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6 CONCLUSIONS

In this paper we presented comparison between the Moore-Penrose inverse method and
the generalized inverse method for the decompasition of forces and moments into the ex-
ternal and internal forces and moments. We derived equations to relates the load sharing
coefficients to the external and internal forces and moments, Through this we clarified
independent parameters to be adjusted for the two cooperative manipulators to hold a
common object robustly. The robust holding problem was thus formulated as a quadratic
programming problem. Numerical examples showed that the robot accommodates forces
and moments intelligently in order not to drop the object when the external forces and
moments are applied. In the same maripulation done by human beings “on-fine” dacision
making is needed not to drop the object and the one being done after this looks like “in-
telligent.” This paper showed that the same task can be implemented by machines using
the quadratic programming. We believe, therefore, that the dexterity of the manipulator
is by no means mystericus. Tt is just one of our technological problems. The problem of

determining those parameters should constitute a part of intelligent contrel for dextrous
manipulation,
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Figure 1: Whole-hand maaipulation of an object allows contacts on the inner phalanges and palm

2 Kinematics

'.'f.‘he model of the hand we assume is comprised of an arbitrary number of fingers {i.e. simple chains of
hx}ks -phalaiges -, connected through rotoidal or prismstic joints), and of an ohject, which is in contsct
with some oz all of the phalanges (see fig.1). We define the vector q as a vector of generalized coordinates

comp]ete]‘\{' describing the configuration of the fingers; and the vector u as n generalized cocrdisate vecto;'
for the object. Contacis represent s particular kind of Xinematic constraint on the allowable configurations
of the s.ysiem, and make for the most of the differences in the analysis of dextrous manipulation from
convent‘mnal tobotics. Contact constraints are typically unilateral, non-holonociic constraints on th

generalized coordinates system, writien in general in the form ’

C(q, q,u,0) > 0. {1

The inequality 1elationship reflects the fact that contact can be lost if the contncting bodies are brought
away ffom each other. This involves an abrupt change of ihe structure of the modél under consideration
To avoid 3nt11:)vtica.l difficullies, it is usually assumed that the manipulution is studied during time inter;a.l:;
?vhen' constraints hald with the equal sign. The constraint relationship eq.(1} is not in genera! integrable
ie., it ca.nnot be expressed in terms of q and u only: integrable constraints are called “holonomic”,
Holonomic constrainis between generalized coordinates reduce the number of independent coordinates.
necessary io df:scribe the system configuration (degrees of freedom), and can be assumed to be removed
i:ﬂc::r::a; i&scn;:tioz of 1111: syste:tr: by proper coordinate substitution. Nouholonomic constraints, on the
o not reduce -of-
ofindepéndent { xeduce i i:;z;;i::. of degrees-of-freedom of the sysiem, but rather reduce the number
'I"o describe in more detail contact consiraints that are in effect in dextrous manipulation systems
Fons:d?t a .contnct between the i-th phalanx and the object, occurring at lime ¢ at a point describcd'
in an me:tx.al base frame B by the vector x;. A generic point on the surface of the phalanx wil be
described, in a frame C; fixed on the pliaslanx, by the vector /x;. Note that ’x; € R? is actuall
bounc!e.d }.u lie (;El the (assum:.d regular) surface 5 of the link, and tlxercfore' can be regarded as Z
:?]appmg x i T, e CRE S:- C R®. Tke pair (I, Ixi(7 o} is called a chart for {a portion of)
e Sl{:face S¢, ond the 2-vector fay is referred to as the peint coordinates on the i-th link. Qrthogonal
cootdinates can be chosen so that the associated metric ‘ensor is diagonal. A normalized Gauss [grame
can be associated with ench point on the surface chart that has the originin the point and is fixed w.r.§
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to the body so that its ¢ sxis is aligned with the outward poiniing normal, while the x and § axes span
the tangent space. The orientation of the Gauss frame centered in x; w.I.i the C; fiame can be expressed
by a rotation matrix IR, For notational compsaetiness, a G-vector /¢; composed of three components of
fx; and three orientation pafameters /8; is ofien used to locally describe the position and orientation of
Gauss frames. Similar considerations and definitions hold for the ohject surface.

Several types of contact models can be used to describe the interaction beiween the links and the ob-
ject, among which the most useful are probably the point-contact-with-friction model (or “hard-finger”),
the “soft-finger” model, and the complete-constraint modei (or “yery-soft-finger”) [Salisbury and Roth,
1982] [Cutkosky, 1085]. In each case, the consiraisls consist in imposing that some componeats of the
relative velocity between the Gauss frames that are associated with the contact point on each surface,
are zero:

H (74 -7 &) =0 o)
where H; is 8 constant selection mairix. Being the two frames fixed on the object and the phalanx,
respectively, sheir velocities can be expressed as & finction of the velocities of the object and of the joinis
as

& = Gi (T} (3
14 = Eloww) (4)

Similar relationships hold for each contact point, and a single equation ean be built o represent all
consiraints by properly juxtaposing vectors and block matrices to obtain

HeTa-HIg=0. (5)

The matrix G is usually termed as the “grasp matrix”, or “grip transform”, while J is referred to
as the hand Jacobian. A gosl of the kinematic analysis of manipulalion systems is to explicit the
relationships between joint positions and object positions. If Ry and p; ate the rotation matrix and the
origin displacement of frame C; with respect to base, snd R, and p, are analogous for the objed frame,
for a contact oceurring at coordinates o on the finger and °a on the object we can write the condition
that the two points coincide as

R, °x(°a) + po— Ry x(fa) —pi =0 (6)
Also, the condition that the normals at the contact point must coincide can be expressed as
R, °%(°a) + R (('a) = 0. M

A pair (R, p) (in mathemstical terms, nn element of SE(3}), completely defines the configuration of a
rigid body in 3-space. Mot all configurations of the phalanx relative to the object will cause coniact:
let W C SE(3) be the set of relative configurations that are in contact. Eq.(6) and eq.{7), grouped
in an equation of the type h{®a,/ a,* R,° p.d R/ p) together implicitly define a relationship between the
relative configurations in W and a, °a, which can be shown to be smooth and locally invertible by the use
of the implicit function theorem under ceriain hypotheses on the relative curvature of surfaces [Murray
and Sastry, 1990). Note that the explicit derivation of this relationskip is not possible in all but the
simplest cases. Also, note that this result has been obtained without reference to the kinematic struciure
of the hand. I the dependence on g of the relative configurations are explicited via the manipulator
forward kinematics, a bijection exists between the control inputs (joint positions) and contact coordinates.
However, in whole-land menipalation, the degrees-of-freedom of the hand are not sufficient to achieve
arbitrary configurations of all the phalanges used for contacting the object (we will call such sysiems
kinewmaticvally defective). Therefore, the phalanx configuration space is reduced to a subset Z C SE{3).
The existence of o nonvoid intersection set WNZ is a peculiar problem of defective manipulation syslems,
and one that has been investigated surprisingly little in the literature.

Another aspect of kinematics analysis is concerned with differential relationships between the vari-
ables. Corollaries of the implicit function theorem can be used to find the (explicit} relationship existing
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between the time derivatives of the contact coordinates and the velocities of the finger and of the object,
which takes on the form
id _ B(l o !i 8
o [ =Blaauq| I, (®)

where B(:) is an usually invelved nonlinear vector functjon depending on the geometry of the surfaces,
and on the type of contact between the objects {see Montana [1988] for an expicit formula), Eq.(8} can
be used io plan hand motions to achieve desired object trajectories. This problem is usually approached
as an cpiimal nonlinesr control problem, as discussed for instance by Murray and Sastry [1920]. It must
be noted that the solution may result highly sensitive to medeling inaccuracies.

An impottant question in the differential kinematics snalysis is: which object motions are possible
starting from a given configuration, and to which joint motions do they correspond? This question can
be ensily answered if the mechanism under consideration is not defective. In fact, in this case the matrix
HY must be full tank, and we can write eq.(5) os

4= (H3)"HGTa+ (I- (HI} | y, {9)

where (HI)* is the Moore-Penrose pseudo-inverse of HJ, and y is a free vector that paramelerizes the
homogeneous (redundant) part of the solution. A whole-hand manipulation system, however, generally
contains kinematically defective members (such as inner phalanges or the palm), and therefore HI is not
full row rank. The relationship beiween 1 and § for general wanipulation systems (inciuding whole-arm)
has been considered by Bicchi and Melchiorsi [1692], where it was shown that there exist three vectors
vy, 3, and vy (whose diniensions vary with the problem st hand) such that every possible pair of object
velocity 1 and joint velocity q thet comply with the kinematic and contact constrainis of the hand system
can he written as

a UGU!_ + Usz

q Qpra + Qorg -~

The columns of Uy, and those of Qp form a basis of the subspaces of compatibie object and joint velocities,
respeclively. Any object motion desetibed by the coordinate vector 3 in the image of U, must correspond
to a joint motion with the same coordinates in the basis Q,. The images of Q, and U, represent the
subspaces of redundant joint velocities and under-actuated object velocities, respectively.

Note that the matrices appensing on the right hand side of ¢q.{10) are functions of the position of the
contact point on the surfaces, Again, this may represent a major obstacle in obiaining explicil expressions
for the joint motions that are required to perform a desired object motion. Notice also that, besides the
analytical difficulties, in practice we often have the case that the gecmetry of the object is poorly known,
if at all. The availability of contact sensors shat are sble to provide information on the position of the
contact poinis on the phalanges is therefore necessary to attempt closed koop control of fine manipulation.
In particular, if joint angles and contact poiats are sensed, eq.(10) can be used even without inforination
on the geometry of susfaces to control the object motion about desired trajectories by using generalized
resolved-rate control. Also, tactile sensor information can be used to locally estimute the curvature form
of the object surfsce, as discussed by Montana [1986}.

(10)

]

3 Force Distribution

The problem of controlling contact forces in a mulliple manipulation system such as & hand, a pair of
cooperating robot arms, or a legged vchicle, has been tradilionally counsidered in the sssumption that
every single finger has full mobilily in its task space, This assuuplion greaily simplifies the problem, by
allowing to separately deal with the analysis of the disiribution of grasp force among the contacts, and
with the control of the joint torques that realise desicable contact forces.

Let for instance an object be grasped by means of n contacts and let the eomponants of contact
forces and moments on the object form a vector t & R*. Consider the task of resisting an external force
f ¢ ®® and moment m € B® applied upon the object (the iask of steering an object along a desired
trajectory is equivalent once the inertinl load corresponding o the specified aceeleration and veocity
profite is determined). The force and mowent balance equation for the object can bhe written in matrix
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notation as

w = —Gi, (11)
where w = (f¥m™ )" € R® is the so-called load “wrench®. This equation has & solution in the hypothesis
that w belongs to the range space of G, (i.e., w € R(G)). In general, eq.(lI‘) has more unknowns than
equations, so that the solulion is not unigue. The general solution can be writien as

t=-G2w+Ax (12)

where G is a right-inverse of the grasp matrix, and & € R**M is o matrix whose columns form a bz%sis
of the nullspace of G. The cocfficient vector x € R* parameterizes the homogeneous part of the solution
eq.(12), which is usually ¢nlled the “inlernal force™: for any choice of x, & vector of contact forc_cs resuits
that equilibintes the desired load. Although internal forces do not‘ affect l].'lc ove.m.ll dynamics of the
object, their incrense usunlly favours the robustuess of the grasp against pusszlflc shppnge_. On the other
hand, too high internal forces may be nndesirable because of power consumpiion or possfble dugusgs o
the object. Accordingly, an “oplinal” set of internal forces can be defined as the one thtlat is fufther away
from violating these and other possible consiraints. The techniques that can lbe applisd t.o m:pleme‘nt
such optimasl grasps (see e.g. [Naokamurs, Nagai and Yoshikawa, 1985]; [Bicchi, 1%92]) basically conflst
in defining a suitable cost function V{x) and finding its (constrained) extremum, X. The: co-:respondmg
P=-GR% 4+ A% is the optimal force distribution among contacts with respect to the cnierz?n adopted
in the design of V. Finally, { is applicd by the fingers under some type of force control tec!lmqtlle.

It should be noted that this Iasi sentence tacitly relies upon a fundamental assumption, i.e. tlu?lt
any arbitrary distribution of contaci forces t can be actively controlled by the robot. To discuss this
sssumplion, cougider the lnear relationship belween the contact forces on the fingers and the vector

? of jolnt actuator torgues:
T € R? of join q g e ()

A 1obot system with ¢ > rank (J) = ¢ is & “redundant” system, while if ¢ > t.ank (F) < t, the robot
system is defective with 1espect toits task space dimension. For a redundant manipulator, a ma.ny-to-c'!ne
mapping t(7) : ®% - R* can slways be established which is onto ®'. For a non—redundant,lnon—defechve
(mipimal) masipalator with ¢= rank (J) = {, s one-to-one and onto mapping can 1?e established between
R znd R, In both cases, arbitrary t’s can be realized by suitably regulaling joint torgues. However,
sofution 12 can not in general be applied to defective manipulating systems, since there is no guarantee
that the optimal contact forces can actually be sealized by the robot. A simple sr::lf—explan.atory example
is shown in fig. 2. An issue of controllability therefore arises in considering grasping of abjects by means
of hands with fewer degrees of freedom than necessary to actuate all internal forces.

4 Dynamics and Control

The hand-cbject system consisis of a constrained mechanidal system, whose dynamical dcscriptiorf can
be derived using Lagrange’s equations together with constiaint egustions. Consider first the dynamics of
the hand and of the object separately:

T
(%%%h“ %%h‘) = Halq)d+ Cale, Q)4+ Vala) =+ ()
T
(% ZL'O - %Lo) = Ho(u)ii + Cofn, @)a + Vo{u) = w, (18)
u u

where Ly and L, sre the hard and object Lagrangians, respectively, the H;(') are inertia x‘na'trices, the
C{,) terms include velocity-dependent forces, and the V(-) terms repres.ent gravity and friction forces.
These two equations are then attached by means of the velocity constraint Fq.(ﬁ). I\-_lurxa.y and .Sa.str.y
[1990] discussed this dynamic problem in the hypothesis that the hand Jacobian (HJ in our notah?n) is
full xow rank, which fact allows to explici the connected dynamics in terms of the undependent variables
u by using eq.(9).
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Figure 2: A simple example of grasp with a kinematically defective device. Contact forces pushing or
pulling the object along the edges of the “grasp triangle” (fig.2-b) and their combinaticns are “internal?
forces. However, if the grasp is to be realized by the simple single-joint gripper {fig.2-¢), some combinations
may not be feasible (for instance, opposing forces in the direciion c3 — ¢3 as in (fig.2-b, top).

In whole-hand maniptlaticn, however, the hand kinematics may be defective and its Jacobiap not full
row rank . Thus, we rewrite the Lagrange equation for the whole system ns

d (L + L} 8(Ln + Fo) T T éq ) _
[dt &(q, ) d(q,u) U R ue
Transposing and using the notation introduced above, we have
v oory  Hal{@)d+ Cala, )4+ Va(g) -7\ _
{6q" $u”) ( H,(u)i+ Co{w, a4+ Volu)—w /= ¢. ()

If eq.(10) is now used to eliminate redundanl gereralized coordinates, the system dynamies can be
rewritten as
Q7 (Ha(q)d + Crlq )a + Vala) - 7) = §; {18)
U7 (Ho(w)d + Cofw, )i + Vo(u) — w) = 9; {19}
Qp (Ha(a)d + Ca4, 4)d + Va(a) = 7) + UF (Ha{u)i + Colw, )i+ Vola) ~w)=0.  (20)
To this set of vectorial differential equations, the algebzaic constraints of eq.(10) are appended to form
the system dynamics DAFE, However, dynamics in this form are not manageable for control design and
analysis. An explicit formulation of the dynamics can be obtained by taking the derivative of the con-
straint q.(10) and subslituting in the dynamics equation. Assuming Q, = U, = 0 for simplicity, and
letting p be the quasi-coordinate whose derivative is vq, we obtain the dysamics of g in the form

Hip)i + Clp, i+ V() = 7 + 9, (21)

where H = QU H,Q, + U H,UT; € = QF (CaQp +Ha Qp) + UT (CoU, + B, U V = QT V4 +UT Y,
# = Qf'r; and # = UL'w. Note that q.(21) is in the cananical form of robet dynamics, and therefore is
suitable for application of most control teehuigues proposed for the conirol of conventional robols, such
as computed-torque methods. However, much of the structure of €q.(21) remains to be studied, especially
from the point of view of planaing object motions, to let alone probiers in real-time evaluation of the
rather messy terms in the above dynamics.
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5 Conclusions

The potentials of whole-kand manipulation for & more powerful and versatile robotic grasping seem to
be promising enough to warrant deeper investigation of the new theoretical problems thatare posed. In
this paper, we eruphasized some of these new problems. In particular, it has been shown that important
restrictions affect the kinemuatics of these systems; that internal forces may resuit uncontrellable; and
that the dynamics of whole-hand systems pose non-irivial problems in terms of the most suitable state
representation for control purposes.
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