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Stability Analysis of Grasped Object by Soft-Fingers
with 3-Dimensional Deformation based on Moment Stability

Akira Nakashima and Yoshikazu Hayakawa

Abstract— This paper analyze stability of an object grasped
by soft-fingers in 3-dimensional space based on moment sta-
bility. We firstly define the moment stability as a criterion for
stability of a grasped object when the object is perturbed for
the orientation. In detail, the moment stability means that the
grasping force can be the restoring force when the object is
perturbed. Based on the moment stability, the stability condition
of an object grasped by hard-fingers is derived. We indicate that
contact points to satisfy the condition are restricted to upper
locations of the center of mass and the class of the object shape
is only a kind of hollow objects. Next, the condition of an object
grasped by semispherical soft-fingers thirdly is considered. Two-
fingered grasp by soft-fingers can satisfy the force-closure which
is traditional major criterion for static grasp. The consideration
shows a novel result that two-fingered grasp can satisfy the
moment stability with only two fingers while the hard-fingers
need at least three numbers for the force-closure and can not
satisfy the moment stability. On the other hand, it is indicated
that the torsion moments do not effect on the moment stability
well and it is necessary to add the third finger in a condition
of the contact points. Numerical examples finally are shown.

I. INTRODUCTION

Many researchers have tried to introduce robots into
human’s daily environments. Since the robots are aimed to do
various tasks instead of human, multi-fingered robot hands
are effective as end-effectors. Multi-fingered robot hands
have capability to grasp variously-shaped objects because the
hands can grasp with multi contacts and can control grasping
force via multi joint inputs.

There are many research for grasp stability of an object
grasped by balanced contact forces when the object is
perturbed from its equilibrium point. When the object is
displaced and the balanced forces are invariant, the forces
generate the resultant force and moment to the object. This
is referred to as the stiffness effect and is a direct measure
of quasi-static grasp stability [1]. Cutkosky and Kao [2]
derived the stiffness matrix between resultant force/moment
and small displacement of a grasped object as a function
of geometry of the grasped object and contact condition.
Montana [3] analyzed the stiffness effect of an grasped object
with rolling contact in 2D space concerned with the curvature
of the object. Maekawa et al. [4] analyzed the stiffness effect
with rolling contact in 3D space and derived the stiffness ma-
trix to evaluate the stiffness effect of the translation/rotation
of the object and the contact movement due to the rolling
contact. Since it is assumed that finger-tips are rigid bodies
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in the all studies, the stiffness effect destabilize the grasped
object except for the stiffness effect due to rolling contact
[4]. While these studies do not control contact forces, there
are studies where the stiffness effect is controlled by contact
forces to stabilize a grasped object around its equilibrium
[5], [6], [7]. In this paper, we concentrate on the stiffness
effect without controlling contact forces.

Recently, soft-fingers made from soft materials have been
studied. Compared with hard-fingers made from hard materi-
als, the soft-fingers have a lot of advantages [8]: the contact
friction is larger than that of the hard-finger since the contact
is surface; the soft-finger can reduce the impact force in
contact establishment; it can fit on various shapes of the
object; there exists moment friction about the contact normal.
Inoue et al. [9], [10], [11], [12] proposed a parallel distributed
deformation model of a semispherical soft fingertip and
considered stability of two-fingered grasp based on the local
minimum elastic energy with the rolling contact in two-
dimensional space. On the other hand, Nakashima et al.
[13] proposed a radial distributed deformation model of a
semispherical soft fingertip and showed a stability condition
of two-fingered grasp to satisfy the moment stability based
on the stiffness effect. These studies are restricted in 2-
dimensional space and can not consider the moment friction
about the contact normal because of 2-dimensional defor-
mation model. This moment is new feature in 3-dimensional
deformation of a soft-finger and one of the advantages of
a soft-finger as mentioned previously. Two-fingered grasp
by soft-fingers can satisfy the force-closure [14], which is
a traditional major criterion for static grasp. However, it is
not evident how the moment effects on restoring force when
a grasped object is perturbed.

In this paper, we study stability of an object grasped by
soft-fingers in 3-dimensional space based on the stiffness
effect. The study [4] showed that the stiffness effect due
to the object rotation is much larger than the one due to
the object translation and the stiffness effect due to the
rolling contact stabilize the object. Therefore, we consider
the object rotation and the rolling contact. We firstly define
the moment stability as a criterion for stability of a grasped
object when the object is perturbed for the orientation. Based
on the moment stability, the stability condition of an object
grasped by hard-fingers is derived. The problem setting are
a specified case of the analysis in Ref. [4]. We indicate
that contact points to satisfy the condition are restricted to
upper locations from the center of mass and the class of
the object shape is only a kind of hollow objects. Next, the
condition of an object grasped by semispherical soft-fingers
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Fig. 1. An object grasped by hard-fingers.

thirdly is considered. A 3-dimensional deformation model of
a soft-finger and the contact kinematics with the deformation
are utilized which has been proposed in [15]. Two-fingered
grasp by soft-fingers can satisfy the force-closure which is
traditional major criterion for static grasp. The consideration
shows a novel result that two-fingered grasp can satisfy the
moment stability with only two fingers while the hard-fingers
need at least three numbers for the force-closure and can
not satisfy the moment stability. On the other hand, it is
indicated that the torsion moments do not effect on the
moment stability very well and it is necessary to add the
third finger in a condition of the contact points. Numerical
examples finally are shown for the consideration.

II. STABILITY ANALYSIS OF HARD-FINGER GRASP

We firstly analyze stability of an object grasped by a
pair of hard-fingers in 2D space as shown in Fig. 1. The
fingers and object are rigid bodies and the fingers are pointy.
Yo 1is the reference frame attached at the center of mass
of the object. Note that vectors without left superscripts
are expressed in Xp. f,, p;, € R® (i = 1,---,N) are
the contact force and the position vector at the ith contact
point respectively. The grasp of the object is defined as the
following equilibrium equations of force and moment:

N
S fi+mg =0, )
i=1

N
> S(pifi =0, @)
i=1

where m is the mass of the object, g := [0 0 g]T, g =

—9.8 [m/s?] is the gravitational vector and S (pi) € R3*3 is
the skew-symmetric matrix defined as

0 Pz DPy;

Spi)=|px 0  —pa|, 3)
Py DPa 0
by which a cross product p; x f; is expressed as
pi x fi=S(pi)fi- “4)

For the system of the hard-finger grasp, we consider the
stiffness effect due to the object rotation w = (k, where

FrC06.5

k € R? is the rotation axis and ¢ € R is the amount of the
rotation. It is assumed that the object is only rotated around
the center of mass. It is also assumed that the contact force
f; and the contact point on the object p; are invariant. This
assumption can be realized by an appropriate control method
if a joint structure satisfies the manipulable condition [14].
We define the moment stability as

(Ck)"M (¢, k) < 0 for any k, ¢, (5)

where M ((,k) := [M, M, M.]T € R? is the moment
caused by the object rotation w = (k. Eq. (5) is the extension
of the 2-dimensional moment stability in [13] and means
that M ((, k) is the restoring force against the rotational
displacement w = (k as shown in Fig. 1.

The resultant moment M (¢, k) of the hard-finger grasp is

given by
N

M(( k) = (Ru(O)pi) x fi, ©6)

i=1

where Ry (¢) € R**? is the rotation matrix about k-axis
through ( defined as [14]

kivc + c¢ kmkyvg — kZSg kmkzvc + kySC
Rk(g): kmkyvg + kZSC kivg + c¢ kyk‘zvc — k18§ ,
k‘zkz’vg — kySC kykz’UC + kISC ]{EUC + c¢
(7)
where c¢ := cos(, s¢ :=sin( and v¢ := 1—cos (. It is here
assumed that the perturbed rotation amount ¢ is small. From
the assumption and (3), (7) is linearized as

1 —k.¢  kyC
Riy(()=| k¢ 1 =k =Is+S(Ck). (8
_kyC ka:C 1

Substituting (8) into (6), we get
N

M(C, k) = (pi + S(Ck)p:) x fi

N

i=1
N
S(pi)fi+Y_ S(S(Ck)p)fi
i=1 i=1

—_——
0
N

== " (p/ fils — pif]") Ck, )

i=1
where the first term of the second row equals 0 from (2)

and the second term is simplified by easy calculation [14].
Substituting (9) into (5) leads to

(Ck)" M (¢, k) = —(Ck) " K1 (Ck), (10)

where

N
Ky =Y Ky, Ky =p/ fils —pif.
i=1
Since (10) is the quadratic form, the condition to hold the
moment stability (5) is given by [16]

K >0, (11)
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Fig. 2. Grasp situations not to and to satisfy (12).

where

N
_ _ _ 1
K, = EK;”, K, = 5 (K, + K&).
From Sylvester’s criterion [16], The condition to satisfy (11)
is

detK) >0, j =1,2,3, (12)

where K’fl € R7*7 is the jth principal minors of K.

Here, we consider a condition to satisfy the moment
stability. The principal minors I_(fl are calculated from (10)
and (11) as

detK} = B!

detK2 = B2 — (122

detK? — RUR2ES 4 ok 2RI
—kp (R0 — Rt (k)2 — B (Ry)%, (15)

13)
(14)

where k// is the component of K, at the ith row and jth
column given by

N N
- = 1
k' = Z(pyifyi + Pz f2), k}? =75 Z(pylfcm + Pe; fu)
i=1 i=1
N

N

_ 1 _

ki’ o= =5 D (e fos Do) K2 =Y (Pafas + 05 S2)
=1 =1

B L B N

ki2L3 = ) Z(pzifyi + Py, f=), k?ﬁ = Z(pzlfzz + pyi fui)
=1 =1

(16)

From (13), (14) and (16), the condition to satisfy detK fb >
0 (7 = 1,2) is easily obtained as
kY >0, k22 > 0. (17)

Since the condition of (15) depends on a grasp situation, it is
considered in an example of Fig. 2 (a), where the following
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relations hold:

1
Pz :p12:_2pm3:pz <0, fm1:f:v2:_§fx3:fz > 0,

Pyr =Py, =Py < 0, py, =0, fylz_fyz > vayszov

Doy =Pz =Dz =02 >0, fo=fo=f0n =12 (18)

The gravity direction is in the z-axis. This example is a
typical grasp situation where the contact points surround
the center of mass (CM) and the grasping forces are in the
direction to the CM. From (18), it is easily obtained that
k33 <0, k2 = 0 and k3. By these facts and (17),

detK; = k' {k72kp® — (k7)) < 0. (19)
Therefore, it is necessary to hold l%f’f’ > 0 in order to satisfy
detK 3 > 0. This condition is satisfied in the strange grasp
situation of a hollow object of Fig. 2 (b), where the grasping
forces are in the inverse direct to the CM. Furthermore, it
is necessary to satisfy (17). A sufficient condition of (17) is
given by

For space limitation, the condition py, fy, + 0z, f>, > 0
is considered. The areas of f; and f, to satisfy (20) are
represented by the shaded areas in (c) and (d) of Fig. 2. It is
obvious that there do not exist f; and f, when the contact
positions are under the center of mass. In order to construct
the grasp of the object, the contact force f, also has to satisfy
the friction condition illustrated in (3) of Fig. 2 (e):

f;'reti < :ui‘szemL

where e,,,, e;, € R* are the normal and tangent vectors
and p; is the static friction coefficient. Fig. 2 (f) shows the
friction cone and the area of (20), where ~yy, and ~,,,, are the
angles of the boundaries of the friction cone and (20) from
the contact normal respectively. These angles are defined as

21

S

V= tan_l Wiy Ym,; 1= tan_l 17 (22)

o~
N

where [; and h; are the distances of the ith contact point from
the CM along the normal and tangent respectively. Therefore,
it is necessary for the distances /; and h; of the contact point
to satisfy

>

"< (23)

K3

Tm: SV =

o~

as shown in (f) of Fig. 2.

Remark 1: From (23), it is easy to grasp a slender object
with the upper contact points while it is difficult to grasp a
wide object with central contact points. In other words, the
contact locations for the stability are restricted to far upper
from the CM. Furthermore, Fig. 2 (b) implies that kinds of
object shape to satisfy the moment stability are restricted to
hollow objects. These results indicate that it is impossible to
realize the moment stability by hard-fingers.
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Fig. 3.

Soft finger and Contact situation.

III. STABILITY ANALYSIS OF SOFT-FINGER GRASP

In this section, we secondly analyze stability of an object
grasped by a pair of soft-fingers in 3D space. A deformation
model of a soft-finger and a contact kinematics are neces-
sary for the analysis. We use a 3-dimensional deformation
model and the rolling contact with deformation as a contact
kinematics, which are proposed in [15].

A. 3-Dimensional Deformation Model

In this paper, a soft-finger means a semispherical soft
material, the flat part of which is attached to a rigid base
as in the left figure of Fig. 3. We make a deformation model
of a soft-finger with a contact to a plane of a polyhedral
object as shown in the right of Fig. 3.

The frame and coordinates of the configuration of the con-
tact point is defined here. The finger frame ¥, is attached
to the center of the soft-finger as in the left of Fig. 4 (a).
The yr,- and zf,-axes are in the finger base and the z , -axis
goes through the finger. Since the soft-finger is a semisphere,
the contact point on the soft-fingertip before deformation

Contact Point

after Deformation
Contact
Surface

Finger i e

(b) Spherical and torsion coordinates (dg,, dg; ), Oy,

Fig. 4. The coordinates of the deformation of the soft-finger.
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is expressed by the polar coordinates (6;, ¢;,7;), where 6;,
¢; and r; are the angles and radius. When the finger is
deformed with the contact on the object, the contact surface
is the circle from the geometry of the finger and object as
shown in the left figure of Fig. 4 (a). Therefore, the contact
point after deformation is defined as the center of the contact
surface. The right of Fig. 4 (a) shows the cross section along
the longitude through the contact point of the left figure.
The deformed area overlapping the object is expressed by
the compressive deformation displacement d,, € R, in the
radial direction. As shown in the left of Fig. 4 (b), the
deformations along the finger surface are expressed by the
shearing and compressive deformation angles dg,, dg, € R
in the inverse directions of (6;, ¢;). In the right of Fig. 4 (b),
the contact frame ECF,. is attached at the contact point,
which is defined such that the z¢, - and yc,, -axes are in
the longitude and latitude through the contact point and the
ZCp, -axis is in the normal to the finger surface. The torsion
deformation with respect to the contact surface is expressed
by the shearing deformation angle 4, about the 20, ~axis
in the inverse direction. Define the deformation coordinates
as 0; := [5T¢ (Sgi 5@ 5¢i]T € R*.

From Hook’s law, the forces produced by the deformations
are derived as the functions of the deformations &;:

E (0r,) =ky, 775%
1
MOi (6017¢1) = Ek‘giﬂ"r‘?{l + Cd’z‘(l + C¢i)(1 + czﬁi)}éei

2 1 1
Md’i(éd’w(bi):gk(ﬁir? <7T — ¢ + _> O,

1 2
M"l«'i (57”1'76101'): Ekwiﬂ- {’rzz - (Ti - 67“1‘)2} 5¢i'

(24)

F,, is the force in the radial direction and My, and My, are
the moments about the 2 - and 2, - axes in the left figure
of Fig. 4 (b) where ¢y, := cos ¢;. M, is the moment about
the zc, -axis in the right figure of Fig. 4 (b).

B. Rolling Contact with Deformation

Let us denote the variables to express the contact con-
figuration without the deformation in order to consider the
rolling contact. Fig. 5 represents the neighborhood of the ith
contact. X¢,, and X¢,, are the coordinate frames attached
on the surfaces of the ¢th finger and the object with the
origins at the ith contact point. The zp,- and z,-axes of
the frames are outward and normal to the surfaces of the

Finger i

Fig. 5. Contact coordinates before the deformation.
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ith finger and the object, respectively. The contact point
in the finger surface is represented by the position vector
pCF (0;,0;) € R®. Similarly, the contact point on the

object surface is represented by “p. o, (o, Yo;) € R®. Note
that (6;, ¢;), i.e., the some of the previous polar coordinates
of the soft-finger, and (x,,, yo,) are the 2D local coordinates
on the finger and object surfaces in z- and y-axes of Y,
and Y, . In addition, since z- and y-axes of X ¢, and Y,
are in the same contact tangent surface, let v; be the angle
between the z- axes of ECF and ECO without the torsion
deformation 6,5, as shown in Fig. 5. Then, the configuration
of the contact points is described by the contact coordinates
n; = (915 &, Lo;yYo;» %) [14].

Considering the deformations §; into the contact coordi-
nates 7;, the contact point Do, dfter the deformation and
the contact frame RFcFi are exﬁressed as

h Rise, 0 Ca, SPhi;
1PCF1 Rice;ca, , RF, Cp, = | —%0; —S@;Co; Co;Ce;
R 50,Co; Co; —S9,50, S0,;Cy;

where co, =c0s 0;, so, =sin 0;, cp, =cos ®;, s¢, =sin ¥,
(I)i = ¢z — 5@.

In this paper, we consider the pure rolling contact [14].
The pure rolling contact means that the finger does not slip
on the object without rotationally slipping around the zc, -
axis. The relationship between the contact coordinates is
given by [15]

dz,, | | cos¥;
dyo, | |—sin¥;
qu‘,

d@/)z = dﬂl sin (I)i,

Ri =T, = 67"1" @1 = 97 - 5(.)7.’7 (26)

—sin \IIZ] {RZ— cos®; O } {d&i

—cos VY, 0 d(bl}(ﬂ)

My,
(28)

where (d0;, d¢;), (dz,,, dy,,) and di; are the small displace-
ments of the contact coordinates and

v, = %‘ + 61/%'

(27) means that the contact displacements of the finger and
object on the contact surface equal to each other. Ry, is the
rotation matrix between the (x,y) coordinates of X, and
Yco, - Mgy, translates the angle displacements to the linear
ones. (28) means that the angle displacements in the 20,
due to ; and 6; around the zp,-axis equal to each other
because the angle between the ZCp, " and zp,-axes is ™ — ;.

Remark 2: Note that there do not exist the small dis-
placements of the deformations &; in the rolling contact
equations of (27) and (28). This is because the deformations
4; do not include the displacements on the finger surface and
can denote only the shift of the contact point expressed in
Y¢p, due to the deformed soft-finger.

(29)

C. Derivation of Moment due to Object Rotation

The problem setting is mentioned for preliminary. The left
of Fig. 6 shows an object grasped by the soft-fingers. The
object is assumed to be a convex polyhedron. F, € R? and
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Finger i .
Contact surface

Fig. 6. An object grasped by soft-fingers.

Mc, € R are the contact force and moment expressed in
Y¢yp, and they satisty the following equilibrium equations:

-

I
z

Rocy, Fe, =0, (30)

M=

(S(pi)RocFi Fc, + Mc; Rocy, ez) =0, (31)
1

.
Il

where e. := [0 0 1], Roc,, = R(0r,)Rr,cy,» R(OF,)
is the rotation matrix from Xp, to Xo. F¢, and M¢, are
expressed by the deformation forces and moment of (24) as
M()i —M¢i sin (PZ Fy o F¢71

Rjcos®; %% R’

F¢. = G =Fr , M§, =My, .

(32)
In the right figure, pr, € R? is the center of the finger and
PF.c; € RR? is the vector from the center of the finger to the
contact point expressed in Y. Therefore, the contact point

p; is given by
(33)

o F;

Pn; € R? is the point with the minimum distance h; of the
object surface from the CM and nh € R? is the normal to
the object surface in the initial situation. ng, ,n,, € R?
are the unit vectors to express the z- and y-axes of ZCO

We consider the moment produced by the soft- fingers
when the object is rotated about k-axis through ¢ from the
equilibrium conditions (30) and (31). Because the contact
force and moment (Fc¢,, Mc,) and the contact point p;
obviously depend on them from (24), (32), (33) and (25), it
is necessary to obtain the changed contact coordinates 7;(()
and the deformation 9;(¢) due to the rotation ({, k):

0:(¢) f0°+A9( ), $i(C) = ¢¢ +A¢l(<>

o, (C) 1= o, + Ao, (C), Yo, (C) = y5, + Ao, ()
¥i(Q) =) + A (()

80, (C) := 89, + Ado, (C), 04, (C) =09, + Ady, (C)

8y, () = 0y, + Ad1i(Q), (34)

where the variables with the superscript 0 are the initial
variables satisfying the initial equilibrium equations of (30)
and (31), and the ones with the A is the increments from the
grasping equilibrium due to the rotation (¢, k). The scheme
to obtain 73; and 6; is shown in the following:
1) To obtain ¢,,(¢) and (Az,,((),Ay,,(¢)) from the
geometric viewpoint.
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2) To obtain (0;(¢), ®;(¢)) and ¥;(¢) from the geometric
viewpoint.

3) To obtain (AB;(¢), A¢;(¢)) and Aw;(¢) by solving
the rolling contact equations (27) and (28) with the
obtained ®,(¢) and ¥;({).

4) To obtain (Adg, (¢), Ady,(¢)) and Ady, (¢) by (26) and
(29) with the obtained (0;(¢),®;(¢)) and ¥;(¢) and
(A0;(C), Agi(C)).

1) Derivation of d,,(¢) and (Az,,({), Ay,, (¢)): Since the
contact surface equals to the object surface as seen in Fig. 6,
the vector pr,c,,, 1s in the same direction of py,, given by

Pr(¢) = Ry (Q)(himy,) = himen, (), 1, (€)= Ry (C)m,.-

(35)
Therefore, by considering the distance between the center of
the finger and the CM in the direction of pj,,, the magnitude

R;i(C) of pr,cy, is given by
RZ(C) = thz (C) — hy, L}Li (C) = n;l:i (C)me

where Ly, (¢) € R is the distance between the center of the
finger and the CM in the direction of py,. From (26), 6., (¢)
is obtained as

(36)

0r,(¢) = i +hi — Ly, (C)- (37)

Next, from pr,cp, = —Ri({)ns,(C), (33) and (35), the
contact point p; expressed on the object surface with ( =0
is given by

P (¢) = R (Opr, — Ri(O)ni,.-

Therefore, (Ax,,({), Ay,,(()) are obtained as

Az, (€)= (n7,) AP (0), Ay, () = (nyy,) T APY(C), (39)
where ApY(¢) :=p?(¢) — p? and p? is the initial state.

(38)

2) Derivation of (0;(¢),®;(¢)) and W¥;(¢): Substituting
PF.Cr, = —R;(¢{)np, (¢) and (25) into (33) yield
sin @;(() i(¢)
03 04(¢) cos B5(0) | = | B:(C) | = RE, (61, ), (€). (40)
sin ©;(C) cos 4(¢) | [ (<)
From (40), (©;(¢), ®;({)) are obtained as

Bi0) = sin~" ). €4(0) =sin ! (45 @

From Fig. 5, W;((¢) is the angle between the zc,, -
and zc,, -axes defined by the following corresponding unit
vectors:

0
Moo, = [=sin0i(Q) |, nue, = Ri(Ong, . (42)
' cos ©;(¢) '
where Mg, is the first column of Rp, Cr, of (25). Consid-

ering the 51gn of U;(¢) which equals the sign of 1;({), w
obtain the following ¥;({):

U, (¢) = ay, cos™* ((nch )Tnchb) , (43)
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Fig. 7. A rectangular object grasped by two soft-fingers.

where
— g T
ay, := sign {(nch X Moy, ) pFiCFi} .

3) Derivation of (A#;(¢), A¢;(¢)) and A;(¢): From the
pure rolling equations (27) and (28), (A6;(¢), Ag;(¢)) and
A;(C) are given by

} d(Amo ) ~
[Aqsz :| / gf1 (C) d(A (C)) dC (44)
Ai(C) = /O ‘Mjc“”sm@ <<)d5. 45)

It is difficult to obtain (A6;(¢), A¢;(¢)) and Ay, ({) as
functions of ( by integrating (44) and (45) analytically
because the obtained analytical functions of R;(¢), ©;(()
and U;(¢) are complex. Therefore, (A0;((), A¢;(¢)) and
Aw;(¢) are obtained numerically in this paper.

4) Derivation of (Adg,(¢), Adg,(¢)) and Ady,(¢): From
(26), (29) and (34), (Ady,(C),Ady,(¢)) and Ady,(¢) are
obtained as

Adg, (¢) = —6i(C) + Ab;(¢) + (67 — dp,)
Abg, (€)= —®i(¢) + Adi(Q) + (¢) —05) (46
Aby, (C) = W(C) — Ahi(C) — (5 + 87),).

IV. NUMERICAL EXAMPLE AND DISCUSSION

A Numerical example is shown to confirm the moment
stability of the soft-finger grasp.

Fig. 7 shows the case where the rectangular object is
grasped at the lower contact points. The radius of the
finger is r; = 10[mm] and the stiffness coefficients are
k., = 0.377, kg, = 0.166[N/mm?], kg, = 0.0266, ky, =
0.0488[N/mm?>] [15]. The height, width, depth and mass
of the object are 100[mm] and m = 1.0[kg] respectively.
The initial contact points are p{ = (0, —50,—25), pJ =
(0,50, —25)[mm]. The contact angles are 8 = 63 = O[deg],
#Y = 131, ¢ = 49[deg]. The initial deformations are
62 =07, = 2.1[mm], 6y = —dy, = O[deg], (50 = (50 =
11[deg] 50 = 60 = O[deg] The rotation ax1s and angles
are k = 1/ \f 31 1 1]T and ¢ = +2[deg], which generates
the rotation with respect to the all axes.
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Fig. 8. Simulation result.
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Fig. 9. Simulation result seen from the z-axis rotation.

Fig. 8 shows the simulation result. The left figure shows
the inner product between the rotation axis (k and the
resultant moment M ((, k). It is confirmed that the moment
stability is satisfied. Furthermore, the right figure shows the
moments with respect to all the (, y, z)-axes. It is confirmed
that the signs of the moments are inverse with respect to
the rotation directions. When the two moments are not the
restoring moments, the moment stability could hold if the
last moment is the restoring one and its effect is much bigger
than the effects of the others. However, the stability of its
case may reduce. Figs. 9—11 show the results seen from the
z-, y- and z-axes respectively, where the the deformation
contact forces are illustrated as the solid sick black arrows.
In the each figure, it is confirmed that the resultant moment
due to the deformation contact force with respect to the
corresponding axis is the restoring moment.
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nn2
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Fig. 10. Simulation result seen from the y-axis rotation.

FrC06.5

nos Finger 2

004

002 y

-0z

-004

-008
-0

Fig. 11. Simulation result seen from the z-axis rotation.

Remark 3: The torsion moments of the soft-fingers effect
on the moment about the y-axis, which have been expected
to be the effective restoring moments, e.g., in [8], [14]. Since
this effect may be difficult to be illustrated in Fig. 10, the
contact moments are shown in Fig. 12 in order to check its
effect. Note that the contact moments effect the y-axis. The
sum of the contact moments is not the restoring moment
because it is positive when ¢ > 0. This fact imply that the
torsion moments may not effective to the moment stability
while its is effective to the force-closure.

Let us consider its reason. The change of the torsion
deformation Ady, is effected on by ¥; and Ay; from (46),
which are the terms to reduce each other. The changes are
illustrated in Fig. 13, where the upper and lower figures show
the the changes on the first finger-tip and the left side of the
object respectively when the object is rotated from ¢ = 0
to 2 [deg]. The bule and red arrows represent the zc,, -
and yc,, - axes of X¢, at the contact point on the finger.
The solid sick bule lines represent the shifts of the contact
point on the finger-tip surface due to the object rotation and
the rolling contact. The black and red circles represent the
first and end of the shifts of ¢ = 0,2 [deg]. In the upper
figure, the changes AW; and At are shown as the changes
of the zc, -axes. AV is directly caused by the relative
motion of the finger and object from (43) and very small
becuase of small object rotation . On the other hand, A
is caused by the rolling contact from (45). Note that the shift
due to the rolling contact is equal to the shift on the object
surface in the lower figure, and is relatively bigger than the
shift due the object rotation. This implies that A, has the
dominant effect on the change of the torsion deformation
Ady, . Furthermore, At is caused by the object rotation
about the zp-axis becuse it depends on the change Af; while

Fig. 12. The contact moments expressed in Xo.
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the object.

The changes of the contact configurations on the Ist finger and

Fig. 14. The illustrations of the changes Af; and AWV;.

AW, is caused by the object rotaion about the yp-axis as
shown in Fig. 14. Therefore, the moment about the yo-axis
due to the torsion deformation can not effect on the restoring
moment when the object is rotated about the zp-axis. In that
grasp situation, it is necessary to add the third soft-finger
which has to produce the inverse moment against the sign of
¢ about the y-axis. A example of its contact position of the
third finger is in the surfaces perpendicular to the z-axis.

V. CONCLUSIONS AND FUTURE WORKS

This paper analyzed stability of an object grasped by soft-
fingers in 3-dimensional space based on moment stability.
In the case of the hard-finger grasp, we indicated that
contact points to satisfy the condition were restricted to upper
locations of the center of mass and the class of the object
shape was only a kind of hollow objects. In the case of the
soft-finger grasp, the consideration showed a novel result
that two-fingered grasp could satisfy the moment stability

FrC06.5

with only two fingers while the hard-fingers needed at least
three numbers for the force-closure and could not satisfy the
moment stability. On the other hand, it was indicated that the
torsion moments did not effect on the moment stability well
and it was necessary to add the third finger in a condition
of the contact points.

In the case of the dynamics, there are some different
points from the static analysis in this paper. Since the rolling
relationships of (44) and (45) does not hold becuase of its
kinematic forms, it is necessary to consider the acceralation
form. Furthremore, it is ncessary to consider an appropriate
control method to satisfy the moment stability, an example
of which is shown in [15]. A very simple method is the
PID control of the finger-tips rigidly. This idea is based on
the static analysis in this paper because the finger-tips are
assumed to be fixed. The method would utilize the elastic
property to satisfy the moment stability.

In future works, it is necessary to consider the friction
condition and the limitation of finger joints. We will try to
optimize the soft-finger grasp with respect to the mentioned
conditions.
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