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Abstract

In this paper, we propose a unified Control System Ar-
chitecture for Multifingered Manipulation (CoSAM?).
CoSAM? achieves simultaneously three objectives of
multifingered manipulation: (a) Motion trajectory
(velocity /force) tracking of a grasped object; (b) Im-
proving the grasp configuration in the course of object
manipulation; and (c) Optimizing grasping forces to
enforce contact constraint and compensate for external
object wrenches. CoSAM? is organized in a modular
and hierarchic structure so that each module imple-
ments a specified function using inputs from its prede-
cessors and a minimum number of sensory data signals.
CoSAM? is also flexible in accommodating addition of
new modules. Here, we give the details for the Coor-
dinated Motion Generation module and the Grasping
Force Generation Module.

1 Introduction

Grasping and fine mamipulation of a grasped object
are two main operations performed by a multifingered
robotic hand. The other main operation is dextrous
manipulation in which a grasped object is manipulated
from an initial grasp configuration to a more desirable
grasp configuration without being dropped. To suc-
cessfully execute a given task, a sequence or combi-
nation of these operations, which will be collectively
referred to as multifingered manipulation, are to be
performed using sensory data feedbacks. Consider, for
example, the task of screwing a nut onto a bolt, a
typical manufacturing assembly task. First, the parts
are localized using say, vision sensors. Then, the nut is
grasped and picked up based on accessible grasp points
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generated using the CAD model of the nut and acces-
sibility constraints. If the grasp is not satisfactory for
imparting fine motions on the nut then dextrous ma-
nipulation is invoked to manipulate the part to a more
desirable grasp configuration. Finally, fine manipula-
tion is performed to fasten the nut onto the bolt.

Over the years, significant strides have been made in
realizing features of multifingered manipulation. Sev-
eral articulated multifingered robotic hands have been
developed as research tools to study multifingered ma-
nipulation ([21] and [8]); Tactile, force/torque and vi-
sion sensors have been developed or utilized to sense
contact location and contact forces {[6] and [1]}; Sev-
eral useful contact models have been proposed and ex-
perimentally validated ([21] and {5]); Three important
classes of kinematic relations underlying a multifin-
gered manipulation system, among which (a) finger
kinematics; (b) the grasp map, and (c) the kinematics
of contact, have been identified and thoroughly an-
alyzed ([21], [9], [18], and [14] ); Dextrous manipu-
lation with rolling contact constraints or finger gait-
ing has been investigated in ([10], [7], and [16]) along
with several useful algorithms for finger motion plan-
ning; Coordinated control and compliance control al-
gorithms for multifingered manipulation with either
fixed point of contact or rolling contact have been ex-
tensively studied ([11], [19], [4], and [17]); Efficient al-
gorithms for generation of optimal grasping forces for
multifingered hands have been proposed in ([3] and
[2]); Grasp planning and characterization of optimal
grasps incorporating even task requirement have been
extensively studied in ([13], [15], [12], and [20]).

Despite the enormous amount of research activities
in multifingered robotic hands, we are still short from
having robotic hands that could perform reliably the
types of manipulation tasks we had envisaged them to
perform. The dexterity and functionality of the hu-
man hand is still unmatched by any robotic systems.
Factors that contribute to the inadequacy of present



robotic hand systems include: (a) Insufficient sensing
abilities, especially the ability to report accurately and
reliably contact position and force information, asso-
ciated with most robotic hands; (b) Difficulties in gen-
erating real-time solutions for dextrous manipulation
with rolling constraint and finger gaiting; (c¢) Failure
to address the multi-objective nature of multifingered
manipulation by existing control algorithms, e.g., a
fine manipulation operation requires not only motion
trajectory (velocity /force) tracking of a grasped object
but also regulation of proper grasp configuration and
maintenance of desirable grasping forces; (d) Lack of
a unified framework for integrating relevant theory of
multifingered manipulation with sensory data inputs
to produce a hand control system which generates fin-
ger actuator commands based solely on task require-
ment and environment models; and (e¢) Decoupling of
theoretical studies from experimental investigations.
Most experimental works reported so far were mainly
on hardware design and sensor development, very little
on implementation of manipulation related problems.

In this paper, we propose a unified Control
System Architecture for Multifingered Manipulation
(CoSAM?). By incorporating the various kinematic
relations of a multifingered robotic hand system
with proper sensory data inputs at different stages,
CoSAM? achieves simultaneously the following objec-
tives of multifingered manipulation:

(a) Motion trajectory (velocity/force) tracking of a
grasped object;

(b) Improving the grasp configuration in the course
of fine manipulation;

{c) Optimizing grasping forces to enforce contact
constraint and compensate for external object
wrenches.

CoSAM? is organized in a modular and hierarchic
structure (see Figure 1) so that each module imple-
ments a specified function using inputs from its prede-
cessors and a minimum number of sensory data signals.
Furthermore, when changes are made on any of its
modules no change or minimal changes will be needed
for its neighboring modules. CoSAM? is also flexible
to accommodate addition of new modules. For ex-
ample, when efficient algorithms are available to solve
the dextrous manipulation problem then a new mod-
ule, say the Dextrous Manipulation Planner, can be
simply added as shown by the dotted box in Figure
1 to enhance functionality of CoOSAM?2. Several main
modules of CoSAM? are briefly described as follows:

1. Object Motion Generator which computes
a desired sequence of velocities and forces of a

grasped object based on task specification and
sensed object configuration and force information;

2. Coordinated Motion Generator which, when
invoked for fine manipulation, takes as inputs the
desired object velocity and tactile sensor infor-
mation and generates as outputs desired finger-
tip velocity for each finger while simultaneously
optimizing the grasp quality. When invoked for
dextrous manipulation mode, it generates a se-
quence of rolling and gaiting motion for the fin-
gers so as to manipulate the object to a desirable
grasp configuration without dropping the object.
In this case, input to the module is simply the
desired grasp configuration and tactile sensor in-
formation.

3. Grasping Force Generator which takes the de-
sired object force as input and generates optimal
finger grasping forces for each finger. Tactile in-
formation 1s required to compute the grasp con-
figuration information.

4. Compliance Motion Controller which com-
bines desired fingertip velocity computed by Co-
ordinated Motion Generator and desired fingertip
force computed by Grasping Force Generator to
generate the net incremental motions of the fin-
gertips. Fingertip forces are fed back to the mod-
ule, and the output from the module will be con-
verted into incremental joint motions of the fin-
gers by the Inverse Kinematics module. Finally,
incremental joint motion is executed by the Joint
Level Controller module.

Theoretical background of CoOSAM? along with al-
gorithms suitable for real-time implementation and
implementation details of CoSAM? on the HKUST
Three-fingered Robotic Hand are described in this pa-

per.

2 Coordinated Motion Genera-
tion

Consider the k-fingered robotic hand manipulation
system shown in Figure 2. We denote by P the palm
frame, O the object frame, and F; the fingertip frame
of finger 7,7 = 1,---k. At each point of contact, we let
ay, € R? and a,, € R? be the coordinates of contact
relative to the fingertip and the object, respectively,
and Ly, and L,, be the local frame of the fingertip
and the object, respectively. The angle of contact be-
tween finger 7 and the object is denoted ;. The five
parameters 1; 1= (ay,, 0o, Vi) € R® that describe the
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Figure 1: CoSAM?2: A unified Control System Archi-
tecture for Multifingered Manipulation
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Figure 2: A multifingered robotic hand manipulation
system

contact state between finger ¢ and the object is re-
ferred to as the coordinates of contact. We denote by
#; € R™ the joint position vector of finger i, and let
g = (0i,m:) € R™*5 be the extended joint coordinates
of finger i.

We refer to ([22], [18] and [14]) for further notations
and the various kinematic relations embedded in the
multifingered manipulation system.

We model each finger as a position controlled de-
vice. Thus, fingertip velocity V, ¢, is treated as pseudo
input of the system. The problem we address in this
section is the following: Given a desired object velocity
Veo, compute the corresponding fingertip velocity Vyy,
which, when erecuted, will ensure the desired object
velocity with the effect of contact constraint.

Expressing the object transformation relative to the
palm frame through finger 7 yields

(1)

Differentiating (1) and using the fact that g;,, and
g1, 0 are constant we have

Gpo = Gpfi " Gfily, " Gigie, " Gia,0

T

Voo = Adg;,-lo Vs + Adgz_oto Lrilos (2)
Rearranging (2) gives an equation for f/pf,., the local
expression of Vpr,, in terms of V,, and the contact

velocity

Vos.

Adgo‘l‘ V;JO + Vlf.'lo.' (3)

Vosi

Vor. Ad

9tilos

A straight forward approach, or the so-called individ-

ual joint control law ([17]), to compute the fingertip

velocity is to first multiply Eq. (3) by BY, the trans-

pose of the wrench basis of the assumed contact model,

and then utilize the velocity contact constraint of
BTV, , =0

tilos



Figure 3: A two-fingered robotic hand manipulating a
ball

5

Figure 4: A simulated sequence of intermediate con-
figurations showing undersirable consequence of un-
coordinated manipulation.

to obtain the equation

BT Vg, = BT Ady-s Vi (1)

Finally, solving (4) for f/pf,. gives a solution of the fin-
gertip velocity Vpy,.

While the individual joint control law is simple to
implement, it suffers from a serious drawback as sug-
gested by the following example (see [22] for additional
examples).

Example 2.1. Consider a two-fingered robotic hand
manipulating a ball as shown in Figure 3. The fin-
gertips are both disk-shaped and the initial grasp
configuration is antipodal which is considered opti-
mal. Let the desired trajectory of the object be a
rotation about the z-axis through a point in space,
i.e., a screw motion generated by a twist of the form
€ = (0,p,0,0,0,1)T,p # 0. Computing the finger-
tip velocity using (4) and a soft-finger contact model,
we found that rolling motion indeed occur at the con-
tact points and the fingers move closer to each other at
one end. Eventually, the force-closure condition would
fail to hold and the grasped object would risk being
dropped. A sequence of intermediate configurations
illustrating this undesirable phenomena is shown in
Figure 4. a

The preceding example shows that, under the indi-
wdual joint control, the fingers tend to minimize their
own motion and have no regard to quality of the re-
sulting grasp. As manipulation proceeds, grasp qual-
ity would degrade, leading eventually to failure of the
force-closure condition and consequently dropping of
the grasped object. To overcome this problem, we im-
pose an additional constraint on fingertip velocities by
simultaneously maintaining or optimizing grasp qual-
ity. Consider again Eq. (3), rewritten in the form

Vor. = Adgo'[t Voo — Adglo,t,, Vlo-lh

The contact velocity can be expressed in terms of the
rolling velocity which in turn, through the kinematic
equations of contact, can be expressed in terms of &,,,
i.e. we have

‘/Pfi = Adgo—'l ‘/po - Ti("?i)doz (5)

where
Ty(m) = Adg, ,, BfRo(Kj, + Ko,) Ry, Mo,

and

c |0
B’i'— 0

0010 0] R0 1
0001 0] 7] -10
Let

FiR¥* SR (ay, - an) = a, — fla,) (6)

be a function defined on the contact coordinates of
the object measuring the quality of a grasp. In other
words, conditioning of the grasp map G(a,) is im-
proved if f(«,) is maximized (or minimized). Then, a
simple and sensible solution for &,, in (5) is given by

o, = MiVif(a,) (M)

where V,f(a,) is the gradient of f({a,) with respect
to a,, and A; € (0,1) is a step-size. If minimizing
the objective function is desired then negative of the
gradient can be used in (7).

Example 2.2. Consider manipulation of a unit ball
by a two-fingered robotic hand. We define the grasp
quality function to be

f:87 x5 —R:(p,p2) — llp2—pll* (8)

where pi = ¢;(,,),¢ = 1,2, is the point of contact
with finger ¢, and ¢; : U — $% a coordinate map of
the ball containing p;. Note that f attains maximum
when the grasp 1s antipodal and minimum when the
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two contact points coincide. Thus, it makes sense to
improve grasp quality by maximizing f(-). The gradi-
ent of f is simply

af \* 861 \ T
Vif= Mo-l2 (ng_) =-2M,? (651 ) (p2 — 1)
and

af \7 8¢a \ T
Vaof = Mo_,‘)2 (3a_f) = —QMo_zz (6;2 ) (pl _PZ)

where a—aa‘& € R3*? is the Jacobian of ¢;.

An intf;rpretation why the individual joint control
law results in degrading of grasp quality is given as
follows: First, the solution of fo: obtained from Eq.
(4) is viewed as a function of Vp,. Then, applying the
V,7, to Eq. (5) and rearranging the result gives an
expression for a,,

T(n)ao = A(o)Voo — Vps (9)

where
_[Titm) o _ | Adg
o) = 0 Ta(m) |” Alas) = Ady-s

Since T'(n) is full-rank, the unique solution of (9) is
given by

& = (TTT() 77 () (Aleo)Vyo = Vor ) (10)

Finally, taking the inner product of the right hand
side of (10) with the gradient vector of f(-) the result
is found to be negative along the desired object trajec-
tory of Example 2.1. Thus, the grasp quality degrades
d

as manipulation proceeds.

3 Grasping Force Generation

In this section, we consider the problem of generating
proper contact or fingertip force z € R™ so as to exert
a desired object wrench F¢ € R® on the grasped object
through the effect of the grasp map, i.e., solving the
equation

Gz = F* (11)
with ¢ = (21, -zx)T € R™ lying in the friction cone
FC = FC; x -+ x FCy of the respect contact mod-
els. For PCWF the friction cone KC; is defined by

Coulomb’s friction law,

FC; = {x,- c Rsl .’L‘iz’l + .’81212 < piTi3,Ti3 > 0}
12)
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where z; 3 is the normal force component at the point
of contact, z; 1, z; > the tangential components and y;
the coeflicient of friction.

From the stand point of maintaining grasp con-
straint, the act of the Grasp Force Generation module
complements that of the Coordinated Motion Genera-
tion module. The latter attempts to place the fingers
at an optimal grasp configuration by optimizing qual-
ity of the grasp, which allows the former to generate
proper contact forces within the limit of friction cones
so as to enforce the contact constraint. Also note that
the grasp map is in general not constant because of
possibly rolling contact.

There have been a number of important studies on
generation of grasping forces for multifingered manip-
ulation, most of which were based on linear program-
ming formulation with linearized friction constraint
([9], and [19]). Recently, a noval approach using gra-
dient flows on the smooth manifold of symmetric and
positive definite matrices has been proposed by Buss,
Hashimoto and Moore ([3] and [2]). Their approach
was based on an important observation that the fric-
tion constraints of (12) were equivalent to positive
definiteness of the matrix P = Blockdiag(Py, - - - P),
where for a PCWF

T3 0 T;1
P = 0 HiTi3 Ty (13)
T Tio  MiTi3

Note that some elements of P are required to satisfy
certain constraints. For example, the diagonal ele-
ments of P; in (13) must be the same, ie., P =
Piag = P33 for ¢ = 1,---k, and some off-diagonal
elements of P must be zero, i.e.,, Pj12a = Piog1 = 0
for i = 1,.--k. Similarly, the off-diagonal blocks of P
must be zero. These constraints are obviously linear
on elements of P. Equality of two elements P;; = Py
of P € R™ " can be formulated as el Pe; = €} Pey,
where e; € R” is the unit vector with an 1 in the #**
entry and 0 otherwise. Define the Kronecker product
of two matrices A and B by

a1 B a1, B
AeB=| :
an1 B ank B
and the vec(:) operation by
'UGC(A) = (allz c0rQp1, @12, - An2, C1m, * - 'anm)T

Then, the above constraint can be written as (ef ®

T

el — el ® el )vec(P) = 0. Similarily, to constrain the

off-diagonal element F;; to zero we write eiTPej =0



or equivalently (eJT ® e;jvec(P) = 0. The general form
of all such linear constraints can be rewritten as

Aqvec(P) =0 (14)

where A; € R™*! is a constant matrix with rank m,,
PecR"™” P> 0,1 =n? and m; is the number of
linear equality constraints.

To exert an object wrench F'é on the grasped object
the fingertip force x € R™ is required to satisfy Eq.
(11) which can also be written as a linear constraint
of the form

Agvec(P) = F* (15)

where Ay € R®*! is dependent on the contact coordi-
nates of the object.

Collecting the constraints in (14) and (15) we have
the following linear constraint on P

Avee(P) =g¢ (16)

where with m = m, + 6,

_| A mx! — 0 m
A_[AZ]GR , 9= jd € R™.

Let P(n) denote the set of n x n symmetric and
positive definite matrices. The objective function to
be minimized is given by

®:P(n) — R: Pr— &(P) = te(W, P + W; P71
(17)

where W,, W; € R**" are weighting factors, and tr(-)
stands for the trace operator. The first term of ®(-)
provides a linear cost associated with elements of P
and the second term tends to infinmity as P tends to-
ward singularity or boundaries of the friction cones,
see ([3]) for more detailed discussions.

P(n) is a smooth manifold of dimension n(n+1)/2,
endowed with a Riemannian metric

Vo, Wp) = (V; W), Vp W, € T,P(n). (18)

Computing the gradient flow of (17) using the Rieman-
nian metric (18) yields

P=-V&(P(t)) = PT'W;P~! - W,

[3] shows that the gradient flow (19) converges ex-
ponentially fast to the unique minimum P, =
Wy W Wy )

Imposing the affine constraint (16) on the gradient
flow (19) results in the constrained gradient flow

vec(P) = Qvec(PT Wi P~ — W) (20)
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where @ = (I— A# A) is the projection operator, A% =
AT(AAT)~! the generalized inverse of A and P(0) =
Py € P(n) satisfies the constraint (16). The discrete-
time version of (20) is given by

vec(Pry1) = vec(Pi) + arQ vec(Pk_li/ViPk“1 - W)
(21)

where oy is a suitably chosen step-size to ensure that
<I>k+1 < ®.

A major difficulty in implementing (21) for a mul-
tifingered manipulation system with rolling contact
is real-time computation of the high dimension ma-
trix . For a two-fingered hand with soft-finger con-
tact, @ € R Using a general algorithm to com-
pute matrix inverses the computation time of @ on a
MC68040 (33MHz) is around 3 seconds, which is obvi-
ously inadequate for real-time control. To get around
with this difficulty we observe that A; € R™*X” s a
sparse and constant matrix and only A, € R6*7 ig
dependent on the contact coordinates of the object.
Let

AAT — A AT AT ) [ An A
T AAT AAT | T AT, A

Computing the inverse of block matrices we have

AT+ EAT'F —EATT ]

Ty-1 _
(AA ) - [ —A_IF A_l

where A = Ang’{;Al_llAlz € RGXG, E = A1_11A12 and
F = AT, A7, Since Aj; is constant, A7]' can be com-
puted off-line. What remains for on-line computation
is the inverse of the 6 x 6 matrix A. Furthermore,
using multiplication of sparse matrices we reduce the
computation time of @) to 80ms.

4 Compliance Motion Genera-
tion

With the Coordinated Motion module, fingertip veloc-
ity Vpdf' 1s generated. Realization of Vpdf' implies that a
desired object velocity Vpdo will be followed while qual-
ity of the grasp is either maintained or improved. On
the other hand with the Grasping Force module, fin-
gertip force F# = Adz;_1 B;x; expressed in the fin-
Titoy

gertip frame is generated. Realization of F¢ implies
compensation of an object wrench F?¢ with optimal
fingertip forces within the limit of the friction cones.
As each finger is modeled as a position controlled de-
vice, a compliance matrix K, € R*® can be used to
convert F# into equivalent fingertip displacement

Ko (Ff = F™)



Figure 5: The HKUST multifingered robotic hand

where F* € RS is the actual measured fingertip force.
Specification of the compliance matrix is based mainly
on experience with the actual hand system but we will
assume that it is a symmetric matrix. Also note that
if the actual force agrees with the desired force than
no action will be necessary.

Combining output from the Coordinated Motion
module with that of the Grasping Force module we
obtain total displacement of the fingertip

Vs, = Vi, + Kai(F = F") (22)

which is sent to the Inverse Kinematics module to com-
pute the required joint displacement of the fingers.

5 Implementation and Experi-
ments

In this section, we give results of a simple manipulation
experiment conducted based on CoSAM? (see [22] for
additonal experiments).

The HKUST dextrous robotic hand developed at
HKUST for study of multifingered manipulation is
shown in Figure 5, more details of the system can be
found in [22].

The experiment is to manipulate a ball with two
flat fingertips. The initial grasp configuration is
m = (ao,¥1,a5) = (8°,90°,0,0,0) and 7, =
(@oy, Y2, a5,) = (6°,-90°,0,0,0), which is not opti-
mal. The desired object trajectory is a translation by
100mm along the z- axis and the compliance matrix

Contact irajectories of the object

R s L L
o s0 100 150

200 250 300 350 w00
Time{S0ma/c)

Figure 6: Contact trajectories of
the ball

Desred grasping lorces

T

Force component(Newton)

Fz

Fy

L . L
) 100 120 140 160 180 200
Time{Soma/c)

Figure 7: Desired grasping forces

K.; is chosen to be K;[2][2] = 0.02 and all others
entries be zero.

The step-size in the Coordinated Motion Genera-
tion module is chosen to be A = 0.1 and the experi-
mental results are shown in Figure 6, 7, and 8. From
this experiment we see that not only the quality of
grasp is improved but also optimal grasping forces with
new grasp configurations were achieved. Figure 8 gives
the measured grasping forces from the contact frame
of the fingertip. Obviously, CoOSAM? achieves all de-
sired objectives. By increasing the step size A, we can
make the grasp configuration converge more quickly
to its optimal value but up to a certain point slippage
can occur. Thus, a trade-off has to be made between
convergence rate and manipulation safety.

6 Conclusion

In this paper, we presented a unified Control
System Architecture for Multifingered Manipulation
(CoSAM?).  The two main modules of CoSAM?Z,
the Coordinated Motion Generation module and the
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Measured grasping lorces
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Figure 8: Measured grasping forces
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