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Abstract

Power grasp is a grasp that can hold objects stably
without changing the joint torques of fingers. Almost
all studies on power grasp deal with one object. But it
1s more efficient to hold multiple objects at the same
time. This paper derives a condition for power grasp
for multiple objects, and defines an optimal power
grasp from the viewpoint of decreasing the work of
joint torques. Lastly, we show some numerical ex-
amples to verify the validity of our approach.

1 Introduction

When a task is given of transferring a number of
objects which are relatively small and light on some
table to another table, we often grasp as many ob-
jects as we can simultaneously. This way 1s more
efficient than to grasp the objects one by one and to
transfer to the another table. This scheme can also
be applied to operations by robot hands. Therefore,
recently, there has been a growing interest in grasp-
ing of multiple objects simultaneously.

Aiyama et al.[1] have proposed a scheme for
grasping multiple box type objects by two manipula-
tors. Harada et al. [2] [3] have developed a method for
grasping and manipulating multiple objects which
make rolling contact with other objects or the links
of fingers, and have studied equilibrium grasp and its
robustness for multiple objects under gravitational
field.

But many problems for grasping multiple objects
still remain unclear. One of the problems is a re-
search of power grasp. When some feasible joint
torques have been assigned to finger joints in ad-
vance, the power grasp can automatically change its
contact forces to resist magnitude-bounded external
forces exerting on the object from any direction with-
out changing the preloaded joint torques. Many re-
searchers have studied about this power grasp for one
object [4]0 [7].

Omata et al.[5] have given a kinematic condition
for power grasp, and showed that contact sliding di-
rections are constrained in power grasp. Zhang et
al.[6] have provided a computational algorithm for
calculating the critical external force which is re-
quired to move the grasped object in a definite di-

rection. Yu[7] have given a necessary and sufficient
condition for power grasp, have defined an optimal
power grasp from the viewpoint of decreasing the
magnitude of joint torques; and have developed the
determination procedure of the optimal power grasp.

In this paper, we given a necessary and sufficient
condition for forming power grasp and analyze its op-
timal power grasp when multiple objects are grasped
by robot hands simultaneously. This paper is orga-
nized as follows. In sections 2, we give a condition for
forming power grasp for multiple objects. Then, we
define an optimal power grasp from the viewpoint of
decreasing the magnitude of joint torques in section
3. Lastly, numerical examples are presented to show
the effectiveness of our approach in section 4.

2 Condition for Power Grasp

In this section, we give a condition for forming
power grasp for multiple objects. First, we formu-
late the kinematic constraint between a finger and
an object and the one between an object and the
other object. Then, we give the relationship between
contact force applied to the object by the finger or
the other object and joint torques or external force.
Next, we show the frictional constraints, and finally
we give a condition for forming power grasp. In the
following discussion, we consider the problem in 3
dimensional space, but the obtained results can be
applied to the problem in 2 dimensional space.

2.1 Target System

In this paper, we consider the cases where M (> 1)
objects are grasped by N(> 1) fingers (Fig.1). We
make the following assumption: (i) each object is
a convex polyhedron; (ii) each link (or the finger-
tip) of the fingers makes frictional point-contact with
the object’s edge (or object’s face); (iii) each ob-
ject makes frictional surface(or line or point)-contact
with the other object (or the base) and the surface(or
line)-contact can approximately be represented by a
number of point-contact; (iv) there exists at most
one contact point on each link of the fingers. let Xg,
¥, and Xpg, be the reference coordinate frame,
the object coordinate frame fixed at Object ¢, and
the finger-link coordinate frame fixed at kth contact
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Figure 1: Robot hand and objects

point on the link of Finger j, respectively. Note that
Object 0 means the base and Xp, denotes the coor-
dinate frame fixed at the base.

2.2 Kinematic Constraints

In this subsection, we formulate the kinematic
constraint between the finger and the object andthe
one between an object and the other object.

Let p, and R4 be the position and orientation,
respectively, of X4 with respect to Xg. let Apcjk
and ApEzhl be the position of the kth contact point
of Finger j €}, and the position of the Ith apex on
the contact face between Object ¢ and Object h, re-
spectively, with respect to 4.

Then, we get the following relationships [2] [3] [8].

oo [ L] = on [l ] 0
2] = ]
where
Dpg,, = [Ig _{(RBlB’pCjk)XH € R3*S,
Du = [t (o] e
Dp,, = [Is —[(Rs,"pg,)x]] € R

Here, [ax] denotes a skew symmetric matrix equiv-
alent to the cross product operation, I denotes the
k-order identity matrix and wpg, and wp,, denote
the angular velocities of ¥ g, and X, , respectively.
Note that (1) expresses the relationship between the
velocity of Y, and the velocity of ¥ g, with respect
to the contact point Cjr and that (2) expresses the
relationship between the velocity of X, and the ve-
locity of ¥p, with respect to the Ith apex on the
contact face between Object ¢ and Object h.

Now, let q; € R%i be a joint vector of Finger j
where L; denotes the number of joints of Finger j
(Note that a joint will not be numbered if there is no

contact point from the joint to the fingertip). Then,
we get the following relationship between the joint
velocity of Finger j and the velocity of Xg,,

[ Pr,, ] = T, d;, (3)

ijk

where Jp, € R°*% denotes a Jacobian matrix of
Finger j.

Form (1)(3), we get the following relationship be-
tween the joint velocity of Finger j and the velocity
of multiple objects

Dg, [1%1 wh, e I%M wh ]T:JCFjélj, (4)
where
Dp, JrF;,
JCF]' — c RBK]'XL]"
Dry Jr,,
(1)
Dg, = 0 c R3Kx6M -

ifk

i (k) 0 DJ;

Here, Dp, denotes the matrix whose (k,#)th com-
ponent is Dpg,, and whose the other components
are all 0 when we take only kth row of the matrix
into account. Note that K; denotes the number of
contact points on Finger j.

Next, when Object ¢ contacts with Object h and
i < h, we get the following equation form (2).

. . T
Dp, [ pp, wh, - Phy @h, ]| =0, (5

where
(1) (h)

Dg=

(1) 0 Dg,, 0 -Dg,, 0 ERSTMX6M'

Here, this matrix denotes the matrix whose (I,7)th
s> Whose (I, h)th component is
—Dg,,,, and whose the other components are all 0,
when we take only [th row of the matrix into ac-
count. Note that if Dpg,,, = 0, it means that Object
1 1s the base. Note also that 7} denotes the number
of apices of the contact face between Object ¢ and
Object h.

From(4),(5), we get the following relationship be-
tween the joint velocities of fingers and the velocities

component is Dg

of multiple objects
[ Dg JCF][ _wq]:()’ (6)
where

Dy = [Dj, -+ Dp, (Dg)" Dp,
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Note that the component in brackets () in ma-
trices will be taken off if there is no contact point
or face on the base. Note also that K = Z&  K;,
T =% ichTin,and L =%NL;.

2.3 Contact Force

In this subsection, we consider the relationship
between contact force applied to the object by the
finger or the other object and joint torques or exter-
nal force applied to each object. Note that we as-
sume that contact force between objects can be rep-
resented by the resultant force of all contact forces
at the all apex on the contact face.

Let fe, € R? and fe, € R? be a contact force
at the contact point Cj; and the one at the apex
on the contact faces between Object ¢ and Object
h Eip, respectively. Note that fg — denotes the
force applied to Object ¢ by Object A when Object A
contacts with Object + and ¢ < h. Now, let 7; € R
and t; € R be the joint torque vector of Finger j and
the external force which is composed of 3 dimensional
force and of 3 dimensional moment and applied to
the origin of Xp;, respectively. Then, from (6) and
the principle of virtual work, we get

ar = [ 7F] 7

-
where

A = [DL JL,]" € ROMFLX3(EAT)

fo= [FE e P P, )

fgm . ng_lMTM—lM € RPEAT),

t. = [tf...tﬂ]T c RM,

T = [Tf - ~T%]T € R”.
From (7), we get

Fo= )T+ Tsyr) = JordEp)ks, (8)

where JgF e RYSEAT) denotes the pseudo-

inverse matrix of Jop and k; denotes an arbitrary
vector. If we assign the constant value 7¢ to 7 in
advance, (8) is rewritten as follows

f=Tp) re+ Iskyry — TerTEp)ki. (9)

f given by (9) is a contact force which can oc-
cur without changing the value of pre-loaded joint
torques 7¢. Note that the force of the second term
in the right side of (9) expresses the set of the in-
ternal force which exerts no influence on the joint
torques. Then, the set of contact force f satisfying
(9) is given by

Fr={flf=(TEp) T ket Tsory— T crT Ep )k,
ke >0, ky € REFT)Y (10)

where 7¢ (= 7¢/||T¢|]) and ke (= ||T¢]]) denotes the
direction and the magnitude of 7, respectively.

2.4 Frictional Constraints

In this subsection, we consider the frictional con-
straint at the contact point C}; and the one at the
apex on the contact face F;p;. Here, we assume that
that the frictional constraint at the contact face can
be satisfied if all frictional constraints at all apices
on the contact face are all satisfied.

Then, contact force fcjk and fg ,, must satisfy
the following frictional constraints at C;; and Ejy,
respectively.

1
L+ pp

where F' means Cjji or Eypy, and pc,, and pg,,, de-
note the coefficient of maximum static friction at Cjj;
and FEjp;, respectively. Hence, the set of fcjk and
fg,,, satisfying (11) at all contact points and apices
is given by

£l (11)

npfp >

Fr = {fIN"f>nf}, (12)
where
N = diag {nc11 ooy, (B MEyL, )
NE; MNEy_iary, o c RS(K+T)><3(K+T)’

o= diag [(1+p8,)7 (14 pd,,, )7
(- 4pg )71 +ﬂEZDMTDM)‘

QIS 775000 IR € I 70
¢ RUEHT)X(K+T)

.
~

S5

I = ||f011|| ||fCNKN||
(o MF ol - M Bopgry, -+ )
||fE121|| ||fEM—1MTM_1M||
€ R(K+T).

Here, ”diag” means a block diagonal matrix.
2.5 Condition for Power Grasp

In this subsection, we derive a necessary and suffi-
cient condition for forming power grasp for multiple
objects.



The contact force, which can actually occur, is the
force that not only satisfies the frictional constraints
at the contact point or the apex on the contact face
but also is contained in the set expressed by (12).
Then, from (10) and (12), the set of the above con-
tact forces is given by

F = F; 0 Fy. (13)

When we consider whether the system can form
power grasp or not, the direction of possible con-
tact force to occur is the problem. So, if we set 7¢
is constant and k. and k; can change in (10), Fy
become a convex corn. Hence, Since F; is also a
convex corn from[7], we can regard F as a convex
corn. t., given by the substitution of f satisfying
(13) into (7), is an external force which can be re-
sisted without changing the direction of pre-loaded
joint torque 7¢. Then, the set composed of this %,
can be expressed by

W = {t. |t. = -DLf, feF} (14)
Note that W 1s also a convex corn, since F — W isa
linear mapping. Hence the linear space of W is given

by
W=Wwn (-w). (15)

This linear space W expresses the set of resistible
external forces exerted from the bilateral direction.

On the other hand, the rank of A in (7) is also
important to form power grasp. If rankA < (6 M +
L), contact force f can not be determined even when
some constant value is given to 7 and some external
force t. apply to the system. This means a contact
force for compensating some external force cannot
occur and that then, the system cannot form power
grasp.

From the definition of power grasp, when M ob-
Jects are grasped simultaneously by robot hands and
both rankA=6M + L and dimW=6M (dimW de-
notes the number of the dimension of W ) are sat-
isfied, the grasp can become power grasp. Hence,
when M objects are grasped simultaneously by
robot hands and the directions of some feasible joint
torques are assigned to finger joints in advance, a
necessary and sufficient condition for the existence
of power grasp is given by

1. W=6M
2. rankA=6M + L .

When the system is in 2 dimensional plan, the
above condition is rewritten by

1. W=3M

2. rankA=3M + L .
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Figure 2: Examples

because the external force is composed of 2 dimen-
sional force and of 1 dimensional moment.

Fig.2 shows some examples in planar motion. In
this figure, each object is a square whose side is 1
length and we let the all coefficients of maximum
static friction at all contact point between the fin-
ger and the object p; and all ones at all apices on
the contact face between the objects pus be 0.3. The
system shown in Fig.2 (a) can form power grasp.
The system shown in Fig.2 (b) can form power grasp
when 0 < L < 0.8, but can not form when L > 0.8.
The system shown in Fig.2 (c) cannot form power
grasp because dimW=5 (< 6).

3 Optimal Power Grasp

In this section, we define an optimal power grasp
for multiple objects in the same way as the definition
of the optimal power grasp for one object given by
Y. Yu[7].

When we simultaneously grasp multiple objects
with power grasp by robot hands, there are an in-
finite number of power grasp forms. Thereby, it is
necessary to select the most suitable one among the
many power grasp forms by some evaluations. So,
we use Required External Force Set in[7]. First, we
define Critical External Force Set for the definition
of Required External Force Set as follows.

Critical External Force Set when the sys-
tem form power grasp and some external force ap-
ply to the objects, the balancing contact force, which
counteract the external force, can occur without
changing the value of pre-loaded joint torques by the
mechanism itself. However, the magnitude of the re-
sistible external force is upper-bounded. We call the
upper-bounded force Critical External Force and the
set composed of the all upper-bounded forces Critical
FExternal Force Set Ty, C RM.

With this definition, we define Required External
Force Set as follows.

Required External Force Set  Required Ex-
ternal Force Set, Tp C R®™ | is a set which Critical
Ezxternal Force Set of the power grasp must contain.

We think it is suitable that an assigned joint
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Figure 3: Robot hand and one object
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Figure 4: Robot hand and two objects(T)

torque 1n advance is as small as possible. So, we give
the following definition of an optimal power grasp.
When pre-loaded
torque of kth jownt of Finger j 1s given by
Tik (1755 | <Tjkmas ) and 75 in the system, which forms
a power grasp whose Critical External Force Set con-
tains Required Faternal Force Set (Tp C Tr), min-
wmizes the following criterion function, we call the
power grasp optimal power grasp.

Optimal power grasp

>

&, = maXM (16)
Jok Tikmag

Note that if all Tjimas are same, the above func-
tion can be expressed by

3, 2 max | Tjk|. (17)
Jk

The procedure for determining optimal power
grasp in several numerical examples in the next sec-
tion is the same as one proposed by Y. Yu[7]. So,
we introduce the outline here.

From(7), we get

_te
T

f=(@ah’ [ ] + (Isgeqry — AAT ks, (18)

where AT denotes the pseudo-inverse matrix of A
and ks denotes an arbitrary vector. By evaluating
whether the A and 7 satisfy both (12) and (18) or

not with respect to all values of A and 7, we search
A and 7 minimizing ®; (P2).

4 Numerical Examples

Based on the above discussion, in this section, we
consider evaluating optimal power grasp of examples
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Figure 5: Robot hand and two objects(IT)
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Figure 6: Robot hand and three objects
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Figure 7: Required external force set for Fig.3

in planar motion shown in Fig.3 ~ Fig.6. For the
convenience, we make the following assumption; 1)
Each object shown in Fig.3 ~ Flg.6 has an uniform
and same density. 2) ¥p; (the object coordinate
frame fixed at the Object i) is fixed at the center
of gravity of Object ¢. 3) the coefficients of maxi-
mum static friction at the contact point between the
finger and the object jic;, and the ones at the apex
on the contact faces between the objects ug,,, are all
set to 0.3. 4) We make 71 = —791, T12 = —T22 from
the bilateral symmetry of the configuration of multi-
ple objects and robot hands. 5) The magnitudes of
the maximum torques which can be actuated by the
joints are all same and then, we can use the criterion
function ®4 in (17).

letting ¢;, and ¢;, be the components of the exter-
nal force applied to Object ¢ and #;,,, be the external
moment applied to Object ¢, each Required external
force set for each system 1is given by

TR = {tix:txa tiy:tya tim:0|

mg
1+t < ﬁ}, (19)

where, m denotes the summation of all weights of
M objects and ¢ denotes the acceleration of grav-
ity. For example, Required external force set for the
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Table 1: ®49,,;, and joint torques for optimal power
grasp

| | ®2min [ Im11] =[ro1|][712] = [722]]
one object 10.04 7.184 10.04
two objects(I) || 11.66 8.234 11.66
two objects(IT) || 12.00 8.669 12.00
three objects || 13.12 9.426 13.12

system shown in Fig.3 is shown in Fig.7. By using
this Required external force set, we can achieve the
requirement that we can retain power grasp even if
the robot hand is in any configuration, when each
system 1s laid in the same gravitational field.

Note that we set to mg = 1.5 and we approxi-
mate the circle shown in Fig.7 as the regular polygon
whose sides are 64, in our actual computation.

Results are shown in Fig.8 and Table.1. Fig.8
shows the reciprocal of ®4,,;, which is the least value
of @5, when the value of 711/m12 changes. The larger
the value of <I>2_n1“n 18, the smaller joint torques are
necessary to form power grasp. ® ! = 0 means the
system cannot form power grasp. Table.1 shows the
values of joint torques and ®s,,,;, where each system
forms optimal power grasp, namely, where the value
of ®o9,,,;n become the least one.

From Fig.8 and Table.1, we can see that the nec-
essary joint torques depends much on the number of
objects in order to form power grasp and that the
necessary joint torques where two objects are com-
bined in up and down are smaller than where two
objects are combined in left and right in order to
form optimal power grasp. However, we can also
see that the necessary torques where two objects are
combined in up and down are smaller than where
two objects are combined in left and right when
m11/712 < 0.8924 and that the necessary torques

where two objects are combined in left and right are
smaller than where two objects are combined in up
and down when 7i1/72 > 0.8924, in order to form
power grasp.

5 Conclusions

In this paper, we have derived a necessary and
sufficient condition for forming power grasp where
multiple objects are grasped simultaneously by robot
hands. We have also defines an optimal power grasp
in terms that the grasp whose necessary magnitudes
of joint torques to form power grasp is the smallest is
optimal. Finally, we show some numerical examples
in order to verify effectiveness of our approach.

From the result of the numerical examples, we can
see that the necessary magnitudes of joint torques to
form power grasp depends much on the number of
objects grasped simultaneously.
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