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Abstract

In this paper, a kinematic model of a dual-arm/hand robot#tesn is derived, which allows the computation

of the object position and orientation from the joint vatésbof each arm and each finger as well as from a
suitable set of contact variables. On the basis of this madehotion planner is designed, where the kinematic
redundancy of the system is exploited to satisfy some seggnihisks aimed at ensuring grasp stability and
manipulation dexterity, without violating physical corahts. To this purpose, a prioritized task sequencing with
smooth transitions between tasks is adopted. Afterwardyrdraller is designed so as to execute the motion
references provided by the planner and, at the same tima&vaca desired contact force exerted by each finger
on the grasped object. To this end, a parallel position&arantrol is considered. A simulation case study has
been developed by using the dynamic simulator GRASPIT, ltha been suitably adapted and redistributed.
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Vo e Positive definite scalar gains

kns ks py

K, K, . . : :
Positive definite gain matrices

Kp, Kp

M; Inertia matrix of theith finger

My, Compatibility index between thath task and the constraints

n Unit vector representing the outward normal to the objemt’sface expressed
with respect to the framg,

n° Unit vector representing the outward normal to the objes’face expressed
with respect to the framg&,

N,(9) Projector onto the null space of a matrix

0. Origin of frameX, expressed with respect to framg

O, (o x ) null matrix

q Joint position vector

q Augmented state vector given by nT]T

R, Rotation matrix denoting the orientation of frarie with respect to framé:,

R} Rotation matrix denoting the orientation of frarle with respect to framé&:,

S(-) Skew symmetric operator

u; Vector of driving generalized forces

%4 Positive definite Lyapunov function

w Matrix of positive weights

x, Object pose vector

Al; Compression of the spring modeling the elastic contact efi tfinger

er (€m) Frictionless force (momentum) residuals

n Vector of contact variables

A () (Aaz(9))  Minimum (maximum) eigenvalue of a matrix

% Time constant 4]

oi Task function referred to théh task

)W Coordinate frame attached at point *

T Joint torques of théth finger

Vs Generalized velocity of fram&, expressed with respect to framig
Wi Angular velocity of frameX, expressed with respect to framig

Subscripts and Superscripts

b Base of torso
C ith contact point
d Desired

0 Object



r () Right (left) arm

rf (Lf) Distal phalanx of finger belonging to the right (left) hand
rh (Lh) Palm of right (left) hand

t; ith secondary task

00 Equilibrium

1 Pseudoinverse

I. INTRODUCTION
A. Introduction to the problem

Service robotics applications are increasingly relying daral-arm/hand object manipulation with multi-
fingered mechanical hands. This is a challenging scenariohwiies not been investigated as extensively as
required.

In order to ensure grasp stability, the execution of gras@ind manipulation tasks requires control of the
interaction forces and motion synchronization of arms angdéfs.

An object manipulation task can be generally assigned imgeof the motion of the fingertips and/or in
terms of the desired object motion. Thus, a motion plannertbanap the desired task into the corresponding
joint trajectories of the arms and the fingers, requiringgbkition of an inverse kinematics problem. Then the

controller has to ensure tracking of the planned trajectory

B. Proposed solution

In this paper, a kinematic model for a dual-arm/hand robsyistem is derived. Such a model allows the
computation of the object pose (i.e., position and oriémtatfrom the joint variables of each arm and finger
that can be actuated (active joints), as well as from a setnafctuated contact variables (passive joints).
On the basis of this model, a motion planning approach isseelyiwhere the kinematic redundancy of the
system is exploited to fulfill a number of secondary tasksirigatower priority with respect to the primary
task (i.e., the motion of the manipulated object). The lomeéority tasks are aimed at ensuring grasp stability
and dexterity, without violating physical constraints. fhis aim, a prioritized task sequencing algorithm with
smooth transitions between tasks is employed.

Moreover, a controller is designed to execute the motioaregfces provided by the planner and, at the same
time, maintain a desired contact force exerted by each fingethe grasped object. To this end, a parallel
position/force control law is adopted. Stability of the tmhlaw is proven for a non-planar object surface.

The work here described extends the results in [5], [19] bys@ering all the details and proofs behind the
presented model and control. Moreover, the framework @evtd the sub-tasks switching is formalized and
a new criterion for tasks removal is introduced. A simulatmase study is developed by using the dynamic

simulator GRASPIT! [23], that has been suitably adapted radlistributed.

C. Related work

In the literature several works dealing with the problem bfeat grasping and manipulation can be found.

One of the first attempts trying to formalize grasp propsrtead the related control laws is reported in [26].



Useful surveys focused on cooperative manipulators, comadelling, multi-fingered robotics hands and grasp
properties are [4], [13], [22], [33], respectively.

Differently from what it is proposed in this paper, a few werkave considered exploitation of kinematic
redundancy, via a task-priority approach, for object girag@and manipulation [20]. Instead, the task priority
approach has been successfully applied to robotic mangslfl], [16], [35] and visual servoing [21]. On the
other hand, in the field of object manipulation via multi-mgd hands the focus has been put on manipulability
analysis [2], [32] and constrained kinematic control [12B].

Impedance control [38] is one of the most adopted controkléw robot manipulators in contact with the
environment, and has been employed also in object manipulatith multi-fingered hands. An impedance
control approach for an arm-hand system is presented in [28], while in [17] it is adopted to control the
motion of the fingertips reaching the planned grasp pointtherboundary of an unknown object. The passivity
property of impedance controlled systems is used in [40]asigh an Intrinsically Passive Control (IPC), that
can be used both in free space (i.e., when the fingers apptbacbbject) and for grasping (i.e., the fingers
apply forces to the object). In detail, a virtual object ididled, which is connected to each finger, via a variable
rest length spring, and to a virtual point, via another ggrail the springs are 6-dimensional spatial springs [3],
[41]. Further developments of IPC control for grasping carfdund in [42], [43], [45]. An impedance control
scheme is adopted in [36] as well, combined with an algoritbngrasp forces optimization [18], that allows
the execution of different phases of a manipulation tasiuiting re-grasping.

However, as considered in this paper, the execution of blgjesping or manipulation requires controlling
also the interaction forces so as to ensure grasp stabRi®§. [To this end, an alternative to impedance
control could be the adoption of a hybrid force/position tcol) especially if force and position are measured
and the corresponding control actions are properly deesuprhe approach proposed in [27] starts from
the consideration that the force on the fingers can be seeheasum of two orthogonal components: the
manipulation force, necessary to impose object motion, thedgrasping force, necessary to fulfill friction
cone constraints. An alternative approach based on fekdlearization is proposed in [9]. A decentralized
control law is proposed in [34], where each finger is indegertlgt controlled via a hybrid force/position
control scheme. This approach is similar to the one predanté¢his paper, but the redundancy of the whole
system is not addressed in the planning stage and finget&cgdasls are not included. The latter are instead
considered in [10], [11] where the problem of stable gragpamd manipulation using finger pairs covered
by a soft compressible layer material is studied. The cdletrdeveloped in this paper, instead, is a parallel
force/position control [6], [7] that can fall into the hyHdrforce/position category above described. The aim of
such a controller is to achieve the reference position inuheonstrained directions and the reference forces
in the constrained ones. This has been usually done by simgppknar surfaces: this limitation has been

overcome in this paper.

Il. MODELLING
A. Kinematics of a dual-arm/hand system

Consider the dual-arm/hand manipulation system, scheatlgtidepicted in Figure 1, composed by a torso

having 3 degree of freedoms (DOFs) and two 7-DOFs manipslaidhe direct kinematics of such a system



Fig. 1. Kinematic structure of a humanoid manipulator withsb and arms inspired by the DLR robot Justin.

can be computed as reported in [38].

Let ¥, be the frame attached at the base of the torso andl,let:; be the frames attached at the base
of the right and left arm, respectively. L&t,;, ¥, be the frames attached at the palms of the right and left
hand, respectively, and., oy, their origins with respect to the base frame. Moreover, Isuasng that each
arm ends with aV-fingered robotic hand, it is useful to introduce franmlgs, and¥;y,, attached at the distal
phalanx of finget (: = 1,..., N) of the right and left hand, respectively. The pos&lf, with respect to the

fixed base frame, can be thus expressed by thiex 4) homogeneous transformation matrix

Ry, oy,

Ty =
05 1

; 1)

whereR,.;, € SO(3) is the rotation matrix denoting the orientationf, with respect to the,, oy, is the
(3 x 1) position vector of the origin oE,;, with respect toX,, while 0; denotes the3 x 1) null vector.

Hence, the direct kinematics can be expressed as

T,y = Tr(qt)T:h(QTh)T:?i (QTfi)7 (2)

whereT',. is the homogeneous transformation matrix expressing tise pé%, with respect tax,, T, is the
homogeneous transformation matrix relating, to X,., and T:?i is the homogeneous transformation matrix
relating®, s, to ¥,,. Notice that these matrices depend on the torso joint vegtpthe right arm joint vector,
q,, and the right hand fingers joint vectey, ;,, respectively. The dimensions of such joint vectors depend
on the particular set-up. An equation similar to (2) holdstfe left hand fingers, with subscripin place of
subscriptr.

Due to the branched structure of the manipulator, the kitieneguations of both the arms depend on the
joint vector g, of the torso, thus, they are not independent. Hereaftes,assumed that the torso is motionless,
i.e., g, is constant; therefore, the kinematics of the right and ef l&ft hand can be considered separately.
Hence, in the following, the superscriptsand will be dropped and used explicitly only when it is strictly
required.

In order to derive the differential kinematics, it is usefal represent the velocity of the franie;, with

T
respect toX, by the ¢ x 1) twist vectorvy, = {oﬁ w”ff} , where oy, and wy, denote the linear and



angular velocity of the finger frame with respect to the fixedd frame, respectively. It is worth noticing that
R;, = S(wy,)Ry,, whereS(-) is the skew-symmetric operator performing the vector peo8s].
The differential kinematics equations relating the joietocities to the velocity of framé&,, can be thus

written as

JP«; (qz) . .

vy, = q; = Jr,(q:)q;, ®)
JOi (qz)
T

wheregq, = {q;lf qﬂ and J g, is the Jacobian of the arm, ending with fingerin which Jp, and Jo,

denote the Jacobian linear and rotational part, respéctiVee detailed expression of g, in (3) is

Tr, =[Gl onm)Tnlan) Rula)d)(a;)], (4)
where J}, is the Jacobian that maps the joint velocity of the aém, to the velocity of the framé&,, R, =
diag{ Ry, R}, Ry, € SO(3) is the rotation matrix denoting the orientation Bf, with respect to the fixed
base frameJ’}i is the Jacobian that maps the joint velocity of ttie finger,q,, to the velocity of the frame
¥ 4,, expressed with respect ¥, oy, , = oy, — o, and G’ (o5, 1) is given by

I3 _S(Ofi-,h)
(OF I3 ’

G} (o5,1) = (5)

wherel, andO,, denote thed x «) identity and null matrix, respectively.

Therefore, the differential kinematics equations of theoleharm-hand system can be written in the form

vy =J(q)q, (6)
~ T T . .
wherev; = [u”ffl ’U}‘N:| ' q = {q;f q;, - q?N} , andJ is the Jacobian of the overall arm-hand
system, whose detailed expression is
G (051 nan)  Ru(an)d}, (a) o = o
Gl(op )T o R Jh (o)
J(q) = h( f: h) n(an) . h(Qh). fo (g2) | . ’ @)
Gy (opy.n)Tn(ay) o o -+ Rulap)J ', (ay)

where O denotes a null matrix of proper dimensions.

B. Contact kinematics

Both the object and the robotic fingers are often smooth sesfand then, depending on the contact type,
manipulation involves rolling and/or sliding of the fingeg on the object’s surface. If the fingers and object
shapes are completely known, the contact kinematics caneberided by introducing contact coordinates
defined on the basis of a suitable parametrization of theacoisurfaces [24], [26].

By assuming that the hand grasps a rigid object, it is usefuttroduce a framé&:,, attached to the object,
usually chosen with the origin in the object center of mass. R, and o, denote, respectively, the rotation
matrix and the position vector of the origin &f, with respect to the base frame, and gt denote the object
velocity twist vector.

It is assumed that the fingertips are sharp (i.e., they enld avipoint, denoted as tip point) and covered by

an elastic pad. The elastic contact is then modelled byduoting a finger contact framey,, attached to the
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Fig. 2. Local parametrization of the object surface withpees to>,

elastic pad and with the origin in the tip poiaf,, and a spring-damper system connecting with the origin
of ¥¢,. This last frame is attached to the rigid part of the fingeg(ifé 2) and has the same orientation of

Y,. The displacement betweeny, and,, due to the elastic contact force, can be computed as

Of, — O, = (ll — Ali)Roﬂo(f), (8)

i

wherel; and0 < Al; < I; are the rest position and the compression of the springectisply, andn’ is the
unit vector representing the outward normal to the objextiace at the contact point, expressed with respect
to X,.

Furthermore, let., be the contact frame attached to the object with the origithatcontact pointo.,.
Notice that, instantaneously, the object contact paipt, and the finger contact poindy,, coincide. One of
the axes ob.,, e.g., theZ axis, is assumed to be the outward normal to the tangent pdatine object surface
at the contact point.

The position of the contact point with respect to the objeatrfe,of .. = o2, — of, can be parametrized, at
least locally, in terms of a coordinate chas,: U; C R? — R3, which maps a chart’s poirgt, = [m Ul}T €
U; to the pointoj .. (€;) on the surface of the object.

By assuming that¢ is a diffeomorphism and that the coordinate chart is orthagand right-handed, the
contact frameX., can be thus chosen as a Gauss frame [24], where the relaidrgation expressed by the
rotation matrixR;, has the following expression

o
Ui

(] (]

C C C

(o]
Vi Uq B C'Ui

RZ.(§) (9)

_ K2
ezl lleg Il lleg, x e ll]”

and hence it is computed as function of the orthogonal tangeetorsc;, = dcf/ou; andc, = dc;/0v;.

First, consider the contact kinematics from the object pofiview. Functionc? (&,(¢)) denotes a curve on the
object’s surface parametrized by the time variabldence, the corresponding motion®f, can be determined
as a function of the object motion, the geometric parameaiéthe object and the geometric features of the

curve. Namely, the time derivative of equation = o, + R,c?(&;), which provides the position of the object



contact point in the base frame, yields

Oc, = 0o — S(R,c(§;))wo + ROZ—?éia (10)

where the first two terms on the right-hand side specify tHecity contribution due to the object motion, while
the last term represents the finger velocity relative to thea surface. On the other hand, for the angular
velocity, the following equality holds

We, = w, + Ryw? (12)

i 0,C5?

wherews . is the angular velocity of., with respect to¥,, that can be expressed as
W, = C&)Es, (12)

whereC'(&;) is a @ x 2) matrix depending on the geometric parameters of the seiff2Z@]. Matrix C' is not
necessarily full rank (e.g., is null in the case of planarfaeas). In view of Equations (10), (11) and (12), the

velocity of the contact frame can be expressed as

EY . .
Ve, = = G, (§)vo, + ¢, (&€, (13)
W,

wherewv,, is the velocity of the object computed on the basis of therkiaiics of finger, G, (§;) andJ¢, (§;)

are 6 x 6) and 6 x 2) full rank matrices, respectively, having the followingpegssions

I —S(R.c(e)) r,2

- 0Ci (S e

Gre)=1" C Ja(&) =] 0 | (14)
Os I3 R,C(£;)

Consider now the contact kinematics from the fingers poini@f. The contact can be modeled as a passive
3-DOFs ball and socket kinematic pair centered at the origin of ¥,,. This point is in general fixed to
the elastic pad of the finger, but it may also move on the sarfasliding is allowed. Therefore, the relative
orientation ofX., with respect toX;,, R’jj, can be computed in terms of a suitable parametrization @f th
ball and socked joint, e.g., Euler angles or angle-axisesgmtations. If the parametrization in termsXY Z
Euler angles is adopted, a vectyr= [917; 0o, 937,}T can be considered, thLR’jj = R’j;‘ (6;). In detail, 6,
and 6., parametrize the so-called “swing” motion aligning a¥isof a moving frame to axi& of the contact
frame, whilefs, corresponds to the “twist” motion about axis of the contact frame. Singularities occur for
0., = +m/2, but they do not correspond to physical kinematic singtiésriof the kinematics pair.

Notice that, in the presence of a contact force, tip eldgtiallows mutual translation ok, and X,
according to Equation (8), while the mutual orientationslaet change. ThereforR’jj = R{j. Moreover, the
angular velocity of., relative toX,, can be expressed asfc = H(0,)8;, where H is a transformation
matrix depending on the chosen parametrization [38]. Im\déthe decompositiow., = wy, + Ry, (qz‘)‘-"ﬁ,ci

and Equation (3), the angular velocity Bf, can be computed as a function of joint and contact variabkes,
we, = Jo,(q,)d; + Ry, (q;) H(6,)8;, (15)

where Jo, is defined in Equation (3). Moreover, since the origins3bf and X, coincide, the following

equality holds

0c, = o1, = 05, — (I — AL)RAL(E,), (16)

0



while the time derivative of (16) yields

60 = T (a)d, + DI RAE) + (1~ A1) [S(RoaL(E ) wo - RIEELE )

whereJ p, is defined in (3).

By considering (15) and (17), the velocity of the contachfeacan be expressed as
Ve, = T, (@)q + J0,(05,4,)0i + T ar, (§,)Al; — Jg, (&, AL)E; — G Ay, (€, Ali)v,, (18)

whereJ g, is defined in (4),Jy, is a 6 x 3) full column rank matrix

O3
Jo, = , (19)
Ry,(q;)H(0;)
Jal, is a6 x 1) vector
Ro,ﬁ'? Ei
Jal, = (&) , (20)
03
J¢, is a (6 x 2) full column rank matrix
- |a-anR, Lg (£,)
O3.2
O35 is the 8 x 2) null matrix, andGLi is the ¢ x 6) matrix
o Al; — 1;)S(Ro1; (€,
ar, — |9 ( )S(Roni(€:) | 22)
O; Os3
Therefore, from (13) and (18), the contact kinematics ofdmighas the form
Jr(:)a; + I n; (M5 @i Ali)0; + J A (f)Aii = G;F(Tlia Al;)vo, (23)
T
wheren, = [ng aﬂ is the vector of contact variabled,,, = |—(J¢, + J’&) ng} isa @ x b5) full rank

matrix, andG; = G¢, + Gy, is a 6 x 6) full rank grasp matrix.

Hence, to summarize, in case of motionless torso, conveacbBjrface and sharp fingertips covered by an
elastic pad, Equation (23) can be interpreted as the diffedlekinematics equation of an “extended” finger
corresponding to the kinematic chain including the arm fithger joint variablesdctive jointg and the contact
variables passive joints It is worth noticing that (23) involves all thé components of the velocity, while
grasp constraints adopted in the literature usually censitly those transmitted by the contact [25], [26].

Depending on the considered contact type, some of the pteesgeandd; are constant. Hence, by assuming
that such contact type remains unchanged during the taskyatiable parameters at each contact point are
grouped in a#%., x 1) vector,n;, of contact variables, with.., < 5.

Differently form the classical grasp analysis, in this wehk elasticity of the elastic pad has been explicitly
modelled, although using a simplified model. This meansttaforce along the normal to the contact surface
is always of elastic type. The quantityl;, at steady state, is related to the contact normal fgiceby the

equationAl; = f,,/k;, wherek; is the elastic constant of the elastic pad of finger



C. Kinematic analysis of the grasp

Object manipulation is, in general, a difficult task, sinlke humber of the control variables (the active joints)
is lower than the number of configuration variables (actind passive joints). However, by considering only
the kinematics of the system, it is possible to simplify tmalgsis. As it will be detailed in Section IlI-B, a
force control strategy is adopted to ensure a desired aunstatact forcesf;, along the direction normal to
the contact point; hencé\l; = Aly, = f4,/k; can be assumed to be fixed; = 0) and Equation (23) can

be rewritten as

Jr(q;)q; + I, (m;,q;, Ali)n,; = GiT(m, Al;)v,, (24)

On the basis of (24), it is possible to achieve a kinematissifization of the grasp [33].

A grasp is said to beedundantif the null space of the matri{JFi Jm} is non-empty for at least one
fingeri. In this case, the mapping between the joint variables ofdktended” fingeri and the object velocity
is many to one: motion of active and passive joints of theredeel finger is possible when the object is locked.
Notice that a single finger could be redundant if the null spat.J; is non-empty, i.e., in the case of a
redundant arm-finger kinematic chain. In this last casejonatf the active joints is possible when both the
passive joints and the object are locked. On the other hamdh& type of contacts considered here (point
contact), the null space af,, is always empty: this implies that motion of the passive {®iis not possible
when the active joints and the object are locked. In typidalasions, the fingers of the robotic hand are not
redundant, but the extended fingers (even not considerimgothts of the arm) may be redundant thanks to
the presence of the additional DOFs provided by the passingsj

A grasp isindeterminateif the intersection of the null spaces 6f.,, Gl foralli=1,...,N, is
non-null. In this case, motion of the object and of the pasgdints is possible when the active joints of all
the fingers are locked. The kinematic indetermination isvedrfrom the fact that the object motion cannot
be completely controlled by finger motions, but it dependgh@dynamics of the whole (hands plus object)
system [26]. An example of indeterminate grasp is that of adrasped by two hard-finger opposite contacts:
in this case, the box may rotate about the axis connectingutbecontact points while the fingers are locked.

It is worth noticing that, also in the case of redundant ardkfarminate grasps, the value of the contact

variables is uniquely determined for a given object pose fargkrs configuration.

IIl. CONTROL SCHEME WITH REDUNDANCY RESOLUTION

In the case of kinematically not indeterminate and, pogsiedundant grasp, the following two-stage control

architecture is proposed (Figure 3):

« The first stage is anotion planney given by a closed-loop inverse kinematics algorithm wigtdundancy
resolution; the algorithm computes the joint referencastli@ active joints corresponding to a desired
object’s motion —assigned in terms of the homogeneousfoamation matrixT,, and the corresponding
twist velocity vectorv,,,— and to the desired contact normal forte= | 7, - de}T for the fingers;

o The second stage isarallel control scheme, composed by a PD position controller and a Pl tipeforc
controller; the controller ensures tracking of the desjoédt motion references computed in the first stage

and the desired contact forces.



In ideal conditions, the joint references computed by thelige kinematics stage ensure the tracking of the
desired object motion. Tracking of the desired contactdsiis guaranteed by force control, assuming that force
sensors at the fingertips are available. In principle, tivg j@ferences of the overall manipulation system could

be involved; however, it is reasonable to design a forcerodiat acting only on the joints of the fingers.

| ifd | lfd
| g v

)
Vo—> Inverse FQ—) 4 p—)l Arm control and > q
> i i A n finger force / pose Robot + object >
kinematics N 4 |
Lo ; 7 controller > f
- J n,

| A N

| A A A

Redundancy
resolution

Planner

Fig. 3. Block scheme of the control architecture.

A. Motion planner

Starting from (24), it is useful to write the differentialrlématic equations of the whole (right or left)
arm-hand system as

J(@, Al)g = G™ (n, Al)D,, (25)

T
whereq = [qT nT} , J = [J Jn}, J is the Jacobian of the arm-hand system defined in {§),=

diag{J,,,--- ,Jyy } is a block-diagonal matrix corresponding to the vector afgpee joint velocities 5 =
T T
[y,”lf nﬂ , G is the block-diagonal grasp matr&® = diag{G1,--- ,Gn}, Al = {All ---AIN]
T
and@, = [vI - WI| .

For the sake of clarity, a minimal representation has beeptad for the parametrization of both object and
finger orientation. Hence, by considering an Euler anglesesentation, from (25) the following closed-loop

inverse kinematics algorithm can be derived
- ~t - ~ o~y L ~
qs=J (@4, Aly)G" (g, AL)T () (X, + Ko&o) + Noo, (26)

where the symbot} denotes a weighted right pseudo-inversé, is a diagonal and positive definite matrix

gain,N, =1 — jT,NI is a projector onto the null space of the Jacobian malriand

To, To, €o,

Toy=| 1| Bo=| 1|, =1 |, @) =diag{T(2o).....T (@oy)}, (27)
To, Loy €on

wherex,, and xz,, are the planned and the actual object poses, respectygly- z,, — x,, andTI' (z,,)

is the transformation betweed,, and the object velocity,,, computed on the basis of the kinematics of

7



fingeri. The quantityAl, in (26) is the vector collecting the finger elastic pad defationsAl,;, = f4,/k:
corresponding to the desired contact foyfe.

Since the system may be highly redundant, multiple task&ddoe fulfilled, provided that they are suitably
arranged in a priority order. Considet secondary tasks, each expressed by a task funetiofg) (h =

1,...,m). According to theaugmented projection methdd], the null projection can be better detailed as

- ~T ~ o~y ~ m
qdq = J (qd7 Ald)GT(nda Ald)r (wo) (de + Koeo) + Z N(JéL)JI;LKthetha (28)
h=1
whereJ,, is thehth task Jacobian]{; is the augmented Jacobian, given by

T
R A N (29)

I =7
N(J;‘:) is a null projector of the matrixfﬁl, K., is a positive definite gain matrix anel, = o, , — oy, iS
the task error, being,, , the desired value of theth task variable.

The augmented projection method can be also adopted td fulithanical or environmental constraints,
such as joint limits and obstacle (i.e., other fingers or tasiged object) avoidance. To this aim, each constraint
can be described by means of a cost functifg), which increases when the manipulator is close to violate
the constraint. In order to minimize the cost function, thenipulator could be moved accordingwgC(?j),
that could be considered as a fictitious force moving the mdaior away from configurations violating the

constraints. In order to include the constraints in (28)pwerall cost functiorCs;, given by

Cs(@) = Y 7Cs(@), (30)

is introduced, wherey, and C, are a positive weight and a cost function, respectivelyerrefl to thesth

constraint. Therefore, the following term can be added &) (2
4. = —kyN(J{ Vg Cs, (31)
m+1 qd

whereky is a positive gain.

If the system is close to violate a constraint, a high levedesuisor has to remove some secondary tasks
and relax enough DOFs to fulfill the constraints [21]. To ngmén a correct way removal/insertion of tasks
from/into the stack (task sequencing), a task supervismedt on a two-layer architecture, can be designed: the
lower layer determines when some tasks must be removed fienstack and the tasks to be removed; then,

the upper layer verifies if the previously removed tasks capiished back into the stack.

Removal and insertion of the tasks

The first layer verifies if the planned trajectory will causeamstraint violation at the next time step. Hence,
a task must be removed from the stack when the predicted wdltiee overall cost function at the next time
step is above a suitable defined thresh@ldiet 7' be the sampling time andT the actual time (where is

an integer), the configuration at the time instémt+ 1)7" can be estimated as follows
Qa(is + 1) = qqr) + Tqu(k). (32)
Hence, a task must be removed from the stack if

Cs, (Ed(n + 1)) >C. (33)



Once it has been ascertained that a task must be removed Hmstdck, the problem is to detect which task
has to be removed. To the purpose, different criteria hawa roposed in [21], with the aim of verifying
the conflict between the constraints and each task. In d@&tajRl] two criteria are presented: the first one
compares the velocities induced by a subtask and by theeyradf Cx; the second criterion considers the
projection of the gradient onto the null space of the taslold@mns. In this paper, a new criterion is presented.

Given two generic tasks, whose Jacobians.BfeandJ; , respectively, they are defined asnihilating [1] if
Ji J} =0, (34)

where O is the null matrix of suitable dimensions. The annihilatioandition can be considered as a
compatibility condition between the tasks, since it is gglgnt to the orthogonality condition between the
subspaces spanned tffl and JtTy. Therefore, in order to select the secondary task less ciloigavith the

constraints, the following compatibility metric can beroduced

M, =[[vges I1,

h=1,...,m. (35)

The moreM,, is close to zero the more thgh task is compatible with the constraints: hence, the tasknig
the maximum value ofM,, is removed.

The tasks removed by the first layer must be reinserted irgasthick as soon as possible, provided that the
reinsertion does not cause constraint violation. To this, @ prediction of the evolution @y, at the next time

step is evaluated by considering the effect of each taslentiyrout of the stack, i.e.,
Qp, (5 +1) = Gg(k) + T}, €0, (). (36)
Therefore, leC < C be a suitably chosen threshold, a task is pushed back intstalog if

Cs (3% (k + 1)) <c. (37)

Smooth transition

Task sequencing might cause discontinuities in the plajmiativelocities due to the change of active tasks
in the stack [21], [39]. In order to achieve a smooth behawibthe motion planner output, for each task a

variable gain,,, , is defined as

1 — e #(t=7) jf the hth task is in the stack,
Ptn (f) = , (38)
e M=) if the hth task is out of the stack,

wherer and7’ are the time instant in which the task is inserted into thekstand the time instant in which it
is removed, respectively, and y is a time constant. These gains guarantee the continuityeoplanned joint
velocity, ijd, during the insertion and removal of the tasks.

In sum, the planned joint reference vector for the contraiecomputed via
- ~f ~ - - ~
dq=J (@4, Al)G (ng, AL)T (Z,) (o, + K o€,)

)vgdcg. (39)

tm+1

+ Y pe NI Koyer, — kv N (7,
h=1



B. Parallel force/pose control

Since the motion planner provides joint references (@g.andg,) of the overall dual-arm/hand system, any
kind of joint motion control can be adopted for the arms, whdint torques for theth finger are computed

according to the following parallel force/pose control lamthe operational space

¢
T =J}(q,) (KPA“%' — Kpx; + fag +krAf,,; + kl/ Af,;d¢+ gi(qi)) ) (40)
0

whereg,(g,) is the vector of the generalized gravity force acting on fingéx; denotes the pose error of finger
i between the desired value,,, corresponding t@, , and the current onex;, with respect to the palm frame

T
Y.n (Or ¥i), Kp, Kp are gain matriceskr, k; are positive scalar gains anif,. = [Afmﬁ,T OT} ,

3

being A f,,, the projection of the force error along the normal to the cbgairfacen;, at the contact point.
Control law (40) allows to track the assigned contact fombih are, in turn, imposed to avoid contact breaks

or excessive stresses on the manipulated object, even iprésence of uncertainties.

Stability analysis
In order to prove stability of the system under the contral [@0) the dynamic model in the operational

space [38] of theth finger should be considered
M ()& + Ci (x4, &) 3 + g;(xi) = wi — f, (41)

where M; is the ¢ x 6) inertia matrix of theith finger,C; is the ¢ x 6) matrix collecting the centrifugal and
Coriolis terms,f, is the ¢ x 1) vector of generalized contact forces (acting at the finglrt; is the ¢ x 1)

vector of driving generalized forces, through which thetoointorques can be obtained via
i =J}(q;)u;. (42)

Hereafter the subscriptwill be dropped for notation compactness. The followingpadies hold [15], [37],
[38]:
1) M is symmetric and positive definite; therefore Xf, () (A (1)) denotes the minimum (maximum)
eigenvalue, it is
0 <A (M) Is <M (x) < Ay (M) I, (43)

where )y, (M) < oo if all joints are revolute.

2) There always exists a choice 6f such that
M (z) = C (z,%) + C" (z,%), (44)
moreover,C' can be upper-bounded as follows
1C (z, ) || < kellz]], (45)

with k. > 0.

The following assumptions have been considered

Assumption 1. Pose and force references are constant, iig.= f, = 0.



Assumption 2. Quasi-static object manipulation, i.ew, = v, = 0.

Assumption 3. The force along the normal to the contact surface is assurhethstic type, i.e.f,, = kAln =

fnm.

Assumption 4. The object has a convex surface. For this kind of objects anddasi-static manipulation the
time derivative of the unit vector normal to object surfadecantact point (see the Appendix A for further

details), can be norm bounded as follows

[l < knllpy (46)

wherep, = oy, — o, is the position o, with respect to the palm frame;;, (j = {/,7} for left and right,

respectively), expressed in base frame coordinates.

By taking into account the elasticity of the normal force $Amption 3) and by considering the object

guasi-static (Assumption 2) the following relationshipgveeen the force and position errors can be derived
Afn =k (Al = Al) = kn" Aw, (47)

T
wheren = [ﬁT OT} is a 6 x 1) unit vector. By virtue of the integral action in (40) and etjan (47), the
system (41) under the control law (40) has a unique equilibratz., = x4 and f, = f, (see Appendix
B).

In order to study the stability of the equilibrium, it is camnient to consider al8 x 1) state vector [37]

zZ1 Az
z= |zy| = |Az]|, (48)
z3 As
where
t k
AS =800 — 8= 800 — / <Afn - _'h'TAw) de (49)
0 P

p is a positive constant; is the stiffness of the elastic pad arg, is the value ofs at the equilibrium (the

explicit expression ok, is given in Appendix C). The augmented state dynamics is ¢inen by

3=Az+b, (50)
with
MY (C+Kp) -M ' (Kp+F) kM 'n
A= I o . o |, (51)
0 —k <n - 3) 0
L p
- 1 T T
b= kI, (M 'n)" o7 0} , (52)

where the dependencies 8 andC uponz and have been dropped; = (1 + k;)knn” and

t
I, = —So0 — / EnTA;cdg. (53)
o P



Theorem 1. There exists a set of parametdiSp, K p, ky andk; such thatz; andz, are locally asymptotically

convergent td.

Proof of Theorem 1Consider the candidate Lyapunov function

1

V= §zTPz, (54)
where P is a symmetric matrix
M oM 0
P=|pM pKp+Kp —kn|, (55)
0 —knT p%

positive definite under the following condition

2[)2/\M(M)2 k]k
Am (K Am (K — - 56
P (B p) (K p) > ma { 222 B B (56)
Under condition (56), the functiol can be bounded as
1- 9 1— 9
SAn(P)llz” <V < X (P)=]?, (57)

where, sinceP is time varying,\,, = rtn>161 D (P)} and Xy = max {A(P(t))}.
Consider the state-space domain defineddas: {z:||z| < ®}. It can be recognized that the following

inequality holds in the domaif:

I, < %(I)kn||z2||. (58)

Some details about inequality (58) are given in Appendix C.
The time derivativel’ is given by
V=2 (PA + %P) z+ 2" Pb, (59)
where P can be computed, by exploiting Propeftyas
Cc+C" p(C+CT) 0
P=|, (c + CT) o) —kn| - (60)
0 —kn?t 0
After some algebraic steps, Equation (59) becomes
V =—2T(Kp—pM)z —2z7F (p (Kp+ F) — kiknn™ + @nnT) 2z (61)
P
—zlszg + pz;FCTzl + kil (z1 + pz2)Tn.
By exploiting Assumption 4 and Property 2, the time derixali’ can be upper bounded as follows
V < — (An(KDp) = pAu (M) — pke®) || 21+
— (pAm (K p) — krk — kik®k,) || z2]| %+ (62)

krk
+ (ks k) +2 20



and rearranged in a suitable quadratic form

V-] lal l=l|Q =l (63)

(E21]

where@ is the € x 2) matrix

krk
Am (K a) — pAar(M) — pke®, —= [ k(14 kf) + 2%1@”@)

N =

Q= (64)

1
3 (k (1+FEy) + 2%1@1@) v P (Kp) — krk(1 + ®ky,)

On the basis of (63) and (64Y, is negative semi-definite in the domainprovided thatQ is positive definite,

i.e., if the following inequality holds

Ann(Ka) = pAar (M) + plie® + max {0, f} , (65)
where
ok 2 —1
o= k(1+kf)+27kn<1> pAm (K p) — krk (1+ ®k,) ) . (66)

Moreover, sincel” is a non-increasing function along the system trajectpties inequality (57) guarantees

that all the trajectorieg(t) starting in the domain

Dy = {z:|z(0)| < E’”(P)}, (67)

remain in the domairD, V¢ > 0.

Finally, sinceV = 0 only if z; = 0 and z; = 0, by invoking the La Salle’s theorem [14], it can be
recognized that, ik(0) € Dy, z; and z; asymptotically converge t6 while z3 is only bounded. [ |

SinceAz andAx are asymptotically convergent@ by recalling (47) it can be seen thatf,, asymptotically
converges td as well.

It is worth noticing that, differently from [37], it has bearoven that system (41), under the control law

(40), is locally stable even when a non-planar convex sarfaconsidered.

IV. CASE STUDY
A. Set-up configuration

The proposed scheme has been tested in simulation on a mioélaand manipulation system (Figure 4)
grasping a cardboard box and composed by two identical plgnppers, each composed by two branches
and 7 DOFs, resulting in a total aV = 4 fingers and 14 active joints. It is assumed that, in its ihitia
configuration, the system grasps the object with tips 1 areh&uring force closure, since the contact normal
forces are acting on the same straight line [26], while tipan8 4 are also in contact but in arbitrary way.
The main task consists in keeping the object still, thankBngers 1 and 2, while tips 3 and 4 move in order
to achieve a force closure condition upon the object in aatexts configuration, without violating a certain
number of limits and constraints. Then, fingers 1 and 2 caveléae object, simulating in this way an hand-
to-hand object passing. The force control loop ensurestiigaplanned forces are applied on the object. In this
case study, the desired forces for tips 3 and 4 are set closertg since they have to slide, but not exactly
zero because contact continuity should be ensured dureg/tole motion. Concerning fingers 1 and 2, higher

values have been considered in such a way to hold the obj#tbwtiexcessive stresses.



Fig. 4. Dual-arm/hand experimental set-up which has bedin ty using the Bioloid® Expert Kit. The red numbers label the joints.
The blue numbers indicate the tips of the fingers.

The planner (Equation (39)) and the controller (Equatiof)X4ave been developed in the Matfab

environment, while GRASPIT! has been used as dynamic stowla

B. Dynamic simulation environment

GRASPIT! offers a dynamic engine which allows to deal witm@@t mechanics in a realistic way, since
it is possible to simulate hard finger contacts (as well asitpoontacts without friction) respecting non-
penetration constraint. Frictional forces and non-pextietn constraints are expressed via inequalities; thus, a
Linear Complementary Problem (LCP) is solved by GRASPITkach time step, by using Lemke’s algorithm
[23]. Moreover, a collision detection system acts in suchay ¥o prevent collisions within bodies as well as
to identify and mark contact regions.

GRASPIT! also provides C-MEX functions which allow commeation with Matla®: it is possible to
assign joint torques (only when the dynamic mode is enalifedpe manipulation system, as well as, read
joint positions and contact forces. Some modifications togburce code have been done in order to retrieve
end-effector pose, choose the reference frame in whichacombrces are provided to Mati&and include
prismatic dynamic joint clasds

The dual-arm/hand system model has been added to the GRABMIG! library; accurate values of mass
and geometric parameters have been set on the basis oftdealatasheets.

The elastic contact, described in Section 11-B, has beeneteddby using a rotational joint and a prismatic
one, acting like a spring-damper systems, in such a way torertke elasticity in the direction of the object

surface normal at each contact point.

1The modified source  code of  GRASPIT! is  available for  dowdloa for Linux platform at
http://ww. uni bas.it/automatical/laboratory. htni



C. Secondary tasks and constraints

Different secondary tasks have been considered: the fisstdined at choosing the optimal contact points,
are related to the grasp force-closure condition, the atheris related to a measure of the grasp quality, while
the last one regards the manipulability of the dual-armdreystem. On the other hand, two physical constraints
have been considered: joint limits and collision avoidance

Unit frictionless equilibrium By moving the contact points on the object surface until dhé frictionless
equilibrium is reached, it is possible to guarantee themfasce-closure condition [26]. Such equilibrium is

satisfied when two positive indices, called frictionlesscéo¢ ¢) and moments,,) residuals, are zero [8], [30]

1 N
ep=5f"F f=>n,

' Nz:l (68)
Em=§me ngcfxﬁf,

where N = 4 is the number of fingers and; (¢,) is the surface normal of thah contact point, referred to
the object frame. It has been shown that, for two or more @bmitaints, unit frictionless equilibrium is a force
closure condition for any nonzero friction coefficient [3(81].

The Jacobian matrix of the unit frictionless force residisagiven by
_Ogp _ O0ep 0f 06 0 Of O

Jef_a_a_ﬁa_sa_a ! € 0q’ (69)
T of ong Ons e .
_ T T _ i ... N
whereg = {51 5N} and o€ [361 e ] As for the unit frictionless momentum residual

the Jacobian can be computed as
_ Ogp 05y OM OE Ta_m o€

T =g “om ogoq " 0€ 0q 7o
., Om d(c§ x nY) A(cq x nY)
with — = | ~——~ Y ... N~ N
e - |, %€ v

It is worth noticing that, since the considered object istangular and the opposite fingers of each hand
are on the opposite sides of the rectangle, the force rdsitdex is always zero during the whole case study,
therefore it is not considered in the following.

Grasp quality. The unit frictionless equilibrium is necessary to achielie positions of the fingertips on
the object surface ensuring that the external wrenchesgaoth the object can be balanced by the fingers. A
subset of these positions might be selected according taspgjuality index. In general, several indices can
be considered: in this case study, the fingers are commandedth a symmetric position with respect to the
object’s center. In detail, the following task function isnsidered

=&l if =& > &
i €a, — &l 0 |€a, — &l > &, 1)

0 otherwise
where¢, is a threshold for the task activation afg is the desired value for thih finger contact variable,
with ¢ = 3,4. The desired values,,, , is zero. The meaning of (71) is that the contact variabledifigers3
and4, the only fingers that can slide, should reach the desiretiiggo®n the object, represented by the values
&4, andé&,,, on the basis of the positions of the fingdrand2 on the object, denoted by the constant values

& and&,, respectively.



T
Leto, = [053 054} , the Jacobia/,,, (&) for the symmetric grasp subtask can be computetiaas 9q.
Manipulability. In order to keep the manipulation system far from singuksjtthe manipulability index

presented in [38] can be considered for ittefinger

quJ::VAkt(JpxqﬁJﬁxqﬁ), i=1,....4. (72)

However, a simplified manipulability index, computatidgaimpler than (72) but still describing in an effective

way the distance from kinematic singularities, is adoptaditiie considered set-up, i.e.,

w; = 0.5(s3+ s+ s7+s2)
wy = 0.5 (s34 5%+ s2
2 ( 2 6 7) (73)
wy = 0.5(s3+ s34+ s, + s1y)
ws = 0.5(s3+ si5+s%y)
wheres, = sin(ga).
Hence, the following task function is considered
|wg, —w;| i Jwg, —w;| > w5,
Ow; = (74)
0 otherwise,

wherew; is a threshold for the task activation ang, is the desired value for théh finger manipulability,
T

with s = 1,...,4. The desired valueg,, , is zero and a vectorial task functien, = [le is

w; ! Uw4

considered.

The JacobianJ,,, (q) for the manipulability subtask can be computedas, /9q.

Joint-limit avoidanceA physical constraint to the motion of the system is imposgdhe mechanical joint
limits. The system configuration is considered safe;if [gj,qj], forj =1,...,14, with 4 andg; suitable

chosen values far enough from the mechanical limits. Thetedlcost function is chosen as follows
14
Csrlq) = ch(qj)a
j=1

kj@&(qrﬂj)2 1, 0 ¢ < a
cj(g;) =10, if 4, < 4j <q,, (75)
k@1 1, it ¢; > 7,
wherek; andd are positive constants.
Collision avoidanceln order to avoid collisions between the fingers, it is impb#®e distance between the
fingers be larger than a safety valuk; hence, ifd;;; denotes the distance between ttfieand thei’th finger,

the following cost function can be considered

Coa@ =) cw(a), (76)
where the sum is extended to all the couples of fingers,
kii’wa if diy <ds,
d2
ciir(diir) = ! (77)
O, if diir > dg,

andk;; is a positive gain.
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Fig. 5. Object’s pose error computed on the basis of the dkimematics of each extended finger. Left, norm of the olggubsition
error; right, object’s orientation error. Fingeéris represented in blu&, in red, 3 in green and! in black.

D. Simulation results

Parameters.The elastic contact parameters ai®00 N/m for the spring elastic coefficient20 Ns/m
for the spring damper coefficients of all fingers, while = 24.5 - 1073 m is the spring rest position,
with ¢+ = 1,...,4. Concerning the planner (39), the gain for the object poserdnas been tuned to
K, — 45015, while the pseudo-inverse of, 7' = W7 (3W‘13T)_1, has been weighted by a
matrix W = diag([4 4 ey 4 4 e”D’ wheree,, is a (1 x «) vector of ones, in order to limit the
motion of the arms with respect to that of fingers, assumiag fingers motion is less demanding in terms of
power consumption. The object is required to keep its infiasition [0 0,1}T m and orientation of) rad
during the whole task.

The parameters used to define the secondary tasks are chodeliowss: £, = 0, with i = 3.4, &, =
—30-1073 m, &, = 84.5-10~3 m, for the quality index subtasky; = 0, withi = 1,...,4, wg, = wq, = 1.80,
wqa, = wq, = 1.30, for the manipulability subtask. Notice that both the aatiion thresholds have been put
to zero in order to precisely reach their null error condiio Subtasks gains are set as follows: = 30,
K., =73.5I, and K, = 1801,.

Since the mechanical limit of the joints is ababi.74 rad, the following safety thresholds for joint limits
avoidance have been sat: = 1.6 rad,gj = —1.6 rad; moreover, the other parameters in (75) &re 2.2 and
k; =2 for j =1,...,14. As for the collision avoidance, the safety distankehas been set t60 - 1072 m
and the gairk;;» is equal tol for all couples of fingers.

The task has a duration dfs. A Runge-Kutta integration method, with time step0af ms, has been used
to simulate the system.

The trajectories of the active joints computed by the moptanner are the references for the control law
(Equation (40)). The parameters in such equation are chaseiollows: Kp = 2-10°I3, Kp = 15013,
kp, = kp, =125, kp, = kp, = 1.25, k; = 10. The desired values for the contact normal forces2ahg —2
N, 0.2 N and—0.2 N for the fingersl, 2, 3 and4 respectively. The first two contact normal forces are bigger
since the corresponding fingers have to keep the objectwgiile the other two slide along the surface (i.e.,
small contact normal forces values are required) in ordeeazh a force closure condition.

Motion planner.The planner performance are summarized in Figure 5 and &igun detail, Figure 5 shows

the time history of the norm of the object’s pose error coraguin the basis of the direct kinematics of each
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Fig. 6. Time histories of the constraints and secondarystaSkbfigures (e) and (f) use the some color legend as Figure 5.

finger. It can be noticed that the error asymptotically gaegzédro for each extended finger. This proves the
performance of the planner (39).

Figure 6(a) depicts the time history of the stack status. ilaén task, with priorityl, is never removed
from the stack, while the other tasks, numbered frono 4 in the same order as they have been described
above, are removed when some constraints are near to béediolotice that task is never removed from
the stack since, in this case, it never affects the constraiihen the system is in a safe condition with respect
to the constraints, the tasks are re-inserted in the stadhtanang their previous priorities. Moreover, it can
be noticed that the peaks in the time histories of the olggmb'se error correspond to task insertion and/or
removal.

Figure 6(b) and Figure 6(c) show the cost functions relatedhe joint limits and collision avoidance
constraints, respectively. In a first phase, their valueseimse and for this reason the tasks farthest from the
annihilating condition are removed from the stack. Wherirtiiglues become almost zero, the removed tasks
are re-inserted into the stack.

Figure 6(d) shows the moment residdgl. This asymptotically converges to zero, i.e., fingé@nd4 reach
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Fig. 8. Time histories of the contact normal forces errors.

a force closure condition. Figure 6(e) depicts the timeohies of the grasp quality indices,, ando,. Such
values converge to zero since both finggrand 4 reach a symmetric position, with respect to the object’s
center, from fingerd and 2, respectively. Finally, Figure 6(f) shows the time histarfythe manipulability
measuresv;, with i = 1,...,4, for each finger. The depicted values are equal or above thieedeonesw,;, .

Controller. The controller performance are summarized in Figures f3ddtail, Figure 7 shows the time
history of the norm of the object’s pose error. It can be regtithat the errors do not converge to zero, but
they present a constant offset. This is due to the absendkeinontrol scheme, of the feedback of the object
pose. In fact, sliding of finger8 and 4 affects the object’'s motion, while the off-line planner nahtake into
account these disturbances.

Figure 8 depicts the time histories of the errors of the nbioatact forces with respect to the desired ones.

It could be noticed that all the errors converge asymptliyita zero. Some peaks occur in correspondence of
task removal/insertion from/in the stack.
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Figure 9 shows the time histories of the joint actuation te@s] Their values are smooth and suitable with
respect to common available motors in the market.

Finally, Figure 10 shows the initial and final configuratiasfsthe system. It can be noticed that fing8&rs
and4 move along the object surface until their tips are on the ssiraéght line on the opposite sides of the

object, in such a way to ensure both force closure and a syrienpetsition with respect to the object’s center.

V. CONCLUSION

In this paper the kinematic model of a redundant dual-arndliabotic manipulation system has been derived.
This model allows to compute the position and orientatiom gfrasped object from the joint variables of each
arm and finger that can be actuated (active joints), as weftaas a set of contact variables. A kinematic
planner and a parallel position/force controller have béesigned to achieve the desired object motion and the

desired contact normal forces. The redundancy of the whales has been managed at the kinematic level in
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(a) Initial configuration (b) Final configuration

Fig. 10. GRASPIT! screenshots depicting the system in it&irand final configuration. Prismatic joints, that modeé tfingers elastic
pads, have not been drawn.

order to fulfil a set of prioritized constraints and secogdasks. The latter are aimed at ensuring grasp stability
and dexterity, without violating physical constraints. ffis aim, a prioritized task sequencing algorithm with
smooth transitions between tasks has been employed. Thek®nhas been designed to execute the motion
references provided by the planner and, at the same timetairaa desired contact force exerted by each finger
on the grasped object. Simulation results show that thetadagntrol scheme ensures successful achievement
of the main task, without violating any imposed constraint.

The contribution of the paper can be summarized as folloles:vtork presented in [5] has been extended
with all the details and the proofs; the parallel force/iosi control has been proven to converge even with
non-planar surfaces; the framework devoted to the sulstaskching has been formalized and a new criterion

for tasks removal has been introduced; the simulator Gtlalsps been suitably adapted and redistributed.
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APPENDIXA

TIME DERIVATIVE OF n

The linear velocity of th&th fingertip with respect to the palm frame can be expressddllasvs (subscript
7 will be dropped for simplicity)

pr=Glvo,+ Ro%é + (1= Al)R,n° — Ryn°Al, (78)

whereG/ is the matrix composed by the first three rows®f, v, IS the object relative velocity with respect

to the palm andw®(c°(¢)) is given by
_0n’ 0c

- %8_55. (79)
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Since the time derivative of the unit normal vector belorgshie tangent plane of the object at contact point,

by projecting Equation (79) in such a plane, a suitable esgioa forn can be derived

n = Lov, + Lypy, (80)
with

A —I+(Z—Al)a—ﬁ (81)
n — 8c7

P, =1-nn",

L= ap (82)
F= 9 70

L,=|L;, S(n)+L;((Il—Al)S(n)—S(c))|- (83)

It can be noticed that matrid,, is always full rank for convex objects bounded by a smootfaser Moreover,

it could be recognized that both, and L ; are norm bounded, i.e.

Lol < ko, ko>0, (84)
||LfH S k'n,a k'n, > O (85)
APPENDIXB

SYSTEM EQUILIBRIUM

System (41) under the control law (40) can be described byltsed-loop dynamics
t
M:i+C’:'c=KpA:c—KD:ichAfnJrkFAfnJrk[/ Af,dC. (86)
0

At the equilibrium, i.e. @ = # = 0, x = x, the following equality holds

+ oo

Kp(xg—xoo) + (1 +kp)(fqg— Fo.) + k1 ; Af,d¢=0. (87)

Projection of (87) onto the tangent plane and along the nbumia vector leads to

(IG — nnT) Kp(xg— ) =0, (88)

—+o0

nn” (Kp (g — @oo) + (L + kp) (Fg— Fr) + k1 Afnd§> =0. (89)
0

By virtue of the integral action, which giveAf,, = f;, — f = 0, and of (47), it can be seen that

Noo

nT (xq — xo) = 0; Equation (88) ensures that the tangential partegf— =, is null and thusz., = x,.
Moreover, from (89) it can be noticed th%t Af,d¢ =0 as well.
0

APPENDIXC

PROOF OF INEQUALITY (58)

By considering the expression sfin Equation (49), the term., is given by

oo k. R
Soo = Af, ——n Ax | d{=— —n- Azd(. (90)
0 P 0 P

Therefore,l,, becomes
+oo
I, = k AzTndc, (91)
P

t



. T . . . . B . . .
wheren = [ﬁT oT} . From the assumption of quasi-static manipulation, vg.= 0, the following equality

follows
bips) 02)
0
through which it can be recognized that
[7all = (|7l < knllpy - (93)
Equation (93) allows to upper-bourd in the domainD as follows
k[T B E [T
o= 5[ aetadc=% [T stndc <5 [ | e
z toee p tk +OOP t L (94)
< o[ WLpgdc < S0 L) [ KibpdC < k)],

whereh,, is a (@ x 1) vector of ones.
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