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SUMMARY

This paper aims to show a sensory-motor coordination
control scheme that realizes stable pinching of rigid objects
with parallel or nonparallel flat surfaces movable in 2-
dimensional vertical plane by a pair of robot fingers with
hemispherical ends. The proposed control signal is composed
of gravity compensation for fingers, damping shaping,
exertion of forces to the object from opposite directions,
generation of moments for balancing of rotational moments,
and regressors for estimating unknown steady-state terms, all
of which neither need the knowledge of object parameters
nor use any object sensing data. In other words, stable
grasping can be realized by using only finger-joint sensing in
a blind manner without using force sensors or tactile sensing.
Stability of pinching motion with convergence to the state of
force/torque balance is shown through computer simulations
and is also proved theoretically.

KEYWORDS: Multifingered hand; Blind grasping;
Force/torque balance; Sensory-motor coordination; Bern-
stein’s DOF problem.

1. Introduction

Human manipulates an object by using three or four fingers
with multi degrees of freedom (DOF) in one hand. However,
use of three or four fingers is redundant in general for
manipulation of the object. This redundancy incurs the
well-known annoying problem of ill-posedness of inverse
kinematics and used to prevent us from attacking interesting
problems of design of controllers for dynamic grasping and
object manipulation. This is really a difficult problem in
robotics research; as discussed by Bicchi.! A famous text
book? also pointed out the difficulty in such a way that

The study of human biological motor mechanisms led the
Russian psychologist Bernstein to question how the brain could
control a system with so many different degrees of freedom
interacting in such a complex fashion. Many of these same
complexities are also present in robotic systems and limit our
ability to use multifingered hands and other robotic systems to
their full advantage.
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Notwithstanding these arguments, it is recently clarified that
human-like pinching with stable grasp and manipulation of
an object can easily be established by sensory feedback
control with the aid of rolling contacts between the
hemispherical finger ends and the object surfaces, even
though the total DOF of the overall fingers-object system is
higher than the number of physical variables necessary and
sufficient for description of a target task.>~® The essentials
of this new control scheme are (1) with use of rolling
contacts that exert tangential constraint forces to the object,
(2) without use of force and tactile sensings, (3) without
knowing physical parameters of the object and location of
the object mass center, and (4) finding of sensory—motor
coordination signals simply calculated from the knowledge
of only finger kinematics, measurement data on finger joints
and measurement of the rotational angle of the object relative
to the vertical line or a prefixed axis. However, we observe
in everyday life that human can pinch an arbitrary object by
using a pair of thumb and index (or middle) finger while
their eyes are closed, if the pair of such fingers is preshaped
and reaching closely to the object. Such a problem of blind
pinching was first attacked in our previous paper’ in the
case that motion of the overall fingers—object system is
confined to horizontal plane and thereby it is not affected
by the gravity force. On the other hand, it is known that
many of human fast and voluntary limb movements such
as multijoint reaching, grasping an object bilaterally, etc. are
produced in a feedforward manner without sensory feedbacks
except spinal reflex loops,® provided the movements have
been well practiced and sufficiently skilled. Movements of
human skilled pinching must be generated feedforwardly
without use of any external sensings such as visual or tactile
sensings, as claimed in physiology® and predicted from
various observations obtained in developmental psychology.’

This paper challenges a problem of blind grasp with
dynamic stability converging to the form of force/torque
balance for arigid object with parallel or nonparallel surfaces
under the effect of gravity. It is assumed that motion
of a pair of robot fingers with two or three DOF and
the object is confined to a vertical plane and finger ends
are hemispherically shaped. It is shown through computer
simulations and also proved theoretically that proposed
control signals calculated in real-time from only finger
parameters and measurement data on only finger joints lead
to asymptotic convergence of the solution trajectory to a still
state satisfying the form of force/torque balance.


https://doi.org/10.1017/S0263574707003840

256

/49

Ooixonyon

Fig. 1. A pair of robot fingers pinching a rigid object.

2. Dynamics

First, the dynamics of a pair of two DOF finger robots and
a 2D object with flat surfaces are derived. The coordinates
system of the overall system is shown in Fig. 1. Vector ¢, =
(q11, g12)" denotes the joint angles of the left hand side finger
and vector ¢, = (g1, g2)T denotes those of the right finger.
The fingertips are rigid and hemispherically shaped with
radius r;. The mass center of the object is denoted by O, p, .
We define vector w = (x, y,0)T in the coordinates system
{O—xy}, where x = (x,y)" denotes the position of the object
mass center and 0 is the rotational angle of the object. The
symbols [;;,m;;,and I;;(i, j = 1, 2) denote length, mass, and
inertiamoment of link j of finger i, respectively. The symbols
M and I denote mass and inertia moment of the object,
respectively, and L the distance between the origin{O} of
the left finger and the origin{Q'} of the right finger.

The distance Y; between the contact point and the object
surface point at which the straight line from the mass center
O . crosses the object surface perpendicularly, is shown in
the following:

Y; = (xg;i — x)sin® + (yp; — y) cos 6, i=1,2 (1)
Where (xo;, yoi)" denotes the position vector of Oy;, the
center of curvature of fingertip sphere as shown in Fig. 1,
and 6 denotes the orientation angle of the object relative
to the y-axis as shown in Fig. 1. In this paper, we adopt
the rule of positive angles (radian) in the counterclockwise
direction except the joint angles ¢,;(j = 1,2~ j =1,2,3)
of the right hand finger i = 2. The distance Y; must be subject
to the constraint such that the fingertip does not slip on the
object surface, that is,

Y =coi —ri{m —(=1)'0 — q11 — q12}, i=1,2 (2

where co; and cg, are constant. Then, R; and R, are defined
as follows:

R; = (x¢; — x)sin 6@ + (yo; — y) cos 6 — co;

+rifr = (=18 — gi — gin} =0, i=12 (3
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These constraints lead to introduction of the scalar R in
the following way by using Lagrange multipliers A; and A,
(tangent forces).

R =MR, + MRy 4)

It is easy to calculate partial differentials of R;(i = 1, 2) in
q; as follows:

OR; i
—=J! (Sme) —re.  i=12 ()
0q; cosf

where e; = (1, 1)T and J; denotes the Jacobian matrix defined

as:
dxo;  Oyoi
JT= OXoi - 9Yoi ©6)
0q; aq;

The constraint of the fingertip so that it is stuck to the object
is shown by the following geometric relation:

0; = — ;i +r)—(=1){(x — x¢;) cos 6

—(y — yoi)sin6} =0, i=1,2 (7

In the same way, we obtain the followings:

00;i i ;T [ cost .
W_(_l) J[ (-Sil’lQ)’ l—1,2 (8)

These constraints represent the scalar Q in the following way
by using Lagrange multipliers f; and f, (grasping forces).

0= fioi+ 202 9)
Referring to the previous paper’ by defining the
Lagrangian L =K+ R+ Q— P —P,— Mgy where
K=(1/2)Y 4 Hi(q)q; + (1/2)(Mx* + My* + 16%) with
finger inertia matrix H; (qi) stands for the total kinetic
energy and P; for the finger potential energy, we obtain
dynamic equations of the overall system as follows:

d 1.
{Hi(‘li)a + EI{i(qi)} q;,+Si(q:,4)9,; + 8:(q,)

(Ga) 7 Ga) =
—fil—=)-r(—) =v, i=1,2 (10)
g, aq;

Mi —{ficos® — frcos0}+A;sinf + Ay sinf =0
M3+ fisinf — fosinf + iy cosf +r,cos0 —Mg=0
16— Y1+ pYa+ Ml — =0

(11)

where S;(q;, ¢;) is skew-symmetric. Equation (10) is the
motion equation of the fingers, and Eq. (11) is the dynamic
equations of the object.

Second, the dynamics of a pair of three DOF finger robots
and a 2D object with nonparallel flat surfaces are derived.
The coordinates system of the overall system is shown in
Fig. 2. The holonomic constraints in this case corresponding
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Table II. Explicit formulae of partial differentials of Q; and R; in
qi, X, and @ for an object with nonparallel flat surfaces.

0= fi01+ 202
30 _ » (20
=)

=(=1) f; I (qi) <

JR __ IR;
o, =i (311,)

R=MRi+MR;

cos(0 4+ (—1)'6y)

—sin(6 +(—1)i00)> o=k

o (sin@+(=D00) . .
_k,{Ji (cos(9+(—1)i90)> r,e,}, i=1,2 (T-5)
80 = ficos(® — ) — f»cos(® + ) (T-6)
8R = —)ysin(@ — 6p) — A sin(6 + 6p) (T-7)
% = — f1sin(0 — o) + f2 sin(6 + 6o) (T-8)
Fig. 2. A pair of robot fingers pinching a rigid object with %—f = —X; cos(f —6y) — Ay cos(0 + 6p) (T-9)
nonparallel surfaces. ’
% = fiY1— foX» (T-10)
Table 1. Explicit formulae of Q; and R; for an object with )
nonparallel flat surfaces. % =—Ml+ Xl (T-11)
Point contact constraintl: '
Qi =— (i +ri) — (=D'{(x — x0;) cos(6 + (1)) where
— (¥ = yoi) sin(@ + (—1)"6o)}
=0 i=1,2 (T-1) .
t .
Rolling constraint: A . M) = M0) + / g Z (3)’01 ) 4,dv
Ri=Yi —coi+ri{m —(=1Y0 —6o— Y7, qij} o 2ym T4\ 9q;
wh;eo i=1,2 (T-2) — W10) + gy { Yor() 4+ yo2 (1)~ y01(0) + y02(0) }
= M
i = (xo; — %) sin(@ + (—1)i6) 2 2
+ (Yoi — y) cos(@ + (—1)'6p), i=1,2 (T-3) (15)
t
N,'(t) = yiil / rie?qidf
to Egs. (3) and (7) are given in Table I. In a similar wayj, it is 0
. . . . '4
possible to derive the following equation: _ J/i_li’i eiT( q:(t) — ,(0) (16)

d 1.
{Hi(lIi)a + EHi(qi)} qi +Si(qi, 4:)q; + gi(qi)

(22 A»(aRl)— : i=1,2 (12
_ﬁ<8_q,>_ i aql =i, =1, ( )

. Qi . IR 0y _

i=1,2

§ 90, R
= 3 (5 +r g ) =0

i=1,2

13)

where partial derivaties of Q; and R; (i = 1, 2) with respect
to q;, x, and 6 are given in Table IL.

3. Control Signals
Now, we propose a class of control signals for blind grasping
of a rigid object, which is defined as

Ja

vi = g,(q) —ciq; + (= 1) ——J1(g:)(xo1 — x02)
ri+nr
Mg [ dyoi .
ST Rie,  i=1,2 (14)
2 \dg;
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and yy; and y; (i = 1, 2) are appropriate positive constants
and M (0) is an initial guess of the object mass M. The first
term of the right hand side of Eq. (14) corresponds to direct
compensation for the gravity term for the fingers, the second
does to the damping for rotational moments of finger joints,
the third to generation of an approximate opposing force,
and the last two terms to estimates for the effect caused by
the object weight and other unknown rotational moments
affected at finger joints. More precisely, N; plays a role of
estimate for the unknown force

Ja

r+nr
x {l,, sinBy — (—1)'d cos 6y},

Mg .
N; = - cos(0 + (—1)"6p) —
i=1,2 17)
where

lw:(ll +12+r1 +r2)00890+(Y1 +Y2)Si[190

. (18)
d={,—Yy)cosby—(l; +ri — b —ry)sinby

It is interesting to note that, in the case of objects with parallel
surfaces (that is, 6y =0), N; of Eq. (17) is reduced to the
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following simpler form:

Mg . Ja
Ni=——= 0+ (—1)
> cos (-1 ——

Y1 = 1), i=1,2

19)

Evidently from the definitions of estimates M and N; (i =
1,2) in Egs. (15) and (16), control signals of Eq. (14) can
be constructed easily in real-time calculation by referring to
known kinematic parameters of the fingers and measurement
data of finger-joint angles. It should be further emphasized
that there is no need of any a-priori knowledge of kinematic
parameters of the object such as location of its mass center,
its width [} 4+ I, weight M, and 6y. In other words, the same
control signals defined by Eq. (14) can be applied to grasping
of an object either with parallel surfaces or with nonparallel
surfaces without knowing a priori the shape of the object.
Next, consider the problem how to withstand the gravitational
force Mg of the object by using constraint forces f; and A;
(i =1, 2) appearing in Eq. (11) or (13). In the case of objects
with parallel surfaces, it is easy to see that if

M
f,-:—(—l)’TgsiHQ
i=1,2 (20)

M
Ai =—gcos9
2

then the translational motion of Eq. (11) is reduced to

Mi=0, My=0 @1

In the case of an object with nonparallel surfaces as shown
in Fig. 2, it is not easy but possible to have an insight in
the balance of all four constraint forces f; and A; (i =1, 2)
together with M g and obtain the relation

Mg . .
fi=—(=1) BN sin(f + (—1)'6p)
i=1,2 (22)
Mg .
A= =N cos(6 + (—1)'6p)

In fact, substitution of this equation into the first equation of
Eq. (13) by referring Eqs. (T-5)—(T-8) in Table II leads to the
same equation as Eq. (21).

Next, it is important to see that two quantities introduced in
Eq. (18) have a physical meaning in relation to the following
equality:

Ixo1 — x02]I* = (xo1 — X02)* + (o1 — Yo2)?

= ()’ +d* (23)
This follows from the relations

d=v| -
= (xo1 — Xo2) Sin € + (yor —
1, =1cos b+ (Y) + Y,)sin 6

= —(x01 — X02) cos & + (yo1

Y, —(ri —r2)sinfy

cosf
Yo2) (24)

— Yo2) sin 6
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where

{Yi’:Yi cos 0y — I; sin 6y,
I=Li+bL+r+n

and the constraint of Eq. (T-1) in Table I is employed in
derivation of each of the last equalities in Eq. (24). In the
case of objects with parallel surfaces, Eq. (23) is reduced to
the simpler form:

Ix01 — xoalI* = (Y1 — Yo)* + (I’ (26)
4. Closed-Loop Dynamics
Now, define
l i f
fi=Afi —(—1)— s1n(9+( 1)'6y) +
r+nr
x {1, cos 6y + (—1)'d sin 6y}, i=1,2 (27
M .
hi = A+ 28 050+ (= 1)) + 4
2 r + r
x {1, sin 6y — (—1)'d cos 6y}, i=1,2 (28)

and note that from Eq. (24) it follows that

X01 l
(o) =o(l) e

where R(6) denotes a 2-dimensional orthogonal matrix
defined as

R(O)= (fo.se

sin§

sin@) (30)

cosf

and fy= (14 (r; + 1)/l + 1)) f4. Then, from Eq. (29) and
the expressions of d(Q;/dq; and dR;/dq; given in Table II,
it is possible to see that

Ql fd
1, cosBy+ (—1)d sinfy} — —
ri+r 2{ o+ (=1 0} aq; ri+nr

. ; OR;

x {l,, sinfy — (—1)"d cos 90}8—
f rifa

ri+nr

i=1,2 (30

=(- 1)' JT(q )(Xo1 — X02) -

x {1, sinBy — (—1)'d cos 6} e;,

By bearing this equality and the relation between Eq. (21) and
(22) in mind, substituting the control signals v; of Eq. (14)
and Egs. (27) and (28) into Eq. (12) yields the closed-loop
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dynamics:
, 1. . Qi OR;
Hig;+ | H+Si | g, +cq, — Afi__A)\_
2 dq; dq;
AMg {3y
+ 28 (D9 4 AN =0, i=1,2 (32)
2 \og;

Mi— > <Af,aQ’ + AM ai) =0 (33)

ox
i=1,2

B (Aﬁ%%—A)\

Sy =0 34
i=1,2 89)+ ! 9

where AM =M — M, AN; = N; —
follows:

N;, and Sy is defined as

fa

Sy

r

—1,{(Y1 = Yy)cos0y — (I — b)) sinBy}] — N

— {dc0s90+ n-—ry sineo} N (35
ry+nr
Mg . .
N = T{Yl sin(@ — 6y) + Y> sin(6 + Oy)
— I cos(8 —6y) + 1, cos(8 + 6y)} 36)
The last term of Sy in Eq. (35) has a special physical
meaning. Since four algebraic constraints Q; =0 and R; =0

fori =1, 2 (see Egs. (T-1) and (T-3), given in Table I) can be
expressed as

{RI(Q—GO)(X—XOI)Z(ZI-FH, —y)T 37)

RO +00)(x —xp0)=—(la+ 12, V2)T
from which it follows that

o + yo2

1
> = _5[{Y1 cos(6 — 6p) + Y cos(6 + 6p)}

+ {(ly +r1) sin(8 — 6p)
— (la +r2) sin(0 + 6p)}] (38)

it is possible to verify that

{Mg(y — (yo1 + Y02)/2)}
00

=N 39)

Note that the fourth term of v; in Eq. (14) comes from the
fact that the potential of the object —M gy under the gravity is
approximated by the quantity —M g(yo; + yo2)/2. Thus, it is
possible to see that taking inner products between ¢; and Eq.
(32), x and Eq. (33), and @ and Eq. (34) yield the following
relation:

d
—E= - clql’ (40)

d i=1,2
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where
E=K+AM+ L(ﬂ +d?)
2 2(r1 +1)
1 . .
+ 5@ )? +12(N>)*} — Mg Ay (41)
Ay _ Yo + Yoo
2

1
= —5[{Y1 cos(8 — 0y) + Y, cos(6 + 6p)}
+{(ly 4+ r1) sin(@ — 6p) + (I + r2) sin(6 +6p)}]  (42)
It should be noted again that

OMgAy

a6 “43)

and from Egs. (24), (25), and (T-2) of Table I that

8{ Ja (2 +d2)}

2(r1+12)

aly od
__Ja g O 0d
ry+rnr 20 200

= - fd {(}’1 +72)d cos By + (}’1 — r2)lw sin 90}
r+r

=Sy+N (44)

In a similar way, it follows that

d fa 2 2 }
—{——(l5+d°)—MgA
aqi{2<r1+r2>(w )~ Mghy
dly od 0A
= Ja (lw +d——Mg—y)
ri+r 0q; g, g,
= —riNie 45)

Thus, it can be ascertained that applying Hamilton’s principle
for the Lagrangian

L=K-P+ ) (AfiQi+ANR) (46)
=12
where
P = 1 J/MAMz—I—L(l2 +d2) +yiN; + 1N
2 r1—|—r2 w
— MgAy (47)

yields the Lagrange equation expressed by the set of
Eqgs. (32)—(34).

S. Simulation Results

Computer simulation of stable grasping for an object with
nonparallel flat surfaces was carried out under the gravity
effect by using Lagrange’s equation of motion expressed by
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Table III. 3 d.o.f 4+ 3 d.o.f physical parameters.

mip =my Link mass 0.045 [kg]
miy =moy Link mass 0.025 [kg]
miz =mo3 Link mass 0.015 [kg]
I =1 Inertia moment 1.584 x 107> [kg - m?]
Lho=1n Inertia moment 3.169 x 107° [kg - m?]
I3 =1 Inertia moment 8.450 x 1077 [kg - m?]
l]] = 12] Link 1ength 0.065 [m]
lp=1»n Link length 0.039 [m]
li3=1Ix Link length 0.026 [m]
T Radius 0.015 [m]
r Radius 0.020 [m]
M Object mass 0.040 [kg]
h Object height 0.05000 [m]
1 Object inertia moment 1.26 x 107> [kg - m?]
6o Object inclination angle —15 x /180 [rad]
I Object length 0.012859 [m]
153 Object length 0.022390 [m]
Table IV. Parameters of control signals.
fa Internal force 2.0 [N]
cr=c Damping coefficient 0.006 [msN]
VM Regressor gain 0.01 [m?/kgs?]
Vi Regressor gain 0.001 [s%/kg]
V2 Regressor gain 0.001 [s?/kg]
Table V. Initial values of simulation.
Y1(0) Internal value of Y;(r) 0.001 [m]
Y»(0) Internal value of Y,(¢) 0.000 [m]
M(0) Internal value of M(r) 0.010 [kg]
N 1(0) Internal value of N 1(1) 0.000 [N]
N, (0) Internal value of N,(z) 0.000 [N]

Egs. (12) and (13) and feeding the control signals v; (i =1, 2)
of Eq. (14). In order to incorporate the holonomic constraints
of (T-1) and (T-2) described in Table I'°, the so-called
constraint stabilization method (CSM) was used. All physical
parameters necessary for conducting the simulation are given
in Table III, parameters and gains necessary for determining
the control signals are summarized in Table IV, and initial
values for estimates are presented in Table V. Figure 3
shows that the first two physical variables Y| —Y, and 6
converge asymptotically to their corresponding constants
within 1s while constraint forces Af; and AXA; (i=1,2),
other variables AN; (i =1, 2) and Sy, and the object mass
estimation error A M converge to zero quickly within 1s, too.
As it will be discussed in the next section and Appendix A, the
speed of convergence of all such physical variables to their
corresponding constants is exponential in the independent
variable of time ¢. It should also be important to remark that
the estimate M (7) of the object mass tends to its true value M
eventually as t — oo due to the redundancy of finger joints.
In fact, in the case of a pair of fingers with two joints, M(1)
converges to some constant Mo, as t — 00 but M, does not
necessarily coincide with the true value M, as shown in Fig. 4.
Figure 4 shows transient responses of physical variables in
the case of a pair of robot fingers with two joints and an object
with parallel flat surfaces. In this case, all physical parameters
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Fig. 3. Transient responses of physical variables in the case of a
pair of fingers with three joints.

of the setup of the pair of fingers and object are summarized
in Table VI and control gains and initial positions are given
in Tables VII and VIII, respectively. It is interesting to note,
as predicted theoretically in the next section, that all physical
variables Af;, AA;, AN; (i=1,2), Sy, and AM converge
to constants that may not necessarily be zero. It should also
be remarked that, as seen from both Figs. 3 and 4, f;(¢)
(i =1, 2) are maintained to be positive, which implies that
the condition of rigid contacts between finger-ends and object
surfaces does not break down during motion of the fingers
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Fig. 4. Transient responses of physical variables in the case of a
pair of two-DOF fingers and the object with parallel surfaces.

and object. Finally, it should be emphasized again that the
control signal used in this simulation does not include any
prior knowledge of the object such as nonuniformness of the
mass density of the object (i.e., [; # [;), nonparallelness of
its side surfaces (6y # 0), and object masses M and inertia /.

Even if 6y > 0, the stability analysis does not incur a
problem as far as the rolling contacts are maintained without
slipping. However, in practical situations, since the direction
of a net force at a contact point consisting of the pressing
force fi normal to the object surface plus the effective gravity

https://doi.org/10.1017/50263574707003840 Published online by Cambridge University Press

261

Table VI. 2 d.o.f 4 2 d.o.f physical parameters.

mi =my Link mass 0.0451 [kg]
mip; =my Link mass 0.0252 [kg]
I =1 Inertia moment 2.53 x 107 [kg - m?]
In=1In Inertia moment 7.94 x 107¢ [kg - m?]
L1 =1y Link length 0.082 [m]
lio=1»n Link length 0.0615 [m]
r| Radius 0.015 [m]
r Radius 0.020 [m]
M Object mass 0.040 [kg]
h Object height 0.05000 [m]
Object inertia moment 1.26 x 107> [kg - m?]
6o Object inclination angle —15 x /180 [rad]
I8 Object length 0.012859 [m]
b Object length 0.022390 [m]
Table VII. Parameters of control signals.

fa Internal force 2.0 [N]

1= Damping coefficient 0.006 [msN]

VM Regressor gain 0.01 [m?/kgs?]

Y1 Regressor gain 0.001 [s?/kg]

%) Regressor gain 0.001 [s%/kg]

Table VIIL. Initial values of Simulation.

Y1(0) Internal value of Y(¢) —0.0035 [m]

Y»(0) Internal value of Y,(t) —0.003 [m]

M(0) Internal value of M(¢) 0.010 [kg]

N1(0) Internal value of Ny(¢) 0.000 [N]

N»(0) Internal value of N»(¢) 0.000 [N]

Fig. 5. The direction of a net force of f; normal to the object
surface plus gravity force (M g/2) cos 0, affected along the surface
is inclined to protrude beyond the friction cone.

force with magnitude (Mg/2)cos 6, tangent to the surface
protrudes out of the friction cone as seen in Fig. 5, it is
difficult to prevent the object from slipping if 6 is relatively
large around 6y = 15°.
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6. Proof of Convergence to Force/Torque Balance

Now we are in a position to discuss the problem of stability of
an equilibrium still state satisfying the force/torque balance
in a dynamic sense. At the same time, it is important to
prove convergence of the trajectory of any solution to the
closed-loop dynamics of Egs. (32), (33), and (34) starting
from a neighborhood of the reference equilibrium state with
force/torque balance.

Firstly, note that, in the case of a pair of robot fingers
depicted in Fig. 2, the trajectory of any solution to the
closed-loop dynamics of Egs. (32)—(34) should lie on the
10-dimensional manifold in the state space R'® as defined by

M]():{(q]7q27x’07q17q27x79):Ql=0
Ri=0,0,=0,Ri=0 (i=1,2)}
Since the condition of force/torque balance for the 2D object

is described by the equation of a linear form of four 2D
wrench vectors

(aQ,- 30; aQ,»)T
Wri=\|—— > s

ox ~ dy 96
IR IR IR \" :
Wy=\|\—-— 25 ) > i=1,2 (48)
dx dy 06

as

D (Afiwgi + Arw) — (0,0, Sy)"=0  (49)
i=1,2

any equilibrium still state of force—torque balance should
belong to the 2-dimensional manifold defined as

EM2:{(ql’qzaxa97q1:03q2:0ax:0,é:0):
0;i=0,Ri=0 (i=1,2) and Eq.(49)}

This is called the equilibrium-point (EP) manifold in this
paper and can be regarded as the 2D manifold embedded
in the 9-dimensional configuration space defined as
R°={(q1, ¢, x, 0)}.

Secondly, consider an arbitrary initial state (z(0), z(0))
where z=(q],q5,r 'x,0)" and r is a scale factor
introduced for balancing the magnitudes of all eigenvalues
of inertia matrices H;(q;) and the inertia moment / of the
object with the scaled magnitude r>M of object mass M.
We assume that there is an equilibrium pose z° belonging to
E M, and consider a neighborhood of z* with § > 0 in the
state space such that

|E(2(0), 2(0)) — E(z°, 2=0)| <8 (50)
where

E(z,2)=K(z, 2)+ P(2) (51)

and K stands for the total kinetic energy and P stands for the
artificial potential defined by Eq. (47).

Thirdly, we verify that the artificial potential function P
has a minimum value at some still state z = z,, under the
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constraints Q; =0 and R; =0 fori =1, 2. To (10 this, note
that, according to Eq. (45) and definitions of M and N; in
Egs. (15) and (16), we can obtain

aP  AMg [ 9y
—_— =\ +r,'AN,'e,' (52)
g, 2 oq;

which is equivalent to the sum of last two terms in the left
hand side of Eq. (32). Further, note that, according to Egs.

(43) and (44), we obtain
0P =S (53)
ag N

which is equivalent to the last term in the left hand side of
Eq. (34). Next, it is convenient to remark that, except the
term (y/2)AM?, other terms of P is a function of 6 and Di
(i =1, 2) which are defined as

3
pi=) (54)
j=1
Hence, define

Po= P —(yu/2AM?

_Ja
©2(r +1r2)

(I +d?) — MgAy
1 .\ N
+5{n N+ i) (55)
Then, it is easy to see that

{8P0/89=SN 56)

dPy/dp; =ri(N; — N)) =r: AN;

Further, the Hessian matrix of Py in p;, py, and 6 can be
obtained in the following way:

82P _ 2
ﬁzo = fy {(rl +1y)cos? Gy + % sin’ 90}
Mg
- {Y1 cos(6 — By) + Y, cos(6 + 6y)
+ (l1 —r1) sin(@ — 6p) — (lo — r2) sin(6 + 6p)}
(57a)
32 P, : .
898}1 = rlr_{[;z {(—=1)/(ry + 1) cos® @y — (r; — r2) sin” Gy}
Mg . i .
- Tri sin(@ + (—1)'6p), i=1,2 (57b)
3% P 9* P
0o 0 _ rir2fa (sin® By — cos? Bp) (57¢)
0p20p1  Op1dp2 ri+n
02 P, 1
zozrg(_Jr Ja ) i=1.2 (57d)
Bpi Yi ri+r

If f; is considerably larger than Mg and y; (i = 1, 2) are
selected sufficiently small in comparison with (r; +r2)/f4,
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then this Hessian matrix becomes positive definite in the
specified neighborhood of z° € EM,. Thus, we denote the
minimum of Py by Py and assume that Py = Py is attained
at pi=picc (=1,2) and 0 =64. Then, E=E — Py
becomes positive definite in the neighborhood of z° and
satisfies

d . 0
LE=2_ —alal (58)

i=1,2

according to Eq. (40). This means that

/OO lg;()117dr < ¢ EO) (39)

0

and, by referring to lemma C'1 of Appendix C,!! §,(t) — 0
as t — oo. Further, (1) — 0 and () — 0 as t — oo due
to the holonomic constraints Q; =0 and R; =0 (i =1, 2) as
already discussed in the previous papers.*> Thus, z(t) — 0
as t — oo and this in turn implies Z(t) — 0 as t — oo (see
lemma C3 of Appendix C'!). Hence, it follows from Egs.
(32)—(34) that

—[A, BJAA+dy — 0 as t— o0 (60)
where
0 oR
il 03 —— 03
9q, 0q,
0 oR
03 aQ2 % 3o
q q
A= g g 61)
001 00> O0Ry O0Ry
ox ox ox ox
001 00, 0R;y 0R,
20 00 00 20
0
S0 e 0
9q,
B Y02 0 e ©2)
=|-— 3 —re
99,
0, 0, 0,
0 0 0

AL = (Afi, Afr, Ady, Ady, AMg/2, ANy, ANy)"  (63)
dy =(0,...,0,Sy), (64)

and ¥ =r'x. Note that AXA is of 7-dimensional vector,
[A, B] is of 9 x7 matrix, dy is of 9-dimension. It is
also important to note that [A, B] is of full rank (i.e.,
rank([A, B])=7) in the neighborhood of z°. Therefore,
Eq. (60) means that

AA#) —> 0 and Sy(#) >0 as tr—> o0 (65)
This in turn implies that as t — oo the equality (49) is
achieved. In other words, the solution z(#) to the closed-
loop dynamics expressed by Egs. (32)—(34) starting from an
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arbitrary state z(0) in a neighborhood of z° converges to an
equilibrium still state as + — oo, that belongs to EM; and
satisfies the force/torque balance. Furthermore, as predicted
from the previous works,>* it is possible to confirm that
not only physical variables p; (i =1, 2), 8, AM but also all
velocity variables z(¢) and position variables z(t) converges
exponentially to their corresponding constants as t — 0o,
that is, ||z(¢)|| — O and ||z(¢) — 20 || = O exponentially as
t — oo for some z... The details of the proof is presented in
Appendix.

In the case that one of the fingers has two joints and
another has three joints, a similar result to the above can
be obtained. However, in the case that each robot finger has
two joints as shown in Fig. 1, the situation of convergence
of solution trajectories differs from the case of robot fingers
with redundant joints. In this case, the position state vector
z is of 7-dimensional and [A, B] is of 7 x 7-matrix, that is,
it becomes a square matrix. Notwithstanding this fact, the
lemma C1 of Appendix!' can be applied in an analogous
way as discussed in the paragraph after Eq. (59). Then,
Eq. (60) should be regarded as

A— Ay, B— By, AL —> Ay, anddy — d  (66)
as t — 00 so that

where A, and B, a constant matrix, Ao, and d., are a
constant vector. Furthermore, even in this case, it is possible
to show that the speed of asymptotic convergence of z — 0,
Z — Zoo, and AL — A is exponential in ¢t. The proof is
inferable from Appendix, and therefore is omitted in this

paper.

7. Conclusions
This paper shows theoretically and through numerical
simulations that stable precision prehension of a rigid object
by a pair of multijoint robot fingers with hemispherical ends
can be established in a blind manner under the effect of
gravity. It is assumed that motion of the overall fingers—
object system is confined to a vertical plane. As a byproduct
of the theory it is shown that at least the total of four joints
for the pair of fingers (for example, thumb with 2 DOF and
index finger with 2 DOF) is necessary and sufficient for
realizing stable grasping satisfying the force/torque balance.
However, in order that an estimator of unknown object mass
converges asymptotically to its true value, at least a total
of five finger joints are required. Some experimental results
have been presented in a separate paper.'2

The method presented in this paper for proving stability
and convergence of solutions to the closed-loop dynamics of
the overall fingers—object system can be extended to cope
with 3-dimensional object grasping and manipulation under
the gravity effect and nonholonomic constraints. At present,
it has been shown that a similar control signal to that given
in Eq. (14) can work well even in the case of 3D object
grasping.'> !4 However, only the case of rigid object with par-
allel flat surfaces is tackled in a rigorous mathematical way.'*
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Appendix
First it is convenient to rewrite the closed-loop dynamics of
Egs. (32)—(34) in the following vector—matrix form:

1.
Hi+ (§H+S) £+ Cz—[A,B]JAL+dy=0 (A-])

where z=(q{, q;,r'x",0)" and

H =diag(H,, H,, r*M1,, 1)
S =diag(S1, $2, 02, 0)
C= diag(c113, C2[3, 02, 0)

(A-2)
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and /3 denotes the 3 x 3 identity matrix and 0, the 2 x 2
zero matrix. Second we denote the Hessian matrix of Py in
p1, P2, and 8 by G whose entries are given in Eqs. (57a)—
(57d). Then, the scalar function P defined in Eq. (47) can be
approximated as

~ Ym 1
P=Z2AM +2(p— p) G(p — Peo)

+ Poso + Ol A PIY) (A-3)
where p=(pi, p2, p3), p3 =0, and p,, denotes the vector
which p converges to as t — 00, Py, denotes the minimum
value of Py (or the constant that Py converges to as t — 00),
Ap=p— p,and O(|A p||*) stands for a remaining higher
term in A p. Thirdly, we define the following four vectors:

riep 03
ee=| 03 |.ea= | ne |,
03 03
(A-4)
03 dy01/04q,
e3=|0s | ,en= | 9y02/09,
r3 03

Note that, by definitions of dy (Eq. (64)) and B (Eq. (62)),
it follows that

—BAm+dN

. AMg_ _ _ —1 _
= eM+AN1e1+AN2e2+r3 SNe3

[—B, esl[am™, ;' Sy]" (A-5)

where Am=(AMg/2, AN,, AN,)". Fourth, introduce the
following four 9 x 7 matrices:

A}, =(A, &, e, e3), Al =(A, ey, e, )
(A-6)
A;F=(As ev, e, é3)a A§=(A, ey, e, é2)
and define the following four projection matrices
Py=(y— A}, Ay), Pr=y— AT A)) (A7)
Py=(ly— Ay As), P3=(lg— A A3)

where A}, denotes the pseudo-inverse of 7 x 9 matrix Ay,
and A} that of A, fori =1, 2, 3. Note that

P:A=0,

Pre; =08 #n) (A-8)

where &, n denote one of symbols 1, 2, 3 and M. Fifthly, let
us introduce the following 9-dimensional vector:

3
N ) _ Api
w= | Pyéy— AM + Pie; — (A-9)
( e Z; e
Then, consider a scalar quantity
V=z"Hw (A-10)
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and notice that every positive eigenvalue of the overall inertia
matrix H is at most of order O(1073) and each diagonal entry
of the Hessian matrix G is positive and at least of O(1071).
Since it follows that

.T _
Ve HPMeM —
e 11>
_#'HHZ éTMPMéMyM )
= lleml? 4lley ||
- T .
< z _HHz V—MA
e 11> 4

(A-11)

(3/2)
~ giillel?

Ap;
ll&:]|?

g6” Ap? (A-12)

zTHPe "HHz+

the absolute value of the scalar quantity V can be bounded
as follows:

3
1 3/2 T
Vi<|\——-+ - s'HHz
leml? ; giille?

3
1(3 1
—| =y AM? § :— i Ap? A-13
+3(4J/M +i:1 28 P,) ( )

The diagonal part Gp =diag(g;;) of the matrix G =(g;;) is
dominant in G and reasonably assumed to satisfy

1 3
3P GpAp = 7 (Po— Poo) (A-14)
Thus, it follows from Egs. (A-13) and (A-14) that
1 -
IVISE(KJrP—PoOo) (A-15)

in which the first term of the right hand side of
Eq. (A-13) is bounded by the quantity (1/2)K since the
maximum eigenvalue of matrix H is of O(107>) and far
smaller than ||ey > and g;;||&;||> for i =1~ 3 if the scale
factor r is chosen such as r =0.02 ~ 0.03. Then, we define

E=K+P—-P,, W@=E—-aV (A-16)
where o > 0 is a constant parameter determined later. Then,
from Eqs. (A-15) and (A-16) it follows that

<1+%>E2W(a)z (1—%) E (A-17)

Next, note that Eq. (A-5) can be rewritten in the form

AM
—BAm+dy = g'

M+ ZZngApjej/rj

i=1 j=1

3 3
+ > Y 05UlApIPe;/r;  (A-18)
i=1 j=I
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where r3 =0.1, 01](||Ap|| ) is of order g,, || Ap||> with g,, >

0, and g,, is of order of the maximum eigenvalue of matrix
G. Then, it is possible to evaluate the derivative of W(x) in
t, which results in

d W( )= d E d v
— Wlx - o—
dr
=— Y clg P —alz"Hw+ 2" Hw + 2" H}
i=1,2

=— Y cillgIP +a{w (BAm —dy)
i=1,2

- chz+h(z)w+zTHw} (A-19)
where the relation of Eq. (A-8) is taken into account and A (z)
is a vector composed of quadratic functions of components
of z. By substituting Egs. (A-9) and (A-18) into Eq. (A-19),
we obtain

d
TW@==) cll?—aw'Cz

i=1,2
2e PMeM ’)/M 'TPlel
- M 2 A Z 2 gll pz
Vyulleml 2 — rillei]]
+a{O(1zIHlw]l + Dhy} (A-20)

where i), denotes the maximum eigenvalue of H defined in
Eq. (A-2). Finally, note that

1
—w'Cr =23 algl? + 5 llwl?

i=1,2
5T
Ci Cym | € PMeM
<Y 2 ,||2+—{M_—4yMAM2
£ 2 | lewll
> &TPe
> S Ap; (A-21)
 |&|

where ¢y = max(cy, ¢;). Then, substituting Eq. (A-21) into
Eq. (A-20) yields

d Cj
—W@) <— > —llg:l’
5 (o) < 2IIq,II

i=12
2

—Ol{(—g—_c—Mz)i:M N
Vv llemll 2

3

. 1 CM/2 2

2 - RN
* <Vi gii”éi”2>€: $ii2h

i=1

+af{ozIM)lwll + DA} (A-22)
where we set
el Pye el Pe;
fy=00 = (A-23)
lew B
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According to Tables 3 and 4, it can be easily concluded that

2g cmM___8

S (A-24)
JYm o llemll 42

1 1
m i=1,23  (A25)

_— >
ri o 2giillell? ~ 2r;
Thus, if £y and &; (i =1, 2, 3) satisfy

g &

—¢&y>1, —>1

VM 2r;

for all > 0, then Eq. (A-22) can be written as

(fori=1,2,3) (A-26)

3
Ym 2 2
TAM 4 > giiAp;

i=1,2 i=1

+afozIH(wll + DA}

d Ci . 2
JV@ == Sl —a

(A-27)

At this stage, note that in a similar argument to that in
derivation of Eq. (A-14) it is possible to verify that

3

Ym 2 2

TAM + ElgiiAPi
i=

Ym 2 1 3
= TAM 4 ;gijAPiAPj +o(lApl?)
>P— P +0(Aapl? (A-28)

Finally, it should be remarked that from the four velocity
constraints Q; =0 and R; =0 for i = 1, 2 it follows that*?>

rRt+3+6° <0 (Z ||q,-||2>

i=1,2

(A-29)

Since hyy is farless than ¢; (i = 1, 2), that s, &1 is of O(107°)
and ¢; is of 0(1073) (i =1, 2),

= 3 4 + el Ol + D)
i=1,2

o

< —EZTHZ=—05K (A-30)
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as far as o < 1.0. By substituting Eqgs. (A-28) and (A-30) into
Eq. (A-27), it is now concluded that

d -
—W@)<—a(K+P— Pyo)=—0FE

A-31
” ( )
which implies, from Eq. (A-17), that

LW <~k < LW (A-32)

—W(a) <—«a — W(x -

dr - 24«

In particular, set « = 1 and denote the value of W(1) at time
t by W(t). Then, Eq. (A-32) yields

W(t) <e ?P"W(0) (A-33)
which leads to
E(t) <2W (@) <2¢72w(0)
< 3eIE(0) (A-34)

This shows exponential convergences of z(¢) to zero, and
A p to zero and AM to zero. Thus, the force/torque balance
is established asymptotically in an exponential speed of
convergence.
Before closing the proof, it should be remarked that the
inequality condition of (A-25) for i =3 is equivalent to
cm/g33r3 <1 (A-35)

which can be expressed approximately by referring to
Eq. (57a) as

Cm
r3 = )
fa(ri +1r2)cos? 6y

=0.1~0.3 (A-36)

Such a choice of parameter r3 is feasible if damping factors
¢; for finger joints are chosen in such a way that

ci=cy=r3fa(r1 +r2) (A-37)
with 73 =0.1~0.3 [s~']. This rule of thumb for adequate
choice of finger joint damping factors was recommended

in the previous paper!® by referring to Hill’s model of
force/torque characteristics of muscle contraction.
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