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Dynamic Force/Torque Equilibrium for Stable Grasping
by a Triple Robotic Fingers System

Kenji Tahara, Suguru Arimoto and Morio Yoshida

Abstract— This paper proposes a stable object grasping
method to realize dynamic force/torque equilibrium by using a
triple robotic fingers system with soft and deformable hemi-
spherical fingertips. In the authors’ previous works, “Blind
Grasping” control scheme, which realizes stable object grasping
without use of any external sensing such as vision, force, or
tactile sensing in the case of using a pair of robot fingers,
has been proposed. This control methodology is based on a
unique configuration of human hand, called ‘“Fingers-Thumb
Opposability”. In this paper, a ternary finger in addition to a
pair of fingers is introduced not only to expand a stable region
of grasping, but also to enhance dexterity and versatility of
the multi-fingered robotic hand system. To this end, a “Blind
Grasping” manner is modified in order to install it in the triple
fingers system. First, dynamics of the triple robotic fingers
system and a grasped object with considering rolling constraints
is modeled, and a control input based on the blind grasping
manner is designed. Next, the closed-loop dynamics is derived
and a stability analysis is shown briefly. Finally, its usefulness
is discussed through numerical simulation results.

I. INTRODUCTION

A multi-fingered robotic hand system to perform dexterous
manipulation tasks like human has been one of the most
attractive topics in the field of developing anthropomorphic
robotic devices so far. However, it is still now hard to
realize a human-like robotic hand system in the functional
sense. So far, many works related to the object grasping
have been reported [1-5]. Especially, a model for object
grasping with rolling constraints has been treated in several
works [7-9] since Montana had presented one of the rigid
rolling constraint models [6]. In these previous works, mod-
eling and analysis of object grasping have been investigated
mainly from the kinematic viewpoint. Also object grasping
controllers have mostly been designed based on the inverse
dynamics. Therefore, they need the knowledge of an object
mass center’s location in advance, and the exact information
of contact points’ locations between the grasped object and
each fingertip in realtime. In other words, they need not
treat the problem of stability and convergence for closed-
loop dynamics explicitly under such a strong assumpition
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Fig. 1. Triple robotic fingers system

that all the information about the object mass and exact
contact point positions is available in realtime. On the other
hand, Prattichizzo and Bicchi [10] have treated dynamic
analysis of a general manipulation system. Nevertheless,
nonholonomic rolling constraints have not yet been taken
into consideration explicitly, and it has not mentioned about
control design. In recent years, Arimoto et al. have proposed
one of the dynamic object grasping methods, which need not
use any contact point information or object mass information,
using a pair of soft robotic fingers with considering rolling
constraints [11-13]. Subsequently the authors have improved
it and developed a dynamic object manipulation method,
called “Blind Grasping” based on their works. This control
method is inspired by the unique configuration of human
hand, called “Fingers-Thumb Opposability” [14]. Using this
controller, stable object grasping is realized not only without
use of any external sensing, but also without paying high
computational costs such as calculation of inverse dynamics,
motion planning according to optimization of certain per-
formance indices, or puzzling about illposedness of inverse
kinematics. However, we have assumed that a grasped object
does not spin around the opposition axis arising between
each contact point on the fingertip during movement so far,
because the spinning motion is uncontrollable for a pair of
robotic fingers with opposability. In this paper, we introduce
a ternary finger in addition to a pair of robotic fingers to
take away this strong assupmtion. It is easy to expect that
by introducing a surplus finger, a stable region to satisfy the
condition of force-torque equlibrium to immobilize the object
is larger than the case of a pair of robotic fingers because the
number of wrench vectors is increasing. Moreover, it may
enhance the dexterity and versatility intuitively. However
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Fig. 2. Centroid «ps of the triangle made by the center of each
hemispherical fingertip

in the case of a triple robotic fingers system, especially
like our proposed fingers configuration as shown in Fig. 1,
each center of contact area between fingertips and the object
surfaces makes a triangle, because the ternary finger (now,
it is the index finger) is not at the opposite position from
any other fingers. This geometrical difference is one of the
most remarkable points in the case of a triple robotic fingers
system, and thereby the force-torque equiriblium condition
to immobilize the object is completely different. Therefore
in this paper, we modify the blind grasping control signal
to be applicable for our triple robotic fingers system in the
following way:

fa

— e 3 T(xe — —C.q. 1
AR, 0 (To; —xnm) — Cjq;, (1)

Ug j=
where xo; denotes each center of hemispherical fingertips,
r; the radius of each fingertip, and xps the centroid of the
triangle made by each center of the hemispherical fingertip
as shown in Fig. 2. Apparently, the centroid is given in the
following way:

TM =3 (xo; + Tom + Tor) , (2)

where ¢, denotes each joint angular velocity for each finger,
C'; > 0 each diagonal positive definite matrix, fq the nom-
inal desired grasping force, and Jo; each Jacobian matrix
of each center of the hemispherical fingertips with respect
to each joint angular velocity. The subscript of 7 = i,m,t
stands for the index finger, middle finger, and thumb in all
equations. Now, let us consider an x-y cross section of our
model as shown in Fig. 2. It is well known that in the case
of immobilizing a 2-dimensional rectangular parallelepiped
object, it needs four frictionless fingers [15]. However in
our model, each finger can generate not only a normal
grasping force expressed as f;, fm, ft, but also tangential
rolling constraint forces expressed as Ay, Ax,,,Ax, and
thereby a force/torque equilibrium to immobilize an object
can be established by using these rolling constraint forces
even though only three fingers are utilized. It is one of
the critically different points compared with grasping by a

pair of robotic fingers, and we will show the reason why it
can be realized through modeling and analyzing an overall
dynamics which includes some physical interaction between
each fingertip and a grasped object, and some numerical
simulations in this paper.

II. TRIPLE ROBOTIC FINGERS SYSTEM

Let us consider a triple robotic fingers system as shown
in Fig. 1. This system is composed of a 4 d.o.f. middle
finger and a 5 d.o.f. thumb whose root positions are fixed
in an inertial frame and located oppositely to each other,
and a 4 d.o.f. index finger whose root position forms
an isosceles triangle together with the root positions of
other fingers. In other words, the index finger is not at
the opposite side from any other fingers. Assume that the
grasped object is a rectangular solid, and the shape of each
fingertip is hemispheric and made of some soft material
such as silicon rubber, and thereby each soft fingertip can
make area contact with the object surfaces. In addition,
each fingertip can perform rolling without slipping on the
object surfaces during movements. Note in this paper that
the gravity effect is ignored to have a physical insight into
analyzing physical interaction and stability of the system,
and to indicate explicitly the difference of the force/torque
equilibrium condition between the case of using a pair of
robotic fingers and that of using triple robotic fingers. As
shown in Fig. 1, symbol O denotes the origin of Cartesian
coordinates which commonly regarded as the first, second
on third joint center of the thumb. Symbol O, ,,,. denotes the
center of the object mass, and also the origin of object local
coordinates. The position of O, ,,. in Cartesian coordinates
is expressed by = (z,y, 2)T. An instantaneous rotational
axis of the object, which is expressed by the object local
coodinates Oy, , 1S W = (wx,wy,wz)T and it means that
orientation angular velocities around each axis of O .
respectively. Also the position of the center of each contact
area in Cartesian coordinates is expressed by x;.

A. Constraints

When each fingertip is rolling on the object surfaces, there
arise nonholonomic rolling constraints during movements.
These constraint models are derived here. The object orien-
tation in Cartesian coordinates is expressed by the rotational
matrix R such that

R = (T‘X TY ’I‘z) € S0(3), 3)

where rx,7ry,rz € R? are mutually orthonormal vectors
on the object frame. It is known that this rotational matrix R
is one of the members of the group SO(3), and it satisfies
the folloing relation

. 0 —wy Wy

R=Rwx], [wx]= (wz 0 Szw), 4)
where w = (wy,wy,w,)" is the angular velocity vector for
the instantaneous rotational axis of the object expressed by
the object local coordinates. Obviously, (4) is not integrable
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analytically, and it causes one of the nonholonomic con-
straints with respect to the angular velocities of the object.
On the other hand, the translational velocity of the center of
each contact area on the fingertip v; can be expressed in the
following way:

v; = (Ti - A?“l) (—TX + Q; % Tx)
Um = (P — Ary) (=Py + Qp X 7y) 5)
VU = (Tt — A’I"t) (T‘Y — Qt X Ty),

where €2; is the orientation angular velocity vector for each
robotic finger at the center of each contact area, and Ar;
is the fingertip’s displacement at the center of each contact
area such that

Ar; = (’I“i + Dz) + T‘XT(w — woi)
Aryy = (P + W) + 1y T — x0,,) 6)
Ary = (re + W) — ry L (x — zo,),

where D; is the object depth from the object mass center to
the object surface at the index finger’s side, and W,,, + W,
is the object width. Obviously, v; is on the tangential plane
at the center of each contact area which is the object surface
itself in this case. The fingertip’s orientation angular velocity
vectors {2; can be expressed as a linear homogeneous form
with respect to each joint angular velocity such that

Q, = Ja,q;. (7)

The rolling constraints can be expressed in such a way
that the velocity of the center of each contact area on the
fingertips v; equals to that on the object surface such that

(’I“i — A’I‘i)’r‘yT (—’I"‘X + Q; x Tx) = Y; (8)
L (’I“i — A’I‘i)’r‘zT (—’I'“X + Q; x Tx) =Z;
[ (ron — Arp)rx T (—Py + Qp X Py) = Xm ©)
(rm — A )Pz (—Py + Qo X 7y) = Zpy
(re = Arorx T iy = x7y) = X (10)
(T't — Art)rZT (’I"Y — Qt X ’I"Y) = Zt,

Contact area

Fig. 3. Contact model at the center of the contact area for the thumb

Fig. 4. Projected distances for the index finger (Y;, Z;) and the middle
finger (X, Zm) on each object surface

where Y;, Z;, X, Zm, Xy, Zy are the projected distances
between the object mass center O, ,,,. and the center of each
contact area to X, Y and Z axes of the local frame on the
object mass center as shown in Fig. 4. These can be given
as follows:

Yi=—ry'(z—xo;), Zi=—rz'(x—w0o;)

Xp=—rx(x—To,,), Zm=—-Tz (x—T0,,) (11)
Xi=—-rx(z—x0;), Zy=—rz(x—x04)-
Eventually, from (7)~(11) we obtain
[ (r; — Ary) (_Wz + TZTJQi(Ii) :Yz (12)
(ri — Ary) (wy — ryTJmi]i) =7;
(rm - Arm) (Wz - TZTJQm(Im) = Xm (13)
| (rm — Ary) (—we + rx Q) = Zm
[ (re — Ary) (_wz + TZTJﬂtqt) :.Xt (14)
(Tt - Art) (Wz - TXTJtht) = Z,

These (12)~(14) express nonholonomic rolling constraints
on the object surfaces, and they are in linear homogeneous
with respect to each velocity vector. Therefore, they can be
rewritten as Pfaffian constraints which are given as:

Yy.q; + Yoz +Yo,w=0
| Z4,4; + Zwi@ + Zupiw =0
[ Xq, 4m + Xom® + Xepw =0
| 24,4+ Zzm® + Zwpmw =0
[ Xq,q; + Xoi@ + Xepw =0
| 24,4, + Zai& + Zunw = 0,

5)

(16)

A7)

where

<

= —(ri = Arg)rz " Ja; +ry " Jo,,
i = —’I“YT, Yui = (Zi, 0, — Di)T
= (r; — Ayi)ry " Jq; + Tz  Jos,
;= —'T‘ZT7 Zwi = (—Y;', Di; O)T
= (rm — Arp)rz o + rx T Jom,
= —’I’XT, Xwi = (0, — Zm, Wm)T
—(rm = Ar)rx "I, + 72 Jom,
= _TZT; Zyi = (_Wm» Xom, O)T
= (7"t - Art)"'XTJﬂt + TZTJOta
= —’I'YT, th = (0, — Zt, — Wt)T
= (’I“t — ATt)TXTJQt + ’I"ZTJot,
et =Tz, Zu =W, Xz, 0)7,

(18)

<
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and Jo;, Jo,, € R>**, Jo, € R3*5 are the Jacobian
matrices for each ®o; with respect to each joint angle
respectively.

B. Soft Fingertip Model

The lumped-parametrized contact model for the deforma-
tion of the fingertip at the center of each contact area which
has been proposed by Arimoto et al. [11] is used here. This
model considers only the deformation of normal direction,
and doesn’t include that of tangential direction. Namely, we
assume that the deformation of tangential direction doesn’t
occur during manipulation for the sake of simplifying the
model construction. The reproducing force f;(Ar;) at the
center of each contact area can be expressed as follows:

fi :fj—l-fjAf“j, fj :kATJZ, (21)

where k stands for a positive constant and ; is a positive
scalar function regarding Ar;, and these are due to the
fingertip’s material. In addition to this nonlinear spring-
damper model with respect to the normal of each contact
surface, we introduce a damping model with respect to twist
movements between the fingertips and the object surfaces as
the energy dissipation functions in the following way [16]:

T; = nllrx " (Rw — ;)|?
T = mllry " (Rw — Q) ||?
T = m|ry " (Rw — Q)|
where 7); is a positive scalar function with resprect to Ar;
which depend on material characteristics of the fingertips.

(22)

C. Overall Dynamics
The total kinetic energy of the overall system is given as:

1. . 1. .1
K = Z Eq;rquj + "M+ —w Iw,

2 2 23)

Jj=i,m,t
where H ; denotes the inertia matrix for each finger, M =
diag(m, m, m) the mass of the object, and I is the inertia
tensor for the object represented by the principal axes of
inertia. On the other hand, the total potential energy for the
overall system is given as follows:

Arj B
P= Y Pr= > /0 fi(Ar;)d,

Jj=i,m,t Jj=i,m,t

(24)

where Py, (Ar;) is the potential energy for each fingertip
caused by the deformation of the fingertip. Eventually, La-
grange’s equation of motion can be obtained by applying the
variational principle in such a way

/tl {5(1{ -P)+ > ’u,jT(qu} dt =

Jj=1i,m,t
t1 . .
/ 3 {@-A@-% + 8—7}} SAdt
oA ' A

to j=i,m,t

t1
+/ Y120, X),.Z,,, X}, Z) )" A6Adt,  (25)
to

where A = i am.a;,&" w

vectors for each finger, and Y, =

)T, w; is the input torque

Yy, Y. Yo )T,

Xm = (qul,vaEme;l;,)T» Xy = (Xq;Fvazrva;tr)T»
and Z; = (Zq;F, Zo,,Zo;)". In additon, A =
(A;r; )‘Em AfT)T and )\z = (/\Y7 ; )\Zi,)T7 Am = (/\Xm s AZm,)T’
A: = (Ax,, Az, )T denote Lagrange’s multipliers. Eventually,
we obtain Lagrange’s equation of motion such that

For the triple fingers:

T

. 1. ) oT;
H;q; + {aHi + S'L} q; + 8(11. —Jo, rx fi
+ (Yq, Zg) )Xi=u;  (26)
) 1 ., 0Tt
qum, + {iHm + Sm} q,, + @ - J&J’Yfm
+ (Xqh ' Za ) Am = (27)
.. 1. . T, T
H.q,+ -H+S:q,+—-— +Jo;rv fi
2 0q,
+(Xq) Zg )M =ur (28)
For the object:
Mi_’_(fi_/\Xm_/\Xf,)TX""(fm_ft_)‘Yi)rY
—(Az,+ Az, +Az,)rz =0 29)
ot}
Iu x I —Z
w +w w +j:;n taw
0 —Zm Zy
+( Zi )f1+( 0 )fm"’( 0 )ft
=Y; Xm Xt
Zi 0 0
+( 0 )A;@ + (Z) Ax,, + (Zt ) Ax,
—D; Wi, —W;
-Y; —Win Wy
+(Di)>\zi+( Xm )AZm'f'(Xf))\Zt_Oa (30)
0 0 0
where S; and S are skew-symmetric matrices.
Now, taking inner product of the input vector
U = (u',u),uf,0",0")T with the output vector
A=(q . qn.q 2" w7 yeilds
LT d .2
AU=—(K+P)=- > (T +6A) <0, (31)

Jj=i,m,t

This inequality expresses that the input-output pair satisfies
the passivity condition [17].

III. DESIGN OF EXTERNAL SENSOR-LESS GRASPING
CONTROL SIGNAL

Let us design a control signal for stable grasping without
use of external sensing. We have already shown the basic
idea of our controller in (1) and (2) in Section I. In addition
to the control signal, we introduce an adaptive control signal
to compensate the grasping force from the surplus finger as
follows:

I
Up; = — jfd

_ 32
J 3(ri + rm + 1) (32)

JLN;,
where each N j 1s updated correspoinding to the following
equation such that

d o Tjfd _

Ay, = Mld  pago 33
dt™ 7 30 g 1) N wi 4> (33)
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= dlag('yN ,WNW,WN ) > 0 is the adaptive
estimation gain for each N These compensation control
terms play a important role to realize stable grasping in the
case of this triple fingers system. In the case of frictionless
fingers, it needs seven fingers to satisfy the form-closure to
immobilize a 3-dimensional rectangular solid object. How-
ever, this system has only three fingers. Furthermore, the
grasping force from the ternary finger is normal to the
grasping forces from other fingers. Therefore, in order to
realize force/torque equilibrium to immobilize the object,
each finger should generate rolling constraint forces which
are partially shown in Fig. 2 as Ay;, Ax,,, and Ax,. These
rolling constraint forces at the final state cannot be generated
if only using the control signals given as (2), and thereby
these compensation control signals are necessary to generate
the rolling constraint forces at the final state. Eventually, we
design the total control signals to the triple robotic fingers
system according to the principle of linear superposition such
that

and I‘J\fj

Uj = Usj + Ue;. (34)
It is remarkable that the control inputs given as (34) are
composed of only kinematic information, joint angles and
angular velocities of the triple fingers system. Substituting
these control signals into (26)~(30) yeilds the overall closed-
loop dynamics such that

For the triple fingers:

L1 . oTt
Hq;+< =H;+8;+C; pq;+ = —JosrxAf;
2 0q;
+(Yq,, Zg)) AN —1,QAN ;=0 (35)
. 1 87%1
qum‘f' m+S +Cm qm _JOTmTYAfm
2 04,
+(er£17 qrfn)AAm_ TmQANm:O (36)
.1 T
H:q,+ 2Hf+st+cf qf+a +JoyryAf,
+(Xq,, th)AAterQANf— (37)
For the object:
Max + (Afz — A/\Xm — A)\Xf,)TX
(Afm - Aff - AAY )TY
(A)\Z + A)\Z,” + A)\Zt)’r'z =0 (38)
TT Sww
Io+ w x Iw +] ;} ) o +(§:Z)
0 —Zm Z,
+< Z; )Afi+< 0 )Afm-l-( 0 >Aft
-Y; Xm —Xi
Z; 0 0
+< 0 >A)\Yi+<zm>A>\Xm+<Zt>A>\Xt
—D; Win 4%
-Y; — W
+< D; )A)\Zi +< >A>\Z”L+<X1>A>\Zt (39)
0

where
fa
S [ — 40
@ 3(ri +rm +re) (40)
AN; =JL(N; - N;) 41
A
N; = ik (rylz—rzly)
i Z_A m
N, = % (rgMx—rxMz)
re— Ar
N, = - " LrgTx—rxTyz),
t
and
I Af't f’L Q'IX; Afm:fm_Q'MY
Afi=fi—Q-Ty, Ady, = Ay, +Q-Iy
A/\XMZ/\XM—I—Q-M)(, A/\Xf /\X,“‘Q Tx 42)
ANz, =Xz, +Q 1z, ANz, =Xz, +Q-Mz
AAZt:AZt"‘Q'TZa

Ix=2R;— X,,— X} Mx=2X,,—R;,— X}
Iy =2Y,—R,+R: My =2R,,—Y;+ R,

i 17;=27;—Z— 7, My=27,,—7Z;— 74 (43)
Tx=2X;—Ri— Xy, Ri=ri—Ar;+D;
Ty =2Ri+Yi+ Ry Ryy=rm—Arp+Wiy,

T,=27—7Z;—Zn, Ri=ri—Ari+W,
Swm = Q{_(rm, _Arm,)MZ“‘(Tt _Art)TZ}
S, =Q(ri — Ar;)Iz
Su. = QU (ri— Ar)(2Y; — Wy +W,)
+(rm—Ary,)(2X,,— X —D;)
—(Tt —Art)(2Xt—Dz—Xm)} .

(44)

Now, taking inner product of A = (¢} ,q~, ¢}, &, w™)T

and (35)~(39) yeilds

%E = =D (@]Cia; + T; +EAI]) <0 (45)
E = féj—mXP—H/ZO (46)
Vo= %(IY2+IZQ+MX2+MZQ+TX2+TZ2)

£ SN TN N 20 47
jzam?tsm

AP = ), / {Fi(Ara; +€) = [5(Arg,) } g, @8)

j=i,m,t”0

where 67 = Ar; — Arg; and it is positive definite in dr;
as long as 0 < Ary, + dr; < rj. By choosing adaptive gain
T N adequately, the scalar function V' > 0 should have a
minimum value Vi, in a neighborhood of the initial state
A(0) and thereby the scalar function E also has the minimum
value Fli, in the following way:

Emin = K+AP+V_ ‘/Inin > 0.

(49)

Therefore, from (45) and (49) we obtain the following
relation such that

Ja

j=i,m,t

S Emin (O) -

q;C;q; + Tj + EAFY)dt

Emin(t) S Emin(o)~ (50)
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This means that each joint angular velcity g, (t) is squared
integrable over time ¢ € (0, 00), that is, ¢;(t) € L*(0,00),
and by considering six rolling constraints expressed by
(12)~(14), it is possible to see that & € L?(0,00) and
w € L%(0,00). Then the velocity vector A(t) becomes
uniformly continuous in time ¢, and finaly we can obtain
thatA—)Oatt—)O, and also we see A — O ast — 0 [18].
These imply that

AD., = (AfY, AXY, ANTT 50 as t — o0, (51)
A.f: (Afu Afma A.ft)T
AX= (AN, AXE AXDT
AN = (AN}, AN}, ANHT.

Equation (51) means that overall external forces which
affect both the fingers and the object converge to zero when
time ¢ — oco. This system is highly redundant and thereby
it should carefully treat the convergence of overall state
variables. Nevertheless, the convergence could be proven by
introducing the concept of “Stability on a manifold” [18] that
is omitted here. Eventually, the force/torque equilibrium for
the object is satisfied, and the object is thereby immobilized
in the dynamical sense.

IV. NUMERICAL SIMULATION

The parameters used in the simulations are given in Table
I. Figure 5 shows the simulation graphics for realization
of force/torque equilibrium to immobilize the object by the
triple robotic fingers system, and Fig. 6 shows the transient
responses of overall external force values AD.,. We see
from Fig. 6 that all componets of AD, converge to zero. It
means that any external forces for each finger and the object
converge to the equilibrium state eventually. Moreover, Fig.
7 shows the transient responses of overall velocity vector
A = (q;f,q"ﬁl,q;f,dcT,wT)T. We can confirm that from
Fig. 7, overall velocity vector A converge to zero at the
final state. From these results, the force/torque equilibrium

-0.02—

0.08
01—

012 ) i 0.05
- ; 0
005 0 -0.05

0.05 01

¥ m) el

Fig. 5. Simulation graphics for the realization of force/torque equilibrium
of the object by the triple robotic fingers system

TABLE I

PARAMETERS FOR NUMERICAL SIMULATIONS
Triple robotic fingers

1™ link length lj1 0.05 [m]
27 link length ;2 0.03 [m]
3 link length ;3 0.02 [m]
1™ link mass center lg;1 0.025 [m]
2" Jink mass center lgj2 0.015 [m]
3" link mass center lg;3 0.010 [m]
1™ link mass m 1 0.05 [kg]
2" link mass m jo 0.03 [kg]
37 link mass m;3 0.02 [kg]

diag(1.04,1.04,0.06)x10~° [kg-m?]
diag(2.25,2.25,0.38)x10 ° [kg-m?]
diag(0.67,0.67,0.25)x10° [kg-m?]
0.010 [m]
3.0 X 10° [N/m?]
500 X (2r; Ar; —Ar?)w [Ns/m?]
0.1x (2r;Ar; —Ar?) 7 [Nms]

1" link inertia I3
2" link inertia I
37 link inertia I3
Radius of fingertip 7,
Stiffness coefficient k;
Damping function &
Damping function 7;

Object

Mass m 0.05 [kg]
Height h 0.035 [m]
Width W,,, + W, 0.02 [m] (W,,, = W; = 0.01 [m])
Depth D; + d 0.035 [m] (D; = 0.0175 [m])
Ineatia I diag(0.68,1.02,0.68)x10 > [kg-m?]

Desired grasping force and each gain
fa 1.0 [N]
Ci, Cm diag(1.5,1.5,1.0,0.8)x10~°
C. diag(1.5,1.5,1.5,1.0,0.8)x10 >
I'n,, Inps TNy diag(1.0, 1.0, 1.0)x10~*

Initial condition
0 [rad/s]
q; (0.0, —0.91, —0.83, —0.25)" [rad]
q,. (0.0,1.09,0.95, —0.35)T [rad]
(0.0,0.0,2.05, —0.95, —0.35) T [rad]
0 [m/s]
(0.005,0.025,0.085) [m]
0 [rad/s]
I3
i, N, N, 0

PEREES

to immobilize the object is established in a dynamic manner
by using the proposed control scheme.

V. CONCLUSION

This paper has proposed a stable object grasping method
by modifying the blind grasping control signal in order to
utilize it for the triple robotic fingers system. The control
signal can be constructed only by using measurement data
of finger joint angles and angular velocities, and referring
to fingers’ kinematics. Its effectiveness in realization of
the force/torque equilibrium in object grasping is discussed
theoretically with the convergence analysis and confirmed
through numerical simulations. In this paper, we treated the
specific grasped object that is a rectangular solid. However,
our control scheme can be aplicable to other arbitrary polyhe-
dral objects easily. The modeling and analysis for grasping of
an arbitrary polyhedral object will be treated in another paper
[19]. In the next step of the work, we would consider an
arbitrarily shaped 3-dimensional object which is constructed
by only smooth curved surfaces.
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