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Abstract
ﬁw?aper&scmu&emm in slid-

stability
ulti-fingered robot hand
mnmcmbyam command. We
provide , where a transi-

tton:scalledstablex ﬂzeoluectzsgumteedtoreach
the goal section

Jt:dmme. ﬂmmehfoméﬁow 3 it is shoum
that the transition phase becomes a concave
object while it becomes unstable for a convex object.
Key words: FEnveloping grasp Gm?mm:m,
&%mw,conmmwmz, orce-flow di-
agram.

1 Introduction

’I‘herehmbeenhnumbaofmrksoonmmgmﬁtx—
fingered robot hand. Most of them address finger tip

Srasps. For this type of we can emphasize on
exterity and sensitivity. ) grasp (or power
grasp) provides another grasping style, where multiple

meﬁngaandtheob;ectaxeaﬂm&
Suchanenvel %cansupportahrgeloadm
nature and is leduetoahrgem:mberof
dxstributedeomactsom

are still many works in , most of them

discus?‘!thﬁmfct force o hll 3] robustne%:f
so forth, by implicitly assuming that

gsp jectdoanotmmg. .

Ontheotherhand, weaneparticnlar interested in
the whole proeedmeushownl?nFigl where

the hand approaches an object glacedonatable
(approach phaae) andliftsup object toward the
pingsrasp(srasp-

ingphase):seomp 6 8] In this we focus

s W thedb*
howa.rdthe The motion plan-

phase can be regarded as an issue

'object. While there
‘in the grasping phase. In conventional works,

for manipulating an enveloped by finger Iinks,
Hma?mwmm&smnotbzydesm’bed&-
plicitly, it is hard to determine the exact trajectory of
objed: Inthehfhngphase,formnately,wedonotm
exact trajectory of object, because the purpose
tosxmplymovetheobjecttothepa!m Wecallsuch
sliding phase transition phase in terminology. Under
constant torque can we always achieve a
stable transition from an arbitrary point to the palm
without dmppsxunghthe object from hand? This work is
motivated by a question.

We begin by introducing a concept of transition stabil-
ity [9]. The basic idea of this definition is as follows.
Fbrmple,letusomderavumal mthehand
space. Ifanobject:smomdgom
to amthoutawayfrcmthesurfaceofthepipe,
we regard that the trapsition is stablein a bal sense.
Thxsconoeptperfectlymatchesthhthe phase
to convey the object to the palm with-
outdroppmgtheobjeetfromthehand. To utilize this
concept, we introduce the force-flow which is a con-
vmxmttoolformdgngwhethatheobeetmmin
e by g s
is map
at various position of the center of gravity of obj

This visually tells us & rough behaviour of ob-
Jectdunngatranmtzonphasemthmtso any dif-
ferential equations with respect to time. A honally'

this diagram provides us with an important informa-
nononthebehamurofob;ectagmnstad;mthe ce
70~
bwtnessofenvelopmggmspshasbeenevalmtedbythe'
maanmumextemalforeeandmommwhmhmmst
thhoutshdmge&l orbyt.hevolumeoftheoonm
polygon external force and
eanremtwithout jomttorques ] Hm,
even though the object ue to an ex-
ternal disturbance, we can 1tstab1ema
sense if the object comes to the neighborhood of
theorigmalposmonafterremmngthedmturbance.

Forvanousobjects we-examine the transition stability
‘mlmnstheﬁorce-ﬂow and show that the
transition phase tends to be stable for a concave object,



Fig.1 An example of enveloping grasp
while it becomes unstable for a convex object, such as
sphere.

2 Related work

Approach phase: ‘_

Jeannerod[10] has studied human grasping

and has shown that during the approaching phase of
grasping, the hand in order to prepare the
sh?e ing with the object to be Bard
and Troccaz{11] introduced such a ing motion
into a robotic hand by utilizing low- visual data.

m&d Paul{12] . proposed the concept of
liftabilif tymddu&vedthehﬁ:abali i tymgiomofagg'i?
tionless planar object for use in manipulation planning.

Fime a0 G 1) appid  ner progamning o

‘the
problem in s, and showed a signi
Fires i o mati weigh hanlisg Spabity
for com y enveloping type power
13) planning techniques for , and
ctionless grasping. Sali 14] has the
Whole-Arm Mani (WAM) of treating

& big and heavy object by using one arm which allows
mt!;ll‘éiple- contacts with an object. Bicchi [2] showed
that internal forces in power grasps which inner
link contacts can be'd i i

irections are ined in power grasps. Zhang et.
al.[4] evaluated the robustness of power by utiliz-
ing the virtual work rate for all virtual di

‘Work combined with more than two phases:
Fbr’atwmﬁngmedhandwhmo%eningismolledby
a single parameter, Rimon and Blake [15] discuseed a
%mhapi_ngpmblan i with the grasping phase.
or faally ackioving grasp om ?‘“’
. , jeving & power a &
grasp. In our previous work [ﬁlmwshom tlml-)-
man chooses the planning according to the scale
are geometrically similar
(Scale-Dependent Grasp). ‘on the observation of

. D The i-th
Fig.2 3D model of & 1ot band

human grasping, we introduced three grasping strate-
gi depe&uponthesﬁzeofobjmforcyindu‘ ical
objects p: on a table [7],[8]. '

3 Sliding Condition for an Enveloped
Object

Between the lifting and the grasping phases, an en-
velopedobm slides over link surface until it reaches
the palm. , if the lifting force balances with the
gravitational force, the object will stop before reaching
the palm. Whether the object before reaching the
palm or not depends on how much torque command is
imparted to each joint. In this chapter, we first formu-
1ate the relationship between torque and contact force,
and then consider a sufficient condition leading to slid-
ing motion. '

3.1 Assumptions
To simplify the discussion, we set the following assump-
tions:

Assumption 1: The robot finger has m fingers and n
Assumption 2: emgﬁgﬁﬁnkisnegligible.
Assumption 3: At each contact, we assume a
G ek e
gven by i, w. ay-
namic frictional coefficients are not

Assumption 4: Interference among fingers is ig-
Assumption 5: Each joint has a joint position sensor
 and a joint torque sensor.
Assumption 6: Eatchhtggk has at least one contact
wi ohject. -
Assumption 7: The motion is slow enough to sup-
press any dynamic effect.

3.2 Relationship between torgque and con-
tact force

Let us consider the #th finger of the robot hand as
shown in Fig.2. p;; € R¥, f.. e R®*! and ; € R™*!
denoteatﬁc&oontact position vector, theeo:telyactﬁgx
vector, e joint torque vector, i W)

m&eﬁhﬁmmﬁe’ﬁemm’ point,



(b)po&hedrﬂmm

(a) friction cone
Fig.8 Friction cone and its model
Let rf.be'thetorquevectorduetothecontactforce
fij- T} is given by

=351 ™

‘where J7; denotes the transpose of Jacobean matrix
whickmatﬁsthewntactfomintothejointtmque. By
e

uti principle of superposition for the relation-
ship between r} and f;;, we can obtain ;
ks
™ o= Y 7 @
=1
= Y Jify ®
=1

where k; denotes the number of the contact point of the
ith finger. Eq.(3) is rewritten in the following form.

ri=J7f @
where
JT = [f{:&] € Rk (5)

fio= [ i err @

Eq.(4) expresses the relationship between the contact
force and the joint torque in ith finger. A contact
fomealwa)ysappe,arswithinlafricticneoneasshm
"in Fig.3(a), where o = tan™ In practice, the fric-
'tioncongmbeapprmdmated‘&byapolyhedraleom
cone ated by a finite set of vectors (Fig.sgb))such
that we can obtain a set of linear equations [5]. Force
set within the cone is represented by

L
fij= Eﬁj"%

i=1

where v}, is the unit vector directing ith edge line. Note
that in general the vectars v}; are not linearly indepen-
dent. Eq.(7) can be rewritten into the following form.

Ji= Vishij ®

A5 20 @

where
Vi = [v}j,.. . ,‘0,{';] € R3*E 9

A o= [ 5] erP (10

(b) External force space @,
Fig.4 Convex polygon spanned by ¥
where L is the number of faces of

cone as shown in Fig.3(b). Applying egs.(4) and (8) to
m fingers, we get

{a) Space $ 20

T = Jtf (11)
F =V (12
A 2o (13)
where
r=[F,...,75)  ermx: (14)
.,'11?
J’l‘ - eRﬂmXS}Z&;, (15)
g1
- T
p=[fl. 2] erima (16
TV
V| € R3Tu XL (17)
i Vi

Va
Vi= “ € RSuxLk  (18)
Vi

T;
Ae [A}‘,\ES‘.] eREBx1  (19)
: T
;L,a[x;-.*;x?;] e REBXL  (90)

By deleting f from eqs.(11) and (12), we finally obtain
‘ r=JTVA (21)

8.3 Basic behaviour under constant forque
commands

In both lifting and grasping phases, we constant
torquemnmnds‘meach%int.Suchamm
relmmﬁomcompuﬁngthemmmﬁom
as well as the exact object’s position, since they are
paturally determined by the combination among the
X A the object’s weight and the geomet-
rical rela ip. Under the constant control,
eq.(ZlL:emﬂts in mn equations for LY, k; unknown
variables A, , the number of unknown vari-
ables is greater than of equations, and as a resuit,



Fig.5 Grasp transition with $
there exist infinite combinations of contact forces sat-

isfying eq.(21) for a set of torque command. It is well
et’g:lm)i:thexwesv‘ll.t:am'fovrce,f and moment m,

spanaconmpolygon asshowanigt!(a),where
%, is a 6D vector given by

k3

Y
Zz.fij + Mg

= ‘:" ":1- (22)

22{(?;;’ ~-rg) X £i5}

| =1 5=1

where M, ra,andgdmtethemassofob,;ect,
sition vector of the center of gravity of the obj and

U =

the gravitational vector, . IE® ludes the
mginOasshowninI“igAa), oommandedtmque

can generate at least one contact forces mak-
ing u, = 0, whchmeansthattheob wﬂlatopat

‘the equilibrivmn point. Now, suppose the object is
statxeq mdmalforoeandmommm

tothzobject Insuchacase,thembatﬁn—
,gamawcdbmagemmwhichm

resist tO tege Without the joint torque. The
space P, by W i8 such that the
ing + can be satisfied
Yo+ Ueat =0 (23)
‘The vector Pexe 15 called Admissible External
Force Space [5] whoee size can be an index for eval-
uating the of enveloping grasp.
3.4 Sliding condition
wm‘k, oommandintheliﬁing
such that & may the

OasshmmFigs Since & spans & convex
thereau!tantf&eehastbeminmnmmdthe
chemmmmandthemimmmvdml:yi:ca

we can evaluate whether the ob-
memovesintheduechonornot For examp le,&feggg
mgnsmaparuculardmctwm,
motmni:otheposmvedmctm

brash&n;motxonofenvelopedobject,theﬁollomng'

theorem exists.

Theorem 1 Consider dzmcﬁonala&dmgmotzmof
object for a fized center of gravity of object.

() If{f"""}”“" {fe=}ma® > 0, it is guaranteed that
ob;ectakdatoﬂwsgn[ f’“"‘}’“"‘] direction
of * azis. (Asu condition leading to sliding

(CY) ; If"“'x“;ﬂ&mm 0, the object me-

whmsgl[v]=+1forv>0mdsgn[v]=-—1
v <0, and "mdf"“'dmotethemuu—
il mdﬁemgac:mmvchesmﬂzc

4 Transition Stability [9]

Let = (2 ,2G)" be the tatxonaleenter To
Pc ép%#@ ) g"‘
m G’

we assume that the swing d.o§ of each fin-

Under this assumption, let us now define

thetransihmstabﬂxtyfollomnga&eranideaofv:rmal
pipe.

Definition 1 Let £, be a coordinate system, where z,
azis is jﬁgﬁ?‘d#m ?mc:dedemﬂtﬂi;?
recfion o irtual pipe Sg s defined

S C Ug where Ug is the

[ed a [} space spanned

&WWo ob;ectmdﬁ;eoﬂ;wsecﬁonw

Definition 2 The transition stability is guaranteed in
S if the two conditions hold in 2,3 < 2,0 <
2,4, trrespective o ﬂ:eonentaﬁonofob:ect.

- (i) For the circular cross section z, = z,,
{(tTfo)""“} > O for the positive goal
{(t'r,fo)”“’} < 0 for the negative goal where

-t is the unit vector expressing the 2, axis.

(i) For the boundary of circular cross section

Zeor {(ﬂTf )=} > 0 and

{(an)”“"} > 0 where n is an inward nor-
mal unit vector at the boundary.

Zs =



{s) Bird's view »
Fig.7 Simulation model for a sphere object

{wloz

Fig.8 Force flow di for & sphere object
(!l = 1.0[m], d = 0. [mi,' R = 0.2[m}, Mg = ~1|N}
and o = x/18[red]) -

Fig.9 Simulation model for a tsugumi object

5 Force-Flow-Diagram

In this section, we introduce the force- i as
judging whether the transition stability is

_confirmed under the torque command or not. We de-

Definition 8 Let « be 21, 11, and 21 axis, respectively.
() I {fén}m - {fre=}™e= > 0, we put an arvow
ot pg in sgn [{fmin}min]- direction in+ azis.
(&) If {finymin - {fPas}me= < 0, we put o.

‘We call the arrow or o the force-flow. We also call the
map displaying the force-flow at various position of the
center of gravity of object the force-flow-diagram. A big
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Fig.10 Force flow di for N = 40, ! = 1.0[m]
d = 0.05[m], R = 0.2[m], r = 0.3[m], Mg = ~1[N] and
a = x/18[rad) ‘
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Fig.11 Force flow di for N = .40, | = 1.0[m]

_ = 40, ]
da:t:_.?lsmrl,dln_o.z[m, r = 0.2[m], Mgg-lm and
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ig.12 Force flow di for N = 40, ! = 1.
gé}fgﬁ:} R=0.2[m,_r==0.1[§1], Mgwul[l%]ogﬁh

advantage to utilize this diagram is that we can roughly
estim::ggheobject’s behaviour without solving a set of
differential equations with respect to time.

6 Simulations

A three hand is assumed as shown in Fig.7,
where each is fixed at the palm. Fig.8 shows
the force-flow-di a sphere object, where [ =
1.0[m}], d = 0.05[m], R = 0.2[m], Mg = —1[N], and
a = 7/18[rad], respectively. An ing obeervation
in Fig.8(b) is that the object placed with a bit shift from
z axis receives a force, such that it may always push
the object away from the axis, which means that the
object is easily dropped from the hand during the lifting



phase, while the force flow shows a stable behaviour in
the side view. Since Sg satisfying (ii) in the transition
stability in the phase can not be found in Ug,
the transition stability is not guaranteed for a sphere.

. Fig.9 shows simulation model for a tsuzumi ob;ect
where the object’s shape is characterized by two
rameters, R and r. Formmple,fo—r,theob
shsperemltsmcyhndnmlshspe,ForR>rand
the shape becomes concave and

IOshowsthetopwewoftheforwﬂawdwgram
fffa« Since the side view of the force-flow dia-
gramxssxmiartotbatobtmnedﬁra , We sim-
omtztforthespaoehmtatxm. tcanbeseen
Fx&:ga , for & convex object, the force-flow di-
antmstablebehmor .11 shows the
m;v:ewofthefm'e&ﬂow = r (cylindri-
object). For such an object, 1tseemstobeacnttcal
behavxor,wherewecannotclearlyspecxfywhetbnthe
z-directional force results in positive or negatwe.

.12 shows the top view of the force-flow for
B ¢ o oo s o g B e
object w] inan
pomtalwayamovestowardy=0mthout awsy

" judging, we have a tendency in which the ki phase
becomes stably for a concave object, whﬂextbmnes
unstable for a convex one.

7 Conclusions
The main results obtained in this work are as follow:
(1) Weshawedasuﬂicxentoondmonfonhdinganob-
ject ‘enveloped by a multi-fingered robot hand.
(2) Weprovxdedagene;gi dﬁmﬁonon%etmnsx-
for an object enveloped by a multi.
robot hand.
3) As a tool for evaluating the transition stabili
()mtroduoedthefome-ﬂow-dmgram. ¥, we
4) Through simulations, we showed that the lifting
()phasemwneaveobjectseanbeachmdstably,
while that for convex objects tends to be unstable.
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