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Abstract

The load capacity of a manipulator depends on a
load capacity of a joint or load capacities of some
joints of the manipulator. Even if a manipulator could
not handle an object because of its load capacity, some
of its joints still have enough capabilities for the han-
dling of the object. In this paper, we first propose
a method to kandle an object using available joints
of the manipulator by introducing virtually unactuated
joints. The virtually unactuated joints are controlled
so that no load will be applied to the joints. The in-
troduction of the virtually unactuated joints make the
available degrees of freedom of the manipulator less
than that of the original manipulator. We then pro-
pose a method to manipulate an object with dual ma-
nipulators.

1 Introduction

Various kinds of robots have been developed so far.
In general, most of them have been used in an environ-
ment isolated from humans. However, with the com-
ing of aging societies, robots are expected to execute
various tasks in human environments, which could not
be isolated from humans. The robots in human envi-
ronments are expected to be driven by small actua-
tors having lower outputs than the conventional ones
for safety reasons. In this paper, we consider a prob-
lem to handle a heavy object by robots whose load
capacities are lower than the ones required to handle
it.

We assume that the load capacity of a manipulator
depends on a capacity of a joint or capacities of some
joints. In general, this assumption is satisfied, because

the load capacity of a manipulator usually depends on
the load capacities of several joints located close to the
end the manipulator. Actuators with high power are
heavy in general and could not be used to drive joints
located close to the end of the manipulator. The joints
located close to the end of the mechanism are to be
driven by actuators having low power.

Several researches[1]~[3] for robots handling a heavy
object have been done by introducing robots with spe-
cial mechanisms. In this paper, we consider a problem
to handle a heavy object by a serial link manipulator,
which consists of revolute joints and rigid links. In
the rest of this paper, the word "manipulator” means
a serial link manipulator without any comment.

Under the assumption, we first propose a method to
handle an object by a manipulator, whose load capac-
ity is not enough to handle it, by introducing virtually
unactuated joints. By the proposed method, the ma-
nipulator is controlled as if no load will be applied to
the virtually unactuated joints by handling the object.
The manipulator is to behave as if some of its joints
are unactuated.

To manipulate the object freely, we need additional
degrees of freedom. We propose a method to manipu-
late the object by dual manipulators in coordination.
Some of their actuators could not support the load
applied by handling the object and thus controlled
virtually unactuated. We will derive a necessay and
sufficient condition for the handling of the object by
dual manipulators having virtually unactuated joints.

2 Handling of a Heavy Object by a Ma-
nipulator

Consider a problem to handle a heavy object by
a manipulator, whose load capacity is not enough to
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handle it. As mentioned in Section 1, the load capac-
ity of a manipulator often depends on the capacities of
some of its joints, which are located close to the end of
the manipulator. We could assume that the joints lo-
cated close to the base of the manipulator have enough
capacities to handle the object.

If the manipulator could handle the object by uti-
lizing available joints that have still enough output to
handle the object, we could extend the limitation of
the manipulator. Small robots in human environment,
thus, could handle a heavy object like a human with-
out using several joints. In this section, we propose a
method to handle an object by a manipulator without
using joints whose load capacity are not enough high
to handle the object.

2.1 Manipulation with One Joint Unactu-
ated Virtually

When a manipulator handles an object, a force and
a moment will be applied to the endpoint of the ma-
nipulator by grasping the object and additional torque
will be applied to each joint. Let us first consider the
case where only one joint could not support the load
applied to the joint by handling the object.

As explained in Section 1, we consider to control the
manipulator so that any additional torque will not be
applied to the joint, which is referred to a virtually
unactuated joint. We will derive the joint angle of the
virtually unactuated joint, to which no torque will be
applied by the force and the moment applied to the
end of the manipulator by handling the object.

Fig.1 shows a n degrees of freedom manipulator.
We attach the Cartesian coordinate systems X; to
the ¢th link of the manipulator using the Denavit-
Hartenberg notation[6]. When a force *f(€ R?) and a
moment ‘n(€ R3) are exerted on the endpoint of the
manipulator, a torque 7;, which is applied to the ¢-th
joint, is expressed as follows;

i = by - ('ry x *f +*n) (1)

where *b,(€ R®) is a unit vector along the rotation

axis of j-th joint, with reference to i-th coordinate
frame. The j-th joint angle is defined around *b; in
the right-hand sense.

Let ‘r;(€ R®) be a vector with reference to i-th
frame from j-th joint to an endpoint of a manipulator
as shown in Fig.l. Assume that ¢-th joint is driven by
an actuator without having enough maximum output
torque to handle the object. Then, we have the fol-
lowing relation to zero the output torque applied to

Jomr i

Figure 1: Serial link manipultor with a virtually un-
actuated joint

Figure 2: Angle ¢; between *r; and *b;

the joint from Eq.(1) with ; = 0;
—ibi sip = ibi L (iTl’ X 1f)
— in . (1]: % ibi) {2)
The manipulator can handle the object without having
a torque applied to the i-th joint, as long as *r; satisfies

Eq.(2). 7
Let *riy be 'r; satisfying Eq.(2) and let us derive
ir.4. Let the angle between *b; and ir; be ¢;. i-th joint
revolves around b, (Fig.2) with ¢; constant. Taking
the inner product of 'r, and *b;, we have the following
relation;
bry -ty = ||| hy| cos &; (3)

We can calculate ¢; from Eq.(3), as follows;
iT— . ib_
¢; = cos ™ (;) 4
FraTd %
Let a; (Fig.3) be the angle between *r;y and *f x *b,,

then, we can rewrite the right-hand side of Eq.(2) as
follows;

*rig - (OF % %) = 'ragl £ % "y cos (5)
From Eq.(2) and (5), we have the following relation;
—b; - ' = ['ryg||*f X 'by| cosa; (6)

We can calculate ¢; from Eq.(6), as follows;

o; = cos™! (—| —bicm ) (7)

rial|Ff % by
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Figure 4: Derivation of *r;y

r;q is a vector which intersects *b; with the angle ;
as shown Fig.2 and intersects *f x *b, with angle o;
as shown in Fig.3. Fig.4 shows the relation among
rid, ‘b, and *f x *b;. From Fig.4, two solutions exist
for ir,q, that is, OB and OC are solutions for ‘ry.
OB and W, namely, ‘r;y are corresponding to oD
which rotates F3; around *b;, respectively. Thus, *r,4
is given by

‘r;y = R(*b;, £8;)0D
= R(’b;, +4;)(OX + AD) (8)
= OA + R(‘b;, +3;)AD

where R(a,8) is the 3 x3 rotation matrix which rotates
a vector around the arbitrary unit vector a by an angle
f in a right-hand sense. From Fig.4, an angle §, is

given by
B = cost (Z222) Q

COoS o¢;

In Eq.(8), OA, whose length is |*r;4| cos ¢, is parallel
to *b;. Similarly, AD, whose length is 14| sin ¢, is
paralle] to *f x *b,. r,y is rewritten as

|*7:a| cos ¢; ;
Tid = Wtbi

+ Reb, ) { LSRR 0

2

(10)

Joint i+1

Joint i

Joint n
f

Endpoint

Figure 5: Derivation of 6,4

Thus, we obtained 'r;; for zeroing the torque applied
to the joint by manipulating the object.

Let 8,4 be the joint angle of the virtually unactu-
ated joint, i-th joint. Let 6; be the joint angle of the
j-th joint. Using joint angles, #;11,---,8,, and ‘ryg,
we could calculate 8;4 from the Denavit-Hartenberg
notation(Fig.5).

Since two solutions for *r;4 exist as mentioned above,
we have two solutions for #;;. We select one solution
considering the stability of the manipulation of the
object.

F = (fu, fy, f2,ne,my,m:]7, a force and a moment
applied to the endpoint of the manipulator, cause a
torque, 7 = [r1,-+-,7,]?, around each joint axis. £
and 7 has the relation, 7 = JTF. Assuming that -
th joint is the virtually unactuated joint, using the
derivation explained above, we have 8; = 0;4. Since
the torque applied to the virtually unactuated joint
by the force and moment applied to the end of the
manipulator is zero, we have the following relation;

T, = JTiF
(11)

=0

where J7; is the i-th row vector of JT.

Let A7, be a torque exerted on the joint ¢, when
the 7-th joint angle becomes 8,4 + A#;. From Eq.(11),
we have the follolwing ralation;

AT = JTi(Bla"';gid—i_Agi"”’en)F (12)

If the joint motion caused by A7; decreases Af;, then
the virtually unactuated joint is stable. On the other
hand, if the joint motion caused by A7; increases Af;,
then the joint is unstable. That is,

AT A8; < 0:virtually unactuated joint is stable.

AT;Af; > 0:virtually unactuated joint is unstable.

We select a stable joint angle for the solution for 8,4.
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Figure 6: Serial link manipulator with several virtually
unactuated joints

2.2 Manipulator with Multiple Virtually
Unactuated Joints

In Section 2.1, we derived the joint angle of the
virtually unactuated joint. In this section, we consider
the case of multiple virtually unactuated joints when
handling an object. We derive the joint angles of the
virtually unactuated joints by extending the results
obtained in Section 2.1.

We assume that multiple joints could not support
the load applied to the joints by handling the object,

Let us consider the case of two virtually unactuated
joints as shown in Fig.6.

We attach the Cartesian coordinate system to each
link of the manipulator using the Denavidt-Hartenberg
notation. Let i-th and fth joints be the virtually un-
actuated joints. That is, i-th and jth joints could not
support the load exserted on the joints by the object.
We assume that the load capacities of the joints other
than 1-th and jth joints are high enough to handle
the object and that these joints angles are controlled
arbitrarily. Let "b,(€ R%), 'ri(€ R?), Ir;(€ R?),
Jf(€ R®), and ‘n(€ R®) be a unit vector along ro-
tation axis of k-th joint with reference to h-th coordi-
nate frame, a vector with reference to i-th frame from
1-th joint to j-th joint, a vector with reference to j-th
frame from 7-th joint to an endpoint of a manipulator,
a force vector acted on an endpoint with reference to
j-th frame, and a moment vector acted on an endpoint
with reference to j-th frame, respectively.

Assuming that 7 > ¢, the angle of the j-th joint is
calculated by using the method proposed in Section
2.1. Let us consider how to find the angle of the i-th
joint. For the force and motment exerted on the end
of the manipulator, 7 f and ‘n, a moment ym;(€ R?)
exerted on the jth joint is given by

From Fig.7, since the j-th joint is the virtually unac-

b feoswy b,
,

Y
b (b feosy v,

Figure 7: Moment /m; acted on virtually unactuated
joint

tuated joint, the moment transmitted to the i-th joint
is expressed by,

in = iR]{JmJ - (|jm.1] €os Tf)j)jbi} (14)

with reference to the frame i, where ‘R;(€ R**3) is a
rotation matrix representing the orientation of frame
J with reference to frame 7 and #; is the angle between
Im; and 7 b;.

Since *f(€ R®), a force vector exerted on j-th joint
with reference to i-th joint, is obtained from *f =
‘R;J f. By applying the method proposed in Section
2.1, we can calculate the joint angle of the i-th joint.
Thus, repeating the process, we can find the joint an-
gles of the virtually unactuated joints using the method
proposed in Section 2.1.

3 DManipulation of an Object by Dual
Manipulators with Virtually Unac-
tuated Joints

In Section 2, we derived angles of virtually unactu-
ated joints. When the manipulator has virtually unac-
tuated joints, the available degrees of freedom of the
manipulator for the handling of the object reduces,
because the joint angles of the virtually unactuated
joints are uniquely determined by the force and the
moment applied to the manipulator endpoint. The
object motion, when the virtually unactuated joints
are introduced, is limited within the available degrees
of freedom of motion. To overcome this problem, we
consider a problem to handle the object by dual ma-
nipulators. In this section, we consider the necessary
and sufficient condition for the motion control of the
object even if dual manipulators have virtually unac-
tuated joints.

Assume that actuated joints do not move when dnal
manipulators handle an object. Then actuated joints
are regarded as parts of links and we can consider
closed loop chain consisting of only virtually unactu-
ated joints. Let us consider a serial link manipulator
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obtained by cutting any position of this closed loop
link mechanism(Fig.8).

We refer to this manipulator as the virtually un-
actuated manipulator. The necessity and sufficiency
for constraining the object motion by deriving the Ja-
cobian of the virtually unactuated manipulator and
investigating its rank condition.

[Theorem]Let m and n, be the dimension of the
work space and the number of virtually unactuated
joints, respectively. Then, necessary and sufficient
condition for constraining the motion of the object
completely, that is, for manipulation of all degrees of
freedom of the object, is rankJ, = n,, where J,(€
R™*™») is the Jacobian of the virtually unactuated
manipulator.

Proof[Sufficiency]Let 6,(€ R™#) and z(€ R™) be
the joint angle vector of the virtually unactuated ma-
nipulator and the generalized coordinates describing
the position and orientation of the endpoint of the
manipulator, respectively. Then we have

I = Jpgp (15)

Since the position and the orientation of the virtually
unactuated manipulator are constant when actuated
joints do not move, we have

0= J,0, (16)

In Eq.16, constraining the motion of the object com-
pletely is equivalent to ép = 0. The solution satisfying
0 = J,8, is 8, = 0 if and only if J, is of full column
rank, namely, rankJ, = n,.

Proof[Necessity]Let the rank of J, of the virtu-
ally unactuated manipulator be n,. This means that
the solution satisfying 0 = J,8, is 6, = 0. The so-
lution of 0 = pr?'p is 9,, = 0 if and only if virtually
unactuated joints do not move. Hence, the motion of
an object is constrained completely.

e T

closed loop chain virtually unactuated
manipulator

handling of an object by
tual manipulators

() actuated joint
(2 virtually unactuated joint

Figure 8: Serial link manipulator obtained by cutting
virtually unactuated joint link mechanism

(Example)Let us consider the case where the di-
mension of the work space is six, namely, m = 6. As-
sume that the virtually unactuated manipulator con-
figuration is not in a singular point. In case of n, =7,
the dual manipulators cannot constrain the motion of
the object because J, is 6 x 7 matrix and rankJ, = 6 <
np. Similarly, in case of n, = 6, they can constrain the
motion of the object because J, is 6 x 6 matrix and
rankJ, = 6 = n,. Moreover, in case of n, = 5, they
can constrain the motion of an object, too, because J,
is 6 X 5 matrix and rankJ, = 5 =n,,.

4 Motion Control of an Object by Dual
Manipulators with Virtually Unac-
tuated Joints

In this section, we consider a problem to handle
an object by the dual manipulators with virtually un-
actuated joints, provided that this dual manipulators
satisfy the necessary and sufficient condition of the
theorem in Section 3.

4.1 Control of Virtually Unactuated Joints

In this section, we consider the motion of virtually
unactuated joints when the dual manipulators handle
an object in coordination. As mentioned above, the
joint angles of the virtually unactuated joints are con-
trolled so as to have no load exerted on them. If the
joints have back drivability like the direct drive arm,
we do not have to actuate virtually unactuated joints.
On the other hand, if the virtually unactuated joints
do not have back drivability, the joint angles of the
virtually unactuated joints are controlled to keep the
desired joint angles obtained in Section 2.

4.2 Control of Actuated Joints

In order to handle an object by dual manipulators
with virtually unactuated joints, we have to obtain the
relationship between the motion of the object and of
actuated joints. Several researches have been done for
the cooperative control of dual manipulators with a
passive joint or passive joints.

Liu et al. have presented kinematic and dynamic
models of a multiple cooperative underactuated ma-
nipulator system handling an object[4]. Yeo et al.
have proposed two-arm system consisting of a saw,
four degrees of freedom SCARA robot and five degrees
of freedom PT200 robot with a passive joint for sawing
task[5]. In these researches, the relationships between
the motion of the endpoints of the manipulators and of
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actuated joints have been derived. However, these re-
searches have not described unified expressions of the
internal and external forces exerted on the endpoints
of the manipulators. In this section, we derive the
unified expression of the internal and external forces
exerted on the endpoints of the manipulators.

Let us consider handling of an object by dual ma-
nipulators with virtually unactuated joints, For conve-
nience, left and right side manipulators are referred to
as L- R-manipulator, respectively. Let joints torques
of L-,R-manipulators be 7.(€ R™) and (€ R"®),
respectively. ny and ng are the nomber of joints of L-
,JR-manipulators, respectively. Let m be the dimension
of the work space. Both manipulators have enough de-
grees of freedom for the work space, namely m < np
and m < np. Let the force and moment vectors
of endpoints of L-,R-manipulators be Fr(€ R™) and
Fr(€ R™), respectively. Let Jy(€ R™*"L) and Jgr(€
Rm™*n&) be Jacobian matrices of L-,R-manipulators,
respectively. Let F...(€ R™) and Fi.:(€ R™) be
the external and internal force and moment vectors
acted on the object, respectively. Let Fr.(€ R™) and
Fre(¢ R™) be the force and moment vectors corre-
sponding to Fe.; in Fj; and Fp, respectively. Let
Fr:(€¢ R™) and Fgr,(€¢ R™) be the force and moment
vectors corresponding to Fj,; in Fy and Fg, respec-
tively. Then we have the following relations concerned
with Fp.y and Fipn;.

Femt:FLe +FRe (17)
From the static relation, we have

T, e JEFLe JEFLi
[ Th ] - [ JLFr. ] * [ JE Fr; (19)

From Eq.(17) and (18), Eq.(19) is rewritten as

|: TL e J_’EGFezt + —ng‘int :|
TR - JE(E == G)Fe:ct J};Fmt (20)
JIG - Foo
JE(E-G) J}; ] Fing ]

where F is an identity matrix. G is a load sharing
matrix and the external force is shared with the ratio
G : E— G. In Eq.(20), since elements of 71, and g
corresponding to virtually unactuated joints are zero,
we can calculate Fj,; for any given F,y;. Using this
relation, we can design a control system for dual ma-
nipulators.

5 Conclusion

In this paper, we considered a problem to handle
a heavy object by manipulators. In general, the load
capacity of a manipulator depends on the maximum
output or outputs of a joint or joints. Other joints are
still available for the handling of the object even if the
load exceeds the manipulator’s capacity. We proposed
a method to handle an object by utilizing the avail-
able joints and introducing the virtually unactuated
joints. The number of available joints is not enough
to handle the object completely, because several joints,
which could not support the load, are controlled vir-
tually unctuated. We extended the method to the
handling problem of an object by dual manipulators.
Basic relations necessarily for designing a control sys-
tem were designed. The use of multiple manipulators
makes it possible to handle the object completely even
with several virtually unactuated joints.
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