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Abstract

This paper presents an approach for providing realisticefdeedback to users manipulating serial-chain virtualhaeisms.
In the proposed approach, a haptic device controller isgydesi that penalizes users’ motion along the directionstessiby the
virtual joints. The resisted directions span the null spheeJacobian of the virtual mechanism computed at the ubarsi, and
are derived via a Singular Value Decomposition-based #hgor Haptic numerical performance is achieved by computime
resisted directions on the graphics processor, and by tlsérg on the haptics processor to derive the control sigralréstricts
users’ motion as required by the virtual joints. The perfance of the proposed approach is validated through expetaine

manipulations of links with unrestricted and with rese@tmotion within a planar virtual world.

I. INTRODUCTION

Realistic haptic manipulation of virtual mechanisms (VMsdm any link and through singularities, is potentiallynieécial
in virtual prototyping [1], medical simulators, educatiomotion editing for animation [2], and computer games [3pr F
example, operation of links with insufficient degrees okefiem (DOFs) is important in training for laparoscopy, where
scope limits the motion of the tool at the point of entry. Dessuch promising applications, little research has astdre
the haptic rendering of user interaction with a virtual @omment through a VM [1], [4], [5], [3], [2], [6], [7]. This igartly
because the dynamics of VMs are challenging to compute atlgteed speeds of the order of hundreds of Hz, as required

for haptic manipulation of virtual environments.
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To overcome the computational challenges, existing haptisearch has focused primarily on the simulation of VMs. Fo
example, efficient mechanism dynamics are the major coniceft], [4], [2]. Accurate contact and collision models are
proposed in [5], [7], [8]. Redundancy resolution and effitidynamics of mechanisms with multiple branches are adddes
in [6]. Generality and interactive performance are the kejectives of the object-oriented simulator proposed in Miich of
this haptics work builds on earlier developments in robotlgdimg [9], [10], [11], [12], and control [13], [14], in comytational
dynamics [15], and in graphics [16]. Its main objective idrtorease the realism of the haptic manipulation via indrgathe
physical accuracy of interactive mechanism simulations.

In addition to depending on the physical accuracy of thaugirenvironment, realistic haptic manipulation of VMs hétsgon
the technique used to apply the simulated forces to users haptic rendering methods have been developed in pricarese
A virtual proxy! [17] has been employed to apply forces to users during poamtipulations of VMs through pushirtg2], [7].

A virtual couple? [18], [19] has been used to apply wrenches (forces and tejdaaisers during rigid body manipulations [7].
Both the virtual proxy and the virtual coupler have been aygll to compute penalty-like wrenches at the high speed of
the force control loop while the virtual environment has h@enerated at lower speeds [2], [7]. Due to the lower speed at
which the virtual environment has been simulated, only tiahistiffness has been rendered to users [7]. The advanfage o
virtual coupler control is that the coupling parameters barchosen such that the interaction is guaranteed stabige\éo,

the virtual coupler low-pass filters the virtual interacoand does not allow users to feel physical phenomena ezt
through forces with frequency components above its cuteffdency.

This paper proposes a new approach for haptic renderingg@f body manipulations of open-loop VMs. The proposed
approach is the first that enables users to operate openvbtspfrom any link and through singularities without low-gas
filtering the wrenches rendering the interactions betwéenuM and other virtual objects. In this approach, a hapticiae
controller is designed as an integral part of a previouslettged control architecture [20]. The new controller eoés the
VM joint constraints, and the existing architecture appti@ users the VM inertia and the contact interactions beaivtiee VM
and the virtual environment. The proposed controller astgemeralized springs and dampers that oppose users’ naiting
the directions resisted by the virtual joints. These diosexst are selected using the orthogonal complement of the &@dhian,
computed at the user’s hand. By augmenting the existingitaotire with the new controller, the present approachwalo

manipulations of serial-chain VMs from any user-selectekl. IBy proposing a controller that acts orthogonal to thredions

1The virtual proxy is a simulated small sphere connected ¢outker’s finger through a simulated spring and a damper whestrained by other objects
in the virtual environment and collocated with the user'génotherwise.

2The virtual proxy can be used only for pushing because it \mshaimilar to a contact constraint by definition.

3The virtual coupler is a controller that acts as a genemligeanslational and rotational) spring and damper conmedietween the user and the end
effector of the VM.
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along which users feel the VM interactions with the virtuavieonment, the approach does not low-pass filter the Mirtua
contact forces. Hence, it enables users to feel physicatgghena represented through contact forces with high fregyue
components, such as collisions [8]. Haptic numerical perfmce is achieved by distributing the computations betwtbe
simulation and the haptics processors. In particular, gargetry of the joint and of the contact constraints is coregunh

the simulation, at lower speed (of the order of tens of Hz}J ensent to the haptics processor. On the haptics processor,
the proposed controller and a local model of interaction] [2de this geometry to derive the wrenches applied to usess. A
illustrated experimentally in Section VIII, stiffer jointonstraints can be imposed on users via this implementatiche
proposed approach than via connecting users to the VM threirtual coupling.

The haptic rendering of joint constraints presented in gaper is related to work in [22], [23], and [24]. In that work,
the tracing of a virtual surface has been implemented viahthgtic manipulation of a V¥ The VM was designed such
that it had no singularity in the workspace of interest anty @llowed motion in the plane tangent to the desired surface
(the configuration space of the VM coincided with the virtgatface). Furthermore, virtual springs and dampers wesd ts
connect the haptic device to the virtual end effector. Sintib [22], [23], and [24], the approach proposed herein pismalizes
users’ motion along the directions resisted by the virtoalts. However, unlike those works, the present approadesggned
to enable realistic and unrestricted manipulations ofasetiain VMs within dynamic multibody virtual environmeantather
than the tracing of virtual surfaces. Therefore, it forcesrs to trace the configuration manifold of the VM that usegrsrate
only when users exceed this manifold. When users move inBelevorkspace of the VM, the approach enables them to feel
the VM inertia, as well as the VM interactions with other uat objects.

In this paper, the control architecture implementing theppised approach is presented in Section Il. The method wvsed t
generate the VM is overviewed in Section Ill. The haptic ey of the VM inertia and of the VM joint constraints is
presented in Sections IV and V. Simulated haptic manipaatiof a planar three-links VM from various links is discusge
Section VI. The efficient implementation of the approachataded in Section VII. Haptic manipulations of a planaretminks

VM from various links are illustrated in Section VIII. Conmdions and directions for future work are discussed in 8ediX.

Il. CONTROL ARCHITECTURE

The control architecture proposed in [20] is used for haptiedering of user interaction within rigid multibody vietu
environments in this work. The architecture comprises greance [25] device controller and a four channel teledioer§26]

haptic controller. The device controller matches the ingmea of the haptic device to the impedance of the VM held by the

4Haptic manipulation of a crank has been used for tracing @alircircle in [22] and haptic manipulation of a two-link @zsian mechanism has been
used for tracing NURBS surfaces in [23] and [24].
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user. The haptic controller regards the haptic device asnthgter and the VM as the slave [20], and applies the VM contact
(environment) forces to the user’'s hand. A simplified medaamepresentation of one dimensional haptic interacti@nthe

four channel haptic control architecture (excluding thenominication delay and the force scaling factor) is depiatefig. 1.

In this figure, it is considered that the dynamics of the lagévice (master) and of the VM (slave) are dominated by their
respective inertias, while the dynamics of the environnagatpredominantly compliant. Therefore, the impedancéseohaptic
device Zyp and of the VM Zy, ,, are represented via their mass;, andmy ar, respectively. The environment impedance
Z.nv IS represented via the spring-damper connection that @spthe VM motion with an environment forge,,,,. The user
applies a forcef;, to the device, and the four channel teleoperation contralbenects the haptic device to the operational
point of the VM. Via the two force channels, the controlleedéorwards the user-applied force to the VM and feeds bagk th
environment force to the user’s hand. Via the two positioarttels, it acts as a spring-damper connection between theede
and the VM operational point and applies a coordinationdqfs; to both. High coordination gains are undesirable because
they give a “sluggish” feeling in free motion [26]. Theredoithe four channel architecture uses low coordinationsyairmd
employs the coordination force only to maintain the kineamabrrespondence between the device and the operatioiral po

on the VM.

f env _f[;c h _]inv
h, mHD I_I_/\/\_l mVM

Fig. 1. Mechanical representation (excluding the commatiun delay and force scaling) of one dimensional haptierattion within a virtual environment
via the four channel teleoperation controller.

Note that the impedance controller is represented in Fignl§ through its effect on the impedance (mass) of the haptic
deviceZgp (mpgp). If the impedance controller perfectly matches the impedaof the haptic device to the VM impedance
at the user-selected operational poiilyp = Zv i (mup = myv ), then the impedance transmitted to the users’ hand is
Zy = Zyvm + Zeny- Users feel as if directly manipulating the VM within the tval environment, and the haptic controller
is transparent [26]. In this existing control architectuneers feel the motion constraints due to other virtual abjéhrough
Z.nv, represented by.,, in Fig. 1. They feel the VM inertia and the motion constraidtse to the virtual joints through
the impedance controller which matchBgp to Zy ;. As discussed in Section IV, the impedance controller comiadhe
device acceleration to follow the acceleration of the VM mgpienal point, i.e., it commands zero device acceleratitomg
the directions of joint constraint. Numerical drift and fenidevice stiffness prevent zero acceleration control feffactively
limiting users’ motion. Therefore, a new controller is pogpd in Section V that penalizes users’ motion along thectiines

restricted by the virtual joints.
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Before addressing the shortcoming of impedance controhégtic rendering of joint constraints, the computation ha# t

VM dynamics in the virtual environment is presented in thikofeing section.

Ill. VIRTUAL MECHANISM MODELING

The VM dynamics can be computed in task space or in configurapace. In task space, the dynamics of each link are
derived independently and joint constraints are imposadigebraic constraint equations. Hence, a computatioegfiensive
differential algebraic system of equations must be integkdor which constraint satisfaction may be problemati¢].[1n
configuration space, the joint constraints (i.e., the VMology) are embedded in the coordinate representation. ®ndyluced
set of coordinates must be integrated and joint (topoldgimstraint satisfaction is guaranteed. Therefore, Vkéssimulated
in configuration space in this work. Note that the VM configimma space and task space representations coincide when use
choose to operate a single object, i.e., a VM with no topalogy

Since the coordinate representation embeds the jointreomist, only the contact and the user-applied forces mustdhieded

in the dynamic equations. Hence, the configuration spacerdias of a VM withd DOFs andc contacts are given by:
D(q)d+B(qq) +G(a) =Y I/ (QF+I] (q Fp. 1
i=1

In (1), notation is used as follow®) (q) ;.. , is the VM configuration space inertiB; (q, q) ;,., represent Coriolis and centripetal
effects;G (q),,., are the gravitational termd; (q)s,, is the VM Jacobian computed at theh contactF;,, , = <fZT 0T> '
is the contact wrench (i.e., the for€e , and torquer;,,, = 03;) at thei-th contactJ;, (q),, , is the VM Jacobian computed
at the user’s hand (hand Jacobidh);,, , is the user-applied wrench; aadx1, q.x1, anddq 1 are the VM configuration space
position, velocity, and acceleration, respectively. BEopma(1) describes the dynamics of a passive VM. Haptic maaijpn
of powered (i.e., active) VMs can be allowed by augmentingwith the desired actuator torques.

In (1), the contact wrenchds; model the interactions between the VM and other objects énvittual environment. They

are computed as described in [8]. Once computed, (1) canrbetlgi solved for the VM configuration space acceleration:
G=D"" (ZJZFi+J[Fh —B—G). )
i=1

In (2), the instantaneous state dependence of all compatatston the right hand side of the equation is implied. The VM
state is advanced by integrating its configuration spacela@tion using a fixed step integrator with time step eqodhe
time step of the control loop.

While the VM dynamics are computed in configuration spacersigperate the VM in task space. Therefore, the VM inertia,
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joint constraints, and contact forces must be applied taufeg’s hand in task space. The representation of the VMiantrt
the user is discussed in the following section, while theraaph proposed for representing the joint constraints eohidptic

device is presented in Section V.

IV. HAPTIC RENDERING OF MECHANISM INERTIA AT THE USERSELECTED POINT

Both the inertia and the joint constraints are embedded énofberational space inertia of the VM computed at the user's
hand,Ap, ., [13]:

Ap=(3,D1I7)7". 3

Therefore,A}, is incorporated in this work in the desired VM impedance & tiser-selected operational poidty,s. The

impedance device controller changes the dynamics of théchagvice to match the desired VM dynamics [20]:
Apxp + bgxy + kgxp, = Fp + Fopw + ch. (4)

In (4), Ay, by, ., andk,,, . are the desired inertia, damping, and stiffness of the VigpeetivelyF.,,,, , is the environment
wrench at the user’s hand (the user-perceived force andéatge to the contact, gravitational, Coriolis, and centdpforces
acting on the VM);F,,, ., is the coordination wrench between the device and the VMatjmeral point (due to the generalized
spring and damper shown in Fig. 1); akg,, ,. x,,,, andx;,,, are the desired body acceleration, velocity, and position o
the device at the user-selected operational point, reispict

Equation (4) is equivalent to:

Xp = A;l (Fh +Feony + ch — baxp — kdxh) . (5)

This form is advantageous because the inverse of the VM tipeahspace inertia at the user’s hand can be computeddiegar
of the rank of the hand Jacobian:

A =3,D7'T). (6)

In contrast,A; can be computed only whefy, is full row rank. When the hand Jacobian is not full row rafk, becomes
infinite along certain task space directions am;l] drops rank.

The rank deficiency OI’A;1 indicates that the VM joints restrict the VM instantaneoasly motion at the user-selected
operational point. This may happen when users hold a link ¥étver than 6DOFs during spatial interaction and fewer than
3DOFs during planar interaction or when they operate the ¥Wiugh a singularity. To illustrate how the VM joint constriz

are represented in the rank deficiency/b;fl, consider the example manipulations of the planar VM degiéh Fig. 2. In
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the first example, the user holds the planar VM from the ceotnmass (COM) of the middle link in the position shown in
Fig. 2(a). The held link has insufficient DOFs to allow ardifr VM position and orientation at the user-selected ojmrat

point. The virtual joints instantaneously constrain therissplanar motion according to:
xp = Jnq, (7)

wherelJy, is:

[ —lys1 —leys12 —leasia 0 -I
‘]h = l] C1 + lCQC]Q lCQC]Q 0 . (8)

1 1 0

In (8), links are numbered from the base outwdyds the length of linki, [, is the distance from the joint with the previous
link to the COM of link i, s;; denotessin(g; + g;), and¢;; denotescos(g; + g;). Equation (8) shows thatank (J,) = 2.
From (6), it follows thatrank (A;]) = 2. In the second example, the user holds the planar VM from (D& @f the distal

link in the position shown in Fig. 2(b). In the example pasiti the hand Jacobian:

— (i +12)s1 —leysiz  —last —leys1s —leysis
In = (I +12) 1 +legcas laer + g c13 leycr3 J 9)

1 1 1

is singular,rank (J,) = 2, and rank (A;]) = 2. These examples illustrate that,j] drops rank when the virtual joints

instantaneously restrict the VM body motion at the useeeted operational point.

% %
9>
9
G q

(@) Manipulation from a link (b) Manipulation through a sin-
with insufficient DOFs. gularity.

Fig. 2. Example manipulations of a planar VM where the virfoats restrict the instantaneous body motion at the sségeted operational point.

SinceA,j] can be computed regardless of the rankIgf (5) is used in this work in the impedance control of the devic

Equation (5) computes the desired body acceleration atgbesuhand. Given the device dynamics:
Mgxp + Cyxp, = Fp, + u, (20)
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where M; and C; are the inertia and the Christoffel matrices of the hapticiae andu is the control signal [20], the

impedance control law for the interface is obtained as:

u = (MdAi:1 - I) Fn+ MdA}:1 (Fenv + ch)
+ (Cd - MdA,jlbd) X5 — MdAglkdXh =
= (MgA,' —I)Fp +MyJ,D "7 + MyA, 'F,

+(Ca — MyA;, 'by) xp — MaA;, ' kaxp,. (11)

In (11):

T:ZJZTFi*B*G 12)

i=1

is the configuration space torque due to the VM contact, tagwnal, Coriolis, and centripetal forces, and
A, 'Fepy =3, D7 (13)

The control signal in (11) applies the VM contact, graviatif Coriolis, centripetal, and joint constraint forcesthe haptic
device by commanding the device acceleration to follow tteekeration of the VM at the user-selected operationaltp&imce
the VM acceleration along the directions of joint constragnzero, (11) controls to zero the device acceleration @litvese
directions. However, numerical drift and limited devicdfsess prevent zero acceleration control from effectivedstricting
users’ motion along the directions resisted by the virtaadtg. A technique that overcomes this limitation of impeckcontrol

and enables users to realistically feel the virtual joimsteaints is proposed in the following section.

V. HAPTIC RENDERING OF JOINT CONSTRAINTS AT THE USERSELECTED POINT

An analysis of the VM dynamics suggests how the control in) @dn be augmented to enable users to perceive motion
constraints imposed by the VM joints. At the user-selectetmq;)A,j] maps all wrenches acting on the VM to the VM body
acceleration at the user's hand as given in (5). In §)= (v} d)T)T is an element of the space of body accelerations
at the user’s hand4; i.e., v4,,, and ;s are the linear and the angular acceleration of the user'd,haspectively. When
A;l is full rank, the wrenches acting on the VM, including the regpplied wrenchF;, produce body acceleration of the

user’s hand along all directions &f. The VM behaves as an inertia along all directions4ofOn the control side, (11) applies

this inertia to users by controlling their accelerationte wvalue given in (5).

Safter premultiplication ofr = J[Fem by J,D~! and substitution from (6).
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When A;] is rank-deficientx; lies in a subspace afi.. Wrenches (in particular, user-applied wrenches) exist liie in
the null space o{A;l, N (A;l). These wrenches are opposed by the structural stiffnedsedéM. They have no effect on
the VM body acceleration at the user’s hand. At the usersadepoint, the VM behaves as an infinite stiffness along the

directions inA” (A, ') and behaves as an inertia along the directions orthogortaktn. Hence, the direction§ (A,') are

the directions resisted by the virtual joints, while theedtions in the range space af,' R (A, ') are the directions of
motion allowed by the virtual joints. On the control sideg ttontrol in (11) enforces the VM body acceleration both gltre

directions of constraint and along the directions of matiAlong the constraint directions, the control in (11) enfs zero
device acceleration. Due to numerical drift and finite devatiffness, this control cannot restrict users’ motion eguired

by the virtual joints. In other words, acceleration conisolnsuitable for rendering the infinite structural stiieeof the VM

along the directions resisted by the virtual joints.

In the proposed implementation, the directions\fr‘(A;l) are computed via a singular value decomposition (SVD) based

algorithm. In particular, the SVD al! (rather then the SVD oA,;l) is used to derive the directions resisted by the virtual

joints. This is because the null spacesﬁx:ﬁ1 andJ] are equal and the two mappings have the same singular dinecti

N =NAE), (14)

as shown in Appendix IX. Physically, the proof can be understby considering the action df!". Specifically,J7 maps the

space of wrencheg' to the space of configuration torqués

T = JEF, (15)

i.e., to the space of torques that result in body acceleraidhe user’'s hand. In (15, is an element of'. In other words, in
the VM configuration space dynamick, filters out the wrench components that have no effect on tiuly lacceleration of
the user’s hand. Hence, the null spaces!\gf] and ofJT coincide and the SVD aJ;, can be used to compute the directions
resisted by the virtual joints.

When users hold a VM link with redundant DOFs (the hand Jaaoks full row rank):

Isxo — Jndn, (16)

can be used to apply forces to users alongAh¢A, ") directions. In (16)J, = D~'J} A, is the dynamically consistent
inverse of the hand Jacobian [14]. When users hold a VM link wisufficient DOFs or move through a singularity, the hand

Jacobian is row rank deficient and (16) cannot be used to ctniprces along the directions resisted by the virtual Rifid
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enable users to manipulate VMs from any link and throughgariies, the restricted directions are derived using S
of JT in this work.

Realistic perception of the joint constraints is enableal aiigmenting the control provided by (11) with penaltiesliadp
along the directions resisted by the virtual joints, as ghawFig. 3. In this figurexyj, is the position and orientation of
the user-selected operational point on the VM (obtainedferavard kinematics from the VM configuration space position
q), andx;, is the position and orientation of the user’s hand on theadewror simplicity, only a one dimensionAl(J7)
is depicted. Note that the penalties applied to users albeglirections resisted by the virtual joints serve a similarpose
to the penalties applied in stabilized integration teche&such as Baumgarte stabilization [27]. They overconfewiies
related to imposing position constraints at the accelemagvel (i.e., via controling acceleration to zero) in thegence of
numerical drift.

Direction resisted by the
virtual joints N(J,")

User’s hand on the
haptic device

Penalties applied to users
along the direction resisted
by the virtual joints
T
(XiarX, -n (XT’M_X/)nJ

Configuration manifold

of the VM User-selected

operational point
on the VM

Fig. 3. Penalty wrench constraining users to the configumathanifold of the VM that they manipulate.

The directions resisted by the virtual joinis are provided byV'(J/). The constraint position and velocity are provided by
the body positiorxy s and velocityxy », of the user-selected operational point on the VM. The stgk; and the damping
b; of the penalties applied to users along the directionstezsisy the virtual joints are used to render the infinite is&s of
the VM along these directions. Therefore, the control lavwlih) is augmented with the control signal:

J
W = Ma ) (knl, (xvar — x5)
i—1

+bnl; (kv — %4)) 1y, (17)

wherej is the number of directions resisted by the virtual jointatdNthatj = 6 — rank(J,) during spatial rigid body{

DOFs) manipulation, ang = 3 — rank(J,) during planar rigid bodyJ DOFs) manipulation.

DC-05-1087 Constantinescu
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Hence, the proposed control is:

u = (MyA,' —I)Fy+MJ,D 'm+ MyA, 'Fy,

+ (Cd — MdAglbd) Xp — MdAglkdXh
J
+Md Z (kjn;’jz (XVM — Xh)

i=1
+bjn?ji (XVM — Xh)) Iljﬂ;. (18)
The ability of this control to restrict user's motion as re&gd by the joints of the VM is validated via simulations incBen VI

and via controlled experiments in Section VIII.

VI. SIMULATIONS

In this section, two simulated manipulations of a thred-lilanar VM are used to compare the performance of the control
in (18) to the performance of the control in (11) developed2@]. In the simulations, users manipulate a three-linknpta
VM by applying a constant forcé, = 0.4N along thez direction. The VM parameters are given in Table I. Initiatlye VM
is at rest in the positioryy = (—%rad Frad - grad)T. The haptic device is also at rest, but its position diffewsf that

of the user-selected operational point fiym along ther direction and by3mm along they direction (see Fig. 4). The VM

motion is unrestricted by other virtual objects, i.e., neimmment forces act on the VM during the simulated manifioites.

TABLE |
PARAMETERS OF THE THREELINK PLANAR VM OPERATED BY THE USER IN THE SIMULATIONS

Link length (m) | Link mass (kg) | Link inertia (kg-m?)
I = 0.042m my = 3kg I; = 0.015kg-m?
Iy = 0.042m my = 3kg I, = 0.015kg-m?
I3 = 0.030m ms = 1kg I = 0.005kg-m?

}7
X Initial hand position

Initial hand position

Operational point
v
X

(@) Manipulation from middle (b) Manipulation from distal
link. link.

Operational point

Fig. 4. Simulated manipulations of a three-links planar Vifhe initial VM position is shown in black. VM positions dugnmanipulation are shown in
grey.

The SimulinkK'” diagram of the manipulations is shown in Fig. 5. In this déagr the VM simulation (corresponding to

DC-05-1087 Constantinescu
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Zy p in Figure 1) is represented via the configuration space dijcsanfithe VM. The haptic device controlled according to (11)
(corresponding t&Zy », in Figure 1) is represented via the VM operational space ayes i.e., it is assumed that the impedance
device controller perfectly matches the impedance of thgitalevice to the impedance of the VM. gp = Zy ). The
additional control signal used to enforce joint constraioh usera, 4 is explicitly represented. Moreove¥],; is considered
constant throughout the workspace and equal to unity. N@teRig. 5 represents planar interaction, i.e., wrenchiesw(s in
boldface upper letters) act on the haptic device and on ther&tiler than forces (shown in normal lower letters), as in the
1DOF haptic interaction represented in Fig. 1. Note also fiteee linkage manipulation is simulated in Fig. 5, i.e., theual

environmentZ.,,,, is not represented and no environment wrenches act on theedevon the VM.

Device under
impedance control (task space)
F, +
2 >l
A+ X
HD.
xIH)

Topological constraints|«
u N <
/\\}/\\F 4
o <

Position coordination channels [«

T .-

5y <

VM simulation
(configuration space) %
VM
L.
Y 9. 1|9 119 ﬁFki Xy
i O > s s L

Fig. 5. Simulink diagram of the haptic manipulation of a #iimks planar VM with motion unrestricted by other virtuatbjects.

The coordination between the device and the VM has stiffness

T
Kpc‘(lOON/m 100N/m O.5Nm/rad> : (19)

and damping:

T
B,. = <70N/(m/s 70N/(m/s) 0.375Nm/(rad/s> : (20)

These values are chosen to match the values implemented imaitic controller used in the experiments [20]. Compaoed t
the impedance of the virtual contacts implemented in theeewpental haptic interaction systerh.{,:..: = 15000N/m and
beontact = 300N/(m/s)), the impedance of the position coordination cledsis very weak. This is because position coordination
is used only to maintain kinematic correspondence betwee¢vice and the VM operational point, while the force cledén

are used to increase the realism of the interaction[20}theumore, users would perceive a large coordination impeslas an
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unphysical resistance during free motion. The stiffness damping of the penalties used to impose joint constraintasers
arek; = 200N/m/kg andb; = 50N/(m/s)/kg, respectively. They also match the values imglisted in the experimental haptic
interaction system. These values have been chosen (Viatriberror) as large as possible while preserving stabilibhey
seem low compared to the impedance of the virtual contaaci®eMer, note that, unlike the impedance of virtual contabis
joint constraint impedance is applied to users at the at@a level. In other words, it is not premultiplied by thevérse of
the VM inertia matrixA,j]. For the virtual linkage illustrated in this worIA,,f is rather small and, hence, it correspondingly
decreases the impedance of the virtual contacts at actietetavel.

Fig. 6 depicts the results for the first simulated manipatatin which users operate the VM from the COM of the middlé&,lin
as shown in Fig. 4(a). This link has onlyDOFs. Hence, the VM joints constrain user’s motion throughbe manipulation.
The simulated trajectories of the user’'s hand on the hamicd (“HD”) and of the operational point simulated on the VM
(“YM™) are shown in Fig. 6(a) for the case when the joint coasits are imposed at the acceleration level. They are shown
in Fig. 6(b) for the case when user’s motion along the rasticlirections is penalized according to (17). Note thatuser’'s
hand drifts from the operational point when joint consttaiare imposed at the acceleration level. In contrast, tife idr
substantially reduced through penalizing user’'s motiamm@lthe directions resisted by the virtual joints.

The results for the second simulated manipulation are showFigure 7. This time, the user operates the VM from the
COM of the distal link, as shown in Figure 4(b). Since the uselids a link with3 DOFs, the penalties are applied only
intermittently, when the user moves through a singulafityce more, the trajectories in Figures 7(a) and 7(b) il&istthat
the drift between the user’s hand and the operational pairthe VM is significant unless user's motion along the dicatdi
resisted by the VM joints is appropriately penalized thiougvice control.

The control in (18) requires the computation of the direwioesisted by the virtual joints;. This computation is based
on the SVD ofJ;, which may be numerically expensive for the speed requindsnef the haptic control loop. The following
section discusses suitable approximations of these @irecthat can be implemented in a local model of interactidtih w

guaranteed real time performance [21].

VIl. | MPLEMENTATION

To avoid the need to compute the directions resisted by thieabijoints at the speed of the control loop, the force aantr
loop is decoupled from the simulation through a local modeigid body interaction [21] (see Fig. 8). The local modekis
reduced simulation that runs at the frequency of the forggrobloop. It approximates the interaction between the Vihd a
the virtual environment via the interaction between the \M aearby objects. The quality of the approximation is naaimed

by updating the local model at each step of the simulation.
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Hand trajectory

1 2 3 _ .4 5 6 7
x [cm]

(a) Joint constraints imposed via impedance con-
trol.

Hand trajectory

y [cm]

X [c‘rln]

(b) Joint constraints imposed via penalties.

Fig. 6. Simulated planar manipulation of a three-links plaM held from the COM of the middle link.

The local model of interaction allows the computations tadstributed between the simulation and the haptics pracsss
In particular, the contact geometry and the directionsstedi by the virtual joints are computed on the simulatiorcessor.
The VM dynamics and the interaction and device control (idtig the penalties along the restricted directions) arepgdged
on the haptics processor. This significantly reduces thd tfathe haptics processor, because the computationatiysite
collision detection and SVD of the hand Jacobian are eliteshdrom the local model of the interaction. As a result of the
increased numerical efficiency of the local model compacethé VM simulation, the wrenches enforcing the VM joint and
contact constraints can be computed at the speed of thecHapff, and users can manipulate VMs with larger number of
links. Furthermore, the local joint constraint geomettg\dhtes the computational delay of the virtual environm@his allows

stiffer joint constraints to be imposed on users via the pseg approach than via connecting users to the virtual @mvient

6Attempting to compute the SVD of the hand Jacobian on theidsrocessor renders the local model too slow for the formlfack loop when
implemented on the haptic planar interaction system destrin Section VIII.
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Hand trajectory

x [cml

(a) Joint constraints imposed via impedance con-
trol.

Hand trajectory

4 6 8 10
x [cml

(b) Joint constraints imposed via penalties.

Fig. 7. Simulated planar manipulation of a three-links plaM held from the COM of the distal link.
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Fig. 8. Decoupling of the force control loop from the virtieivironment (VE) simulation through a local model of rigiddy interaction.
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through virtual coupling (as validated experimentally lire tfollowing section).

During haptic manipulation of VMs, the numerical efficienaf/the local model is further increased by approximating the
VM configuration space inertia and the gravitational terres their values in the virtual environment at the moment @& th
update, and by ignoring Coriolis and centripetal effecisiar to work in [4] and [2]), i.e., by simulating:

Di+G =Y J'F; + I/ F,. (21)
i=1
In (21), D andG denote the values dd and G, respectively, computed by the simulation and sent to tbellmodel at the
update. Furthermore, the directions resisted by the VMtgoame approximated through their values in the virtual emrent

at the update. In other words, the SVD bf is computed by the simulation:
J, =UxvT (22)

and the columns olJ are used in the local model to estimate the directions odstriby the virtual joints. LastIyA,j] is

approximated locally by:
B (23)

Operation of VMs using the approximations provided by eipumat (21), (22), and (23) is demonstrated experimentallthen

following section.

VIIl. EXPERIMENTS

In this section, VM manipulations from various user-seddctinks are illustrated via two sets of experiments. The firs
set of experiments investigates controlled manipulatiwitsin the virtual environment depicted in Fig. 9. The sed@®t of
experiments illustrates unrestricted manipulations bgn& users within the dynamic virtual environment shown ig. HiO.

In all experiments, users operate the three-link planar \dhénsions and inertial properties are given in Table 1) thia
planar haptic interface available in the Robotics and Qisttaboratory at the University of British Columbia [21]h&
VM is initially at rest, in the configuration space positign = (Orad grad  — grad)T. The stiffness and damping of the
penalties enforcing the virtual joint constraints &fe= 200N/m/kg andb; = 50Ns/m/kg, respectively. The stiffness and damp-
ing of the virtual coupling ard&,. = (50N/m 50N/m 0.2Nm/rao)T andB,. = (3N/(m/s) 3N/(m/s) 0.005Nm/(rad/s)T,

respectively. Trajectories are represented in task space coordinatés,swandy being coordinates in the plane of motion

"These values represent the maximum impedance of the virtugdler for which the interaction is stable, i.e., for whichattering does not occur.
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and# being rotation about an axis perpendicular on the motiongla

e ground) joint |

Fig. 9. Testbed virtual environment used to illustrate kraptanipulation of VMs from arbitrary user-selected links.

Fig. 10. Testbed virtual environment used to illustrateticamanipulation of VMs within a dynamic virtual environnten

The first set of experiments contrasts three types of tr@jiest (i) trajectories obtained via penalizing user’s imotalong
the directions resisted by the virtual joints using (18); tfiajectories obtained via controlling to zero user'sealecation along
these directions using the impedance controller in (113t @i trajectories obtained via controlling user’s matichrough
virtual coupling. Since human users cannot apply the sansmaelies during successive manipulations, a controlledtaons
wrencl F;, = (0.4N  ON ONm)T represents the human operator in the first set of experimehis constant wrench ensures
the “same” user during all manipulations, and allows susigesexperimental trajectories to be compared to each .other

The trajectories of the user's hand on the haptic device ()Hihd of the user-selected operational point on the VM
(“WYM™) plotted in Fig. 11 correspond to manipulation fromehmiddle link. The trajectories shown in Fig. 12 represent
manipulation from the distal link. Note that the closeddodynamics are different when users are connected to the VM
operational point via the various controllers. Therefdtes operational point on the VM follows a different trajemgtan
each case. Nevertheless, the experimental trajectoti@s al qualitative comparison of the various controllers phrticular,
Figs. 11(a) and 12(a) demonstrate that the control in (1&c&¥ely opposes user's motion along the directions tediby
the virtual joints regardless of the user-selected opmmatipoint. This is illustrated by the fact that the user'sidhdrajectory

follows the VM trajectory within the steady state error daette limited stiffness of the penalties applied to usercdntrast,

8For the impedance type haptic interface employed in theperaments, a constant wrench represents a worst case iscéorastability [28].
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Figs. 11(c) and 12(c) show that the user’s hand drifts froem\\filM operational point by tens of centimeters when the virtua
joints are enforced via impedance control. This is becausémpedance controller cannot oppose user-applied wesriatthe
null space of the hand Jacobian, and the device moves freelgriuhe user-applied wrenches in this space and quickiis dri
from the VM operational point. Note also that the trajeaerenforced via penalizing motion along the directionsstedi by
the virtual joints have smaller steady state error than thgdtories enforces via virtual coupling. The smalleladie state
error demonstrates that users feel stiffer constraintshgaproposed controller than via the virtual coupler. Femthore, the
haptic device quickly comes to rest under the proposed ab(ds it would if the linkage were real) and it oscillates wnd
the equilibrium position when connected to the VM via vittaaupling. This demonstrates that the present approacltses
in more realistic haptic manipulation of VMs than the vilteaupler.

The second set of experiments illustrates manipulaticors the distal link of the VM within the planar virtual envirorent
depicted in Fig. 10. This virtual environment includes adignclosure and two moving rectangular objects in additiothe
VM. The device trajectories and the user-perceived wrenghetted in Fig. 13 are obtained when the user is connected to
the VM via the proposed approach. Those plotted in Fig. 14oatained when the user is connected to the VM via virtual
coupling. Since users cannot apply the same wrenches iressice experiments, the trajectories in Figs. 13(a) ana)14(
cannot be compared to each othddowever, users operate the VM such that it collides witheotirtual objects in each
experiment. Therefore, the user-perceived wrenches in. Hi§(b) and 14(b) can be qualitatively compared. The fofeks
by users when the VM collides with other virtual objects axme brders of magnitude larger in Fig. 13(b) than in Fig. 14(b)
(note the different vertical scales used in these figurdsis Gonfirms that the proposed controller does not low-pitss the
impulsive wrenches computed in the virtual environmentntée the experiments depicted in Figs. 13 and 14 validate tha
the proposed controller renders virtual joint constraimithout degrading the transparency of the four channebpedeation

architecture (i.e., without low-pass filtering the impuésicontact wrenches).

IX. CONCLUSION

This paper has proposed an approach for applying physibalgd wrenches to users operating open-loop VMs. The agipro
allows manipulations of VMs with an arbitrary number of Is;Krom any link, and through singularities. In this appioaz
haptic device controller is designed as an integral part pfeiously developed control architecture. The proposeadroller
enforces the VM joint constraints, and the existing araitee applies to users the VM inertia and the contact intenas

between the VM and the virtual environment. The new cordradicts as generalized springs and dampers that opposé users

9Note also that the trajectories plotted in Figs. 13(a) an@y)ldo not represent the same interaction as the one depicféids. 12 and 12 and, therefore,
the device trajectory errors are different in the two setgxferiments.
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(a) Joint constraints enforced via penalties.
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(b) Joint constraints enforced via virtual coupling.
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(c) Joint constraints enforced via impedance con-
trol.

Fig. 11. Manipulation from the middle link of the planar VMan in Fig. 9.
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Fig. 12. Manipulation from the distal link of the planar VMa#n in Fig. 9.
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(a) Linear ¢ — y) and angular {) trajectories.
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(b) Wrenches applied on users. Note that the
wrenches rendering the VM impacts with the

virtual environment are two orders of magnitude

larger than and, thus, can easily be distinguished
from other user-perceived wrenches.

Fig. 13. Manipulation from the distal link of the planar VMakn in Fig. 10 rendered via the proposed approach.

motion along the directions resisted by the virtual joiffisese directions are orthogonal to the directions alonghvhsers feel
contact wrenches. Therefore, the new controller enforaies$ gonstraints and simultaneously allows users to pescedntact
interactions with high frequency components, such as tlpaats between the VM and the virtual environment. Experialen
results also illustrate that users can feel stiffer joimistoaints when connected to the VM operational point viagtaposed
approach than when connected via virtual coupling.

Future work will investigate the extension of the proposggraach to virtual mechanisms with arbitrary topologias|uding

multiple closed loops, and the development of controlleits wonlinear damping for increasing the perceived rigidif the

virtual joint constraints.
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Fig. 14. Manipulation from the distal link of the planar VMahn in Fig. 10 rendered via virtual coupling.

APPENDIX. EQUALITY OF THE NULL SPACES OFA;] AND J[

This section shows that the null spaceszqf andJ? are equal by showing that they have the same basis. The @oof i
by construction and uses the SVD Af ' andJ7.
Let the SVD ofJ] be given by:

JT

haxe

= VaxaZaxeUgyg (24)

andJ] have rankr. Then:

E; r 0r><(67r)
Saxs = s , (25)

O0@—ryxr O@a—r)yx(6-r)

Wherez;w is ther-dimensional diagonal matrix having theon-zero singular values df on its main diagonal. Furthermore,
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the last6 — r columns inU{, , provide a basis for the null space &f .

Substituting (25) into (6),/\,;1 can be computed by:

Afl

hex6

UGX626dezde;xlddedzzergxﬁ- (26)

D! is symmetric positive definite and can be reduced to the dialgiorm A through a suitable rotatioR:

A=|": =RD 'R”. (27)

0 0 ... aq

Moreover,Y = RV = <y Yd> is orthogonal (sinc& "R"RV = I), and:

1

viD'v = VTRTARV =
yT ai 0 ... 0
= <}’1 e }’d> =
yr 0 0 aq
yi
= <a1y1 - adyd> =A. (28)
Ya

From (26), (28) and (25), it follows that:

T -1 T
EﬁXddedDddedXddeﬁ =

2;’ T‘A'TTXTE;’ r 0 x(d—r
_ X X x( ) . (29)
O0(a—ryxr O0(a—ryx(d—r)
In (29), A, . is the diagonal matrix having,, ..., a, on its main diagonal, and:
a]U% e 0
S'AY = : . (30)
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After substitution from (30), (26) becomes:

A E;NXT Orx(dfr)

_ rXrttTexr
Ahalxs = Usxe ngGZ
Oa—ryxr Oa—ryx(d—r)
= U6X62A6X5Ug><61 (31)

with Ugy orthogonal, andz,,, . diagonal and having the firstdiagonal elements non-zero. In other words, (31) gives the

SVD of A, " and the last — r columns inU{, ; provide a basis for the null space af, *.
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