsive wrench may also eliminate the bouncing upon contact
as demonstrated in Section V. The first experiment investigates the haptic rendering of

static contact via the proposed local model of interactian.
the experiemnt, the user’s hand is represented by a wrench
) ) F = (ON 0.5N ONm)T that pushes the virtual tool in Fig-

In this s_ectlon,_ the_ performance of the proposed 10Cgle 15 owards the bottom-most horizontal wall of the rigid
model of interaction is compared to the performance @ .osure (located ajoon = 124mm), as schematically
the intermediate representation proposed in [15] through &anicted in Figure 13. The applied wrench is limited by the
periments performed by coupling a planar haptic device {5 environment performance (i.e., the virtual toolpgo
a testbed virtual environment simulated using Vot through the wall for larger hand forces). The experimental

a physi<_:_s engine developed by (_ZMLabs Simulations INfevice trajectories are plotted in Figure 14. They are obthi
(www.criticalmasslabs.com). In the implementation, theal | interfacing the haptic device to the virtual world thréug

model and the device control run at 512Hz on the haptig: the intermediate representation (“IR"): (ii) the progeml

server, aﬂZOOMHz Pentium. Il personal computer runniqgcal model including active geometry (“Li): and (iii) the
VxWorks" . A 2.4GHz Pentium IV personal computer run-

; X ) X X proposed local model including predicted geometry within
ning Windows2000 displays the virtual environment at rate$m from the virtual tool (“LM").

ranging from 30Hz to 60Hz. The two computers communicate

via a UDP socket, with the local model acting as the server

and the virtual environment being the client. The local niode

polls the socket for new data at the beginning of each control mfh

V. EXPERIMENTS

step. When new data is available, the local model updates its
state and acknowledges the receipt of the packet by sending
back the proxy state. The virtual environment sends packets

asynchronously, each time it has completed a simulatign ste
The initial configuration of the testbed virtual environrhén W
shown in Figure 12. /

Three experiments are performed. The first two experiments
investigate the realism of haptic rendering of static cointa

) ; ; ; Sueluti Fig. 13. Schematic of the experiment investigating the ibamndering of
and the user's perception of tlght virtual spaces, re vl static contact. Initial virtual tool position is shown irelgk. Later positions are

The third experiment demonstrates that much larger contagéwn in shades of grey (the lightest shade indicates tastlabnfiguration).
stiffness can be rendered to users via the local model thran vi

the intermediate representation. In all experiments, thaal

tool is initially at rest. Since users are not able to apply th The trajectories in Figure 14(a) show the users’ motion
exact same wrenches during successive trials, the perfmgnatoward the virtual wall and the users’ bounce once they
of the proposed local model of interaction cannot be conmparkit the wall. Note that users perceive the virtual wall at
to the performance of the intermediate representatiorutiiro various locations when the intermediate representatiom, t
experiments involving manipulations performed by humankacal model with active geometry, and the local model with
To enable such comparison, the experiments use controltedctive geometry withinsomm of the virtual tool interface
user-applied wrenches. The same initial conditions and ttiee device to the virtual world. In particular, users feed th
same “user” are ensured during one experiment through wertual wall at ycons = 118mm in the local model with
placing the user's hand by controlled wrenches. Since theactive geometry, atycoyy = 78mm in the local model
haptic device is an impedance-type interface, eliminatbn with active geometry, and ajcon = 84mm in the in-

Virtual tool
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The experiment also illustrates the role of proxy deforma-

140 Device position tion in alleviating perceptual artifacts caused by disguarities
LM, wallin the simulation at simulation updates. Note in Figure 14(b) that the device
N settles upon the wall in the local model with active and
120t T SeTere e e-active geometry, and enters a limit cycle in the intermedia
— LM : representation. The limit cycle is due to penetration disco
E IR 0 walinlM tinuities at updates. In the experiment, these discorttersui
=00 are too small to destabilize the interaction. However, taey
% wallin IR sufficiently large to cause the device to rotate and loose one
SO . contact with the wall. As a result, one constraint arrivés ta
80} —wallin LM, the intermediate representation. Its discontinuous patiet
0 1 t[s] 2 3 produces opposite device rotation and a new loss of contact,

and, thus, perpetuates the rotational bouncing of the delric
the local model, proxy deformation maintains the peneirati
of the local contacts continuous, thereby allowing the wall
damping to quickly bring the device to rest.

(a) Due toe-active geometry, users perceive the virtual wall muchesios
to its position in the virtual environmenty{ oy = 124mm). They
perceive the wall afjc s = 118mm in the LM, atycoy = 78mm

in the LMg, and atyco s = 84mm in the IR.

B. Haptic rendering of tight virtual spaces

84 Device rotatipn The second experiment demonstrates the role of
e-active geometry in improving users’ perception of tight
—g6! /|R | virtual spaces. In this experiment, the controlled inteoac

represents a peg-in-hole manipulation. The user rotates th
rectangular virtual tool shown in Figure 12 B¢° and inserts

it into the hole at the bottom of the rigid enclosure that ¢yac
fits the peg. The user then releases the peg and their hand is
replaced by the wrencl;, = (1sin(57)N ON ON/m)”, i.e.,

the peg is shaken horizontally by a sinusoidally varyingéor

as schematically represented in Figure 15. The experihenta
device trajectories are shown in Figure 16. They are obdaine
by interfacing the haptic device to the virtual environment
through: (i) the intermediate representation (“IR"); (ihe
local model with active geometry (“LW); and (iii) the local
model with e-active geometry withiromm of the virtual tool
(“LM 5"). These trajectories illustrate that, depending on the
technique employed to haptically render the virtual hdbe t
device travels different distances along thedirection at
different locations along the direction in the virtual world.

0 1 ts] 2 3

(b) Proxy deformation allows the device to settle upon thd imathe
LM5 and LMy. Penetration discontinuities cause a limit cycle in the
IR.

Fig. 14. Experimental device trajectories obtained whem \hitual tool is
pushed with a constant force towards the bottom-most hatatavall. The
intermediate representation (IR), the local model witlivaageometry (LM),
and the local model withe-active geometry withinbmm from the virtual
tool (LM5) interface the device to the simulation. The contact s is
k;. = 4000N/m, which is the maximum value for stable interaction in the

IR, LMy, and LM;. Virtual tool

termediate representattbrHence, users perceive the virtuai 77 7/

wall closest to its position in the virtual environment when

e-active geometry is included in the local model of interacti _ _ _ o _ , ,

The experiment demonstrates thactive geometry dimin- . 15 Schemate f he cxoimert estgati baptierng of o,

ishes the difference between the position of the constiintshown in shades of grey (the lightest shade indicates testleonfiguration).

the virtual environment and its position as perceived byaise

While such difference depends on the user-applied forcds an Local geometry and local proxy deformation explain the

on the virtual world configuration, the experiment illusé=s differences in the three trajectories. Thus, the condgain

that e-active geometry within a relatively small neighborhoofrepresenting both the lateral and the bottom walls of the

of the virtual tool 6mm in this experiment) can significantlyvirtual hole) arrive late in the intermediate representati

reduce it (by approximatel$.5cm in this case). and in the local model with active geometry. The same

constraints arrive before becoming active in the local nhode

“Note that users perceive the wall at different locationshimintermediate With e-active geometry. Therefore, the intermediate represen-

representation and in the local model with active geomeiygabse the tation and the local model with active constraints rendéy on
dissimilar controllers apply different forces on their HarBefore hitting

the wall, users move freely in the intermediate represiemagnd they are apprOX|mqt|0ns of th? hole geometry, while the local model
position coordinated with the proxy in the local model. with e-active constraints renders the exact hole geometry
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model sporadically. The proxy deforms along #hexis and
the device drifts along this direction. In the local modettwi
e-active geometry, the proxy is constrained by the exactiairt
environment geometry and the motion of the device is only
due to the limited stiffness of the virtual hole. The results
in Figure 16 validate that users perceive tight virtual ssac
more realistically via the local model withactive geometry
then via the local model with active geometry or via the
intermediate representation. Note that users drift from th
virtual hole by several mm along each direction and by up
to 20° about the vertical axis when incomplete hole geometry

Device trajectory

85— ‘ ‘ ‘ ‘ i i i i
20 X(%%q [mm] 28 is rendered to them during the interaction.
(a) The delayed updating of the active constraints causgsrlaorizon- C. The effect of the dynamic proxy on contact stiffness
tal device motion in the IR and in the Ljvthan in the LM;. Bouncing
due to discontinuous penetration in the IR and proxy deftiomain To demonstrate the effect of the dynamic proxy on the

the LMy change the vertical device position compared to thesLM achievable contact stiffness, the peg—in—hole experirﬂéigtr

ure 15) is repeated taking the stiffness and damping of the

Device rotation local contacts equal th;. = 15000N/m andb;. = 100N(m/s),
-160 ‘ ‘ respectively. Moreover, the controlled wrench applied loa t
IR LM, device isF = (3sin(57)N ON ON/m)”’. The contact stiffness
-165 S | employed in this experiment is almost four times larger than
the contact stiffness used in the previous experimentxeSin
6_—170’ the stiffness value used in the previous experiments is the
5757 maximum value for which the interaction is stable in the

intermediate representation, only the local model cormnect
the device to the virtual world in this experiment. Hence,
the local model provides the first approximation of rigid
body interaction that stably constrains both the transasind

0 5 t[s] 10 15 the rotation of the haptic device during operation in tightl
constrained virtual tool configuratiohs
(b) The delayed updating of the active constraints causgsrialevice The experimental device trajectories obtained using the
rotation in the IR and in the LM than in the LM. local model with active (“LM”) and with e-active geometry

" 16 . ctories. obtained when the virtual tili g (“LM 5") are plotted in Figure 17. These trajectories demon-
the tight-fting botiom hole of the rigid enclosure in Figut2 and pushed ST that much higher contact stiffness (four times higtw
horizontally with a sinusoidally varying force (as shownfigure 15). The the testbed virtual environment shown in Figure 12) canlgtab
irl]_tl\?lrmegfgih;elrgssler?]tggglnin(cl:z)c’ji rt]heaclzsgl n;gﬁqeelt:nﬂ\jvciﬁi?gtgﬁ rg??oTneiLye be rendered to users via the proposed local model than via the
\(/irtuoa%’tool (LM5) interface the devicg; to thegsimulati)(;n. The contact st !ntermedlate_ represen.tgnon. Thl$ IS _the result of the dagwp
is k;, = 4000N/m, which is the maximum value for stable interaction in thdntroduced via the position coordination channels of thgtica
IR, L!\/Io, and LMs. Npte that the d_evice is better constrained to the virtuatontroller [26]_ In turn, position coordination is enab[mjdthe
hole in the LMs then in the IR and in the LM proxy dynamics.

The experimental trajectories in Figure 17 also validage th
positive effect ofe-active geometry on user's perception of
tight clearances. Note that the device travels approxigmate
2cm more along both the and they axes and rotates more
around the horizontal orientation of the virtual peg when
the local model incorporates active geometry than when it
incorporateg-active geometry withismm of the virtual tool.
However, due to overshoot, the device penetrates into the
constraints more thabmm and the neighborhood selected for
geometry prediction is not sufficient to eliminate the impac
of the virtual environment delay on the interaction repnése
by the LM; trajectory. This impact is represented by the larger
device motion along the axis than permitted by the contact
stiffness.

throughout the interaction. Approximate (i.e., partiadoge-
try accounts for the larger rotation and horizontal motibthe
device in the IR and the LMtrajectories in Figure 16. Partial
geometry together with discontinuities in the intermeglia
representation and together with proxy deformation in dieall
model explain the variances along theaxis in the device
trajectories. In the intermediate representation, latestaints
result in force discontinuities which cause the device tortoe
off the bottom waf. In the local model with active geometry,
proxy deformation maintains force continuity despite tatel|
arrival of the active geometry. Therefore, the device sgttin
the local constraints. However, the local constraints iimco
pletely represent the virtual hole, i.e., they exist in theal

6Such configurations have been reported to be unstable in tiee p
5Note that the bounces off the vertical walls counteract esthbr. intermediate representation of rigid body interaction][15
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Device trajectory

X 2‘5 [mmj 35
com

(a) Despite the large contact stiffness, the translatiothefdevice is
stable regardless of whether active ceactive geometry is used in the
local model. Moreover-active geometry tighter constrains the position
of the device to the position of the virtual tool.

Device rotation

~150"
~160"
-170

@
-180

—-1904 ‘ ‘
0 5 t[s] 10

15

(b) Despite the large contact stiffness, the rotation oftéce is stable
regardless of whether active efactive geometry is used in the local
model. Moreovere-active geometry tighter constrains the rotation of
the device to the rotation of the virtual tool.
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less of whether users manipulate a virtual object or a Mirtua
linkage. A second advantage of the dynamic proxy is that
it enables the haptic controller to coordinate both wresche
and body positions between the haptic device and the proxy.
Hence, it facilitates the use of a controller that enhances
the realism of the interaction compared both to the virtual
coupler [1], [2] and to the direct coupling approach [15].
Compared to the virtual coupler, this controller enablesrsis

to feel physical phenomena represented through fast force
transitions, such as collisions and friction. Comparediteat
coupling, the controller introduces additional damping vi
the position coordination channels and, thus, allows estiff
contacts to be rendered to users. Experiments performad usi
a planar virtual world interfaced to the haptic device tlgiou
the proposed local model of interaction illustrate thatrsise
more realistically perceive tight virtual spaces and thmeyt
can manipulate stiffer objects. These experiments alsa sho
that, unlike the intermediate representation [15], thealloc
model stably constrains both the translation and the wtadf

the device. They report the first local approximation ofdigi
body interaction that can fully interface a haptic deviceato
multibody simulation with interactive performance.

The proposed local model does not guarantee the stability of
the interactions for arbitrary virtual environment georigst
Moreover, its performance degrades during fast user mstion
Future work will focus on computing physically-motivated
forces that represent guaranteed limited stiffness andnen e
hancing the local geometry based on predicting user motion.
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