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Rolling-Based Manipulation for Multiple Objects

Kensuke Harada, Member, IEEE, Makoto Kaneko, Member, IEEE, and Toshio Tsuji, Member, IEEE

Abstract—This paper discusses the manipulation of multiple ob-
jects under rolling contacts. For manipulating multiple objects, the
following two key issues do not arise in the manipulation of a single
object: 1) each object’s motion is restricted by the other objects
and 2) the contact force among objects is not controlled directly.
As for 1), we first formulate the motion constraint for the whole
grasp system, and then provide a necessary condition for manipu-
lating multiple objects uniquely. As for 2), we provide a condition
for determining the contact forces among objects uniquely. We fur-
ther show a sufficient condition for manipulating multiple objects
within the object motion constraint. Under this sufficient condi-
tion, we propose a control scheme for object motion by taking the
motion constraint into account. Simulation and experimental re-
sults are provided to confirm our idea.

Index Terms-—Manipulation, multiple objects, rolling contact.

I. NOMENCLATURE

We use the following nomenclature in this paper.

YR Coordinate frame fixed at the base.

B Coordinate frame fixed at the center of gravity
of the object i( = 1, ..., m).

Yrpj Coordinate frame fixed at the end link of the
fingerj (j =1, ..., n).

YcrFj Contact frame of the finger j whose origin is
always at the point of contact.

YeBij Contact frame of the object ¢ whose origin is
always at the point of contact with the finger
7.

ZLF; Local frame fixed relative to X ; which co-
incides with L¢ g, at time ¢

Y1Bij Local frame fixed relative to ¥ g; which co-
incides with X p;; at time £.

Ycoit Contact frame of the ¢th contact between ob-
jects (=1, ..., 7).

Yot Local frame fixed relative to Y. g; which co-
incides with Yoo, at time ¢.

ps € R position vector of ¥ g; with respect to X 5.

Rp; € R**3  Rotation matrix of ¥ p; with respect to L g.

pr; € R? Position vector of ¥ r; with respect to Zg.

Rp; € R®*3  Rotation matrix of ¥ p; with respect to g.

Pcpij € B°  Position vector of contact point of the finger

J with respect to X g;.
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Fiper; € R*  Position vector of contact point of the finger
J withrespect to X p;.

Position vector of common contact point be-
tween the object 7 and the object  with respect

10 Xp;.

Bipcoi € R?

II. INTRODUCTION

ULTIFINGERED robot hands have potential advantages

in performing various tasks with the dexterity of human
hands. While much research has been done on multifingered
robot hands, most of works have implicitly assumed that a mul-
tifingered hand manipulates only one object. Under such a con-
dition, several grasping issues such as the stability of grasp [1],
[2], the analysis of contact force [3]-{5], and the manipulation
of an object [6]-{10] have been studied.

Now, let us consider a case where a multifingered hand ap-
proaches and envelopes a cylindrical object placed on a table.
For an object with small friction, we can make most use of
wedge-effect, where the object receives a strong lifting force
produced by fingertips inserted into a narrow gap between the
table and the object. As aresult, the object will be automatically
lifted up by slipping over the link surface [11]. For an object with
significant friction, however, it is hard to expect the wedge-ef-
fect since any slipping motion is avoided. A scheme based on a
rolling motion may be a good candidate for lifting up an object
and for achieving an enveloping grasp [11]. In such a case, one
finger continuously pushes the object so that it may be rolled
up over the surface of the other fingers. Generally, this motion
planning is too complicated to be easily implemented to the ac-
tual system. Let us now consider the case where a multifingered
hand approaches and envelopes two cylindrical objects with sig-
nificant friction, as shown in Fig. 1. When two objects satisfy
the rolling contact, we can expect that a multifingered hand can
easily achieve an enveloping grasp by simply pushing two links
contacting with the objects. During the lifting phase, links and
two objects behave as if they were just connected by mechan-
ical gears. Due to these mechanical properties, achieving an en-
veloping grasp for two objects seems to be even easier than for
a single object under significant friction. This is a potential ad-
vantage for manipulating two objects, simultaneously.

We can find another advantage for manipulating multiple ob-
Jjects. Let us consider the case where a human picks up and trans-
fers small objects such as coins, beans, or such, for example,
from a table. In such a case, a human often grasps more than
one object and manipulates them case by case. Generally, we
can expect that treating multiple objects simultaneously makes
it possible to achieve a handling task efficiently. These are mo-
tivations to start this work.

For manipulating multiple objects, there are a couple of ques-
tions. Can we apply the same control used for a single object?

1042-296X/00$10.00 © 2000 IEEE
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Fig. 1. Multiple objects grasped by inner-link contacts.
If this is not the case, what are the major differences between
the manipulation of a single object and that of multiple objects?
The goal of this work is to answer these questions and to extend
the manipulation theory from single objects to multiple objects.
Since the manipulation theory for multiple objects includes that
for a single object, and since the manipulation theory under
rolling contacts includes that under point contacts, rolling-based
manipulation of multiple objects can be regarded as an extension
of the manipulation theory.

By observing a series of motions shown in Fig. 1, we can
roughly divide the grasp into two types. Fig. 1(b) shows a kind
of inner-link-based grasp where one finger contacts an object
only at the end link. Although many fingers are needed to grasp
objects firmly, we can expect that the freedom of manipulation
will increase since a finger can exert an arbitrary contact force
at the contact point. On the other hand, Fig. 1(c) shows the final
state of the grasp where one finger contacts an object at multiple
points. In such a grasp, although a robot hand can grasp objects
firmly with a small number of fingers, the freedom to manip-
ulate the objects is strongly limited since a finger cannot exert
an arbitrary contact force at the contact points. Due to the large
potentiality of object manipulation with the end link, we focus
on the grasp style as shown in Fig. 1(b).

When multiple objects are manipulated simultaneously by
rolling contact at each contact point, we have to take note of
two factors. One is the object motion constraint. For the manip-
ulation of two objects as shown in Fig. 1(b), even if the left-hand
object moves in an arbitrary direction, the right-hand object
has to maintain contact with the left-hand object and, therefore,
cannot move arbitrarily. For multiple objects, we have to care-
fully choose the control parameters so that they may not inter-
fere with each other. The other factor is the dependency of con-
tact force. Suppose that each finger exerts contact force onto the
objects, as shown in Fig. 1(b). Even if an arbitrary force (f; and
J») is exerted at the contact point between the finger link and
the object, the contact force (£} at the contact point between
the two objects depends on both f; and f,. Therefore, we have
to consider the dependency of the contact force as well as the

constraint on the object motion when manipulating multiple ob-
jects.

In this paper, we discuss the manipulation of multiple objects
under rolling contacts by taking the above two issues into ac-
count. As for the discussion of the object motion constraint, we
first formulate the motion constraint of the grasp, and introduce
the matrix L denoting the velocity relationship between finger
contact points and objects. By utilizing L, we show a necessary
condition for manipulating multiple objects uniquely. As for the
dependency of the contact force, we formulate the equation for
computing the contact force among objects for a given set of
finger forces by considering the dynamics of the system, and
provide a condition for determining the contact force among ob-
jects uniquely. Under the condition for generating unique con-
tact force among objects, we show a sufficient condition that
ensures that each object can generate an arbitrary linear and
rotational acceleration under the motion constraint caused by
multiple contacts. Under the unique contact force among ob-
jects and the motion constraint caused by multiple contacts, we
show a control scheme for the manipulation of multiple objects.
Trajectory tracking of the object motion is experimentally per-
formed by using a three-fingered hand to verify our idea. We
believe that this experiment is the first attempt at making mul-
tiple objects follow along desired trajectories.

11I. REVELANT WORK
Grasp of Multiple Objects

Dauchez and Delebarre [14] used two manipulators holding
two objects independently and tried to apply them to an as-
sembly task. Kosuge er al. [15] also used two manipulators
holding two objects where each manipulator was controlled by
its own controller. Aiyama et al. [16], [17] studied a scheme for
grasping multiple box type objects stably by using two manipu-
lators. For an assembly task, Mattikalli ez al. [18], [19] proposed
a method of finding stable alignments of multiple objects in a
gravitational field. While these works treated multiple objects,
they have considered neither the motion of the objects within
the hand nor any manipulation of objects based on rolling con-
tacts. The authors in [12] and [13] are the first to study the en-
veloping grasp for multiple objects. They have shown a condi-
tion to judge the rolling contact at each contact point and have
shown the rolling-up condition.

Manipulation by Rolling Contacts

Kerr and Roth {3} formulated the kinematics of rolling con-
tact. They first introduced the rolling contact model into manip-
ulation by robotic hand. Montana [20] formulated the general
relation of contact states including the sliding contact and the
pure rolling contact that assumes that the linear velocity of each
object is same at the contact point and that the relative rotational
velocity about the contact normal becomes zero. Li and Canny
{21] discussed the controllability of an object under rolling con-
tact, and proposed a motion planning method taking the non-
holonomy into account. Howard and Kumar [2} and Maekawa
et al. [22] studied the effect of surface curvature on the stability
of a grasped object under rolling contacts. Cole et al. [6] pro-
posed the simultaneous controller of the object motion and the



HARADA er al.: ROLLING-BASED MANIPULATION FOR MULTIPLE OBJECTS

LLLLS S LSS S LSS

Fig. 2. Model of the system.

internal force taking the rolling constraints into account. Paljug
et al. [7] proposed a simultaneous controller of the 2-D motion
of the object and the contact states. Sarkar et al. [8] provided the
second-order rolling constraints and simultaneously controlled
the 3-D motion of an object and the contact states. Bicchi and
Sorrentio [9] and Han et al. [10] proposed a control scheme for
the full contact states taking the nonholonomy into account.

While there have been a number of works concerning grasp
and manipulation under rolling contacts, we believe that this is
the first work discussing the manipulation of multiple objects
under rolling contacts.

IV. OBJECT MOTION CONSTRAINT

Fig. 2 shows the grasp of m objects by n fingers, where the
finger 7 contacts the object ¢, and additionally the object ¢ has
a common contact point with the object [.We also assume that
the fingers have enough degrees of freedom to exert an arbi-
trary contact force and an arbitrary moment around the contact
normal (s; > 4), where s; denotes the number of joints of the
finger j.

We assume the pure rolling at each contact point. In case of
pure rolling contact, there are four constraints at each contact
point. The linear velocity of the object ¢ should coincide with
the linear velocity of the finger 7 at the contact point, and the
rotational velocity of the object 4 relative to the finger 7 about the
contact normal should equal zero. Similarly, the linear velocity
of the object ¢ should coincide with the linear velocity of the
object [ at the contact point, and the rotational velocity of the
object 7 relative to the object [ about the contact normal should
equal zero. These relationships are expressed as follows:

Day 22| =0 [ 2]

Wy

1

459

Do 2] <o |2 @
Dy = ff’ ) ((RZ!:{;’:“) x)] € R¥xS
Dr; = 103 —((RZZ%{’;M) X)] c Rix6
e[ ]

where I3 denotes the 3 x 3 identity matrix, ((Rp: 'pcp;;) %),
(RF; Fipcr;)x), and ((Rpi B'proi;) %) denote the skew-
symmetric matrices equivalent to the vector product, wpg; and
wp; denote the rotational velocity vectors of X p; and £ p; with
respect to Lz, respectively, and e3 = [001]7. Aggregating (1)
and 2)forj = 1,...,nand ¢t = 1, ..., [, respectively, the
equation of motion constraint is derived as follows:

Diprr = Dppg 3)

where

. . . T
Prrp = [PEFleFI T 'P{anLFn] € R*™
pLFj :DF‘j li?Fj} c R4
WLFj WEy
, . . T
P = [Phiwh ”‘Pgm“’gm] € R
Dy = [I4n0]T € R(4n+4r)><4n

DB —_ [D%?BDE]T c R(4n+41")><6m

Dip € R**®™ jncludes Dp;;, and Do € R*"*®™ includes
both Do, and Doy:. For more precise discussions, see Ap-
pendix L. p; -; and wrp; denote the linear velocity of the end
link evaluated at the contact point and the rotational velocity of
the end link about the contact normal, respectively. Since p; »
denotes the velocity at the contact point of the finger where
the pure rolling constraint is imposed, we have p; - € R*".
In (3), the matrix Dp is a function of both pg and vectors
Blpcpirs -y and Bpcoy,. Plpopiy, - -, and Bipgg,, are
derived by utilizing the method proposed by Montana [20] and
also shown in Appendix IL

Now, we consider the object motion constraint. For a
grasp composed of multiple objects, the objects cannot
move in an arbitrary direction due to (3). Since [—Dy Dp]
€ RUnt+an)x(n+6m) 4n 4 6m > rank[—Dy Dp] has to
be satisfied so that (3) has the solution except for p;p = o
and pg = o. The dimension of the solution depends on
4n + 6m — rank{— Dy, Dg]. Moreover, since D1, is composed
of I, in the upper side and 0 € R*" *4" in the lower side,
4n + 6m — rank[—Dy Dg] = 6m — rankD is always satis-
fied. Based on these discussions, we now define the dimension
of object motion as follows.

Definition I (Dimension of Object Motion): For the grasp of
multiple objects, the grasped objects have

Iyy =4n 4+ 6m — rank{—DL DB] = 6m —rankDgy (4)

dimensional motion.



It should be noted that, since the terms with respect to finger
motion (4n and Dy) disappear in the second row of (4), Ixs
shows the pure dimension of the motion of grasped objects.
Moreover, when Do is a full-rank matrix, we have Iy = 6m —
4r. Since 4r shows the sum of constraint between two objects,
the definition of Iy, coincides with the definition of degrees of
freedom introduced by Hunt [23]. The physical interpretation of
the dimension of object motion is shown for a planar grasp of
two objects in Section VIIL

We now introduce a new vector { € R whose dimension is
same as that of object motion. It should be noted that { includes
the independent variables controlling the motion of the grasped
objects. Now, let us define ( as { = Erp,p + Eppp € R™™,
where the matrices £z and Ep are defined in such a way that
these matrices have the minimum size making

Ep

-D;
Ep

Dp ]
full-column rank in the following equation:

2)05)-

Ep || s ¢l
We note that, since D, is composed of 14, in the upper side, we
can always make the above matrix full-column rank even when
E; = o. Assuming E}, = o, since ¢ becomes a function of pg
as ( = Eppg, € can express the motion of the grasped objects.
We also note that the selection of ( is not unique.

For a grasp system with a single object, Bicchi et al. [24]
have studied the mobility which is composed of the indepen-
dent variables of the grasp system under rolling motion. For a
single object, since m = 1, rankDp = 0 and Ipy = 6, we
can choose three parameters from the position and three from
the orientation of the object as a component of {. Therefore,
irrespective of the number of objects, we can regard { as an ex-
tended parameter expressing the dimension of object motion. {
is similar to the connectivity defined in [24]. The connectivity
includes the effect of degrees of freedom of the finger, while ¢
does not, since we assumed that the finger can exert an arbitrary
contact force. Also, the variables of the connectivity are auto-
matically determined by utilizing the row-reduced echelon form
of the constraint matrix, while we can choose the variables of
(¢ arbitrarily. For multiple objects, it may be convenient for us
to manipulate a particular object precisely and to make others
simply follow it. The arbitrariness makes it possible to achieve
such a requirement. The only restriction is choosing variables
that can make

[ —D )

Er

[ -Dg

Dp
Ey,

Eg

full-column rank.
By solving (5) with respect to p; - and pg, the following

equation is derived:
Dl 0] _[L ¢
Ep ¢  |B

P _1—-Dyg
R
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where x*-denotes the pseudo-inverse of *. It should be noted
that, since

[ -Dy

Dp
Eg

Ep

is fuli-column rank, the null space does not exist. While the
selection of { is not unique, we have the following theorem for
the uniqueness of p; 5 and pp.

Theorem 1 (Uniqueness of Object Motion): Although the se-
lection of ¢ is not unique, py  and pp are determined uniquely
and are independent of the selection of . )

Proof: Suppose that two selections of ¢ ({; and {,) exist
for a given p; - and pp as follows:

Epippr+ Epipg =,
Epoprp+ Epapp =Cs.

Since both

{ -Dy

Dg ~-Dy
ELL ] and {

Dgp J
Ep, Ep,

Ep,

are full-column rank and do not have the null space, py - and
Ppp can be derived uniquely for two selections of { as

rl-len ml e]-Tae o] [e]

pp | | FBri Ep| [¢ ]| | Er2 Ep} |G
Since we have the same p; - and pg for two selections of ¢, we
hold the theorem. . n

To have the unique object motion, ¢ has to be also uniquely
determined for a given fingertip motion p; ; otherwise, there
exists an arbitrary motion for at least one object even when the
finger motion is determined. By using (6), the unique determi-
nation of { is guaranteed by the following condition.

Condition I (Kinematic Condition for Manipulation): A nec-
essary condition for a robot hand to uniquely determine the ob-
Jject motion is

Ker(L) = 0 ®)
where Ker(*) denotes the null space of .

For a single object, Ker(L) = 0 when a three-fingered hand
grasps an object, while Ker(L) # # when an object is simply
placed on a palm or a table. Condition 1 (kinematic condition
for manipulation) is a necessary condition since we do not con-
sider the contact force applied to the objects. Since sizel, =
4n x (6m — rankD),! the above condition is satisfied when
rankl, = 6m — rankDe. In case that L is a full-rank matrix,
6m — rankDo < 4n. This condition can be finally achieved
when the number of fingers increases.

V. DEPENDENCY OF CONTACT FORCE
A. Equation of Dependency

We now make clear the dependency of contact force among
objects. Since the contact force and moment are applied to the

To express the size of a matrix, we define a function sizeA = m x nfora
matrix A € R™xn™,
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objects by the finger links, the equation of motion of the grasped
objects is given by

Mgpp +hp =D gfcp + Dofco 8
where
T
fos = [f&mnce - fEpancsa) €R™
T
fco= [fgm ncor -+ feor "cor] € RY

fcep;and nep; (j = 1, ..., n) denote the contact force and
the moment about the contact normal applied by the finger 7,
respectively, and foo, and nco: (¢t = 1, ..., r) denote the
contact force and the moment about the contact normal at the
tth contact between objects, respectively, where we assume that
the object { can apply the contact force to the object ¢ when
i < l. Mg = diaglmp1IsHg; ---mpmls , Hpm], ms;,
H p;, and hp denote the inertia matrix, the mass of the object 4,
the inertia tensor of the object ¢, and the vector with respect to
the centrifugal and the Coriolis’ force, respectively. From (3),
the constraint condition among objects is expressed as

(9)

By using (8) and the differentiation of (9), the following relation
is derived:

Af-=0b (10)
where A = [DoMg3' Digy DoMg'Dj] and b =
DoM Elh B — Dopg. Equation (10) shows the dependency of
the contact force, namely f, is dependent on fp.

B. Uniqueness of Contact Force

Now, we have a couple of questions. Can we always find the
unique contact force f? If this is not the case, under what
condition can we have the unique f? Let us now answer these
questions. If DoM 3 DY in (10) is nonsingular, f-, can be
expressed uniquely in the following form:

fco=(DoMg'DE)™!
: (_DOMI_BID%:BfCB +DoMz'hp — DOI"B) .
(1

Therefore, the nonsingularity of Do M ngg is the necessary
condition for finding the unique f.. Taking the nonsingu-
larity of M g into account, the nonsingularity of Do M ,;11)5
is equivalent to the following condition.

Condition 2 (Uniqueness of Contact Force): The necessary
condition for the contact force among objects to be uniquely
determined is given by

rankDg = 4r. (12)
This condition can be satisfied under 4r < 6m if we assume
that Do is a full-rank matrix.

Now, suppose that a contact force among objects is not
uniquely determined. Under such a condition, it is not ensured

whether or not the contact force always exists within the friction
cone at the point of contact. The contact force components in
the null space produce a slipping motion at the contact point.
To avoid such a complicated situation, we set condition 2
(uniqueness of contact force) in this work.

C. Internal Forces

Now, we discuss the relationship between the dependency of
the contact force and the internal force. By the relationship of
duality between force and infinitesimal displacement, we can
obtain the force balance equation for multiple objects as follows:

/5 =DgLfc=Disfcs +Dbfo (13)
where
T T r 1 17 6m
fe= [f31"31 mean] €R
fpsandnp;(i = 1, ..., m) denote the force and the moment

at the center of gravity of the object ¢, respectively.

Since Dp € RUn+4r)x6m £ . can be obtained uniquely
when rankDg = 4n+4r. However, when rankDg < 4n—+4r,
a homogeneous solution exists, which means that there exists
internal force according to 4n -+ 4r — rank D%, Similar discus-
sions can be applied for Do € R*"*5™_ Here, we define the
dimensions of the internal forces as follows.

Definition 2 (Dimension of Internal Force): For a grasp of
multiple objects, the grasped objects have the following internal
forces:

(14)
15)

Iy =4n + 4r — rankDg
Iro =4r — rankDg

where I7 and I denote the dimension of the total internal force
and the internal force among objects, respectively.

For the grasp satisfying I;o > 0, the internal force occurs
passively even if all the contacts with fingers are released and
if all the contacts among objects are maintained. This internal
force among objects is peculiar to multiple objects and is not
affected by the finger forces. By comparing Definition 2 (di-
mension of internal force) with Condition 2 (uniqueness of con-
tact force), since we can see that Condition 2 is the same as
110 = 0, the contact force can be determined uniquely when
the internal force among objects does not exist. Moreover, since
rankDpg < rankDj g + rankDy is satisfied, the internal force
among objects is included in the total internal force. Therefore,
we cannot apply an arbitrary internal force for the grasp without
satisfying Condition 2 (uniqueness of contact force).

VI. A SUFFICIENT CONDITION FOR MANIPULATION
A. Friction Constraint

Each contact force should exist within the friction cone
as long as each contact avoids a slipping motion. Such a
friction constraint results in a nonlinear constraint and makes
the problem complicated. To release us from such nonlinear
constraint, we approximate the friction cone by the h faced
polyhedral convex cone, as taken in many conventional works
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such as [3]. By utilizing such polyhedral convex cones, we can
express each contact force and moment as follows:

h
fcej}
= E Ak, A >0 16
[nch k=1vjk i ik = (16

- h
{fcm} = vowdowm, low>0 (17
ncot P

where v;; and voy, denote the span vectors. We choose v, and
vou S0 that they may coincide with the boundary surface of the
actual friction cone. This means that the actual friction cone al-
ways includes the approximated polyhedral convex cone. Such
an approximation of friction cone enables us to conservatively
evaluate the contact force from the viewpoint of bringing a slip-
ping motion at the contact point. Aggregating (16) and (17) for
all contact points, we obtain the following relationship:

fe=VA  A20 (18)
where
'V 0 0 0 7
10 -V, 0 0
V=1o 0 Vo, --- O
L 0 0 0 VOru
Vi=[v,...,o), J=1...,n
VOt:{vofle"‘stﬂL]: t=1,.-..,?"
A :[/\11, cees Ahs A21, -+ s Anks )\0117 cay )\Orh}-

B. A Sufficient Condition

We now examine a sufficient condition for robot hands to ma-
nipulate the grasped objects arbitrarily under the motion con-
straint while maintaining the friction constraint. We assume that
Condition 2 is satisfied. Different from the condition for the ma-
nipulation of a single object, we have to take the motion con-
straint and the dependency of the contact force into account. For
an arbitrary manipulation, we have to examine whether the ob-
jects can generate an arbitrary acceleration or not {4]. By using
(6) and (8), the following equation is derived:

MyB(=D5fc—hp (19)
where A g =hp+ M BB& . Equation (19) shows the relation-
ship between the object acceleration and the contact force under
the motion constraint among objects. Since the dependency of
contact force is not taken into consideration in (19), we con-
sider (10) and formulate the linear programming problem. To
make AV nonsingular, we partition V and Aas V = [V V5]
and A = [Xf AT, respectively. Since A is full-row rank under
Condition 2, we can always make AV'; nonsingular by a proper

method of partition. By using this partition, (10) is rewritten as
follows:
A = —(AV)"HAV A, — b). (20)

Substituting (20) into (19), we consider the following linear pro-
gramming problem:

z = min[AT X?}T

MBBE =Hs,

Maximize

Subject to A2 > 0 2n

where

MgpB¢ =MgpB( - DEV,(AV})"'b— hp
A=A - (AV) 7
=—(AV) " AV,
H=DLV, - DLV(AV,) " AV,.

Due to (20), we cannot impose any constraints for A; such as
A1 > o. Therefore, we consider maximizing the minimum el-
ement of A; in the objective function. Moreover, in (19) and
(20), there are nonlipear terms with respect to the centrifugal
and Colioris’ force, hg and b. To get rid of these terms from the
formulation, we used the coordinate transformation from ¢ to (.

We now derive a condition for generating arbitrary accel-
eration for multiple objects. Let e;, €2, ..., er,, € RI™
be Ip; number of given linearly independent vectors
[4]. Let A1 = Arpry-oes Algry s Alo1y -oos Aloqys
Al = A1+1, ey A1+IM7A1—13 ...,Al_[M, and Az =
Az41s ooy A24Iy s A2-15 -+ A2, be  the  solutions
of the linear programming problem (21) for é =
ei, ..., €er,. —€1, ..., —er,, , respectively. Now, we have the
following condition.

Condition 3 (Generation of Arbitrary Acceleration): Assume
that Condition 2 is satisfied. A sufficient condition for the
grasped objects to generate the acceleration { arbitrarily is that
the linear programming problem (21) has solutions for 213,
number of { = ey, (k = 1,..., Ips) satisfying both
Axr > oforall Aqir QC =1,. s Inp)and A g+ A~ >0
for at least one pair of Ajr and Mi_p(k =1, ..., Ipr).

Proof : See Appendix HI.

To solve the linear programming problem, we can use a set
of the orthonormal basis as ex(k = 1, ..., Ips). Condition
3 (generation of arbitrary acceleration) is a sufficient condi-
tion since we set the approximated friction cone existing in-
side of the actual friction cone. Diverging from the condition for
the manipulation of a single object {4], we substituted vectors

er(k = 1, ..., Ins) into the acceleration & taking the motion
constraints into consideration. Moreover, due to the term b in
(20), the condition Aj4x + A1—x > o is added for the reason
shown in Appendix II To satisfy X1 + A1_x > 0, we con-
sider maximizing the minimum of A in the objective function.

So far, we have shown three conditions for manipulating mul-
tiple objects, i.e., the kinematic condition (Condition 1), the
uniqueness of contact force among objects (Condition 2), and
generation of arbitrary acceleration (Condition 3). Since Con-
dition 3 is a sufficient condition for manipulation, Condition 1
should be included in Condition 3.



HARADA e¢r al.: ROLLING-BASED MANIPULATION FOR MULTIPLE OBJECTS

VII. CONTROLLER
A. Introduction of Joint Variables

We now discuss the relationship between the end link and
the joints of each finger, so that we may introduce the control
scheme in joint level. Since the velocity at the end link of the
finger j can be expressed by the joint velocity of the finger j,
we obtain the following relationship:

Pri| _ 1.4,

{ wﬂ =Jif;

where J; and @; are the Jacobian matrix of X z; and the vector
of joint displacement of the finger 7, respectively. Substituting
(22)into (1), we aggregate (Dand (Y forj =1, ..., nandt =

(22)

1, ..., r, respectively, and we obtain the following equation:
Jr0 = Dippp (23)
where
DF1 J1 o e o
(4] DF2J2 .- [¢]
Jp = . .
o o Dg,J,

0=[07...6777.
The equation of the finger motion is derived by using the La-
grange’s method as follows:

Mpb+hr=7—J fop (24)

where M i, hp, and 7 are the inertia matrix, the vector with
respect to the centrifugal, and Coriolis’ force and the joint torque
vector, respectively.

B. Joint Torque Command

As a controller for object manipulation, we extended the tra-
Jectory controller proposed for the grasp of a single object [25].
Since the derivation of the controller is almost same as that
which is described in [25], we omit the formulation in detail.
Assuming that each finger does not have the redundant degrees
of freedom (s; = 4, 7 = 1, ..., n), this controller has the fol-
lowing form as a joint torque command:

r=J% (BTDL,)" F+ JLNgks 25)
F=Mp ({;- Kvé, - Kpd) +hp (26)
where
Mp=B" (Mp+D]zJz"MrJ;'D15) B

hg =BThg+B"DLgJ7" (Mpé (J;lpLB)pB+hF)
bc=C—¢4

K p and Ky are the diagonal matrices corresponding to feed-
back gain, and {, is the desired value of {. N p is the null space
of BT DT 5, where B DY ; N g = o is satisfied. The first term
on the right-hand side of (25) controls the position of the ob-
jects to the desired trajectory, and the second term controls the
internal force to the desired value.

Here, the control law itself does not ensure that the contact
force caused by both finger link and other objects produces an
arbitrary acceleration for the parameter {. Therefore, before ap-
plying the control law, we have to confirm whether an arbitrary
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Fig. 3. Several grasp configurations.

acceleration can be achieved or not based on Condition 3 (gen-
eration of arbitrary acceleration). Moreover, to confirm whether
the desired internal force can be realized or not, the grasp must
satisfy Condition 2 (uniqueness of contact force).

VII. EXAMPLES
A. Case Study

For simplicity, we consider 2-D examples. For a 2-D model,
the matrices are redefined such as

10
DB"f"z[o 1

RBi ®'pepi; = [zcBij yoij|T andsizeDp = (2n+2r)x3m.
‘We need to consider neither the rotation nor the moment around
the contact normal for a 2-D model.

Fig. 3 shows the grasps used for numerical examples, where
sizeDg, rankDp, size{—Dy, Dg), rank[-Dy, Dgl, I, I,
Iro, and Conditions 1, 2, and 3 for these grasp configurations
are shown in Table L.

For the grasp as shown in Fig. 3(a), the grasped objects have
4-D motion and zero-dimensional internal force since Ij; = 4
and I; = 0. The physical interpretation of this dimension of
motion is shown in Fig. 4, which depicts two dimensions for
translational motion at the center of gravity between two objects
[Fig. 4(a) and (b)], one dimension for rotational motion around
the center of gravity [Fig. 4(c)], and one dimension for rota-
tional motion without changing the rotation angle around the
center of mass [Fig. 4(d)]. The grasp shown in Fig. 3(a) satisfies
Condition 1 (kinematic condition for manipulation) because the
finger can manipulate the objects arbitrarily under the motion
constraint if we assume that two objects always make contact
at each contact point. Condition 2 (uniqueness of contact force
rankDo = 2r for 2-D example) is also satisfied. On the other
hand, Condition 3 (generation of arbitrary acceleration) is not
satisfied because the contact force does not exist when two ob-
jects move in a downward direction.

Fig. 3(b) also shows the grasp of two objects by two fingers.
The difference between Fig. 3(a) and (b) is the position of the
contact point between a finger and an object. This configuration
satisfies neither Condition 1 nor 3, which means that two ob-
jects can move freely in a vertical direction even if two finger

—YCBij
ICBij
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TABLE [
RESULT OF CALCULATION
-Di ~DT
sizeDp | rankDp | size DTL rank DTL I | It | Iro | Cond.1 | Cond.2 | Cond.3
B B
(a) | 6x6 6 6x 10 6 4 101 0 O O %
(b) 6x6 5 6x10 6 4 1 0 X O X
{c)] 10x86 6 10x 14 10 4 4 0 O O O
(d) ] 18 x12 12 18 x 20 17 3 6 1 O X
(@) (b)
(<} @
. Fig. 5. Four internal force degrees of freedom.
) (@

Fig. 4. Four motion degrees of freedom,

positions are fixed. Therefore, the fingers cannot control the ob-
jects’ motion in a vertical direction.

The grasp as shown in Fig. 3(c) has 4-D motion and 4-D total
internal force since Inr = 4 and I; = 4. The physical inter-
pretation of this dimension of the total internal force is shown
in Fig. 5. In this grasp configuration, the force focus exists for
both objects, and these force focuses lie on the line including
the contact point between the two objects. Thus, we have two
dimensions for two force focuses capable of moving on the line
[Fig. 5(a) and (b)], and one dimension for the rotation of the line
[Fig. 5(c)]. The other one dimension is the magnitude of the in-
ternal force with the position of the force focuses unchanged
[Fig. 5(d)].

The grasp of four objects as shown in Fig. 3(d) has five con-
tact points among objects. This grasp configuration has 3-D mo-
tion (I37 = 3) and 6-D total internal force (I; = 6). Moreover,
the total internal force contains 1-D internal force among objects
(Iro = 1). Therefore, since I7o # 0, Condition 2 (uniqueness
of contact force) is not satisfied. Since AV is not invertible,
(21) cannot be formulated, and we cannot judge Condition 3
(generation of arbitrary acceleration).

B. Trgjectory Tracking

To show the effectiveness of the controller for object manip-
ulation proposed in Section VII, we performed numerical sim-
ulation in which two objects were manipulated by four fingers
as shown in Fig. 3(c). Since I3y = 4, we have { € R®. Taking
Iy = 4 into account, we control all motions (three dimensions)
for the left-hand object (object 1) and the motion in the vertical

direction for the right-hand object (object 2) while there are of
course other variations. As a result, { is given as follows:

xRB1
& Y81\ — Brpp+ Eppy @7
(o323

YB2
where

PLrp = [p%:Fl prz P€F3 sz] T
P = [TB1YB1 ¥B1TB2YB2 ¥B2
E; ?—-’*06R4X8

100000

010000

0061000

000010

We set Kp = diag[1000 1000 1000 1000}, Ky =
diag[20 20 20 20] and k4 = o. The mass and the radius
of each object are set as 1 and 0.1, respectively. The mass of
each finger link is set as 0.01. zp1, yp1, and ¢p; are planned
to keep constant values while yp2 increases in 1 s. From
Fig. 6, although we set the initial error, we can see that objects
converge to the desired trajectories well. These results show
the effectiveness of the proposed controller.

}T

Ep =

IX. EXPERIMENT

We performed the experiment of trajectory tracking by using
the Hiroshima Hand [26]. The Hiroshima Hand is composed of
three planar finger units, where each finger has the same struc-
ture and has three joints. Each joint is driven by the tendon-
pulley transmission system making the tendon length as short
as possible,-so that we can avoid the nonlinear characteristics
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Fig. 6. Simulation results. (a) Motion of the objects. Trajectory of (b) x5,
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Fig. 8. Lifting up two objects by the Hiroshima hand.

stemming from the compliance and friction existing in tendons.
Since the Hiroshima Hand is driven by the velocity servo, we
used the following controller as a joint velocity command:

0 =KJFC(¢— ) (28)

where K is the gain matrix. For a planar grasp, each finger must
have at least two joints. Since each finger has three joints, the
pseudo-inverse of Jp is used in the command. The radius of
each object is 0.01 m. The objects contact the third link of each
finger. In the experiment, xp1, yg1, and ¢p; are planned to
keep their initial values while y g2 increases 0.01 min 1 s. The
position of the objects are measured by analyzing the image
taken in a videotape. From Fig.7, we can see that the objects
follow fairly well along the desired frajectory. By using (28),
we believe that the performance of the position controller can
be shown. However, since (28) does not have the term control-
ling the internal force, we cannot show the performance of the
internal force controller. The experimental verification of the
controller for the internal force is considered to be our future
research topic.

X. DISCUSSIONS

For manipulating multiple objects, we suggested a potential
advantage in the introduction, where an enveloping grasp for
two cylindrical objects placed on a table may be achieved by a
simple pushing motion by fingers. To confirm it, we executed
an experimental result using the Hiroshima Hand [26]. Fig. 8
shows two pictures before and after the lifting-up motion. With
constant torque command, the robot hand can successfully 1ift
up two objects from the table and smoothly result in an equi-
librium grasp. During the lifting-up motion, two objects roll up
around the surface of each link without any complicated motion
planning, as if they were connected by gears. While a manipula-
tion scheme for multiple objects is generally complicated due to
both kinematic and dynamic constraints, this experiment proves
that there exists an exceptional example in which manipulating
multiple objects can be achieved easily.

Now, let us consider why such a manipulation can be achieved
easily without any complicated motion planning. For this pur-
pose, consider the grasp configuration as shown in Fig. 3(a),
since it has the same one appeared in the lifting-up manipula-
tion. The motion of two objects is uniquely determined by the
finger motion, because the grasp satisfies Condition 1 (kine-
matic condition for manipulation). Since the grasp does not have
the dimension of internal force (I = 0), all forces applied
by the fingers is perfectly utilized for manipulating the objects
without losing as any internal force. For the lifting-up motion,
we can provides with a sufficient condition, where two objects
are lifted by a horizontal pushing motion of finger links if the
contact points between an object and a finger link are lower
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than the horizontal line including the contact point between two
objects. We believe that these properties for the grasp configura-
tion enable us to achieve the lifting-up motion by a surprisingly
simple control scheme. We would note that although the anal-
ysis in this paper is partly too complicated, the results obtained
through the work are conveniently available for explaining var-
ious issues encountered for manipulating multiple objects under
rolling contact, as utilized for explaining the lifting-up motion.

XI. CONCLUSIONS

This paper discussed the manipulation of multiple objects
under rolling contacts. For manipulating multiple objects, each
object’s motion is restricted by the other objects, and the contact
force between objects is not controlled independently. Taking
the above issues into account, we showed three conditions for
the manipulation of multiple objects, i.e., a kinematic condition
for determining object motion uniquely, a sufficient condition
for generating arbitrary acceleration on the objects, and the nec-
essary and sufficient condition for determining the contact force
among objects uniquely.

We note that while we have completed our formulation for a
multifingered model, the result is applicable to multiple arms.
‘We also note that, although we assumed rolling contact, the con-
dition for rolling contact includes the condition for point con-
tact with friction and the condition for line or surface contact.
Therefore, our approach can be extended to more general cases
without difficulties.

APPENDIX 1
CONSTRUCTION OF MATRICES

In this section, the construction of matrices Dyp and Do
included in (3) is discussed. Rows of D5 from (47 + 1)th to
(47 + 4)th are defined as follows:

6i+1---6i+6

DLB = 4j +1 o (29)

: D gi;
47+ 4

Similarly, rows of Do from the (4t + 1)th to (4¢ + 4)th are
defined as follows:

6it1---6i+6 --- 6l-+1---61+6

Do:4j+1

4544 | © Do o —=Don o

(30)
where i < [ is assumed. For an example of a grasp of three
objects by two fingers as shown in Fig. 9, Dy and Dp are
given as follows:

D 0 0
DLB —_ [ Bil }

0 0 Dga
Do1n —Doa o
Do=1 o Doz2 —Doss

Do13 o —Doss

Finger 1

Fig. 9. Grasp of three objects by two fingers.

APPENDIX IT
DERIVATION OF CONTACT COORDINATES [20], [25]

In this section, we briefly summarize the contact kinematics
derived by Montana. The relative motion between the tip link of
the finger j and the object ¢ can be defined by [vi;x vijy vij]T
and [wij, wijy wy ;2)7, which are the components of the linear
and rotational velocity of Xy p,; relative to £z p; as seen from
XrRij, respectively. There are five degrees of freedom of the
evolution of the contact points defined by ucp;; € R?, ucr; €
R?, and ¢ci; € R'. ucpi; € R? and ucr; € R? can ex-
press the contact point on the surface uniquely as Bipop;; =
S pi(ucsi;) and Fipop, = fri(ucr;), respectively. Let poi;
be the angle of contact, defined as the angle between the z axes
of Xcopsj and Yo ;. We choose the sign of ®cij so that a rota-
tion of the z axis of X gi; through an angle —y¢;; around the
z axis of Xcpy; aligns with the « axis of Xcp;. Let the curva-
ture form, connection form and the metric of the finger surface
and the object surface be Kp;, Tr;, Mp; and Kp;, Tg;. Mp;,
respectively. Also, let

COS Py

R{’pij = { ~sin PCij
Krj =Ry iKriReij

e
—€CO8 QCij

where (Kp; + Kr;) is called the relative curvature form. By
using these forms, uc pij, uorj, and p¢; ; are expressed as fol-
lows:

UCBi; =M1§%(’Csi +;€Fj)—1 (["wijy} _ ﬁl”j [wjxD

Wijx Vijy
(31)
; o AL .. LKL [T Wiy | Vijz
UCFij "'MFjR(ng(K:Bz‘i"KzF]) (I: o ]"‘"CB?,[ e :!)
Wijx Vijy
(32)
$cij =wij: + TpiMpiticpi; + TryMpjacr; (33)
Yijz = 0. (34)

If we assume the condition for pure rolling (Vije = Vijy =
wiz. = 0) into the above equations, the vector of contact ve-
locity can be derived as

Bi,: Y pi . . d Fis _ 8fFj .
Cij = _wé?uT ucpi; an Pcr; = W@uT UCF;
CRBij CFj

B ipcae can be derived similarly by following the above deriva-
tion.
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APPENDIX III
PROOF FOR CONDITION 3
If the linear programming problem (21) has solutions for 21,
number of& = e, (k= 1, ..., Ip;), we have the following
2134 number of equations:

MBB¢'31 B H)\2+1

MpgBer,, =HXz,1,,
~—MBB(31 = HAg_l

—~MgBey,, =HXz_;,,.
By introducing nonnegative scolors pi1, ..., Palny, P=1, -+ s

p—1I,,» an arbitrary ( can be expressed as

C=pprer+ -+ prr, e, —por€r — = popyer,
=(ps1 = p-1)er + -+ (Pr1y — P-1y JE1, - (35)
Corresponding to (35), the solutions for A; are expressed as

Az =pp1doqr + o+ par, Aoty
+ p—lAQvl R o P—IMAZ-IM

>0. (36)

Thus, we obtain Ay generating arbitrary ¢. We now examine
whether we can always make A; > o for arbitrary & . From (20),
the following equations are derived:

A4 = —(AV1) Y (AVadgy: — B)

Aisny =—(AV1) Y (AVadaig,, — b)
A-1 =—(AV ) 1 (AV3do; —b)

Ai-1, = —(AV1) Y (AVyAa g, — b). 37

By summing all equations in (37), the following equation is de-
rived:
piidig1 + -+ pory o1y + (AV1) 7D
= —(AV1)) AV (ps1dor1+--+p-1, A2-1, )~ b}
(38)
Although the left-hand side of (38) expresses A1, we cannot al-
ways insure A; > o since b is included in the left-hand side
of (38). However, since AH.k and A1 k correspond to the ac-
celeration in the opposite direction, ¢ = e and ( —e_g,
respectively, there is no effect of acceleration if we increase A
in the direction of :\1.;-3; + ;\1-k. In other words, by observing
(35), wecanput pyp = py-+aand p_p = p_;+a foranarbi-
trary a without loss of the arbitrariness of {, since o disappears
as prk — p—k = P4k — P Since we can set o large enough,
we can always make Ay = pp1dip1 + 00+ pory, )\1 Iy +
(AV1)™10 > 0if Appr+A1—g > Ois satISﬁed Now, we can al-
ways satisfy A; > 0 and Az > 0 for an arbitrary § Since MpB
is always full-column rank, the arbitrariness of ( is equivalent
to the arbitrariness of ( These discussions hold the theorem.
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