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Three-Dimensional Object Manipulation by Two Robot Fingers with
Soft Tips and Minimum D.O.F

Morio Yoshida, Suguru Arimoto, and Zhi-Wei Luo

Abstract— This paper shows through faithfully deriving Paf-
fian forms of 3-D rolling contact constraints that 3-D pinching
can be stabilized by using a pair of robot fingers with a
hemispherical soft tip and minimum degrees of freedom under
the gravity effect. The proposed control input is based on
fingers-thumb opposition without using object information or
external sensing. Stability analysis of the closed-loop dynamics
is presented by using a Lyapunov method. Finally, for the sake
of confirmation of effectiveness of the proposed control signals,
numerical simulations are carried out.

I. INTRODUCTION

Since human can walk on only two legs, they can use
hands for other effective purposes unlike other living crea-
tures. Hands have evolved to make tools, create gestures,
and write pictures and characters for bequeathing ancient
wisdom and art. Especially, the primatologist Napier [1]
accentuates the importance of fingers-thumb opposition in
the progress of humanity. However, there is a dearth of
robotics researchers who are interested in control functions
of multi-fngered hands based on the opposability.

Robot hands mimicking the human hands attract many
robotics researches [2] [3] [4]. However, most researchers are
interested in kinematics and planning of motions establishing
force/torque closure for secure grasp in a static sense with
frictionless contacts. On the other hand, rolling geometry
between two objects is investigated in detail [5] [6]. However,
all the researches have remained in a kinematic or semi-
dynamic meaning. In fact, any explicit 3-D dynamics model
of fingers-object interaction, in which effects of rolling
constraints should be incorporated as wrench vectors, has
been missing.

Very recently in 2000s, however, it was shown by Arimoto
et al. that pinching of a 2-D rigid object was stabilized by
using a pair of robot fingers with hemispherical ends in
a dynamic sense [7] [8]. In the research, it is shown that
tangential forces are induced by rolling constraints embedded
in the overall dynamics and the redundancy of the overall
fingers-object system for a desired task is overcome naturally
without use of the pseudo inverse of a Jacobian or any
artificial cost function. In the year of 2006, a problem of
modeling of 3-D object grasping was tackled by Arimoto
et al. [9] and a mathematical model was derived as a set of
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motion of the fingers-object system under Pfaffian constraints
of rolling contacts and another nonholonomic constraint due
to the assumption of the cease of spinning motion around the
opposing axis. In that case, the object dynamics is expressed
by a five-variables model with six wrench vectors [9]. In this
paper, we derive overall fingers-object dynamics as a full-
variables model under the assumption that spinning around
the opposition axis is possible but it accompanies viscous
friction exerting on the rotational motion of the object
around the z-axis in the frame coordinates. A pair of robot
fingers has hemispherical tips made by soft material and the
minimum degrees of freedom (DOF) for desired tasks. Then,
we propose a simple control signal based on the opposability
without using object information or external sensing as
seen when human grasp an object. Finally, we show that
any closed-loop solution converges to an equilibrium pose
establishing force/torque balance as time tends to infinity.

II. DYNAMICS

Fig. 1. Two robot fingers pinching an object with parallel flat surfaces
under the gravity effect

Consider motion of a rigid object with parallel flat sur-
faces, which is grasped by a pair of robot fingers with 1
DOF and 2 DOFs as shown in Fig.1. The left finger (finger
i = 1) is planar with one joint whose rotational axis is
in z-direction denoted by angle ¢;;. The root joint with
center O’ of the right finger is a saddle joint having two
rotational axes in z-direction denoted by angle go9 and z-
direction denoted by angle go1. When the distance from the
straight line m(opposition axis) connecting two contact
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Fig. 2. rx,ry,and rz are mutually orthogonal vectors express rotational
motion of 3-D object

and object surfaces to the vertical axis through the object
mass center in the direction of gravity becomes large, there
arises a spinning rotation of the object around that opposition
axis. In the previous paper [10], a problem of modeling
of pinching is considered in the situation that this spinning
motion has ceased after the center of mass of the object came
sufficiently close to a point just beneath the opposing axis
and there will no more arise such spinning rotation due to
dry friction and micro-deformations near the contact points
between the finger-ends and object surfaces. Instead of this
assumption, we assume that spinning around the opposition
axis is possible to arise but viscosity is exerted on rotational
motion of the object around z-axis, that is, about w,, where
w = (wy,wy,w,)" denotes the vector of rigid body rotation
in terms of frame coordinates O-zyz (see Figure 1). At the
same time, we introduce, the cartesian coordinates O ,,.-
XY Z fixed at the object frame and denote three orthogonal
unit vectors at the object frame in each corresponding
direction X, Y, and Z by rx = (rxu,7xy,Txz) ", Ty =
(rya,Tyy,ryz), and vz = (rzz,72y,72.)" as shown in
Fig. 2. Note that rx, ry, and rz are fixed at the object
but rotate in terms of the frame coordinates, and therefore
components 7xz, 7xy, and rx.of vector rx are denoted
in the frame coordinates O — xyz. The same applies to ry
and rz. Next, denote the cartesian coordinates of the object
mass center O..,,. by £ = (7,%,2)T based on the frame
coordinates O-zyz and note that three mutually orthogonal
unit vectors fixed at the object may rotate dependently on
the angular velocity vector w of body rotation. Then, it is
well known that the 3 x 3 rotation matrix

R(t) =

(rx,ry,rz) (1)

belongs to SO(3) and is subject to the first-order differential
equation

CR(t) = RO @

where

0 —w. wy
A= w. 0 —w 3)
—wy Wy 0

Next, denote the position of the center of each hemispher-
ical finger-end by xo; = (z0s, Yoi, z0:) . Then, it is possible
to notice that (see Figure 2)

Az;)rx “
Az +1)rx = Yiry — Zirz(5)

x; = xo; — (—1)'(r; —
r = To; — (_1)1'(” —
Since each contact point O; can be expressed by the co-
ordinates ((—1)%l;,Y;, Z;) based on the object frame O, , -

XY Z, taking an inner product between Equation (5) and ry
gives rise to

Y, = (xo; —x) vy, i=1,2 (6)
Similarly, it follows that
Zi = (®oi — ) vz, i=1,2 ©)

A rolling constraint between one finger-end and its contacted
object surface can be expressed by equality of two contact
point velocities expressed on either of finger-end spheres and
on its corresponding tangent plane (that is coincident with
one of object flat surfaces) as follows [9]:

{ (r — Azy) {w. —rz.qio} = Y1. ®)
(r1 — Azy) {—wy +ry.qio} = 21

(ro — Axg) {—w. + (2. cos g20 — Tz, sin g20) 21
72620} = Yo

(r2 — Awz) fwy — 'y = €08 g20 —T'yy SN g20) o1
—yedoo} = Z2

©)

where 19 = 0. The rolling constraint conditions expressed
through Equations (8) and (9) are non-holonomic but linear
and homogeneous with respect to velocity variables. Hence,
Equations (8) and (9) can be treated as Pfaffian constraints
[2] [11] that can be expressed with accompaning Lagrange’s
multipliers {\y1, Az1} for Equation (8) and {Ay2, Az2} for
Equation (9) in such forms as

Avi{Y G+ Y i+ Yo+ Yyuth+ Yoilh =0

Noi{ B+ B ot Zoiso+ Zyit+ Zoby =0 (10)
i=1,2
where
Yqi = dq, — (ri — Az;) {(—1)i(rZZ €08 ¢io
_TZy sin qu)e'L +TZ$601} an
Ygi=2% v, = Yy, =
Ti = g Lyl aw y Lapi = aw
Yoi = Do+ (<1)i(rs — A), i = 1,2
and
Zqi = g% — (r; — Axy) {(—1)i(ry2 COS G40
—Tyy Singio)e; +Ty €0
s, ppyviimaetrvaent gy,
Zxi= ICE R Zapz — g

Zyi = % — (<1)'(ri — Awi), Zoi = %5 i=1,2
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TABLE I
PARTIAL DERIVATIVES OF CONSTRAINTS IN (¢, 9, 0).

312&;,1 — 312&;,2 -0
©
9Y; d
6359 (@oi — )T Tg = (@oi —@)Trz =2
aY; TITY _
oy = (@0 — @) 5y =
oy 5 )
&i = (wo; — )T 25X = —(w0; — ) Trx = —(=1)1(ri + 1)
%—ij = (@oi — m)T BT(PZ = (@oi — w)T'r'y =-Y;
97, d ;
dazj = (zo; — )T (;f =—(zoi —x)Trx = (=1)"(ri + 1)
97,
dagL = (‘1:01' - m)T agez =0
ay; _ _ 9z _
Yoi = 55 = Zis Zopi = 5y = Vi
Yyi = Gf =0, Zyi = G = (=)'ri = (-1)'l
oy .
Yy = @97 (-1 ) ri =—(=1)"l, Zg; =0

and g, = q11. gy = (q20,021)". ¢ = Wy, ¥ = wy. 0 = w.
e =1, e = (0,1)%, egy = 0, and ep2 = (1,0)T. To
simplify notations, we rewrite Equation (10) into

T _
RN
where X = (qf,q3, 2T, p,¢,0)T,
Y, (Ygl,OQ,Ygl,YW,Y@,Ym)T "
Y, (0 YqQ,Ygg,Yw,Yq;z,YQQ)T
and
Z, = (Zgl,Og,Zg,l,Z¢1,Z¢17291)T (15)

T
Zy = (0 qu,Z£27ZwZaZ¢2aZ92)

The reproducing force due to finger-tip deformation can be
described as

fi(Azi, Ady) = fi(Aw;) + &(Axy) A, (16)

where
fi(Azy) = kjAx?,

with stiffness parameter k; > 0[N/m?] and &;(Az;)[Ns/m]
is a positive scalar function of Ax;.

The Lagrangian for the overall fingers-object system can
be expressed by the scalar quantity L = K — P, where K
denotes the total kinetic energy expressed as

i=1,2 a7

K = —Zqz qzqz+2M(fc +9° 4 2%)
i=1,2
L ot
+§w Hyw (18)
and P denotes the total potential energy expressed as
P = Pi(q)) + Pa(g2) — Mgy + > Pau (19)

i=1,2

where H,(q;) stands for the inertia matrix for finger i, M the
mass of the object, P;(q;) the potential energy of finger 7, g

the gravity constant, and Pa;(= Az‘ fi(€)d¢) the potential

energy of reproducing force for ﬁnger i, and Hy is given in
the following:

Hy = R(t)HR"(t) (20)

where H stands for the constant inertia matrix of the object
that must be evaluated on the basis of fixed body coordinates
Oc¢.m.-XY Z, that is,

Ixx Ixy Ixz
H=| Irx Iyy Iyvz 21
Izx Izy Izz

Thus, owing to the variational principle applied to the form

/ SLdt = /
to t0112

- (Awyi n )\ZiZiT) 5X}dt

tl A i
_/ {prm&p—l— Z Ei(Ami)A%g i 5X}dt 22)
to

i=1,2

T5Qi

we obtain a set of Lagrange’s equations of motion of the
overall system:

(i + {3+ (a0 f

(=1 fidoi(g)rx = AviY qi = AziZq;
+9,(q;) = u i=1,2 (23)
Mz — (fi — fo)rx + (Av1 + Ave)ry
0
+(Az1+Az2)rz —Mg| 1 | =0 (24
0
1. W 0
How+ <—H0+S>W+C¢ 0 |+A| 4
2
0 Yi
0 A Zo
+fol Zo |=Avi| O | =Ay2| O
—Y> I —ly
-Y; -Ys
“Azi | —h ] Az la =0 (25)
0 0

where calculation of partial differentiations of Y;, Z; in ¢,
1, 0 is presented in Table 1. Further, it is possible to see
from Pa,i(i = 1,2) and Equations (6) and (7) that

g, = D @ =12
8(PAL$+PAL2 =—(fi— fo)rx 26)
B(PA%JrPALz) =0, B(PA%JPAM) = —f1Z1+ fo2s
a(PAa‘1+PAa‘2) = 1Y) — f2Ys
Ywi = 816/8:1: = —Ty
{ Zw:(‘)Zi/@w:—rZ (27)
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Fig. 3. Normal forces arising from deformation of the finger ends and
tangential forces from rolling constraints at contact points O1 and O2

From taking inner products between ¢; and Equation (23),
@ and Equation (24), and w and Equation (25), we obtain
the relation

Zqzuz—

1=1,2

(K +P)+cp” + Y &i(Am;)Ai} (28)

i=1,2

Finally, it is intersting to note that six vectors associated
with f1, fo, Ayi, Aya, Azi, and Azo from the fourth
term to the ninth term in the right hand side of Equation
(25) constitute, together with corresponding six vectors of
Equation (24), a set of wrench vectors exerted on the 3-
dimension rigid object (see Fig.3). The last term of the left
hand side of Equation (24) is regarded as an external force
vector caused by the gravity.

III. CONTROL SIGNALS

We consider the stability of control of “blind grasping”
under the gravity effect. The control signal is defined as
follows:

. P fd T
o _Cg 4 (—1)¢ A _
u; Ciq; + ( )r1+r2']01(w01 x02)
_ Mg 9yoi — riN;e; — i Noiepi, i=1,2 (29)
2 0q;
where
’ 9 Iyoi
M = M
®+ / 2 <8qz> a7
i=1,2
0+ L2 (n (6 + o)
—101(0) — 402(0)) (30)
t
N, = ’Yinl/ (rief q;) dr
o
= ryirie) (q;(t) —q;(0), (i=1,2) (31
Noo = 0 (32)
t
Noo = 71?,(1)2/ (riGoo) AT
0
= Ynoar2 (q20(t) — g20(0)) (33)

and vyar, Yni(i = 1,2), and yno2 are positive constants.
In this form, nothing differes from that of control signal
proposed in the rigid contact case [9]. second term of
the right hand side of eq.(29) is a signal based upon the
opposable force between Op; and Ogps (not between O and
O>, because positions of O and Os can not be measured).
third term stands for compensation for the object mass based
upon its estimator. The fourth and fifth terms are introduced
for saving excess movements of finger joints from the initial
pose. Next define
A{EQ )

Differently from the case of rigid finger-ends [8], fo is not
a constant but dependent on the magnitude of Az + Axs.
Nevertheless, it is possible to find Az, (¢ = 1, 2) for a given
fa > 0 so that they satisfy

1+l — Azq —
1+ T2

fo=fa <1 + (34)

I+l — Azgr —
r1+ o

fi(Azg;) = (1 + Amd2> fa, 1=1,2(35)

because f;(Ax;) is of the form of f;(Az) = k;Ax?(eq.(17)).
Substituting this control signals (eq.(29)) into Equation (23)
yields

.. 1. . .
Hi(q,;)q; + {iHi(qi) + Si(q;,q;) + Ci} q;

—(—1)iJ(r)1;(q,L)AfiTX - A)\yl‘Yqi — AAZiZqi

AMgqg ([ Oyo;
+—g Yoi —+r AN 61+T1ANOzeOz+g(qz) 0
2 0q;
i=1,2 (36)
where
_ _ M
Afi = fi—fo— (—1)1797“)(@/ (37
fa

) M
Ady; = Ayi+ (=1) (V1 — Ya) — T%yom

;. Ja Mg
Adzi = Agi+ (—1) 7y — Z5) — =3
Az Azi +(—1) r1+r2( 1 2) 5 7 74(39)
AM =M — M, AN; =N; — N;, i =1,2 40)
ANy; = Noi — No;
fd (’I“i — Al‘i)
N, = Yi — Ya)rz (g
"+ 1o . ( 1 Q)Tz(q 0)
—(Z1 — ZQ)TY(%O)}

T —AJ,‘,L' M
—(—1)1(7,711)79{”@7”2(%0)
_TZyTY(QiO)}7 1=1,2 (41

Nots = O 42)
r9 — Ax
Noz = fa_ (r: 2){(Y1—33)T2z
r1+re T2

(71 - sz}
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(ro — Axg) Mg

——————\T"vYyTZz
T2 2 { Y

_rZerz} (43)
r2(qi0) = T2 COS Qi — T'zy si.n qio Q=12 (44

7“Y(qz‘o) = Ty2COS(gi0 — T'yy S (G40

In derivation of this form, we used the relation
forx + —2— (@01 — x2) =
r1+ o

Y, - Y5 71— Z
fa(q 2)ry fa(Zy Q)TZ (45)

ry+ 12 ry+ 12

which immediately follows from Equations (4), (5), (6),
and (7). To the accompaniment of closed-loop expression of
fingers’ dynamics, we rewrite Equations (24) and (25) into
the followings:

M3 — (Afi — Afo)rx + (Ayvi + Adyo)ry

+(ANz1 + AXzo)rz =0 (46)
1. W 0
How+<§Ho +S>w+c<p 0 |+Afi|l =%
0 Y
0 Z Zy
+Af2 Zo — A)\Yl 0 — A)\yg 0
-Ys I —la
- —Y> Sx
—AXz1| =l | —A)lgo lo —| Sy | =0 47
0 0 Sz
where
Mg
Sx = N {(Z1+ Zo)ryy — (Y1 + Yo)rzy} (48)
Sy = " {ETQ (7“1 —Axy +19 — AJ?Q)(Zl — ZQ)
M
—Tg {Txy(Z1 + ZQ) + sz(h - lg)} 49)
Jd
S, = — Az +19 — A Y, - Y-
7 T1<+_r2(r1 T+ 72 x2)(Y1 — Ya)
Mg
+T {rxy(Y1 +Y2) +ryy(lh —l2)} (50)
Since Equation (43) implies
o1 — ooll =12, + (Y1 = Ya2)* + (Z1 — Z2)>  (51)

where [, = Iy + 1o+ 71 +72 — (Az1 + Axy), it follows from
Equations (28) and (29) that

d . . . .
SE= e = 3 qfCia - Y &(Am)Ai (5)
i=1,2 i=1,2
where
E=K+AP+W (53)

and K is defined as in Equation (18), and AP and W are
defined as follows:

ox; B B
AP = Z/ {fi(Azgi + &) — fi(Azqs) } A€ (54)
i=1,270
— fa _ 2 _ 2 -
W = (1 + 72) {(Yl Yz) + (74 ZQ) }—I—ng
Y™ INi 5 TYNO2 1
Fog AME 4 YT SN+ EENG,(59)

i=1,2

where dz; = Ax; — Azxg; and § = (yo1 + Yo2)/2 — y. From
eq.(5), it follows that

+ 1
PRy = o (=) (0 o)
Yi+Y &t 2
(A —ASCQ)}TXy—’_%TYy %sz (56)

The overall fingers-object system depicted in Fig. 1 has
superficially the 9 DOFs since the pair of fingers has 3
joints and the object does 3 independent translational vari-
ables (z,y,z) and 3 independent angular velocity variables
(Wgs wy, w;). On the other hand, it is subject to four rolling
contact constraints as shown in Equations (8) and (9). These
four constraints are nonholonomic, but they are Pfaffian, that
is, they are linear and homogeneous in velocity variables
(components of X = (@i, a;, ", w,, wy,w:)T). Hence, in
the sense of infinitesimal displacements X, these Pfaffian
constraints can be written as

Y[ 6X =0, Z[6X =0, i=1,2 (57)
where Y1 = (Y00, Yz, Y1, Yyr, o))", Yo =
(0,Y g2, Y g, Y2, Yo, Ygo) ", and Z and Z5 signify sim-

ilar meanings as treated in derivation of the variational form
described by Eq.(22). Hence, the total DOF of the fingers-
object system is five. However, one of the five DOFs as the
spinning motion of the object is uncontrollable, but this rota-
tional motion is dampened by viscouse force Cy,(w,,0,0)T.
That is, it is possible to expect that w,(= ¢) converges
asymptotically to zero as t — oo. Thus, AP plus W becomes
positive definite with respect to independent four position
variables Y1 —Y5, 71— Zs, dx1, and dx5 corresponding to the
remaining four DOFs. This implies that the scalar function
defined by Equation (53) can be regarded as a Lyapunov
function and it satisfies a Lyapunov relation of Equation (52).
In this case, it is possible to prove that the closed-
loop dynamics of Equations (36), (46), and (47) converge
asymptotically to the equilibrium state satisfying

X(t) —0,X(t) — 0, X(t) — X4 (58)

as t — oo, where X; minimizes the artificial potential
defined in eq.(53).

IV. NUMERICAL SIMULATION RESULTS AND INITIAL
VALUES

We carry out computer simulation in order to confirm
the theoretical prediction that the control signal of eq.(29)
leads to asymptotic convergence of the trajectory X (¢) to
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TABLE II

(a) Initial pose

(b) After 6 seconds

Fig. 4. Motions of pinching a 3-D object under the gravity effect

PARAMETERS OF CONTROL SIGNALS. e
fa internal force 1.000 [N] g ’ E ) g
c1 =c3 damping coefficient 0.001 [Nms] B 1 N o
c20 damping coefficient 0.006 [Nms] 2 L,— 1 2 L -
Vs regressor gain 0.050 [m?2/kgs?] by s “ —— "
i =1,2) regressor gain 5.000 x 10~ 7 [s2/kg ’ —
No2 regressor_gain 5.000 x 10~ 7 [s%/kg (@) Y1 -Y (b) Z1 — 2, (©) f1
M(0) initial estimate value 0.020 [kg] 7
N;(0)(i =1,2) initial estimate value 0.000 [N] " - -
No2(0) initial estimate value 0.000 [N] & ) kS
Y1(0) — Y2(0)  initial value —2.200 x 103 [m 0 o5 o5
———— — =7
Z1(0) — Z>(0)  initial value 3.491 x 107% [m o . o — o .
I LR et et
TABLE III (d) f2 (e) AYl (f) )\YQ
PHYSICAL PARAMETERS OF THE FINGERS AND OBJECT. o
lll = 121 length 0.040 [m] %, %‘, =T
mi1 weight 0.043 [kg] '\; "( %.m
l2o length 0.000 [m] ‘ s
mo0 weight 0.000 [kg] 0 °r N a
ma1 weight 0.060 [kg] ’ * merg N ’ > timels] " B ’ * el ¢
Ixx11 %nert?a moment 5.375 x 10:1 kgmj (2) A1 (h) Az Q) g1
Iyvyi11 = Izz11  inertia moment 6.002 x 10~ °[kgm ,
Ixxo1 inertia moment 7.500 x 10~ 7 [kgm? ) B -
Iyyo1r = Izz91  inertia moment 8.375 x 10~ %[kgm? 7 ot -
Ixx =17z inertia moment(object) | 1.133 x 102 [kgm? 3 2l e
Iyy inertia moment(object) | 6.000 x 10~ % [kgm? N p
o link radius 0.005 [m] ) 4
(i =1,2) radius 0.010 [m] ’ P T T e
L base length 0.063 [m] : k 1
74 object weight 0.040 [kg] 0) g2 W Dy
LGi=12) object width 0.015 [m] ) N — ,
h object height 0.050 [m] . . _
k(i = 1,2) stiffness 3.000 x 10°[N/m?] g Z i
cni(i=1,2) viscosity 1000.0[Ns/m?] ] ) T
Cy viscosity 0.001 [Nms] . y . . os N
5 P I FeTL R
(m) ¥ (n) ¢ (0) wg
the equilibrium state X 4 that minimizes AP+ W as defined
in eqs.(54) and (55). Physical parameters of the fingers- ER i 3
. . . E El 000l |
object system model are given in Table III. Parameters of ’
control gains are given in Table II. It is confirmed that key o o —
physical variables of the fingers-object system converge to b R T T
some constant values as shown in Figs.4 and 5. We can (P) wy (@ w2 (r) Az,
see through Figs.4 and 5 that spinning motion occurs but am
eventually it stops after 2 seconds, that is, w — 0 as ¢t — oo. g 3
On the other hand, it is confirmed that it continues to occur - i
if we set the damping parameter c, zero. In the present .
simulaiton, the numerical order of the object width [y + 5 is g — ; :
similar to that of the radii 71, o of the robot fingers. Then, (8) Azs (t) AM
Fig. 5. Transient responses of physical variables

it can be shown theoretically that the overall fingers-object
system is stabilized.On the other hand, viscosity coefficients
¢y, Co around the y-axis, the z-axis in the frame coordinates
respectively must have adequate positive constant values
respectively under the circumstances that a thin object like a
business card is grasped. From these results, the visco-elastic
characteristics of the fingertip material play an important
role in stabilization of the overall fingers-object system.
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Furthermore, we suggest that human can easily grasp an
object by adjusting the visco-elastic force between a fingertip
and an object surface.

V. CONCLUSION

It is shown that a 3-D pinching is realized by using a pair
of robot fingers with hemispherical soft tips and minimum
DOF under the gravity effect. The overall fingers-object
dynamics is derived as a full-variables model under the
assumption that spinning around the opposition axis accom-
panies viscous friction exerted on the rotational motion of the
object around the z-axis in the frame coordinates. It is shown
that any solution of the closed-loop dynamics converges
to an equilibrium point establishing force/torque balance.
Finally, it is shown that the visco-elastic characteristics of
the fingertip material play an important role in stabilization
of the overall system.
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