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Abstract An important issue in controlling a multi-fingered robotiarid grasping
an object is the evaluation of the minimal contact forceg ablguarantee the sta-
bility of the grasp and its feasibility. This problem can ledved online if suitable
sensing information is available. In detail, using fingetita information and con-
tact force measurements, an efficient algorithm is develépeompute the optimal
contact forces, assuming that, during the execution of d@puodation task, both the
position of the contact points on the object and the wrendbetbalanced by the
contact forces may change with time. Since manipulatiotesys can be redun-
dant also if the single fingers are not —due to the presendedadditional degrees
of freedom (DOFs) provided by the contact variables— siétabntrol strategies
taking advantage of such redundancy are adopted, bothriglesand dual-hand
manipulation tasks. Another goal pursued in DEXMART is tlewelopment of a
human-like grasping approach inspired to neuroscienciestuln order to simplify
the synthesis of a grasp, a configuration subspace basew pnddominant postural
synergies of the robotic hand is computed. This approacheisiated at kinematic
level, showing that power and precise grasps can be pertbusiag up to the third
predominant synergy.
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1 Grasping Force Optimization

The control of a robotic system equipped with multi-fingelnadds involves several
aspects which range from the synthesis of the optimal gngspintact points and
grasp planning, to the load sharing and grasp control. Veéisipect to this last, the
evaluation of the grasping forces able to guarantee thdistailf the grasp and its
feasibility, in the face of the external disturbances, espnts a crucial problem. The
complexity of the problem relies on the necessity of resmvanline an optimization
problem where both constraints and objective functionshardinear, the number
of variable and constraints are relatively large, and tlasjgiconfiguration and the
load wrench may change with time.

The force closure [41] and the optimal grasp configuratidact®n problems
are not considered here, as they would be in charge of th@ gtasner. On the
other hand, the grasping force optimization problem has leensively investi-
gated only for relative simple robotic systems and not yelieitly in the case of
bimanual human-like robotic systems. For this last, the matational complexity
becomes a major issue to be considered for an efficient osdilugion.

The nonlinearity of the contact friction models (point cacttwith friction or
soft-finger contact) complicates the solution of the optiomntact force distribu-
tion problem. In [26] the friction cone constraints have méesrmulated in terms
of linear matrix inequalities (LMIs), and the grasping opitzation problem is ad-
dressed as a convex optimization problem involving LMIswifte max—det func-
tion as objective function. This problem can be efficientiived with the interior
point algorithm for a small number of fingers.

Starting from the observation that verifying the fricticone constraints is equiv-
alent to testing the positive definiteness of certain symmeatatrices, in [11] the
grasp force optimization has been formulated as a convéxgition problem on a
Riemannian manifold with linear constraints. Several gratflow type algorithms
have been proposed to provide solutions suitable for mead-applications [12]; to
reduce complexity of matrix inversion, the computationted solution can be split
into an on-line phase and an off-line phase, and sparsexmatifiniques can be
adopted [30]. This technique has been employed and expieiigrtiested with an
impedance control approach addressing the regraspintgpndbr dextrous manip-
ulation tasks [54].

A further improvement has been presented in [27], congjstira new compact
semidefinite representation of the friction cone constsaivhich allows a signif-
icant reduction of the dimension of the optimization praobléMoreover, an esti-
mation technique and a recursion method for selecting e sre in the gradient
algorithm are proposed, together with the proof of the gacdconvergence of the
algorithm.

In [50] and [53] a method based on the minimization of a costfion, which
gives an analytical solution but does not ensure by itseltitisfaction of the fric-
tion constraints is presented. An iterative correctiornetgm allows modifying
this function until the internal forces enter the frictioone, resulting in a fast sub-
optimal solution suitable for real-time applications. Trasping force optimization
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problemin the case of power grasp is addressed in [60]. $rctse, the optimization
problem is formulated as a convex optimization problem ving LMIs similarly
to [26], but considering a decomposition of the contactdmpace into four orthog-
onal subspaces of active and passive forces.

The method proposed in [11] requires the on-line pseudergion of a con-
strained matrix whose dimension linearly increases wighrthmber of fingers with
a factor that depends on the contact type. By adopting tbidnial cone constraint
matrix representation proposed in [27], the dimension efiifoblem decreases and
the solution can be computed in real time. However, if toriaés constraints are
considered, the complexity of the problem increases mae tjuadratically with
the number of joints, which is higher in a dual-hand systemking it unsuitable for
real-time applications. Moreover, all the proposed sohgirequire, at each itera-
tion, the evaluation of an initial point that satisfies thetfonal cone constraints and
the joint torque limits. The initial point can be computediwtihe method proposed
in [34], but at the expense of a significant computationalreff

The proposed algorithm is based on the compact formulafi2i7d and on the
solution of a convex optimization case as in [12], and it edteto bimanual ma-
nipulation systems our previous works on single-hand madaijpn [32], [33]. The
method allows considering also joint torque constrainit) & minimum increase
of computation complexity, compatible with real-time ctramts. Moreover, the it-
erative formulation does not require the evaluation at ségiof a new initial point.
Finally, a sub-optimal single-hand optimization alganitis proposed to cope with
very limited computational hardware availability, and qmared with the optimal
solution. In particular, a new criterion for load sharind [g58], [56] between the
hands is here introduced to improve the solution. The fdagiand the effective-
ness of this approach have been tested in a simulation scevizre a robotic torso
equipped with two dextrous hands is used to empty a hal@ifblettle.

1.1 Problem Formulation

Consider a bimanual robotic system equipped with two nfirlgered hands grasp-
ing an object withn contacts between the object and the fingertips, the linkkeof t

fingers and the palm. Denote the contact wrench of the gratspow [ch CHT =

[c] ... CHT € R"™ wherec; € R™ is the wrench vector of theth contact with
dimensionm depending from the adopted contact model, gnandc, are the cor-
responding wrench vectors of all the contact points of tgatrand left hand, re-
spectively.

The grasping force optimization problem (GFO) consists ndlifig the set of
contact wrenches balancing the generalized external fiyeeR® acting on the
object (including object inertia and weight), which arediéde with respect to the
kinematic structure of the hand and to the corresponding foirque limits, and
minimize the overall stress applied the object, i.e, theriml forces. Moreover, to
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avoid the slippage of the fingers on the object surface, eawtact wrench has to
be confined within the friction cone.
The balance equation for the generalized forces applidtetolvject can be writ-
ten in the form
he = Gc, 1)

whereG = [Gr G } € R®"Mis the grasp map composed of the the grasp matices
of the right and left hand, which is full rank for force-clasugrasps [41]. It is
assumed that the contact point configurations ensuringotfee-fclosure constraint
are assigned at each time by the planning system.

Although several contact models can be used, the two usadtipted are the
point contact with frictionPCWF) model and thsoft finger contac(SFC) model.

In the PCWF case, the contact wrench has three D@¥Fs 8): the normal com-
ponentc; ; to the object surface and the two componesis ¢y on the tangent
plane. The friction constraint is represented by the law

1
F (Cﬁx—i_ Cﬁy) < Cﬁz andci,z > O, (2)
1

wherey; is the friction coefficient at theth contact point.

In the SFC case, the contact wrench has an additional O¢n = 4), corre-
sponding to the torsional component of the moment about diméact normal. In
this case, the friction constraint in an elliptic approxtiona can be expressed in the
form

1 1
= (cfx+¢y) +—¢cf < ¢, andciz > 0, (3)
Hi ~ 7 ’ i ’

wherep; and iy denote the tangential and torsion friction coefficientshatitth
contact point, respectively.
The balance equation for the torques applied to fingersgahthe hand can be
written in the form
J(g)c+Te=T1, (4)

where andl(q) = [JrT JHT is the imx 1) hands Jacobian matrix, depending on the
(I-dimensional) vectoq of the joint variables, beingthe total number of the joints,
Te is the external torque, including gravity, Coriolis, cémétal and inertia effects
at the fingers joints, andis the torque provided by the actuators. For simplicity, it
is assumed thatt' (J7) = 0, meaning the absence of structurally dependent forces,
namely, contact forces not caused by joint torques but dpgion hand mechanics
(see, e.qg., [41]).

To ensure that the joint actuators are able to provide theimredjtorques, a joint
torque constraint must also be considered

L <T<Ty, )

wheret (1y) is the lower (upper) joint torque limit.
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The simultaneous satisfaction of the force balance equéfip with the fric-
tion constraints (2) and (3), and of the joint torque balaegeation (4) with con-
straint (5), implies that the grasp is stable and feasibte GFO problem consid-
ered here consists in finding the optimal grasp wrench thaimizes the internal
forces acting on the object, under the above constrainsiftarnal forces are con-
tact wrenches that satisfy the friction cone constraintslaaiong to the null space
of the grasp matriXG. These wrenches,: do not contribute to the balance equa-
tion (1), beingGcin: = 0, but are used to satisfy the friction cone constraintseat th
contact points.

1.2 Grasping Constraints and Cost Function

The frictional inequalities (2) and (3) are equivalent te fiositive definiteness of
the block-diagonal matrix [27]

F(c) = diag(Fi(c1),...,Fn(cn)) >0, (6)

whereF;(c;) is the symmetric (X 2) matrix

G G
C,+-=> &
Fi(c) = I'Z& H G ﬁq_xl (1)
Hi L2 g
in the PCWF case, while it is the HermitianX2) matrix

Ciz+ & ﬂ =] Ci't_
Fi(c) = L)',_F'\/Cﬁil,t ‘/Cﬁ_é./_iﬂ (8)

\/E J\/m 1,2 \/E

in the SFC case.
Similarly, the torque limit constraint (5), in view of thertjue balance equa-
tion (4), is equivalent to the positive definiteness of tregdinal matrix

T(c,q,Te) = diag(7e) > 0, 9)
where .
TBL J'(gq)c—TL+Te
s {TB,H] [—JT(Q)C-i- TH — Te ( )

contains the distances of actuator torques from the lomgr)(and upper g )
limits, respectively.

Hence, the simultaneous satisfaction of both frictionad gwint torque con-
straints is equivalent to the positive definiteness of thedily constrained block-
diagonal matrix

P = diag(F,T) > 0. (11)
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Notice that the elements of the matridesand T are linearly dependent, because
both depend ow. Moreover, the force balance equation (1) and the torquenial
equation (4) corresponds to linear constraints imposedainixP.

By denoting withc(F) the contact wrench vector extracted from the frictional
constraint matrix, withrg(T) the vector composed by the diagonal element§ of

and defining vectog (P) = [c(F)" TB(T)T]T, the linear constraints on matrik
imposed by (1) and (4) can be represented in the followingaffieneral form

Aé(P)=Db (12)
with

he
A:[GOM'] b= | 1L —7e|, (13)
H—Te

whereA; is a(2l x nm+ 2I) matrix defined as follows

_[I@T -1 o
Ar = [J(Q)T o I } ’ (14)

being0, the null matrix and  the identity matrix of the indicated dimensions.

The optimization procedure is based on the minimizationhef ¢ost function
?(P): 2(r) — R, beingZ(r) the set of positive definite symmetricx r) matrices
P=P' >0, defined as

®(P) =tr (WpP+WpP 1), (15)

where t(-) denotes the trace operat¥,, andWy, are positive definite symmetric
matrices. Notice that is a strictly convex twice continuously differentiable fuin
tion on Z(r) and ®@(P) — 4o for P — 0.2(r), beingd #(r) the boundary of
2(r).

By noting that the sum of the elements Bf(i.e. of 1g) is constant for each
¢, because the sum of the two joint torque constraints foi-thegoint is constant
and equal tay j — 1 j, the diagonal weighting matriw/ , = diagwple, 02 ), with
wp > 0, is considered. In this way, the teMid,P weights only the normal forces
Ci 2 at each contact point, i.e. the pressure forces on the objeetuired, different
weights can be used allowing higher contact forces for ggshfingers.

The second ternW,P~* represents a barrier function, which goes to infinity
whenP tends to a singularity, i.e. when friction or torque limite approached. The
barrier weight matrix is also chosen diagoWé} = diag Wy, g, Wp 1), with

WhF =Wy rdiag(H, .- -, Un)
Wpt =Wy rdiag(Thi—TL1,.., T — Ty, (16)

THA— T, THI — TL,l) )

beingw, r > 0 andwy, 1 > 0.
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Hence, the minimization of the cost function (15) with theelar constraint (12)
corresponds to the minimization of the normal contact whesmmponents applied
to the object while satisfying the friction and torque coastts.

1.3 Semidefinite Programming

The minimization problem can be solved using the linearipstmined gradi-
ent flow approach on the smooth manifold of positive definitrioes presented
in [28], [11]. In particular, it is possible to prove thét(P) presents a unique min-
imum that can be reached through the linear constrainednexpially convergent
gradient flow .

&(P) = QE(P'WpP T —Wy), (17)

whereQ = (I —ATA) is the linear projection operator onto the tangent space of
A, andA"T = AT(AAT) is the pseudo-inverse &. ConsequentlyAQ = 0 and
A&(P) = 0; hence, if the solution satisfies the constraint (12)-a, it will satisfy
the constraint for aff > 0.
A discrete-time version of (17) based on the Euler numeiitaigration algo-
rithm is
& (Piy1) = E(Pu) + akQE& (P 'WpP t — W), (18)

where the step sizey is chosen to ensure down hill steps. Notice that the choice of
oy strongly affects the performance of the optimization alfpon. A wrong choice
could determine a very slow convergence or the break of théebaSeveral strate-
gies have been proposed for the self-tuningngfat each iteration (see [34] for
details). The sensitivity to the step size choice can beaedby adopting a Dikin-
type recursive algorithm [12], [19], that leads to the diterflow

(P WPt — W)
1P 'WpP, t = Wo|l,

&(Pkr1) = &(Pe) —akQ (19)

where||X|ly = tr(Y XY ~1X), and 0< ay < 1 can be evaluated with a bounded
line search minimizingb(Py.1).

The online implementation of the proposed algorithm regpiihe inversion of a
(6+21) square matriAAT needed for the evaluation éf'" at each iteration, also
when the grasping configuration is unchanged, i.e. wles constant, due to the
variation ofJ(q).

Starting from the discrete version of the gradient flow (1Bg following new
formulation can be derived

Ckr1 = G+ okQE (P~ () WP~ Y (ci) — W), (20)

whereQ = (I — G'G)[Inm02](1 —ATA;) is the result of the projection onto the null
space of matri¥A; in (14), which guarantees the coherence of the elementstoikma
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P, and of the subsequent projection onto the null space ofrdmpgnatrix, ensuring
the force balance constraint (1). Therefore, the evaloatfdhe inverse of a 6 2|
square matrix is decomposed into the evaluation of the gsvef two matrices of
lower dimensions (6 and 2respectively). Moreover, if the grasp configuration re-
mains unchanged, the projector dependingaran be evaluated off-line. A similar
decomposition can be easily achieved for the gradient fl@jy. (1

1.4 Improvements for Real-Time Applications

An iterative technique for the on-line evaluation, at eaaimgling time, of the ini-
tial point —the initial solutionPy for the optimization gradient flow algorithm—
is proposed here, based on the optimal solution at the prewampling time. The
quantities that can vary between successive sampling timeethe hand configura-
tion g, the external torquee, and the grasp ma@, while they are taken constant
during the iterations of the optimization algorithm betweé®o consecutive sam-
pling times (optimization cycle).

To avoid the evaluation of an initial point at each sampliinget the following
approach is proposed. Initially, at tinhge the method proposed in [34] (or an equiv-
alent one) is used to evaluate off-line a first valid initialitgion, which is employed
for the first optimization cycle. For the next sampling tintgsthe initial point is
computed from the optimal solutiai 1 computed at the end of the previous opti-
mization cycle, through the iterative algorithm

¢ =(I — GlGK)Cj_1+YiGlhek+ (1— ¥))GL_;hex1

- _ (21)
Tj =3 (ViU + (1= Vi) A-1)Cj + Vi Tek+(1—Vj) Tek1,

with initial condition cg = cx_1, where the subscrigh is referred to the current
optimization cycle, while the subscriptand the variables with the bar are referred
to the iterations within the cycle. The coefficignt (0, 1] is chosen at each iteration
according to a monotone sequence, using a simple lineactsaégorithm, as the
maximum value that does not produce invalid solutids< 0). In the worst case,
Yo must be set to a value close to zero.

In detail, at each step of the optimization cycle, the firstawpn of (21) grad-
ually modifies the external wrench component of the currehtt®n until the full
external wrenclhg is balanced (i.ey; = 1). Obviously, the optimization cycle can-
not be terminated unt; does not reach 1. If the solution evaluated at the previous
sampling time ¢ 1) is sufficiently far from the boundaries (the distance dejsen
also from the weights assigned\dy), y» can be set to 1 at the first iteration, and
thus the initial point has the same internal wrench compbaokthe previous op-
timal solution. On the other hand, wheg < 1, the effect of the barrier function
produces a new solution that, at each iteration of the opétiun cycle, goes away
from the boundaries; this guarantees tyjahcreases at each step, urjjil= 1. The
second equation is required to modify the joint torque with same rationale of
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the first equation. In sum, the sequeng@roduces an effect similar to a low-pass
filter on the variation of the solutions between subsequeptitrozation steps that
are recovered directly within the recursive optimizatitgoaithm.

From the practical experience, if the weigt, of the barrier function in the cost
function (15) is chosen high enough and the sampling pesisdall, in most cases
the last optimal solution is a valid initial solution, iyg.= 1.

Under the reasonable assumption that the solutions of tfimiaption algorithm
evaluated at successive sampling times are quite clos@ittig¢orque constraints
can be simplified observing that not all the joint torque ¢@ists can be effective
simultaneously. For example, if, for the current optimalison, the actuator of joint
i provides a torque close to the upper boung, the constraint on the lower bound
T_i can be deactivated at the next sampling time, being nedgithile corresponding
barrier term in the cost function. More in general, if for agp configuration a given
contact force is required along a certain direction, it @sanable to assume that
the corresponding joint torques will not change signifigaat the next sampling
time. Starting from this observation, the number of joirngtee constraints can be
dynamically reduced at each sampling time, by using theadist of the torque
evaluated at the previous sampling time from the lower argeupounds as the
criterion for selecting the constraint (the lower or the eppne) that needs to be
activated. Only those constraints with a distance higter thtorque limit threshold,
that can be chosen as a fractiop> 0 of the corresponding torque limit, will be
activated.

Wherever required, to reduce chattering phenomena duni@ggctivation and
deactivation of a constraint, that can introduce noiseérstilution, a simple double
threshold ¢ > 0 ando; 4 > 0) with a hysteretic threshold can be employed.

For applications with limited computational resource, dkHar simplification in
the algorithm can be introduced by splitting the bimanuaimjzation problem
into two simpler single-hand problems. In this case, thgahpoint iterative self-
evaluation algorithm presented above can be employed taHméhitial common
solution. Then two independent optimization procedureshm started separately
for each hand, and the corresponding solutions are compmdgdat the end to
achieve a unique wrench vector solution. The price to paly thi¢ simplified algo-
rithm is that the solution is not optimal in a global sense.

A significant improvement in the solution can be reached sitering a suit-
able weighted pseudo-inverse of the grasp matrix in (21} thie goal of achieving
a load sharing between the hands in reason of the actual fahd band actuators.
In detail, at each sampling time, the minimum distance ofdih@ torques with re-
spect to the corresponding limits is evaluated for each haamelyd; , andd; | for
the right and for the left hand, respectively. Then a weigithatrix

5r,r+5r,|| 5r,r+5r,|| )
61,r nrm; 6-[,| nm |

Wg = diag< (22)

with n, andn; the number of contact points for the right and for the leftdan
adopted for the evaluation of the weighed pseudo-inversigeo§rasp matrix
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Fig. 1 The DEXMART Hand prototype.

G =wglG(GwslGh) (23)

With this choice, the quadratic formd Wgc is minimized, reducing the load re-
quirement on the hand closest to its torque limits. This apgh, as demonstrated
in the following case study, can produce a reduction up to 60#te computational
time when a large number of joint torque constraints arezacti

1.5 Case Study

The proposed GFO algorithm has been tested in simulatioy tsio models of the
DEXMART Hand (see Fig.1), mounted on an anthropomorphisdpas shown in
Fig. 2. It is assumed that the hands grasp a cylinder repiiegembottle half filled
with water and the task consists in pouring water by reaingrihe bottle. The bottle
is initially grasped with the main axis aligned to the veatidirection; then the task
can be decomposed into three steps:

e arotation of 135 deg about the horizontal axis through tregric center of
the cylinder is commanded;

e the hand is stopped while some water is poured from the bktéemass and
inertia of the bottle change accordingly);

e the opposite rotation is commanded to set the bottle badietinitial pose.

A dynamic simulation has been performed using Matlab/Simkuivhere the vari-
ation of the position of the center of mass of the water antddhés weight have
been considered. Figure 2 shows on the right a section ofdtike nalf filled with

water. In the figure, the intensity of the gravity force is poational to the black
vertical arrow applied to the instantaneous center of mafdsiigth proportional to
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Fig. 2 Left anthropomorphic torso with two DEXMART Hands grasping dtleoRight section
of the grasped bottle with graphical representation of tiawity force and torque (black arrows),
of the resultant force and torque applied by the fingers (remh&), of the optimal contact forces
(green arrows if not interested by joint torque constraintange arrow otherwise), and of the
friction cones (yellow triangles).

the intensity of the force), while the intensity of the gtgvwiorque with respect to
the center of the bottle is proportional to the black circ@eow. The red arrows
represent the external force and torque balancing thetgreffects and resulting
from the contact forces applied by the fingers, represenyegtéen arrows if not
interested by joint torque constraints, orange arrow etfser. The sections of the
friction cones in the contact points are colored in yellovs@guence of significant
configurations of the bottle during task execution is shawhig. 3.

The effectiveness of the friction and of joint torque limétsnstraints is shown
by considering two different simulations: in the first ondyathe friction constraint
is considered, without any constraint on the joint torqu@tk, while in the second
one different torque limits are set for the fingers. In paitac, the thumb actuators
are considered stronger than the corresponding actudttite other fingers of the
hand (0.5 vs.£0.075 Nm), like for the human hand.

In Fig. 4 the trajectory and the areas covered by the contace fvector of each
finger in the corresponding contact point during the bottigiom are shown, in blue
(red) color for the case without (with) torque constraifts. expected, the frictional
constraints are always respected in both simulation casesdingly to the barrier
function considered into the cost function (15).

The time history of the minimum distance of the joint torqtesll the actuators
from the corresponding limits is shown in Fig. 5, with the fetlie) line refers to
the case with (without) torque constraints. The effect eftilarrier function settled
up also on torques insures the full respect of the adopteits|invithout affecting
significantly the contact wrenches as shown in Fig. 6.
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Y b

Fig. 3 Sequence of significant configurations of the bottle and @fdinces during the task execu-
tion.

In Fig. 6 a comparison of the norm of the contact wrenchesi{eridft) and of
the joint torques (on the right) is shown for both simulat@ases. The differences
for the norm of the torque between the two cases is very lanitgile the contact
wrenches are improved (smaller in norm), due to a bettembalg of the load
between the fingers.

The benefits resulting from the adoption of the online jaorgue constraints
selection are shown in Fig. 7, where the time history of thenpatational time
effort are represented on the left and the number of emplogedtraints are rep-
resented on the right. To remove the dependence on the eegptt@ydware, all the
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Fig. 4 Areas covered by the contact forces of each fingep(right hand,Bottom left hand; from
the left side: from the thumb to the little finger) without el color) and with (red color) torque
constraints with respect to the friction cones (represkntigh green lines).

0.04
0.03
.02
c 0.0:
P4
0.01 L\
oV
-0.01
0 5 10

S

Fig. 5 Time history of the minimum distance of the joint torquesiirthe corresponding limits for
all the actuators, in red (blue) color for the case with (wiit) torque constraints. Negative values
(the yellow area) correspond to the violation of one or monetjtorque limits.

considered cases are normalized with respect to the maxivalue of the fully
constrained case (black line) to the value 100 (correspgratiout to 23 ms on an
Intel Pentium IV at 2.8 Ghz). In particular, four differerdses are compared: all
constraints (black linesyg; = 0 (red lines),o; = 0.5 (green lines)g; = 0.8 (blue
lines), and unconstrained (gray lines), whereis the threshold for the activation
of the joint torque constraints. The achieved reductiormefrhean of the computa-
tional time varies from a minimum of about 30% for = 0 to a maximum of about
90% foro; = 0.8.

The adoption of the sub-optimal single-hand GFO algoritamprovide a signif-
icant reduction on the computational time with respect éodptimal one, as shown
in Fig. 7 for the case of all joint torque constraint simuétansly active. However,
the drawback is that the sub-optimal solution has reduceédimeance in terms of
both the norm of contact wrenches and of joint torque (see8)igConsequently,
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Fig. 6 Time history of the norm of the contact wrenches (on the Efij of the joint torques (on
the right), in red (blue) color for the case with (withoutjdae constraints.
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Fig. 7 Time history of the normalized computational-time effdeft) and of the number of em-
ployed joint torque constraints (right) for the cases withcanstraints (black),o; = 0 (red),
o; = 0.5 (green),o; = 0.8 (blue), unconstrained (gray), and single-hand localnoggtion with
(violet) and without (cyan) weighted pseudo-inverse ofdtesp matrix.
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Fig. 8 Time history of the norm of the contact wrenches (on the kfitj of the joint torques (on
the right) for the cases of local single-hand optimizatiotheut (blue) and with (green) weighted
pseudo-inverse of the grasp matrix, and global optiminaied).

also the distance with respect to the joint torque limitsiteeduced significantly, as
shown in Fig. 9), but without violating the imposed consteal. As shown in these
figures, the adoption of the weighted pseudo-inverse of thepgmatrix in (23)

can improve the achieved solution resulting in a well-stidoad between the two
hands. This behavior is mainly due to the reduction of the B@¥ailable to the

optimization algorithm considering separately the the haods instead of both to-
gether.
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Fig. 9 Time history of the minimum distance of the joint torquesnirthe corresponding limits
for all the actuators for the cases of local single-handnoizition without (blue) and with (green)
weighted pseudo-inverse of the grasp matrix, and globanigdation (red).
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Fig. 10 Time history of the norm of the load force (on tleét) and moments (on theéght) for the
right (red) and left (blue) hand in the cases of local (camdirs lines) and global (dashed lines)
method.

On top of Fig. 10 the time history of the normalized load-gimgaicoefficients
Ot /(8 +8)) (red) andd; /(3¢ + Or,) (blue) employed in (23) is shown, while
t

The time history of the norm of the load force and momentdferright (red) and
left (blue) hand in the cases of sub-optimal (continuousdjrand optimal (dashed
lines) method are shown in Fig. 10. As expected, the wholangahg of effort
between the hands is degraded with respect to the optimai@ol(dashed lines),
but the adopted load sharing method allows an online loaakrtiéipn according to
the current load capability of each hand.

2 Kinematic Control With Force Feedback

Dual-arm/hand object manipulation with multi-fingered tais a challenging task,
especially in service robotics applications, but it hasine¢stigated as extensively
as it should deserve. In order to achieve the desired mofitireananipulated ob-

ject, arms and fingers should operate in a coordinated fashicthe absence of
physical interaction between the fingers and the objecplsimotion synchroniza-

tion shall be ensured. Further, the execution of objectpingsor manipulation re-

quires controlling also the interaction forces to ensuespistability [43], [49].
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From a kinematics point of view, an object manipulation teak be assigned in
terms of the motion of the fingertips and/or in terms of theiréesobject motion.
The planner (or the controller) has to map the desired tasktire corresponding
joint trajectories of the fingers and the arms, thus reqgittie solution of an inverse
kinematics problem.

In this work, starting from the framework presented in [ kinematic model
for object manipulation using a dual-arm/hand roboticesysts derived, which al-
lows computing the object pose from the joint variables afhearm and each fin-
ger (active joints), as well as from a set of contact varigbfeodelled as passive
joints [40]. Suitable conditions are derived ensuring thajiven motion can be
imposed to the object using only the active joints. Exphgjtalso the information
provided by force sensors mounted inside the fingertipspastage control scheme
is proposed so as to achieve the desired object motion ancitttain the desired
contact normal forces.

The kinematic redundancy of the system, deriving also frieenpresence of the
passive joints, is suitably exploited to satisfy a certaimier of secondary tasks
with lower priority, aimed at ensuring grasp stability andmipulation dexterity
—without violating system constraints— besides the masgk teorresponding to
the desired object motion. To this aim, a prioritized tasffusscing with smooth
transitions between the different tasks [36] is employed.

At the best of authors knowledge, the focus of previous work&inematics of
multi-fingered manipulation was on constrained kinematittml [25], [40], or ma-
nipulability analysis [8], without considering redundgmesolution and the benefits
of integrating a force feedback in a kinematic control lobpe effectiveness of the
proposed approach is demonstrated in simulation by corisglan object exchange
task for a planar bimanual system.

2.1 Kinematic Model

Consider a bimanual manipulation system, e.g., the hurdananipulator of Fig. 11
composed by a three DOFs torso and two DLR manipulators (edithseven
DOFs). The direct kinematics can be computed as reporte85} by introduc-
ing a frame>}, fixed with the base of the torso, two frames,and >}, attached at
the base of the right and left arm, respectively, and two é&si, and),, attached
to the palms of the right and left hand, respectively. Moerpassuming that each
arm ends with a robotic hand composed Myfingers, it is useful to introduce a
frame 2, (31;), attached to the distal phalanx of fingei = 1...N) of the right
(left) hand.

The pose of,; with respect to the base frani can be represented by the
well known (4x 4) homogeneous transformation maffi% (RY;,,0%.), whereRP
is the (3x 3) rotation matrix expressing the orientation#, with respect to the
base frame and;’fi is the (3x 1) position vector of the origin af, ¢, with respect to
the base frame. Hence, the direct kinematics can be exprasse
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Fig. 11 Kinematic structure of a humanoid manipulator with torsd amms inspired to the DLR
Justin.

Tlpfi = le’J(qt)Tlth (ql’h)Tﬁ: (qrfi) (24)

whereTP is the matrix relating the frame at the basis of the right asrthe base
frame (which depends, in turn, on the torso joint veatgy, Ty, (q,y) is the matrix
relating the right palm frame to the base frame of the right éwhich depends, in
turn, on the joint vector of the right arnay), andTﬁ‘i is the matrix relating the
frame attached to fingerto the palm frame of the right hand (which depends, in
turn, on the joint vector,,, where the fingers are assumed to be identical). An
equation similar to (24) holds for the left hand fingers, vatibscript in place of
subscriptr.

Due to the branched structure of the manipulator, the kiieraguations of both
the right and the left arm depend on the joint veapof the torso and, thus, they
are not independent. Without loss of generality, hereéfieassumed that the torso
is motionless, i.e.g; is constant; therefore, the kinematics of the right and ef th
left hand can be considered separately. Hence, in the sehaeuperscripts and
I will be omitted and will be used explicitly only when it is neiged to distinguish
between the right and the left arm.

The velocity of frame>y, with respect to the base frame can be represented by
the (6x 1) twist vectorvy, = [(ﬂi wE]T, wherewy, is the angular velocity, such that
Rfi = S(wy,)Ry,, with S(-) the skew-symmetric operator representing the vector
product. The superscrifs, denoting the base frame, has been omitted to simplify
notation.

The differential kinematics equation relating the jointogities to the velocity
of frameZXy, can be written as

Jr(@)] 4 _ .
Loi (qi)] g = ‘]Fi (ql)qla (25)

whereq/ = [qﬁ qE]T andJg, is the Jacobian of the arm, ending with finger
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Fig. 12 Local parametrization of the object surface with respedto

Therefore, the differential kinematics equation of the lgharm-hand system,
considering theN fingers as end-effectors, can be written in the form

Vi =J(a)q, (26)

wherev! = Vi, ¥N]T, q" = [qf a]-- qu, andJ is the Jacobian of the overall
arm-hand system.

Assuming that the hand grasps a rigid object, to derive therkiatic mapping
between the joint variables of the arm-hand system and tke (awsition and ori-
entation) of the object, it is useful introducing an objeenie >, attached to the
object, usually chosen with the origin in the object cenfemass. LetR, ando,
denote respectively the rotation matrix and the positioctareof the origin ofZ,
with respect to the base frame, andJgtdenote the velocity twist vector.

Grasping situations may involve moving rather than fixedtaots: often, both
the object and the robotic fingers are smooth surfaces, amipmation involves
rolling and/or sliding of the fingertips on the object sudadepending on the con-
tact type. If the fingers and object shapes are completelwhknthe contact kine-
matics can be described introducing contact coordinatisedeon the basis of a
suitable parametrization of the contact surfaces [39].[41

In this work, it is assumed that the fingertips are sharptfiey end with a point,
denoted as tip point) and covered by an elastic pad. Theetasttact is modeled by
introducing a finger contact framgy, attached to the soft pad and with the origin
in the tip pointoy, and a spring-damper system connectiggwith the origin of
frame Zy,, attached to the rigid part of the finger (see Fig. 12) and withsame
orientation ofZ,. The displacement between, andZ;, due to the elastic contact
force, can be computed as

Of; — O, = (li —A|i)Roﬁ0(E), (27)
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wherel; and 0< Al; < |; are the rest position and the compression of the spring,
respectively, andi® is the vector representing the outward normal to the olsject’
surface at the contact point, referredn

Let 2. be the contact frame attached to the object, with the origin@atact point
o . Notice that, instantaneously, the object contact painand the finger contact
pointoy are coincident. One of the axesX{, e.g., theZ axis, is assumed to be the
outward normal to the tangent plane to the object surfadeeatdntact point.

Itis assumed that, at least locally, the position of the @cipoint with respect to
the object frameg ., = og — og can be parameterized in terms of a coordinate chart
¢ : Ui C R? — R3 which maps a poinf; = [u; vi]" € U; to the pointof . (&;) of the
surface of the object.

Assuming that? is a diffeomorphism and that the coordinate chart is orthago
and right-handed, the contact fratBg can be chosen as a Gauss frame [39], where
the the relative orientation expressed by the rotation imﬂg is computed as a
function of the orthogonal tangent vectafs = dc/du; andcy = dcP/av; [31].

Consider the contact kinematics from the object point ofwieet c?(&;(t)) de-
note a curve on the surface of the object, witlit) € U (see Fig. 12). The corre-
sponding motion o£, with respect to the base frame can be determined as a func-
tion of: object motion, geometric parameters of the object the curve geometric
features. Namely, the velocity of the contact frame can Ipgessed as

Ug = [ZCC'J =G (£)Vo + 5 (&))&, (28)
whereGg (&;) andJg (&;) are respectively (& 6) and (6x 2) full rank matrices,
whose expressions can be found in [31].

Consider now the contact kinematics from the fingers poini@f. The contact
can be modeled with an unactuated 3-DOF ball and socket kitiepair centered
at the originoy, of 2, fixed to the soft pad of the finger; the origin may also move
on the surface, if sliding is allowed. Therefore, the rekatd)rientatiorRQ of X
with respect toZy, can be computed in terms of a suitable parametrization of the
ball and socked joint, e.g., Euler angles.

A vector 6 = [Gll 6> 6|3]T of XY Z Euler angles can be considered, and thus
R‘é} = R‘ég(ei). Singularities occurs fof,; = +711/2, but they do not correspond to
physical singularities of the kinematic pair.

Notice that, in the presence of a contact force, becausediftielasticity, frame
2y, translates from the finger fran¥; according to (27), but the orientation does

not change. ThereforeR'é} = Ré,' Moreover, the angular velocity of; relative

to >y, can be expressed as]t:‘q = H(Gi)éi, whereH is a transformation matrix
depending on the joint parameterization. In view of the degositionwg = ws, +

Ry, (qi)wg,ci, and from (25), the angular velocity &, can be computed also as a
function of joint and contact variables in the form

wg = Joy (06 + Re; () H ()65, (29)
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with Jo, defined in (25). Moreover, since the origins & and > coincide, the
following equalities hold:

0g = 0 = 05, — (i = Al)RofAP(&))
0g = Jn (GG + ALRAL(E)) (30)

+ (|i —A|i)S(Roﬁio(Ei))wo— (|i —A|i)Roaﬁ;§.€i)E—i,

with Jp defined in (25). Using (29) and (30), the velocity of the cahfeame can
be expressed as

Vg =Jr (q)qwg(ei,qi)éi + 3, (&)
— I (&, 81)&; — Gy, (&, A1) o, (31)

whereJg is a (6x 3) full rank matrix, whose detailed expression can be found
in [31], Ja; is @ (6x 1) vector

'JA|i =

Jffi is a (6x 2) full rank matrix

R 90P(&H)
‘]/Ei _ [(l _All)ROTEI] ,
0

andGp), is the (6x 6) matrix

0 0
a1 = | a1 —1)S(RaE(EN) O]

Hence, from (28) and (31), the contact kinematics of findexrs the form
I (GG + Iny (0501, AL A + Jar (6) AL = G (01,4l vo, (32)

wheren; = [£] eiT]T is the vector of contact variablek, = [_(‘]Ei +J%) Je.} isa
(6 x 5) full rank matrix, ands; = Gg, + Gy, is a (6x 6) full rank grasp matrix. This
equation can be interpreted as the differential kinemaftigstion of an “extended”
finger corresponding to the kinematic chain including tha and finger joint vari-
ables (active joints) and the contact variables (passivs)y from the base frame
to the contact frame [40].

Itis worth noticing that equation (32) involves all the 6 qooments of the veloc-
ity, differently from the grasping constraint equation alyiconsidered (see, e.g.,
[41]), which contains only the components of the velocitlest are transmitted by
the contact. The reason is that the above formulation takesaccount also the
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velocity components not transmitted by contagiarameterized by the contact vari-
ables and lying in the range space[df,i Jmi] As a consequencé; is always a
full-rank matrix.

Depending on the considered contact type [49], some of trenpeters of; and
6; are constant. Hence, assuming that the contact type remagatanged during
the task, the variable parameters at each contact pointravged in an g x 1)
vectorn; of contact variables, withg, <5.

Differently form the classical grasp analysis, in this wtrk elasticity of the soft
pad has been explicitly modeled (although using a simplifiediel). This means
that the force along the normal to the contact surface isyaswé elastic type. The
quantityAl;, at steady state, is related to the normal contact f&ydey the equation
Al = i /ki, beingk; the elastic constant of the soft pad of finger

Object dynamic manipulation is, in general, a difficult tasikce the number of
the control variables (the active joints) is lower than thenter of configuration
variables (active and passive joints). However, in soméqaar situations, it is
possible to simplify the analysis, considering only thegkmatics of the system.

To this purpose, assume that force sensors are availabledimgertips and a
force control strategy is employed to ensure a desired anhsbntact forcedg;
along the direction normal to the contact point. Therefdie = Alg; = fqi/ki can
be assumed to be fixed[; = 0) and equation (32) can be rewritten as

Ik (@) & + I (11,05, 411) A5 = G (0, Al v (33)

On the basis of (33), it is possible to make a kinematic dliassion of the
grasp [49].

A grasp isredundantif the null space of the matri;kJFi Jni} is non-null, for at
least one finger. In this case, the mapping between the joint variables aEfeced”
fingeri and the object velocity is many to one: motions of active aasbkjve joints
of the extended finger are possible when the object is locked.

A grasp isindeterminatef the intersection of the null spaces pfJy, G/, for
alli =1,...,N, is non-null. In this case, motions of the object and of thespee
joints are possible when the active joints of all the fingeeslacked.

It is worth noticing that, also in the case of redundant amgiarminate grasps,
for a given object pose and fingers configuration, the valu@®tontact variables
is uniquely determined. More details can be found in [31].

2.2 Control Scheme With Redundancy Resolution

In the case of a kinematically determinate and, possibbymdant grasp, a two-
stage control scheme is proposed for the dual arm-hand matign system. The
first stage is an inverse kinematics scheme with redundasojution, which com-
putes the joint references for the active joints correspuntb a desired object’s
motion —assigned in terms of the homogeneous transformatatrix T4 and the
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corresponding twist velocity vectap;— and to the desired normal contact force
fg = [fdl--- de]. The second stage is a parallel control composed of a PD posi-
tion controller and a Pl tip force controller, ensuring thesided object motion and
desired contact forces on the basis of the previously coaajoint references.

Namely, in ideal conditions, the joint references compuethe kinematic stage
ensure tracking of the desired object motion, with the @elstontact forces. In the
presence of modeling errors and parameters uncertaistggothtact forces may dif-
fer from those planned. Using the force sensors at the fipge force control
strategy is adopted to ensure the desired contact force loljfyimg the joint ref-
erences computed by the inverse kinematics stage. In plinthe joint references
of the overall manipulation system could be involved; hogreit is reasonable to
design a force controller acting only on the joints of the éirgy

In order to derive the equations of the first stage, startiomf(32), it is useful
to write the differential kinematic equations of the wholwglit or left) arm-hand
system as

J(@)G+In(n,0,4)7 =GT (1, A1)V, (34)

wherelJ is the Jacobian of the arm-hand system defined in (B6js a block diag-
onal matrixJ, = diag{Jy,,--- ,Jny} corresponding to the vector of passive joints

n' = [nI---an, G is the block diagonal grasp matr@ = diag{Gy,--- ,Gn},
AT = [Aly--Al] T andv] = Vi3]

From (34), the following closed-loop inverse kinematicgaaithm can be de-
rived:

. i, N N
[gﬂ =J (A, Na>Ald)G (Voy +Kolo) +No, (35)

whereJ = [J J;], the symbol 1 denotes a right (weighted) pseudo—inv&ée,:

N2 -vgd]T, Ko is a diagonal and positive definite matrix gai,= (e} - eEN]T,
beinge, the pose error between the desired and the current objeetqoosputed
on the basis of the direct kinematics of the extended fingandN, = | _3'Jisa
projector in the null space of the Jacobian mafiX he quantityAly in (35) is the
vector collecting the finger soft pad deformatidlg; = f4; /ki corresponding to the
desired contact forcéy;.

Equation (35) is used to compute the joint reference vegdor the controller
of the second stage.

In view of the above considerations, any kind of joint motimmtrol can be
adopted for the arms of the bimanual manipulation systeogiving as input the
joint references computed by the inverse kinematics schémehis chapter, the
joint torques for finget are set according to the parallel force/position contnel la

Ti =37 (o) (kpADi +fai +keAfni +k /:AfnidT) —kaQi +gi(ai)  (36)
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whereg;(q;) is the vector of the gravity torque of fingerAp; denotes the posi-
tion error of fingeli between the desired value computed through direct kinemati
starting fromqy, and the current one, antiff; is the projection of the force error
along the normal to the object surface at the contact poim. above control law
regulates the contact force to the desired value at the sgpeiha position error
(i.e., a displacement of the positions of the fingers witlpees to the palm), in the
presence of uncertainties.

Since the system may be highly redundant, multiple taskkldmeifulfilled, pro-
vided that they are suitably arranged in a priority ordecpading to theaugmented
projection method1]. Considemm secondary tasks, each expressed by a task func-
tion oy,(q) (h=1,...,m), whereq = [q ng]T. According to theaugmented pro-
jection method1], the control law (35) can be replaced by

Lo~ ~ ~ m
G=J (G, Alg)G(Vo, +Koo) + 3 N(IP)J] Ky, &, (37)
h=1
wherely, is the Jacobian of thieth task,J{; is the augmented Jacobian, given by

#@.al) = 1@ 3@ ... @] .

N(J{?) is a null projector of the matrix]{?, Ky, is a positive definite gain matrix
ande, = oy, — 0y, is the task error, beingy,, the desired value of thie-th task
variable.

The augmented projection method can be also adopted td mé#ithanical or
environmental constraints, such as joint limits and obistaeoidance (other fingers
or the grasped object). To this aim, each constraint can beritded by means of
a cost function%’(q), increasing when the manipulator comes close to violate the
constraint. In order to minimize the cost function, the npaitator could be moved
according to the opposite of the gradienﬂ]g%(ﬁ), that could be considered as
a fictitious force moving the manipulator away from configimas violating the
constraints. In order to include the constraints in (37)pa@rall cost functior¢’s
given by

%x(0) = Yesbes(0); (38)
Cs

is introduced, whergr, and%c, are a positive weight and a cost function, respec-
tively, referred to thesth constraint.

2.3 Task Sequencing

If the system comes close to violate a constraint, a highl lswpervisor has to
remove some secondary tasks and relax enough DOFs to fodfitanstraint [36].
To manage in a correct way removal/insertion of tasks frota/the stack (task
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sequencing), a suitable task supervisor can be designsddlmm a three layers
architecture: the lower layer computes the motion varmblethe basis of a stack
of active tasks; the intermediate layer determines whiskstanust be removed from
the stack in order to respect the constraints; the upper \ayéies if the previously
removed tasks can be pushed back in the stack.

A task must be removed from the stack when the predicted \@ltiee overall
cost function at the next time step is above a suitable defimeghold% . Let T be
the sampling time adopted to implement the control law @fdhe actual time, the
configuration at time instarfk + 1)T can be estimated as follows

~

G(Kk+1) =a(k) +Ta(k). (39)

Hence, a task must be removed from the stack if

~

@s (q(K + 1)) >7. (40)

Once it has been ascertained that a task must be removediestatck, the problem
is to detect which task has to be removed. To the purpose;aevigeria have been
proposed in [36], with the aim of verifying the conflict betvethe constraints and
each task. In this chapter, the overall cost function gradgeprojected in the null

space of the task Jacobian, i.e.,

P, = HN(Jth) (—D%%)H h=1....m; (41)

the task corresponding to the minimum@, is then removed, since its projection
into the null-space ady, should be, ideally, zero to ensure constraint fulfillment.

The tasks removed by the second layer must be reinserted stabk as soon as
possible, provided that the constraints will not be viddiaté prediction of thes’s
evolution at the next time step has to be evaluated by comisglthe effect of each
task currently out of the stack, i.e.

Gy, (K +1) = G(k) + I &, (k). (42)

Therefore, letg < € be a suitably chosen threshold; a task is pushed back in the
stack if N
%s (G (k+1) <. (43)

Task sequencing might cause discontinuities in the cometjant velocities
due to the change of active tasks in the stack. For each taakiable gaingy, is
introduced to achieve a smooth behavior of the controllgoatu

t)= 1—e Ht-Dif the h-th task is in the stack
Pl =1 eHt=1)  if the h-th task is out of the stack,

wheret andt’ are the time instant in which the task is inserted in the stackthe
time instant in which it is removed, respectively, angids a time constant.
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Fig. 13 Manipulation system.

Hence, the first stage control law can be written in its cotedfierm

o~ ~ ~ m

G=1J(3,414)G" (Vo, + KoBo) + 5 o, N(I)I! Krye, — kaN(IE, )O3 G,
h=1

wherekp is a positive gain.

2.4 Case Study

The presented control scheme has been tested on a marupwudgsitem grasping
a certain object, represented in Fig. 13, composed by twttichd planar grippers,
each with two branches and 7 DOFs, resulting in a totdl ef 4 fingers and 14
active joints. The idea is that of performing an object exdea

In its initial configuration, it is assumed that the systerasps the object with
only tips 1 and 2, which are in a force closure condition, sitfee contact normal
forces are acting on the same straight line [41]. Tips 3 andptaach the object
until they reach a condition in which all the tips are in cataith the object. The
main task consists in keeping the object still, while Tipsng®l @ move in order
to achieve a force closure condition upon the object in aatexis configuration,
without violating a certain number of limits and constrainthen, Fingers 1 and 2
can leave the object, simulating in this way an hand-to-fwdojelct passing.

The force control loop ensures that the planned forces guieapon the object.
In this case study, the desired forces for Tips 3 and 4 aregilelgl, since they have
to slide on the object’s surface so as to reconfigure therasétvreach force closure
condition. The desired forces for Tips 1 and 2 are dynanyigdéinned, on the basis
of the current value of the forces exerted by the fingers, deoto produce zero net
force and moment on the object and to balance disturbancssddy movements
of the other two fingertips.

A sequence of snapshots representing the described taskawa in Fig. 14. It
can be noticed that, in the final configuration (fifth snapgHeingers 3 and 4 are
in a force closure condition, since the normals at the com@iots act on the same
straight line.
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Fig. 14 Snapshots describing the case study.

Four different subtasks have been considered: the firstdimoed at choosing
the optimal contact points, are related to the grasp qualty others regard the
manipulability and the distance between the palm and th&pgicobject.

Unit frictionless equilibriumThe grasp quality can be guaranteed by moving the
contact points on the object surface until the unit frickkms equilibrium is reached.
This condition is a special case of a force-closure grasig; satisfied when two
positive indices, called frictionless forces§ and momentg;,) residuals, are zero:
(16], [45]

4
g = f= AP (44)
2 &
1 T a (0] a0
g sm'm M= i;ci x AP, (45)

wherei = 1,...,4, and wherei?(&;) andc?(¢;) are the surface normal and the
position of theith contact point, respectively, both referred to the objeane. It
has been shown that, for two or more contact points, untidntéess equilibrium is
a force closure condition for any nonzero friction coeffitigt5], [46].

Manipulability. In order to keep the manipulator far from singularities, axipa
ulability index of each finger can be considered. In detai following manipu-
lability measure, which vanishes at a singular configurati® adopted for théth
finger [55]
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wi(q) = /det(3i(q) T (@) i=1...4. (46)
The considered task function is then
1/ 2. _
_ W —wi(g))” ifwi(g) <W
Ow = {O otherwise (47)

wherew is a threshold for the task activation. The desired vatyg, is zero.

Distance between palm and obje€bnsider the positiop of the palm centroid
in the object frame and a suitably chosen surfa€esurrounding the object char-
acterized by the equatioff (p°) = 0. When the centroid is inside the surfaggé a
collision can occur; therefore, the centroid must be movethe boundary, i.e, in a
position such that (p2) = 0. Hence, the task function is the following

F(p?) if the centroid is inside”

0\ __
9p(Pe) = { 0 otherwise (48)

In the following the two considered constraints are desctib
Joint-limit avoidanceA physical constraint to the motion of the system is im-
posed by the mechanical joint limits. The system configaras considered safe if
S [gj qjl, forj=1,...,14, withgj andg; suitable chosen values far enough from
the limits. The cost function, directly defined in the joipbse, is the following:

Go(d) = Y cj(a)), (49)
=1
k; 79 ~lifgi<gq,
cj(dj) =40 if g, <q1<q,-

k; €29 —1|qu>qJ,

wherek; andd are positive constants.

Collision avoidanceln order to avoid collisions between the fingers, it is im-
posed that the distance between the fingers be larger thdetg galue,ds; hence,
if dj; denotes the distance between ttieand thei’'th finger, the following cost
function can be formalized

%CA Z C”/ (50)

where the sum is extended to all the couples of fingers,

k,/ if di» <d
Gir(dir) =4 dl,, v (51)
0 if dii/ > ds,

andk;. is a positive gain.
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Fig. 17 Force and moment residuals.

The parameters of the elastic contact aret@® N/m for the springs elastic co-
efficients, 5 N8/ m for the springs damper coefficients dne- 5- 10~2 m for the
springs rest condition. The parameters used to define thassoare chosen as fol-
lows:w; = 2.55 for the manipulability subtasg1 =-110°,g; =11 kj =56 =2
for the joint-limit avoidance an&j; = 1,ds = 5 cm for the collision avoidance. In
the system of Fig. 13 the palm is represented by the ramiicguoint of the right
manipulator. The task has a duration 05 4; a Runge-Kutta integration method,
with a step size of 2 ms, has been used to simulate the system.
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Fig. 19 Time history of the stack status: 1 is the main task, cornedjpg to keep the object fixed;
2 and 3 are the force and moment residual tasks, respe¢tévedythe manipulability task; 5 is the
task about the distance between palms and object.

Figure 15 shows the time history of the norm of the object'seperror for each
finger (position on the left, orientation on the right). Rigu.6 shows the evolution
of the force error for each finger: in detail, Finger 1 is muabrenaffected by the
motion of Fingers 3 and 4 than that of Finger 2; the desiredevébr the normal
force at Tips 3 and 4 is very small and it is impossible to sesar&able variations
in the time history.

Figure 17 shows the force and moment residuglanden, respectively. Since
both residuals asymptotically converge to zero, it is cteat Fingers 3 and 4 reach
a force closure condition.

Figure 18 shows the time history of the manipulability meagleft) and the dis-
tance from the palm functioop in (48) (right). The manipulability measure of each
finger is above the limit valug;, while gp is zero when the task is not activated,
since the palm is sufficiently far from the object.

Finally, Figure 19 depicts the time history of the stackusaturing the simula-
tion. It can be noticed that the main task is never removed tiee stack, while the
other tasks are removed when some constraints are near folageg. When the
system is in a safe condition with respect to the constratiméstasks are re-inserted



248 L. Villani et al.

in the stack maintaining their previous priorities. Nottbat the label assigned at
each task denotes its priority in the stack.

3 Control Using Postural Synergies

Recent works on the application of human hand postural gyeeto a robotic hand
demonstrate that understanding human prehension is a gimgmwray to simplify
and optimize the control of multiple-DOF limbs. In order tderact with humans
directly, the robots of the future will require enhanced ipatation capabilities
similar to those of human beings. For this purpose, compéstattous hands with
advanced sensorimotor skills and human-like kinematiesneeded. The human
hand is an excellent example of dexterous bio-mechanichitacture with versa-
tile capabilities to perform different kinds of tasks. Thedergoing research in the
field aims at the reproduction of human’s abilities not onjynbeans of anthropo-
morphic design but also by the adoption of human-inspiredrobstrategies. To this
purpose postural synergies have been identified to be thstkaegies in planning
and control of the robotic and prosthetic hands of the future

The studies on grasp taxonomy carried out by scientists asdNapier [42],
Cutkosky [17] and Iberall [29] aim at defining which fingeradavhich parts of the
fingers) are used by humans to generate forces on the gralsjged é\ccording to
this classification, the hand configuration during graspipgration can be decom-
posed in a limited set of basic postures. On the other hacent@dvances in neuro-
science have shown that control of the human hand duringigss dominated by
movements in a continuous configuration space of highly geduimensionality
with respect to the number of DOFs [52], [37].

In this work, the eigengrasps of the DEXMART Hand (Fig. 1) édeen de-
rived using the principal component analysis (PCA) by cdeshg a set of 36 hand
configurations among precision, intermediate and powespgraf common (for hu-
mans) objects contained in a comprehensive human graspaag51]. A method
is proposed to derive the postural synergies of the DEXMARhéHfrom experi-
ments and the kinematic patterns connected to the threemmiaent eigenpostures.
Moreover, the temporal variation of the three synergiegisiis exploited for real-
time execution of the grasps.

From the data analysis it can be argued that the introducfithve third predomi-
nant synergy significantly improves the grasp synthesigpanirmance, especially
with regard to the improvement of the adduction/abductiatiom of the thumb.
Experimental results show that grasp planning and contribleoDEXMART Hand
performed by using the three predominant postural synermjlews not only re-
producing the set of postures adopted to derive the eigepgnaith a high level
of fidelity, but also synthesizing and performing a wide degmasps, namely pre-
cision, intermediate and power grasps of objects with difié shapes and dimen-
sions. Indeed, in order to prove the efficiency of the metiioel synthesis of new
grasp/object pairs not contained in the reference set diipgsused for PCA has
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been realized. The intent here is to imitate the typicallaié of humans in manip-
ulation as well as to cover the entire grasp variety in rdggmbposed taxonomies,
e.g. [20]. All the data from experiments are obtained usipgootype of the DEX-

MART Hand without sensors. Thus, the motivation of this gtisdo test the method
for deriving synergies and the potential of the anthropg@hardesign of the DEX-

MART Hand to work efficiently in a synergies based framewankdrasp planning
and prehension control during reach to grasp.

3.1 Related Work

Recently, the studies on kinematic synergies have codeitte interest of many
researchers not only belonging to the field of neuroscientealso working on
control theory and mechanical design of artificial handslifinary studies on the
human hand had pointed out that the combination of tendoplic@uand muscle
activation patterns exhibited by humans lead to signifigaint coupling and inter-
finger coordination, or, in other words, to postural synesgithat are evidence of
simplified control schemes occurring at neurological Ideelthe organization of
the hand movements.

In [52] the PCA has been used to calculate the postural sigsdirgm real-world
data collected on a variety of human hand postures by meandatt glove. More-
over, the authors show that a wide set of hand postures dgrasping operation
evolves continuously within a linear space spanned by festyval synergies that
account for most of the hand configurations variance, witltistinguishing be-
tween power and precision grasps. In [37] it is shown thahéikigher principal
components account for a small percentage of the varidmeggive critical details
not only for the static grasp when the hand adapts to the bbijepe, but also for
the act of preshaping during the grasp. In [15], [13], [14 tuthors extend the
concept of postural synergies to robotic hands showing hsimaar dimensional-
ity reduction can be used to derive comprehensive planmdgcantrol algorithms
that produce stable grasps for a number of different robotimodels. Synergies
have been used to solve the dimensionality reduction pmoliiecontrol and coordi-
nation of a 16-DOF underactuated prosthetic hand protdi@pberHand), in order
to perform the three prehensile forms mostly used in a@wibf daily living [38].

Other applications have been made in order to simplify thegtheand analy-
sis of robotic hand structures [10]. In [47] the authors stigate how the number
and types of synergies are related to the possibility ofradlitig the contact forces
and the object motion in grasping and manipulation task§22h, using the defi-
nition of force-closure for underactuated hands and thentiefn of grasping force
optimization, the authors investigate the role of difféneostural synergies in the
ability of obtaining force closure grasps and the qualityha grasps in two case
studies addressing a precision and a power grasp. The niapiifiy analysis has
been extended to synergy-actuated hands, where compl@ntzed in order to
solve the force distribution problem [48]. The authorsadiice new manipulability
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indices which take into account underactuation and compéaA modified model
of synergies including the mechanical compliance of thedlsamusculotendinous
system has been proposed in [7] in order to account in thergymaodel for the
force distribution in the actual grasp. In [59] a synergy @dance controller has
been derived and implemented on the DLR hand.

Recent work on mapping synergies from the human hand to that rand has
been addressed in [24]. The proposed mapping strategy éetilve synergies of a
paradigmatic human hand and a robotic hand is carried obeiask space and it
is based on the use of a virtual sphere. This approach haslta@tages to be in-
dependent of the robotic hand and depends only on the spepéiation, and thus
it can be used for robotic hands with very dissimilar kinepgatin [23] three syn-
ergies from data on human grasping experiments have bemctd and mapped
to a robotic hand. Then a neural network with the featurehefabjects and the
coefficients of the synergies has been trained and employeatitrol robot grasp-
ing. Neural networks have been utilized also in other papemder to simulate
temporal coordination of human reaching and grasping. Th 3¢ neural network
model includes a synergistic control of the whole fingersrdpprehension and the
design of a library of hand gestures.

3.2 Postural Synergies of the DEXMART Hand

Postural synergies describe patterns occurring at thé gligplacement level. In
[52], the authors measure a set of static human hand posturesording 15 joint
angles and, by means of the PCA, they show that the first tweipal components
account for>80% of the hand postures. Thus the use of the principal coergen
also called postural synergies, holds great potentialdbot hands control, imply-
ing a substantial reduction of the grasp synthesis problemmision with respect to
the case of considering the entire number of DOFs of the robhand.

Drawing inspiration from the studies on the human hand mo@md since the
DEXMART Hand presents human-like kinematics, we have foarset of princi-
pal components of the DEXMART Hand configuration space. Thdysof the two
predominant synergies of the DEXMART Hand was carried o1, where ex-
perimental results showed that it is possible to obtaingsgsthesis for a large set
of objects in the case of both precision and power grasps.

More recently, the third synergy has been experimentaligiobd and evaluated.
It has been shown that, by exploiting the third synergy, tttwvement of adduc-
tion/abduction of the thumb covers the whole range of jamits without violating
the limits of the other joints. This improves the correct ogifion of the thumb and
allows synthesizing and executing more precisely comptaggs and reproducing
the set of postures adopted to derive the eigengrasps vgtiehaccuracy with re-
spect to the case in which only two synergies are used.

The first two synergies found for the DEXMART Hand account$at7% of the
hand postures, thus matching quite well the results repantgs2]. Therefore, since
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the three predominant postural synergies account8%% of the hand postures, a
robot hand control strategy that uses also the third syneilgsignificantly improve
the grasping performance, as experiments reported in tbrik show.

The DEXMART Hand kinematics is rather close to that of the hanhand.
Hence, with the aim of deriving the PCA, a set of grasps simdathose illus-
trated in [51] has been considered. The choice of the redersat of postures has
been made by taking into account all the most common humaspgreonsidered
in the grasp taxonomy literature. This set is composed opgraf objects such
as spheres of different dimensions involving a differennber of fingers in both
power and precise grasp configuration. Cylindrical grasp®ibeen considered as
well, distinguishing also between different positionstaf thumb. Moreover, several
configurations for precise grasps with index and thumb ojiposas well as inter-
mediate side grasps have been included. Following the targradopted in [20], a
comprehensive hierarchical human grasp classificatioth ies¢he PCA is reported
in Fig. 20. Furthermore, a suitable number of open-hand gordtions with dif-
ferent positions of the thumb and of the adduction/abdudtimers joint has been
added in order to find synergies that allow the hand to movesramusly also to-
ward open-hand configurations which are equally importamnéach and grasp the
objects. A total amount af = 36 hand configurations have been evaluated to de-
rive the fundamental eigenpostures. Each grasp configuaratithe reference set of
postures has been experimentally reproduced with the DERMAand as close
as possible to a natural human-like grasp, and the vectoR!® of the joint an-
gle values corresponding to each reproduced grasp has bessured. Once the

set of the DEXMART Hand configurations mat&x = {c; | i = 1...n} has been
built, the vectorc representing the mean hand position in the grasp configusati
space (zero-offset position) and the maffix= {c; —c | i = 1...n} of the grasp

offsets with respect to the mean configuration have been atwdpThe PCA has
then been performed dh and a base matrik of the postural synergies subspace
has been found. The PCA can be performed by diagonalizingaariance matrix
of F as

FFT =ESE'. (52)

The(h x h) orthogonal matriX gives the directions of variance of the data, and the
diagonal matrix3? is the variance in each direction sorted in decreasing nizadgj
i.e. the element on the diagonal represents the eigenvithe oovariance matrix.

To verify the effectiveness of the synergy-based modelpmy@ach, the percent-
ageo of the total variance of the data described by the fifdt principal compo-
nents can be obtained by means of the following equation

o = ki;sK / kisK (53)

wheres, is thek-th element of the diagonal of the matBk. Since the three principal
components account for85% of the posturesi = 0.8503), the posture matri®
can be reconstructed with good accuracy by adopting thexmatr
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Fig. 20 Reference set of comprehensive human grasps and open-bafigucations used for
PCA.

E=lere e (54)

composed of the three principal componentE afs a base of the robotic hand con-
figuration space, thus allowing the control of the roboticdhenotion in a configura-
tion space of highly reduced dimensions with respect to & ®of the hand itself.
Each hand grasp postucgcan be obtained by a suitable selection of the weights
[a1 az a3 € R® of the postural synergies. Therefore, the projectipnf each
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Fig. 21 In this figure, the angular change in degrees for each joiattda positive unitary varia-
tionin ay, az, andas for the first three synergies is represented. The adduetioiction, proximal
and medial flexion joints are indicated from 1 to 3 for the thfinom 4 to 6 for the index finger,
from 7 to 9 for the middle finger, from 10 to 12 for the ring fingerd finally from 13 to 15 for the
little finger.

robotic hand configuratioqy on the postural synergies subspace can be evaluated as

| Oui
G=c+E|a2i|. (55)
asj

In the following, the three fundamental synergies derivedthe DEXMART
Hand, i.e. the robotic hand motions spanne@hy, ande; respectively, are briefly
described, referring to the minimum and maximum configoredif each synergy as
the hand configurations obtained by means of, respectivelyninimum and max-
imum value of the corresponding synergy weights withoutating the joint limits
[21]. When the weights of the synergies are zero, the hantiposorresponds to
the zero-offset positior. The vectors of the three synergies and the zero-offset
vector of the DEXMART Hand are reported in Tab. 1.

The circular graphs represented in Fig. 21 are a useful twaldentifying the
joints whose rotations are more involved in each synergynFleft to right, the
angular variations in degrees for each joint due to a unitariation of the corre-
sponding synergy weight is represented for the first, therstand the third syn-
ergy. Itis easy to observe how the adduction/abduction thjaint motion (Joint 1)
is more involved in the third synergy rather than in the fivgb.t Moreover, in the
third synergy the movement of the index and of the thumb anemioegaged than for
the other fingers. This justifies the use of the third synemgyrder to grasp objects
more precisely, especially for precision grasps and ingeliate side grasps, where
the position of the thumb and of the index is crucial, as thgeexnents reported in
Sect. 3.4 demonstrate.
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(a) First postural synergy. (b) Second postural synergy. (c)Third postural synergy.

Fig. 22 Representation of the DEXMART Hand postural synergies.h@rdp of each figure, from
left to right, a sequence of hand postures going form thermim to the maximum configuration
are represented. On the bottom the lateral views are reporte

3.3 Control With Postural Synergies

In order to perform the desired grasp, the value of the thigenpostures weights
[a1 az a3]T are computed by projection of the desired grasp posturesisythergies
subspace:

i .

i | = E.r (Ci — 6) (56)

aszji

whereET is the Moore-Penrose pseudo-inverse of the base ntatiis straightfor-
ward to note that the motions shown in Fig. 22(a), 22(b) and)2@8erived by con-
sidering separately the three synergies, are obtained ®6jrby assumingr, = 0
and az = 0 for the first synergya; = 0 andaz = 0 for the second synergy and
finally a; = 0 anday = 0 for the third synergy.

The temporal value of the weights, a», az during grasp operations has to be
chosen in such a way that, starting from the zero-offsettionst (i.e. a; = a, =
a3 = 0), the hand opens during the reach in preparation for objedp, and then
closes reaching a suitable shape determined from (56) gpahdeng on the original
grasp configuratiom; for the considered object. In the open-hand configuration,
namelyco, all the flexion joint angles are close to zero, and the cpording values
of a1, a; andas can be determined from (56) by posiag= cp.

The intermediate values of the synergy weights have beenrdited by assum-
ing a suitable time interval for the grasp operation (sixosels for the whole reach
to grasp phase, three seconds for both the opening andglpkases) and by lin-
ear interpolation of thex;, a, and as values in the three reference configurations
G, &, &}

Three synergies, shown in Figs. 22(a), 22(b) and 22(c) ctispéy, are now an-
alyzed in detail. With reference to the first postural sygdaplumne; in Tab. 1),
in the minimum configuration the proximal and medial flexiom} angles of all
the fingers are all almost zero and increase their value gt motion toward the
maximum configuration. The adduction/abduction movemam@s ot very involved
in this synergy. In Fig. 22(a) the minimum, zero-offset arekimum configuration
in frontal and lateral view of the first postural synergy apresented. The second
postural synergy (colume in Tab. 1) is characterized by a movement in opposite
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Table 1 First three eigenpostures and zero offset vectors of theMMERT Hand postural syner-
gies subspace (data in degrees).

e e e3 [clded
adduction/abduction0.0282| 0.0235|-0.2454-0.833
Thumb proximal 0.0674| 0.1874|-0.3639 20.5

medial 0.2004/-0.3853 0.6991| 34.7
adduction/abductiopr0.0266-0.0647 0.0228( 2.92
Index proximal 0.1575| 0.2893| 0.3648( 34.9

medial 0.3220|-0.3494-0.0735 50.5
adduction/abductiopr0.0404 0.0069|-0.0675-0.694
Middle proximal 0.3405| 0.3794) 0.0304| 41.4

medial 0.2999|-0.29489-0.3034 42.2
adduction/abductior0.0374 0.0343|-0.077§ -1.11
Ring proximal 0.3775| 0.3977| 0.0200( 45.5

medial 0.3766|-0.2569-0.1675 49.2
adduction/abduction0.0364|-0.0739 0.0720] 0.694
Little proximal 0.3892| 0.3213| 0.1273| 48.7
medial 0.4235|-0.2026-0.1491 51.7

directions of the proximal and medial flexion joints. In tlsgnergy, the adduc-
tion/abduction movements of all the fingers are more invibhwith respect to the
first synergy for the index and the little finger. In Fig. 22¢bg minimum, zero-
offset and maximum configurations of the second posturatigynare depicted in
frontal and lateral views. In the third postural synergylomn e3 in Tab. 1) the
movement involves especially the index and the thumb. Teémkhis synergy, the
movement of adduction/abduction of the thumb covers thel@joint range with-
out violating other joint limits. This characteristic isuzial because the correct
index/thumb opposition allows increasing the grasp aayyrand thus achieving
more stable grasps. This justifies the use of three predamBsyaergies for the
hand control in order to improve the grasp performance.lFirthe excursion of
the angles of adduction/abduction of the middle and ringgliagre quite involved
in this synergy, more than in the first two. In Fig. 22(c) thenimium, zero-offset
and maximum configuration in frontal and lateral views oftthied postural synergy
are represented.

3.4 Experimental Evaluation

The hand controller developed in the Matlab/Simulink eowinent is based on the
RTAI-Linux realtime operating system. The Matlab Realtilerkshop toolbox
has been used for the automatic generation of the real-faplécation of the DEX-
MART Hand controller. The user interface to the real-tim@lagation has been
implemented by means of the Simulink External Mode cap#sli for which the
RTAI-Linux support has been purposely developed.
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Fig. 24 Reproduced precision grasps from the reference set ofgsstising the first three syn-
ergies.

In the experiments, starting from the zero-offset positibe hand moves con-
tinuously in the synergies configuration subspace and go&s open-hand config-
uration. Then, it closes reaching a configuration that dépen the particular grasp
to be performed. During the closing phase, the weights oftihee postural syner-
gies are obtained by linear interpolation from those cq@wesling to the open-hand
configuration to those suitable values unique for each olgjed computed using
(56).

Experimental results reveal that, by using the three preaam eigengrasps, it
is possible to reproduce several grasp configurations nremsely than in the case
of using two synergies only [21].

The linear combination of the three synergies allows a panesp of both cylin-
ders and spheres of different dimensions by means of sei@gbosition of the
thumb, see Fig. 23.
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Fig. 25 Reproduced intermediate side grasps from the referencef getstures using the first
three synergies.

In Fig. 24, the performance of precise grasp operationspsrted considering
different objects, achieving opposition of the thumb andeixas well as precise
grasps using from two to five fingers for prismatic and circolgjects.

The reproduced intermediate side grasps from the refersgicef postures is
depicted in Fig. 25. All the evaluations of the experimemtadave been carried out
with the aid of the following tables. Table 2 reports the fttsee synergy weights
computed by projection of the reference set of posturesersymergies subspace.
In Tab. 3 the absolute value of the angle error of the adduimuction joint of the
thumb obtained comparing the reference set of configuraéonl the reproduced
configurations using two and three synergies are reporiedlly; the average of
the joint errors in the case of using two and three synergieseported in Tab. 4.
The average of the joint errors is computed using the Euaticherm

lci —il|
15

By observing the first image from the left (pen, Configurat@2y7 in Tab. 2)
of Fig. 25, it is interesting to note that this posture is velyse to the minimum
configuration of the third synergy; indeed the weight of thieck synergy is high
with respect to the other grasps, and thus the use of thesfirergy is essential for
this performance.

By looking at Tab. 3, it is possible to note that the use of tire¢ predominant
synergies reduces the error on the angular position of tthecidn/abduction thumb
joint for almost all the 36 configurations with respect to tiase in which only two
synergies are used.

In Tab. 3, the grasp configurations executed using only twesgies are marked
with a star, while the new grasp configurations that have Ipegformed success-
fully adding the third synergy are marked with a diamond.sTtaible shows that,
by introducing the third predominant synergy, the joint langrror of the thumb
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is reduced for almost all the grasps configurations marked avistar, except for
C10 (box), C16 (credit card) and C19 (pen). Neverthelesdoldayjimprovement
obtained using also the third synergy is evident observiegaverage joint angle
errors reported in Tab. 4. Only for the configuration C14 nprioavement has been
obtained and this is confirmed by the very small value of tlrel thynergy weight;
this means that the third synergy gives almost no contadbutt the variance of this
posture. The improvement on the adduction/abduction thieimbangle using the

Table 2 Synergy weights of the grasps from the reference set of pEsstu

Conf| C1 |C2«| C3|C4| C5 [ C6 | C7 | C8
a; | 0.90| 63.7| 64.7] 38.0| 21.9 | 42.7| 53.1 | 68.2
a, |-3.47| 28.1|-24.5| 36.5| -33.6|-5.76| -8.21 -8.66
az | 7.06| 3.61| 7.95]-21.2| -65.9(-2.33| -4.68 |-8.56

Conf.[ C% |C10x|C11x|C12¢| C13> |Cl4x| C15 [C16«
a; |-30.8|-4.00| 58.8| 12.3| -7.89]-18.9| 8.86 | 63.7
ay |-12.0| -117| 9.39|-63.5| -59.0| 8.47| 1.36 | 39.3
az | 21.4|-2.30| 44.3]|-14.0| 27.6 [ 0.15| -23.7 |-8.38

Conf.[ C17 | C18|C19«|C20«| C21 | C22| C23> | C24
ay | 13.7| 42.7| 67.4|-29.8| -18.4]-30.4| 82.8 | 39.8
a, | 44.2|-43.2| 28.4] 122 |-0.103-30.2| 2.58 | 23.3
as |-37.6|-13.2| 16.0| 25.3| 17.7 | 11.2| 31.7 | 18.3

Conf.|C25 | C26 |C27%| C28| C29 [ C30| C31« | C32
a; | 35.4| 65.3|75.9/81.8| -103 [ -120| 26.3|-134
ay |-17.8] 1.82| 19.8] 26.4| -28.0( 29.5(-0.933( 4.10
as | 27.6| 18.8|-68.0[-20.3| 27.8] 18.7| 31.0 (-9.15]

Conf.| C33| C34| C35| C36
ay | -134| -127|-134]-135
a, | 4.20| 18.3|4.96| 3.73
az |-10.2| -36.5/-5.04]-5.26

third synergy is very clear at least for the configurationsked with a diamond.
For what concerns Configuration C27 (pen, intermediate gidsp), the improve-
ment can be seen mainly in the error average and it is spredmdnumb and index
joints. These results show that the use of the third syndigyws grasping objects
more precisely, especially when the position of the thumtbiadex is crucial, as
in the case of precision grasps. The confirmation of thisvemiby the observa-
tion that the configurations marked with a diamond corredgdorprecision grasps,
except for C27.

In Fig. 26, the distribution of the synergy weights adopted éxecuting the
grasping experiments is shown in the space of the three priedat eigengrasps,
and an example of a complete hand trajectory computed bgrliméerpolation of
the synergies weights in the three reference configuratiorike grasp of a generic
object (a CD) is reported by the red dashed line. For the shkénty, only the
weights of the grasps obtained during the experiments @@ted, and only some
of them are named. In this figure the full bullets represeatfthal configuration
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Table 3 Adduction/abduction thumb joint angle error (in degre@sbhie reproduced grasps from
the reference set of postures obtained using two and thresgigs.

Conf. | C1 [C2«| C3|C4| C5| C6| C7 | C8
twosyn| 9.11| 11.6| 9.59] 8.89| 11.0| 9.76] 9.53| 9.11
three syn) 7.38( 10.7| 11.5| 3.69| 5.16| 9.19( 8.38| 7.01

Conf. | C% |C10x|C11x[C12¢|C13>|Cl14x| C15|C16x
two syn| 8.02(6.30| 11.0| 12.0| 7.56| 8.83| 10.5| 1.88
three sy 2.77| 6.87| 0.17| 8.54| 0.77| 8.80| 4.73| 3.94

Conf. | C17 | C18|C19«[C20«| C21| C22|C23| C24
two syn| 9.41(9.35| 8.26| 11.2| 8.65| 7.60| 11.6| 10.8
three syn0.186 12.6| 12.2| 4.97| 4.30| 4.84| 3.79| 6.33

Conf. [C25 | C26|C27%| C28| C29| C30|C31x| C32
two syn| 9.74]8.95| 8.23| 7.91| 5.59| 6.48( 9.89| 14.5
three sy} 2.98| 13.6| 8.46| 2.93| 1.22| 1.88| 2.28| 12.3
Conf. | C33 [ C34|C35( C36
two syn| 14.5| 14.0| 5.50| 5.45
three syn) 12.0( 5.02| 6.74| 6.74

Table 4 Average joint angle errors (in degrees) in the reproducedpy from the reference set of
postures obtained using two and three synergies.

Conf. | C1 |C2«| C3 |C4x|[ C5| C6| C7 | C8
twosyn|1.81|1.84|1.83|2.70| 4.89| 2.25| 2.24| 2.12
three syn 1.75| 1.82| 1.75| 2.30| 2.16| 2.24( 2.22| 2.05

Conf. | C% |C10«[C11x|C12x[C130|C1l4x| C15|C16«
twosyn| 2.21| 1.38| 3.48| 1.90| 2.64| 1.63| 3.62| 1.56
three syn 1.69| 1.37( 1.84| 1.65| 1.89| 1.63| 3.26| 1.46

Conf. | C17| C18[C19|C20«| C21| C22|C23| C24
two syn| 4.11| 2.01| 3.20| 2.19| 2.06| 3.78| 2.77| 2.34
three sy} 3.26| 1.81| 3.02| 1.40( 1.68| 3.70( 1.79| 1.99
Conf. |C25| C26[C27%| C28| C29| C30|C31x| C32
two syn| 2.95| 2.31| 4.83| 4.27| 3.29| 4.05( 2.60| 2.00
three sy} 2.31| 1.94| 1.66| 4.05 2.72| 3.86( 1.57| 1.90
Conf. | C33| C34| C35| C36
two syn| 1.92| 4.99] 1.99| 1.70
three syn 1.80| 4.35| 1.97| 1.66

weights corresponding to the grasps performed also in tedqurs work [21]. The
triangles represent the final configuration weights comadmg to the objects that
have been grasped thanks to the use of the third synergyFatsdly, the circles rep-
resent the final synergy weights corresponding to the sgizteé grasps of different
grasp/object pairs (Fig. 28(b)) not included in the tablé&igf 20 and obtained by
projection in the synergies subspace of the desired coutfigurof the hand. This
desired configuration is obtained experimentally, movingularly the joints in or-
der to realize the desired grasp.

In Fig. 27 two grasp configurations executed using both twbthree synergies
are represented. From left to right the first pictures of thlédnd of the CD are the
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Fig. 26 The distribution of hand postures in the space of the firstetpostural synergies is
represented, distinguishing between the object graspddmeaising the first two synergies only (full
bullets), the objects graspable thanks to the use of the: sigimergy (triangles), and the synthesized
grasps obtained by projection (circles).

ones executed using three synergies. From these pictheeBnprovement on the
position of the thumb can be noticed thanks to the introdunadif the third synergy
in the hand control.

The grasps realized above show that through the use of thneegies we can
reproduce the matrix of the reference set of postures (Bigwih accuracy greater
than 85%.

The idea now is to extend the method in order to grasp any bjgciecessarily
contained in the reference table. The advantage of the gigsesubspace is that
of simplifying grasp synthesis of common objects using alsmplex hand shapes
typical of human manipulation.

To accomplish this goal, we have selected grasps of five camohgects in
Fig. 28(a). The object/grasp pairs have been chosen so as/éo the entire va-
riety in recently proposed taxonomy [20], namely a powenpgtasp, a power pad
grasp, an intermediate side grasp, a precision pad gragda grecision side grasp.
Moreover, the choices have been made with the intent totentite typical modality
of human manipulation. The selected grasp configuratiomsiausual for a typi-
cal application of robotic manipulation as they are carced by a robotic hand
with high dexterity and anthropomorphism. In fact, they stitate a high standard
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Fig. 27 Comparison between two grasps configuration executed bsithgtwo and three syner-
gies. From left to right the first pictures of the ball and af D are the ones executed using three
synergies.

(b) Synthesized grasps with the DEXMART Hand.

Fig. 28 On the top the reference set of human grasps, not includdwiRCA analysis, covering
the entire variety of grasps in recently proposed taxonsnigedepicted. On the bottom the syn-
thesized grasps realized with the DEXMART Hand using syiesrgubspace projection is shown.
A power palm grasp, a power pad grasp, an intermediate sagpga precision pad grasp and a
precision side grasp are reported from left to right.

for robotic hands currently on the market and designed fotiegtions of service
robotics and prosthetics. On the other hand, the synthé#issdind of grasps in-
volves complex problems of planning and control. The higmhar of DOFs and
complex kinematics similar to that of the human hand is dfalefor this specific
type of tasks. Despite this, the DOFs have to be managed.

Through a teaching-by-showing technique, the use of sye&adlows reducing
significantly synthesis complexity. By singularly guiditige finger joints, the hand
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has been carried to the desired grasp configuration and ititedjeplacement vec-
tor has been recorded. Through the projection of the desioafiguration in the
synergies subspace we have derived their weights in thedamdigurationt;. The
weights are subsequently used in the control algorithmpglegbrms motion during
reach to grasp and realize the desired final grasp configaratee Fig. 28(b).

Table 5 Synergy weights of the grasps in Fig. 28(b) (from left to t)gh

Conf| G1 | G2 | G3 | G4 | G5
o, |84.3|-6.61| 16.7|-14.4/ 42.8
ap |34.8/8.96|20.6|7.93| 18.5
asz (-37.3] 18.6|-47.1| 12.9(-16.2

The weights shown in Tab. 5 indicate the contribution rateath synergy to
achieve the final configuration. Referring to what we haveiptesly argued about
the use of the third synergy, for the grasp represented ithttteimage of Fig. 28(b)
(G3), the weight of the third synergy greatly influences thecgss of the grasp, see
Tab. 5.

The experimental results demonstrate a good choice of tleeerece set of
postures to retrieve the synergies subspace, and confitnthiag@lanning/control
method based on synergies can work efficiently for everyattgad grasp choice
throughout a complete taxonomy. During reach to grasp, #melbehaves like a
human hand reaching impressive human like shape using aesfifoa in planning.

4 Conclusion

In this chapter, some issues related to the control of aptmmrphic sensorised
hands have been addressed. First, the problem of compuriimg ¢he optimal con-
tact forces to grasp an object has been considered, asstimainifpese forces may
vary during task execution, thanks to the availability aftf/torque sensors at the
fingertips of the DEXMART Hand. The proposed algorithm takes account the
maximum joint torques that can be provided by the fingers asddeen extended
to bimanual manipulation tasks with a limited increase ef tbmputational com-
plexity, thanks to a novel load sharing technique. The oiteresting feature of
anthropomorphic manipulation, especially in the bimarozse, is the availability
of redundant degrees of freedom. These have been suitaplgitexi to design a
multi-priority control approach that allows satisfyingertain number of secondary
tasks, aimed at ensuring grasp stability and manipulatotedity, besides the main
task corresponding to the desired object motion. Finalyhepomorphism has
been exploited for the development of a human-like graspppyoach based on the
synergic motions that can be observed in the human hand.thil,dbe synthesis
and control of grasping for the DEXMART Hand have been sifigdiby comput-
ing a reduced configuration subspace based on few predohpiostural synergies.
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This approach has been evaluated at kinematic level, slgawat both power and
precise grasps can be performed using up to the third predorsynergy.
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