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Abstract— This paper proposes an approach to providing
realistic force feedback to users manipulating virtual linkages
with kinematic loops. In the proposed approach, users feelhe
effect of the effect of the virtual kinematic loops: (a) on tre
inertia of the virtual linkage at the user-selected operatbnal
point (OP); and (b) on their freedom of motion. The approach
introduces a method for computing the inertia of linkages
with kinematic loops at arbitrarily selected OPs. It uses tlis
inertia to select the directions of motion resisted by the viual
joints. Users feel the apparent inertia via impedance contl,
and the motion restrictions via stiffness control. Controled
experiments within a planar haptic interaction system valdate
that the proposed approach successfully renders the kinentia

embedding performed outside the main integration loop.
It is envisioned that computational power increases will
soon allow the use of this architecture in haptic applica-
tions. Increased physical accuracy of the haptic simulatio
of linkages has also been sought via modeling collisions
in [18], [3]. The haptic rendering of the joint constraints
of serial-chain VTs has been implemented via proxies with
first order dynamics in [13] and via a controller acting
along the constrained directions in [5]. Apart from the l@apt
manipulation of a VT with a kinematic loop reported in [14]
and based on an application-specific simulation and haptic

loop closure constraints to users. rendering algortihm, mostly haptic interaction with skria

chain VTs has been investigated to date.
. L . ) The present work expends the class of VTs that users
Haptics applications strive to provide force feedback 0.4y manipulate to include passive linkages with kinematic
users interacting with realistic virtual environments 8yEA loops (linkages under feedback control, i.e., active, can
key factor affecting the realism of the VE is the complexity 3o pe included in the proposed formulation). It enables
of the virtual objects that users can manipulate (hereaftgfsers to feel the VT inertia and the motion restrictions due
called virtual tools, VTs). VT complexity is typically litéd 5 the kinematic loops. The work contributes a technique
by the stringent speed requirements of the haptic controllef,, computing the inertia of VTs with kinematic loops at
For compelling interaction within rigid VEs, the haptic 4 arpitrary OP, and for deriving the motion constraints
controller demands the VT dynamics to be computed afmposed on users by the virtual joints. The VT inertia is
guaranteed rates of the order of hundreds of Hz. Manyypjied to users via impedance control. The directions of
haptics applications meet these severe control constraint,ngiraint are rendered via stiffness control. As illustla
through enabling users to manipulate only single virtua, section Vi, stiffness control effectively restricts use

objects. . . ~motion as required by the kinematic loops.
More complex VTs may be needed in various applica- |, the remainder, the simulation of VTs with kinematic

tions. For example, during virtual reality-based trainfog  |,4h5 enforced via Lagrange multipliers is briefly discasse
robot a_55|sted m|n|mally INvasive Surgery, surgeons ne_eﬁl] Section Il. The haptic rendering of the dynamics of
to manipulate VTs with motion constrained by the robotic\/ < \with kinematic loops is overviewed in Section III.

system. Virtual CAD prototyping and animation applicason The derivation of the VT inertia and of the kinematic loop

may also require users to operate virtual linkages. In Cong|qqre constraints at the user-selected OP is developed in

trast to the manipulation of single objects, force INtEMACL  gqction |v. The efficient implementation of the approach is
with virtual linkages commands the haptic rendering of theyqtailed in Section V. Haptic manipulation of a VT with

linkage dynamics, including the varying inertia and thejoi ;nematic loops is illustrated in Section VI. Concluding

constrgmts. ) _ ) _ remarks are presented in Section VII.
Earlier haptics work has proposed linkage simulations that

run at the speed of the haptic controller. Computational
efficiency has been achieved via application-specific [14]

and general purpose algorithms [17], [19]. More recently, vTs with kinematic loops are simulated in the present
a multi-rate architecture has been proposed whereby Ikagyork through the method of Lagrange multipliers in its form
dynamics are simulated in minimal coordinates at the speeghmmon in multibody dynamics [15], [16], [9]. Specifically,

of the haptic controller [10], [11]. The efficient dynamics i the VT dynamics are derived using extended generalized
minimal coordinates are obtained via symbolic constraintggrdinates [6]. These coordinates include the relatiie jo
coordinates identified after selecting cut joints and ngtti
them open, as illustrated in Fig. 1 for a VT with one
kinematic loop. Note that the selection of the cut joints is
beyond the scope of the present work, and has no bearing
on the proposed algorithm for haptic rendering of kinematic
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loops because the VT dynamics are independent of this After augmenting the VT dynamics with the Baumgarte
selection. stabilized loop closure constraints at the acceleratigalje
the haptic simulation solves:

D W' (4 _ (> ,IF;+I'F,-B-G
W 0 A - —Wstab
4)

and integrates the configuration acceleration in fixed steps
equal to the time step of the force feedback loop. For
non-redundant kinematic loop closure constrairig, is
non-singular and the computational delay inccured through
solvingn + m ODEs in the proposed approach, compared
to n — m ODEs in methods which derive the VT dynamics
in independent coordinates, is minor for VTs with a limited
number of kinematic loops. This cost is partly offset throug
avoiding the need to identify new sets of configuration
In the chosen (dependent) configuration variables, th@ariables during the simulation, as would be necessary if
dynamics of a VT withn links, m kinematic loop closure minimal coordinates would be used. Another advantage of
constraints and contacts are given by: enforcing the loop closure constraints through Lagrange
D(q)d+B(q,q) + G (q) = multipliers is that techniques are available for efficigntl

B deriving the Lagrangian dynamics of multibody systems with
S IT@F+I (@F, - W (@A (1)
i=1

N Cut joint

Fig. 1. Choice of configuration variables for a VT with kineidoops.

tree kinematic structures [7].

IIl. HAPTIC RENDERING OFLINKAGE DYNAMICS
where:D (q),,,,, is the configuration space mass (inertia) pyring manipulation of VTs with kinematic loops, users
matrix of the VT; B (q,q),,, groups Coriolis and cen- naeq tg feel: (i) the inertia of the VT at the selected OP;
tripetal terms;G (q),,,, encompasses joint flexibility and (ii) the virtual joints when attempting to move outside the
gravitational effectsdi (a),,, is the Imkagg Jacobian cOm- gnace of feasible motions and (i) the contacts of the VT
puted at the-th contactF;,, = (f/ 0")" isthe contact when other virtual objects restrict the VT motion. The
wrench (i.e., the forcé;,,, and torquer;,, = 03x1) atthe  present work employs a control architecture whereby sepa-
i-th contactJ, (q)4,,, is the VT Jacobian computed at the rate controllers render inertia, joint constraints andtaots
user’s hand (hand Jacobiai);,, , is the wrench applied by to users [5]. This control architecture, schematicallyicieul
the userW (q),,,.,, = %E]q) is the rectangular Jacobian of in Fig. 2, includes the following controllers:
the kinematic loop closure constrainds;, . ; is the vector of 1) Impedance controller: renders the VT dynamics during
Lagrange multipliers, i.e., unknown magnitudes of corstra free motion of the user-selected OP (i.e., motion
forces maintaining the closed loops at the cut joints; and unimpeded by the joints or other objects). Based on
the inverse of the VT operational space inen&g],

dnx1, Anx1, @andq,x1 are the configuration space position,
velocity, and acceleration of the VT, respectively. (1) de- this controller shapes the impedance of the device to
match the VT impedance at the OP.

scribes the dynamics of a passive VT. Haptic manipulation

of VTs under feedback control (i.e., active) can be allowed 2) Joint constraint controller: renders the resistance of

by augmenting (1) with the desired feedback torques. the virtual joints when users try to move outside the
space of feasible operational space motions. This is

Integration of a DAE of index three [2] is avoided through
augmenting the VT dynamics in (1) with acceleration con- a stiffness controller which hinders motion along the
directionsn, resisted by the virtual joints.

straints. For the holonomic constraints considered here,

the acceleration constraints result from differentiatihg 3) Four channel teleoperation controller [12]: renders the

kinematic loop closure constraints(q),,,, = 0 twice to VT contacts through feedforwarding the haFig and

obtain: . contactF; wrenches between the haptic device (user)
h=Wg+w=0. (2) and the haptics simulation via the two force channels.

It eliminates user’s drift from the OP via the two
position channels.

To enable manipulations of VTs with kinematic loops,
this architecture requires the VT inertia and the direction
resisted by the cut joints at the selected OP. A method for
computing them is proposed in the following section.

In (2), w = (%—Vy + %—ng) - ¢ and the dependence of the
various terms ong, q, and timet is implied. Kinematic
loop closure drift is kept small through Baumgarte stabiliz
tion [1], i.e., through replacing (2) with:

h+2a8h+a’h=0<

Wq + Witap = 0. (3)

In (3), Wyiap = W+ 2a8W +a?h, anda andj3 are chosen
such that the error dynamics converge to zero.

IV. LINKAGE INERTIA AT THE OPERATIONAL POINT

In contrast to serial-chain VTs with dynamics in inde-
pendent coordinates, the dynamics of VTs with kinematic



F. i Impedance A] 5 generalized coordinates. Due to this coupling, the kinemat

controller Virtual loop closure constraints are computed in this work aloregsid
Joint constraint N I%nwronmen tg?/ Icj)thefr fl,qt constraints via singular value decompasiti
controller |g—=< an ( ) of A,

= A, =UxV", (10)
Teleoperation j Specifically, the directions of joint constraints, inclogithe

controller \ cut joint constraints, form the rows af.
—NNAN— V. IMPLEMENTATION
\Fi <
~Fo — Because SVD algorithms do not have guaranteed running

time, the computation of the singular directionszb)‘;] is

Fig. 2. Schematic of the control architecture rendering\tfiedynamics. sidestepped in the proposed implementation via decoupling
the force control loop from the simulation through a local
model of interaction [4] (see Fig. 3). The local model is a

loops are simulated in extended generalized coordinat§gqyuced simulation that runs at the frequency of the force
and the loop closure constraints are included via Lagranggyntrol loop. It approximates the interaction between tfie V

multipliers. Therefore, users must perceive the effechef t 5,4 the VE through the interaction between the VT and
Lagrange multipliers on the VT operational space dynamic§earhy objects. The approximate dynamic model of the VT
in addition to feeling the VT contacts. Wh|le the_ ContaCtemployed in the local model is called the dynamic proxy.
wrenchesF; between the VT and other virtual objects areThe guality of the approximation is maintained via updating

computed using impulsive and penalty forces as proposege |ocal model at each step of the VE simulation.
in [3], the effect of the Lagrange multipliers is derived

herein under the simplifying assumption of small velositie

Virtual Dynamic User’s

ie., neglijiblt_e dyngmic coupling eﬁectg. The \{alidity iis tool proxy hand
assumption is verified experimentally in Section VI. /

Given the assumption of small velocities, the operationa \
space acceleration of the user’'s hand is [8]: / e

% = Jng = A, 'Fy, (5)

pOll’lt

whereA,j1 is the inverse of the VT operational space inertia

at the selected OP. Note in (5) that the space of feasibl@ 1°Cii£§‘,i§ia‘i‘§date
motions at the OP can be identified with the range spaceYE @ Localmodel ) " \device
of A;l, and the space of user motions hindered by the tens of Hz hundreds of Hz
virtual joints can be identified with the null space Aﬂ,‘;l.
Substitutingg from (1) in (5), it follows that:

A'Fp=3,D7' (J/F, - W'A), (6)

Fig. 3. Decoupling of the force control loop from the VE simtitn through
a local model of interaction.

The decoupling permits computations to be distributed
where A, ' and X are unknown. Therefore, the constraint between the simulation/graphics and the haptics procgssor
equation (2) is used to compute the Lagrange multipliers: Specifically, contact geometryA, ' and the directions of

joint constraint are computed on the graphics processar. Th

—1
A=- (WD 1WT) WD Iy, 7 VT dynamics are computed on the haptics processor and
Substitution of (7) into (6) gives: are rendered to users as described in Section Ill. Further
. computational savings are achieved on the haptics processo
A, Fn = by approximatingD, W, andw in (4) with their values in

J,D! (Jz -~ w7 (WD 'wT) WD*lJ{) F,.(8) the VE at the moment of the update. Lastly, it is assumed
’ that users manipulate the VT slow enough that the Coriolis
which must hold for all hand wrenchds,. Hence: and centripetal effects can be ignored (similar to work ifj [1
A = 3,D (JZ w7 (WDile)fl WD 137 and [19]) and the VT dynamics are simulated by:
~ 13,0737 —3,0'w? (WD'w?) ' wp37. (9 |2 WT] <q> - <Zf—1 T+ T — G) (11)
\%\% 0 A —Wstab

In (9), the first term is the inverse of the operational space o R
inertia of the VT with the kinematic loops opened and theln (11), D, W, w,;, and G denote the values dD, W,
second term embeds the kinematic loop closure effects. Now ., andG, respectively, computed by the graphics engine
the coupling between loop closure geometry and configand sent to the local model at the update. Furthermore, the
uration space inertia for VTs with dynamics in extendeddirections of joint constraint are approximated througkirth



values in the VE at the update, by computing the SVD ofconstant wrenct¥), = (—0.5N ON —0.0025Nm)T1 is

A,jl on the graphics processor: applied at the centre of mass of the second link in the
) experiment (note link numbering in Fig. 5). This constant
A, =UxVT (12) wrench ensures the “same” user during successive manip-

R ulations. The VT is initially at rest in the positiog, =
and using the columns df in the local model to estimate (grad —Zrad —%rad grad)T, as depicted in Fig. 5.
these directions. Equations (11) and (12) allow the VTThe stiffness and damping used for rendering joint con-
dynamics to be simulated at the frequency of the haptigtraints arek; = 200N/m/kg andb; = 50N/(m/s)/kg. Kine-
controller. Operation of VTs with kinematic loops using matic correspondence between the device and the VT are
these approximations is demonstrated experimentallyeén thmaintained viaK,. = (100N/m 100N/m 0.5Nm/rao)T

following section. o and B,. = (7ON/(m/s) 7ON/(m/s) 0.375Nm/(rad/s)’ .
The block diagram of the user manipulation of the dy-These gains are chosen to be much weaker than the

namic proxy of a VT with kinematic loops in a free VE qoniact stiffness and damping, implemented in the hap-
(F; = 0) is depicted in Fig. 4. This _flgure repre_sents: thetic simulation Via keontact = 15,000NM and bopntaer =
user through the hand wrendh,; the joint constraint con- - 3ggN/(m/s). The gains of the graphics controller are
troller that limits user's motion as required by the kineimat K, = (1000N/m  1000N/m 100000Nm/ra0)T andB, =

loops through its stiffness; and damping;; and the four T
channel teleoperation controller through the force chinne (100“”(”?’5) 100N/(m/s) IOQOONm/(rad/s) ' These are
the maximum values for which the VE simulation on the

feedforwarding the hand wrendfy, to the local model, and ) - .
through the stiffnes®,. and dampingB,, of its position graphics processor is stable. Because the testbed VE axlud
P P only the VT, its dynamics are approximated by:

channels.
Dg=J/F, - WTX (13)
Hapnc device under in the local model of interaction.
F impedance control
J’_
——0 >
A+

»|—

Joint constraint controller
kb WA
7:’7

Position coordination channels

K.B, W\~

A 4 Af

A AA

Dynamic proxy of the VT >{>
h
Fig. 5. Planar testbed virtual environment used to illusttzaptic manipu-
l » Fkin lation of VTs with kinematic loops. Note link numbering arfgetcut joint.
S
TABLE |
VT PARAMETERS IN THE EXPERIMENTAL MANIPULATIONS
Link length Link mass Link inertia
Fig. 4. Block diagram of the manipulation of a VT with kinericalbops l1 = 0.045 (m) | m1 =1 (kg) Iy =0.0021 (kg-m?)
in a free VE. User motion along the directions resisted byltlo@ closure lo =0.045 (M) | m2 =1 (kg) I, = 0.0021 (kg-mf)
constraints has stiffneds; and damping; . I3 =0.021 (m) | m3 =1 (kg) T3 = 0.0021 (kg-m?)
ly = 0.060 (M) | m1 =0.5(kg) | I1 = 0.00105 (kg-m?)

The proposed method for computilzlg,j1 and the direc-
tions of kinematic loop closure constraint is validated via

. T_hls section illustrates manlpu!at|or]s of the VT depicted 1ro; he impedance type haptic interface used in the expatime
in Fig. 5, whose parameters are given in Table I. A controlledonstant wrench is a worst case approximation of the usestédnility.

VI. EXPERIMENTS



two successive manipulations. During the first maniputatio
the loop closure constraint is imposed through stiffness

control by penalizing motion along the directions resisted |

by the cut joint. During the second manipulation, the loop
closure costraint is rendered through impedance control by
controlling the acceleration of the end-effector of thetiap
device to zero along the directions of cut joint constralie

experimental results are plotted in Figs. 6 and 7. Figs. 6(a) 16|

and 7(a) depict the number of joint constraints imposed on
the haptic device (i.e., the user’s hand) by the VT, ideirtdy 14
the time during which the loop closure constraint is active i
each manipulation. They illustrate that, in the VE, theuait
joints impose at least one constraint on the OP throughout
both manipulations. This is because the selected OP is on
a link with insufficient degrees of freedom. Hence, during

1.2f

Number of joint constraints

either manipulation, the loop closure constraint is active ¢ 5 10 15 20 25

(A # 0) only when two joint constraints are active in the
haptic simulation.

Figs. 6(b) and 7(b) plot the trajectories of the end-effecto
of the haptic device (HD) and of the selected OP on the
VT (OP). Although the different controllers change the
VT dynamics and thus the OP trajectories during the two
manipulations, a qualitative comparison of the results is
possible. Note that the trajectory of the end-effector @& th
haptic interface follows the trajectory of the simulated OP
when joint constraints are rendered via stiffness control
(Fig. 6(b)). In contrast, the drift between the two trajec-

tories is significant when joint constraints are imposed via >o.17f

impedance control (Fig. 7(9) These results illustrate that
stiffness control enforces the cut joint as effectively las t
serial-chain joint. Hence, they validate the method pregos
for computingA,j1 and the kinematic loop closure constraint
directions. The effect of the loop closure constraint on the
device (i.e., on the user) motion is also clearly identitabl
in Fig. 6(c). Note in this figure that the wrench applying
the joint constraints to the device (hand) is larger when
the kinematic loop closure constraint is active. This large
wrench demonstrates that the stiffness of the two conssrain
combines to tighter confine the device to the simulated OP.

VII. CONCLUSION

This paper has proposed an approach to enabling users
to manipulate virtual linkages with kinematic loops. Insthi
approach, linkage dynamics are simulated in configuration
space and kinematic loop closure constraints are mairttaine
via Lagrange multipliers augmented with Baumgarte stabi-
lization terms. The virtual dynamics are rendered to users
in Cartesian space. The varying linkage inertia is applied
via impedance control in operational space, and the joint
contraints are enforced via stiffness control along diogxst
orthogonal to operational space. The ability to restriefrigs
motion as required by the virtual kinematic loops has been
validated through an experiment within a planar haptic
interaction system.

2The drift in Fig. 7(b) is limited by ending the experiment bef the
device end-effector reaches the mechanical boundary whitkspace, after

approximately3s and just after the loop closure constraint becomes active. Fig

— 0.18)
S
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time [s]

(a) Number of joint constraints imposed by the VT on the OP.
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(b) Experimental trajectories: of the user’s hand on thetibap
device (HD); and of the OP on the VT (OP).

Joint constraint wrench
1 T T T T

0.51

z
o

-15F

0 5 1 20 25

0 i 15
time [s]

(c) Joint constraint wrench applied to the user’s hand by the
stiffness controller on the haptic device and the OP on the VT

6. Experiment: joint constraints rendered througfir&ss control.
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(a) Number of joint constraints imposed by the VT on the OP.

Trajectory
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(b) Experimental trajectories: of the user’s hand on theibalevice
(HD); and of the OP on the VT (OP).

Fig. 7. Experiment: joint constraints rendered throughedgmce control.

Future work will investigate: the range of stiffness con-
troller gains for guaranteed stable manipulation of VTdhwit
kinematic loops; the haptic manipulation of active VTs,,i.e
VTs under feedback control; the operation of VTs with
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redundant loop closure constraints; and the simultaneous

manipulation of a VT with kinematic loops by multiple

users.

REFERENCES

[1] J. Baumgarte, “Stabilization of Constraints and Intdgrof Motion in
Dynamical Syatems,Computer Methods in Applied Mechanics and

Engineering, vol. 1, pp. 1-16, 1972.

K. E. Brenan, S. L. Campbell, and L. R. Petzolthe Numerical
Solution of Intial Value Problems in Differentail-Algebraic Equations.
Elsevier, New York, NY, 1989.

D. Constantinescu, S. Salcudean, and E. Croft, “Haptadering of
Rigid Contacts using Impulsive and Penalty ForcéEEE Transac-
tions on Robotics, vol. 21, no. 3, pp. 309-323, 2005.

D. Constantinescu, S. Salcudean, and E. Croft, “Locald®e of
Interaction for Realistic manipulation of Rigid Virtual Wds,” The
International Journal of Robotics Research, vol. 24, no. 10, pp. 789—
804, 2005.

D. Constantinescu, S. Salcudean, and E. Croft, “Haptanidulation
of Serial-Chain Virtual MechanismsASME Transactions Journal of
Dynamic Systems, Measurement and Control, vol. 128, no. 1, pp. 65—
74, 2006.

R. FeatherstoneRobot Dynamics Algorithms.  Boston:Kluwer, 1987.
R. Featherstone, “Efficient Factorization of the Jdipace Inertia
Matri for Branched Kinematic Trees;The International Journal of
Robotics Research, vol. 24, no. 9, pp. 487-500, 2005.

R. Featherstone and O. Khatib, “Load Independence ofDjieam-
ically Consistent Inverse of the Jacobian MatriXfie International
Journal of Robotics Research, vol. 16, no. 2, pp. 168-170, 1997.
J. Garcia de Jalon and E. Bay§inematics and Dynamics Smulation
of Multibody Systems: The Real-Time Challenge.  Springer-Verlag,
1993.

R. Gillespie, “Kane’'s Equations for Haptic Display of ulibody
Systems,"Haptics-e, vol. 3, no. 2, pp. 1-20, 2003.

R. Gillespie, “On-Line Symbolic Constraint Embeddifay Simula-
tion of Hybrid Dynamical Systems Multibody Dynamics, vol. 14,
pp. 387-417, 2005.

D. Lawrence, “Stability and Transparency in BilateTaleoperation,”
IEEE Transactions on Robotics and Automation, vol. 9, no. 5, pp.
624-637, 1993.

P. Mitra and G. Niemeyer, “Dynamic Proxy Objects in Hapt
Simulations,” in Proceedings of the IEEE Conference on Roboatics,
Automation and Mechatronics, 2004, pp. 1054—-1059.

A. Nahvi, D. Nelson, J. Hollerbach, and D. Johnson, “titaManip-
ulation of Virtual Mechanisms from Mechanical CAD Designis,
Proceedings of the IEEE International Conference on Robotics and
Automation, Leueven, Belgium, May 1998, pp. 375-380.

P. E. Nikravesh,Computer-Aided Analysis of Mechanical Systems.
Prentice-Hall, Englewood Cliffs, NJ, 1988.

P. E. Nikravesh, “Systematic Reduction of Multibody Uagjons of
Motion to a Minimal Set,” International Journal of Non-Linear
Mechanics, vol. 25, no. 2/3, pp. 143-151, 1990.

D. Ruspini and O. Khatib, “Dynamic Models for Haptic Rimming
Systems,” inAdvances in Robot Kinematics: ARK98, Strobl/Salzburg,
Austria, 1998, pp. 523-532.

D. Ruspini and O. Khatib, “Collision/Contact Modelsrf®ynamic
Simulation and Haptic Interaction,” ifProceedings of the Interna-
tional Symposium on Robotics Research, Snowbird, UT, 1999, pp.
185-195.

D. Ruspini and O. Khatib, “Haptic Display for Human Inaetion with
Virtual Dynamic Environments,Journal of Robotic Systems, vol. 18,
no. 2, pp. 769-783, 2001.



