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Multi-Point Compliance Control for Dual-Arm Robots
Utilizing Kinematic Redundancy

Achmad JAzZIDIE*, Toshio Tsujr*, Mitsuo NAGAMACHI* and Koji ITo**

The present paper proposes a compliance control method utilizing kinematic redundancy of the
dual-arm robot. When the dual-arm robot is performing a given task which requires not only the object
compliant motion but also the compliant motion of several points on the links of the dual-arm robot, it
is needed to control the object compliance and the compliance of those points simultaneously. The
method presented here can regulate the compliance of several points on the dual-arm robot as well as the
object compliance through regulation of the joint stiffuess. The rigid object manipulated by the dual-arm
robot can be modeled as a virtual link depending on the size of the object and the contact type between
the object and the end-effectors. As a result, the points on the links of the dual-arm robot can be regarded
as the virtual point objects grasped by the virtual dual-arm robots, and the compliance control for the
virtual objects can be developed as well as the object compliance control. The forward relationship from
the joint compliance matrix to the multi-object compliance matrix is formalized, and then the general
solution of the inverse problem, that is to specify the joint servo gain of the dual-arm robot to achieve,
as close as possible, the desired multi-object compliance is presented. To demonstrate the effectiveness of

the proposed method, the simulation experiments are performed.
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1. Intreduction

There are many tasks that require cooperative
manipulation by dual-arm robots for industrial manu-
facturing, ranging from simple handling tasks to
more complicated assembly tasks. Also, dual-arm
robots may be applied to robotics in unstructured
environments such as the space and the ocean where
auxiliary equipments are not available?,

One of the most important features of the dual-arm
robot which manipulate a common object is that the
arm and the object form a closed kinematic chain.
From this feature many interesting problems arise,
and a number of interesting works have been appear-
ed. Most of these works have focused on the modeling
and analysis of the closed kinematic chain®™¥, load or
force distribution problem®-®, the dynamic
control®®, and actuator redundancy!'®, However,
less attention has been paid to the compliance control
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for the dual-arm robot.

The compliance control is one of the most effective
control methods for manipulators that interact with
the environment. The compliance control provides a
mechanism for controlling the manipulator’s position
or force and facilitates a stable behavior during the
transition between unconstrained motion and a sud-
den contact with the environment. Compliance or
stiffness of the parallel link structure has been studied
by several investigators. For example, Mason and
Salisbury*®, Nguyen'®, and Cutkosky and Kao'® anal-
yzed the grasp compliance for a multifingered robotic
hand, and Adli et al.'? proposed a compliance control
method for parallel manipulators utilizing their inter-
nal forces.

As is well known, one of the basic characteristics of
the dual-arm robot is the redundancy of the joint
degrees of freedom. The manipulator with more joint
degrees of freedom than the minimum number
required for a given task can offer significant advan-
tages: for instance, cbilisien avoidance and avoiding
singular configurations of the manipulator in position-
ing tasks. Although it is widely recognized that the
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kinematic redundancy represents a key towards more
flexible and sophisticated manipulations, no previous
investigations of the compliance control of the paral-
lel link structure have positively utilized kinematic
redundancy. Utilizing redundancy, the dual-arm robot
can perform subtasks while controlling the object’s
compliance.

Yokoi et al.'® proposed the Direct Compliance
Control (DCC) method for parallel link arms which
utilizes the kinematic redundancy of the robotic sys-
tem in order to make the joint stiffness matrix
become a diagonal matrix. On the other hand, Tsuji
et al. proposed a method called the Multi-Point Com-
pliance Control (MPCC) for a single redundant
manipulator'?®. This method can regulate not only
the end-effector compliance but also the compliance
of several points on the manipulator’s links utilizing
kinematic redundancy.

In the present paper, the MPCC for dual-arm robots
is developed. When a rigid object is manipulated by
the dual-arm robot, we can model the object as a
virtual link depending on the size of the object and
the contact type: between the object and the end-
effectors. As a result, a point on the link of the
dual-arm robot can be modeled as a virtual point
object grasped by a virtual dual-arm robot, and the
compliance control for the virtual object can be
developed as well as the object compliance control.
The method presented here is effective for certain
environments where some obstacles vimpose restric-
tions on the task space.

First of all, we formalize the kinematic relation-
ships between the joint compliance and the compli-
ance of several virtual objects on the links including
the grasped object. We then derive the joint stiffness
to achieve the desired multi-object compliance. The
dual-arm robot may become over-constrained depend-
ing on the contact type and the number of the objects
whose compliance we wish to regulate. The method
presented here can give the optimal joint stiffness
even for the over-constrained cases in the least squar-
ed sense. Finally, the effectiveness of the proposed
method is shown by computer simulations.

Nomenclature

P World coordinate system.

HABBHAESRXE

E2E H6S

e Transmission coordinate system.

2 Object coordinate system.

2lvo: i-th virtual object coordinate system.
dX.€R%* Concatenated end-effector displace-

ments in the end-effector space,
respect to the transmission coordinate
system, dX.=Jod8.

dXoir€ R Concatenated end-effector displace-
ments ‘in the . transmission space,
respect to the transmission coordinate
system, dXowr = HdX.= HdX..

dX.ER* Concatenated end-effector displace-

ments in the contact-point space,
respect to the transmission coordinate
system, dX.=SdX,.

dX,€R! Object displacements, respect to the

object coordinate system.

F.eR* Concatenated end-effector forces and

moments in the end-effector space,

respect to the transmission coordinate
system, r=JIF..

Foir &Rz Concatenated end-effector forces and
moments in the transmission space,
respect to the transmission coordinate
system, Foir=HF.=HF..

F.€R% Concatenated end-effector forces and

moments in the contact point space,

respect to the transmission coordinate
system, Fe=S"*F,, where the super-
script “+” stands for the Moore-

Penrose generalized inverse.

F,eR! Object forces and moments, respect to

the object coordinate system.

JoE R *m+m) Concatenated Jacobian matrix of
both arms, respect to the transmission
coordinate system. J,=block—diag.
[Jo1 Jo2], where block—diag.[ ]
denotes a block diagonal matrix.

JorER™

He RUa+iea=2 Concatenated contact constraint

Jacobian matrix of the &2-th arm.

matrix . for the object. H=block
, ~diag. [Hol Hoz].

H,.eR™!  Contact constraint matrix between
the 4£-th arm and the object.
Se R Forces and moments transformation

matrix for the object, S=[So1 Soz].
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SoxE R Forces and moments transformation

matrix corresponding to the 4£-th arm.

dX.wER¥  Concatenated virtual end-effector dis-
placements corresponding to the i-th
virtual object, respect to the i-th vir-
tual object coordinate system. Note
that dXver= dXoeri= dXove:= J0:dB.
dXuorER? i-th virtual object = displacements,
respect to the 7-th virtual object coor-
dinate system.

Fon&ERY Concatenated virtual end-effector

forces and moments corresponding to

the {-th virtual object, respect to the
i-th virtual object coordinate system.

Note that Foer=For=-Fe:.

Fooi &R i-th virtual object forces and

moments, respect to the 7-th virtual

object coordinate system.

Jor€& REmitm) Concatenated Jacobian matrix corre-
sponding to the i-th virtual object,
respect to the #-th virtual object coor-
dinate system, J..= block — diag. [Jsn
Joiz).

Join Jacobian matrix of the %A-th virtual
arm corresponding to the #-th virtual
object. Note that the dimension of Juax

depending on the location of the vir-

tual object.

H,&=R*®  (Concatenated contact constraint
matrix for the i-th virtual object, Ho:
=l

SuE R Forces and moments transformation

matrix for the i-th virtual object, Su:
=[I,1;] and LER™ is an /X unit
matrix.
dXﬂERZ(n—-!)!+lc1+lc2
Concatenated transmission displace-
ments corresponding to the multi-
object, dXo={dXJ1 -+ dX{trm-1 dAXor ]
Concatenated multi-object displace-
ments, dX ={dX5 - dXdon-1 dX3}".
FnERZ(n_“Hl“H"
Concatenated

dxXeR™

transmission forces
and moments corresponding to the
multi-object, For=[Ffr1 -+ Firm-1 Flr]".

FeRr™ Concatenated multi-object forces and
moments, F=[F, + Flony FII".

dgsR™*™  (Concatenated joint displacements of
both arms.

TS Rmime Concatenated joint torques of both
arms,

M Number of joints of the £-th arm.

n Number of object and virtual objects.

i Dimension of task.

lex Number of forces/moments which
can be transmitted from the %-th end-
effector to the object at the &-th con-
tact point.

Ce R Multi-object compliance matrix.

C*&R™™  Desired multi-object compliance

matrix.

Crea=R™™  Realized multi-object compliance
matrix.

Cer Concatenated transmission compli-
ance matrix for all objects,
C"ER{Z(n—l)l+ln+lc2]X[Z(n—l)l+lcl+lcz}

C% Concatenated desired transmission

compliance matrix for all objects,
Cg_e R{z(u-l)z+zm+lcz}X{?(?!—l)l+iox+lczl

C; Joint compliance matrix,
CjeR(mwm)x(m-z-m)
K; Joint stiffness matrix,

KeR(mwmz)X(mﬁmz)

2. Forward Kinematies of Compliance
Matrices for Dual-Arm Robots

We consider a dual arm robot manipulating a
common object as shown in Fig.1l. The robot is
performing a task which requires the object’s compli-
ant motion. Since the arms are inserted through the
holes of a wall, they may collide with it due to some
external force. Then, as shown in Fig. 1, we locate a
virtual object on the closest point of each arm to the
wall. Using virtual objects, the interaction between
the robot and its environment can be considered
within the framework of the compliance control
method. For example, to avoid any collision, the
compliance of the virtual object should be as small
(stiff) as possible in the direction of the wall'®.

2.1 Forward Kinematics for Object Compliance

We define a set of Cartesian coordinate system as '
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==

arm-

@ virtual object

Fig.1 Dual-arm robot close to the obstacles

follows {see Fig.1): (i) the world coordinate sys-
tem, 2}u, is an immobile external coordinate system
which acts as a reference frame, (ii ) the transmission
coordinate system, 23:, is a coordinate system locat-
ed on the object at the contact point where the z axis
is normal to the object and the other axes are tan-
gential to the object, and (iii) the object coordinate
system, 2., is a mobile coordinate system which
changes in accordance to the motion of the object.

Forward force/motion relationships of the dual-
arm robot while grasping a common object can be
summarized in Fig.2. In the present paper, it is
assumed that the contact points between the end-
effectors and the object are constant, i. e, there is no
slip motion between the end-effectors and the object.
For the derivation of the force/motion relationships,
see refs. 14), 16) and 21).

The matrix S={[Se1 Sez]&ER™¥, and rank S=/,
specifies the relationship between the object space
and the contact-point space depending on the location
of the contact points and the reference point on the
object such as the center of mass, where /[ is the
dimension of the object space. The matrix H=block
—diag. [Hoi Hox]E R o3 and rank H=Ila+ls,
expresses the filter characteristics which filter out
some forces of the end-effectors and transmit other
forces to the object depending on the contact type,
where block—diag.[ ] denotes a block diagonal
matrix, and /a{%k=1, 2) denotes the number of forces
transmitted from the end-effector of the k-th arm to
the object. The matrix J.=block—diag.[/oi Jou]

HHEHHNEEIBIE

B2E F 6B

object space

contact-point
space
T p

transmission
space
T p

end-effector
space

joint space
Fig.2 Force/motion relationships for the object

€ R (mitma) ig 4 concatenated Jacobian matrix of both
arms relating the joint displacements to the end-
effector displacements, represented in the transmis-
sion coordinate system, where m;: denotes the number
of joints of the &-th arm. If we assume that both arms
are not in singular posture, then the rank /, is equal
to 2/. ‘

Using the force/motion relationships shown in
Fig. 2, we can derive the forward kinematic relationships
which relate a set of (mu+m2) joint coordinates to a
set of / object coordinates. The forward kinematic
equations of the object are given by

dXotrr=GodXo= Bodl (1)
]“‘a = GgFotr ( 2 )
T:.ggFotr ( 3 )
where
T
GO=HS’={H O!SOI]ER“"‘”M’“ (4)
Ho2 S5
ﬁuzH]oeR(€c1+£cz)><(m1+mz)
=block—diag. [ Ho1Jo1 HozJoz] (5)

and rank Bo=/lci+ 2. On the other hand, in order to
assure that all forces/moments of the object can be
controlled by manipulators, it is assumed that the
rank G, is equal to {.

To derive the forward kinematics for the object
compliance, we define the compliance matrices of
each space as follows:

Joint Space:
df=—Csr (6)

C,& Rim#maxtmism . inint compliance

End-effector Space :
dXe=—CeFe {7)



A Jaziig, T. Tsup, M. Nacamacs and K. Ito: Multi-Point Compliance Control for Dual-Arm Robots 641

C.E R** : end-effector compliance
Transmission Space:
AdXotr=~ CotrForr (8)
Cotr & RUsrHieaixUartlen) - transmission compliance
Contact-Point Space:
dXe=—~CF; (9)
C.& R contact-point compliance
Object Space:
dXo=—~CoF, 1)}
Co&ER™ : object compliance
Using {1)~(3) and the compliance matrices
defined above, we can obtain the forward kinematic
relationship from the joint compliance to the object
compliance via the transmission compliance, as given
by
Cotr=GoCoGl (1D
Corr=BsCiB5 (12)
where G, and B, are given in (4) and (5).
2.2 Forward Kinematies for Virtual Object
Compliance
To derive the kinematic relationship for the i-th
virtual object’s compliance, we introduce the virtual
dual-arm robot corresponding to the i-th virtual
object, as shown in Fig.3. In the virtual dual-arm
robot, the grasped object is treated as a virtual link.
As a result, for the 7-th virtual object, the virtual
space with the same kind of definition of compliance
matrices as (6)~(10) is given as Fig. 4.
Furthermore, for the ¢-th virtual object, we use two
kinds of coordinate systems: (i) the world coordi-
nate system, 21, and (ii) the virtual object coordi-
nate system, 2lvo:.
virtual object

coordinate
system 1%

virtual fink

P @ virtual object
Tw
Yw
Zw

virtual ar m-1 xw virt ual ar m-2

Fig.3 Virtual dual-arm robot for the #-th virtual object

For the virtual object, the contact type between the
virtual end-effectors and the virtual object is always
like rigid grasping, i.e., all forces of the virtual end-
effectors can be transmitted to the virtual object.
Moreover, the virtual object is always like a point
object. As a result, we have

Su=[LI,JeR"™ 13

Hyi= L R¥% (14)
where the rank S.: is equal to / and the rank Ho: is
equal to 2/. Here, subscript ¢ stands for the i-th
virtual object and [; is an { X/ unit matrix.

The forward kinematic equations of the 7-th virtual
object are given by

AXveri= GoitdXvo:™ Busdf (15)

Foor= GHiFom (16)

7= B8:Foeri (17
where

cvi=H,,is&=[I’
I

I3

}ERZ““ (18)

Buoe=HyiJ pi=Joi & REX 1m0 (19
and Jo=block—diag. [Jsn Juz] is the concatenated
Jacobian matrix of both virtual arms corresponding
to the i-th virtual object, relating the joint displace-
ments to the virtual end-effector displacements, and
represented in the 7-th virtual object coordinate
system.

Here, the rank of Gu=/, and the rank of Bn<2/
depending on the contact type and location of virtual
objects. For example, if a virtual object is located on
the link of arm-1, then J.: is given by

virtual object
space

virtual contact-point
space

T

Hvi

virtual transmission

vitual end-effector
space

joint space

Fig.4 Force/motion relationships for the i-th virtual
object
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J -{]‘1 o 0 ] 20
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where J{ is the Jacobian matrix relating the joint
displacements of the arm-1 which are the part of 4-th
virtual arm to the A-th virtual end-effector. In this
case, the rank J.:1 </ depending on the location of the
virtual object, and the rank J»2</ depending on the
contact types between end-effectors and the object.
On the other hand, the forward kinematic equation
from the joint compliance C; to the 7-th virtual object
compliance Cuo:sER™' can be derived in the same
way as the previous section:
Cvtrii = GvinoiiGgi (21)
Cotrie= B m’Cjﬁ z:Jrz (22)
2.3 Concatenated Forward Kinematics
" In order to express the forward kinematics for the
object and the virtual object simultaneously, we con-
catenate those forward kinematics:

dXr=GdX = pd8 (23)
F=G"Fy (24)
== BTFtr (25)

where FER™ is the concatenated vector of the resul-
tant  forces/moments on the multi-object, and Fer
E R¥a-Divlatles is the concatenated transmitted
forces/moments on the multi-object from the end-effectors.
% is the number of the objects whose compliance
we wish to regulate. Also, dX ER™ and dXe
& R¥r-Ditlatie: gre the concatenated displacements of
the multi-object and the concatenated transmission
displacements, respectively.
The matrices BER[Z(?L—I)H—IN+lcz]x(m1+mz) and
GE REr-NHaabal are aiven by
B=[8% - Bl B (26)
G=Dblock —diag. [Gv: *** Gon-1 Go] @n
Consequently, the concatenated form of the for-
ward kinematic from the joint éompliance matrix, C;,
to the multi-object compliance matrix, CER"™7™,
via the ftransmission compliance matrix, Cir
ER[Z(nwl)l#—lm+lcz])<[2(rlvl)l+lm+lca]’ can be expressed as

Cir=GCG" (28)
Ceor=BC:B" (29)
where

Cootr Coorz =+ Coon

szozz Cvozz o Cvozn

C (30)

Cﬂam Cvonz e Cm;mn

HHEEHHBERLE

208 Fo6F
eru Cvtﬂz > Corrin

Cz)trzl Cvtr22 * Corrzn

Cer 3n

Cormt Cotmz ** Cotrnn
Coonn=CoE R, Coprnn= Cop € RUcrHledxUertle) O
&R™! represents the cross compliance between the
i-th and 7-th virtual objects and Cuwri; represents the
cross compliance between the /-th and the j-th virtual
transmission compliance.

3. Multi-Point Compliance Control for Dual-
Arm Robots

Now, let’s assume that the desired multi-object

" compliance matrix, C*& R is given according to

the tasks. We should solve (29) for the joint compli-
ance matrix, C;, where the transmission compliance
matrix, Ce, is computed from (28).

Equation (29) may be underconstrained, over-
constrained or singular depending on the matrix 5.
To derive a general solution of (29), we use the
maximum rank decomposition of the matrix 8, such
that the (29) can be divided into two equations'® :

Cin=BsCiBE (32
and .

Cor=B.Csf3 : (33)
where the matrices f,SRE-DiFlatialxs an4 B,
& RexEn-Diriartled form the maximum rank decomposi-
tion of f: B=p8aBs, and rank B=rank B.=rank §»
=s.

We should solve (33) as the first step. In general,
the exact solution C;» which satisfies (33) does not
exist, since the matrix B. is a full column rank
matrix. In this case, the goal is to find a matrix Cs to
minimize

G(Ca)=| W(CE—~ Cor) W]

= W(Ck~BaCrBi) W] (34)

where C¥ is a desired concatenated transmission
compliance matrix, computed from (28) for a given
desired multi-object compliance matrix C*. [Al
stands for matrix norm defined by

lAl=[tr(ATA)P* (35)
and t»(ATA) denotes trace of matrix ATA.

Using the differential formulas about trace of
matrix, we can find an optimal solution as gi{zen by

Cro={WB)* WCEWT{WE*}T (36)
(W8 ={(WBa) WEa} {(WBa)" (37)
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The matri.x WERm{.’lﬂl)lﬁ-Zcx+£cz]X[Z(n-—l)l+£c:+lc2] iS a
positive definite matrix which can assign order of
priority to each object according to the given task.

The second step is to solve matrix equation (32).
Since the matrix A is of full row rank, the solution
C; which satisfy (32) always exist. The general solu-
tion is given by

Cr=BCal B +1Z— BEBsZ(BLBe)"] (38)
where ZE Rmmax(m+a) g an arbitrary constant
matrix which ¢an be utilized in the other kind of
subtasks, and the superscript “+” stands for the
Moore-Penrose generalized inverse.

In the proposed method, the matrix Z in (38) is set
equal to zero, or we use the minimum notm solution
of (32}, and given by

Cr=B5Cu(B)* (39)
Then, we define the joint stiffness matrix K
ER(mﬁ»mz)x(mﬁ»mz) as

K=Cy (40}

Equations (36), (37}, {(39) and (40) give the closest
object compliance to the desired one in the least
squared sense for the cases which the desired compli-
ance cannot be realized. On the other hand, when the
exact solution of C; in (29) exists, the computation of
the joint compliance matrix becomes simple :

Ci=8+*CH(BTY (40
because B8 has a full row rank,

The non-singularity of the joint stiffness matrix, K,
can be assured like the follows: let’s assume the
desired multi-object compliance matrix, C*, be
positive-semidefinite matrix. Substitute (28) and (36)
into (39) using C* as C of (28), we can get

Ci=B(Wha)* WCC*GTW {{ WB)*}(88)"

=[BH(WB.)* WGICH BIH (W) WGTT  (42)
On the other hand, since the desired multi-object
compliance matrix, .C* is a positive-semidefinite
matrix, we can write C* in the form

C*z( C*)OS{( C*)O.S} T (43)
Substitute (43) into (42) we can get

Ci=85(Wha)* WG(C*)**]

X[ B3 WB.) WG(C*)**) (44)
‘This means the joint compliance matrix, C;, is a
positive-semidefinite matrix®®, Using the eigenvalues
and the eigenvectors of the matrix C;, we can decom-
pose the matrix C; into the form like the following

Ci=UAUT (45)

where U is the orthogonal matrix and A is the
diagonal matrix, each component of which is the
eigenvalues of the matrix C;.

A=diag.[A A  F— | (46)
As a result, the joint stiffness matrix, Kj, is given by
K;=UA*U" 47
where
At=diag.[nn 7 Yomyrmay) (48)
yf:{'z;l iAo (49)
0 if /11*:0

This secure that K; is always non-singular.

Then we consider the stability of the realized
multi-object compliance matrix, Crear. Using (28) and
(29) we can get

Crear=G*BC,L(GH)T (50)
Since C; is a positive-semidefinite matrix, Crea is also
a positive-semidefinite matrix. This secures the stabil-
ity of the multi-object compliance control.

4, Applications to Collision Avoidance

To demonstrate the effectiveness of the proposed
method, simulation experiments were performed. In
the simulation experiments, the MPCC was applied to
collision avoidance problem using a planar dual-arm
robot as shown in Fig. 5 (m=5, m.=5, {=3).

The dual-arm robot is needed to perform a task

arm-1 arm-2

initial posture of arm-1:

(90.0, 30.0, -30.0, -30.0, -30.0) (deg.)
initial posture of arm-2:

(90.0, -30.0, 30.0, 30.0, 30.0) (deg.)

Fig.5 A planar dual-arm robot close to an obstacle
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which requires the object to be soft in the direction of
x axis and the rotation (0.01 m/N and 0.1rad/Nem,
respectively) and to be stiff in the direction of ¥ axis
(0.001 m/N) in the world coordinate system.

The third link of arm-1 lies between a couple of
obstacles. Therefore, a virtual object is located on the
middle point of the third link of arm-1. The desired
virtual object compliance is determined depending on
the subtask which will be performed. In the simula-
tion experiments, the subtask is to avoid any collision
with the obstacle. The collision can be caused by the
large motion of the 3rd link of the arm-1 in the
direction of y. axis of the virtual object coordinate
system, and the large rotation of the 3rd link of arm

~1. So it is desired that the virtual object to be stiff in-

the direction of g axis and its rotation (0.0005 m/N
and 0.005 rad/Nm, respectively). On the other hand,
since the large motion in the direction of xw axis
doesn’t cause the collision with the obstacle, the
virtual object compliance is set to be soft in the
direction of . axis (0.01m/N). As a result, the
desired multi-object compliance matrix, C*&R% i
given by
C*=diag. [0.01(m/N), 0.0005(m/N),
0.005(rad/Nm), 0.01(m/N),
0.001(m/N), 0.1{rad/Nm)],

where diag.[ ] denotes a diagonal matrix.

The simulation experiment is performed using the
PD controller,

r=K;d6+ B;f (51)

where B,& Rim+moxmiim) g 4 nonsingular feedback
gain matrix, and d@= 8(0)— 6(¢) is the joint displace-
ments of both arms. We used the Appel method for
multi-arm robots®™ and the link parameters of each
arm are shown in Table 1. The mass and the moment
of inertia of the object are 5(kg) and 0.5(kg'm®
respectively.

Fig. 6(a) shows the initial and final postures of the

HEaHMEELRXE

B9E E6 5

Fext

arm-2

® virtual object
initial posture
e e = final posture

{a)

02

bl
o

.
b

‘4"‘—"—-'..‘...... .

<

10.0

:
ol
-

e (3% (1)
dyyg ()
ddyg (rad)

coordinate system, Ly,

virtual object displacements, dX,q,
respect to the virtual object
&
&

time (sec.)

(b)

-Fig.6 Arm configuration for a disturbance force with

consideration of collision avoidance using MPCC

dual arm under the MPCC, where the external force,
fexs=[ —5(N), —50(N)}, 0(Nm)}]" in terms of the world
coordinate system, is exerted to the center of mass of
the object, and Fig.7(a) shows a simulation result
where we consider to control only the object compli-
ance. The joint stiffness K; is calculated under condi-

Table 1 Link parameters of the dual-arm robot

Arm-1 ; Arm-2
Link-{(i=1,,6) | Link-i(i=12,3)
Length {m) 0.2006600 0.200000
Mass (kg) 0.500000 $.500000
Center of mass (m) 0.100000 0.100000
moment of inertia (kg*m?) 4.001500 0.001500
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Fig.7 Arm configuration for a disturbance force without
consideration of collision avoidance

tion where the contact types between the object and
both arms are the point-contact with friction (li=/e2
=2},

On the other hand, Fig. 6(b)} and Fig. 7(b) show
the time history of the virtual object displacements,
dXvo=[dxv0 dyve dpvo]”, for the two kinds of the
control algorithm, where drwo, dyv, are the displace-
ments in the direction of xwe and yw axes of the
virtual object coordinate system, respectively, dgyo is
the displacement of the rotation angle of the virtual
object. The displacements of the object in the steady
state for the two kinds of compliance control (using
the MPCC and consider to control only the object
compliance) are almost the same. In terms of the
virtual object, however, the effect of the MPCC

appears clearly. It can be seen that the MPCC can
utilize effectively the redundant joint degrees of free-
dom,

5. Conclusion

We have proposed the Multi-Point - Compliance
Control method for dual arm . robots utiiizihg
kinematic redundancy. The method was able to regu-
late the compliance or stiffness of several points on
the dual arm’s links as well as the object compliance.

In the present paper, we have concentrated on the
resultant forces and moments of the object through
the regulation of the joint stiffness according to a
given task, for example, to restrain some external
forces or to produce a desired force to generate a
certain trajectory. In general, the internal compli-
ance/stiffness which is used to stabilize the grasp and
preserve the end-effector forces in the “push” direc-
tion to the object, can be controlled by the proposed
method with slight change of the corresponding
matrices.

The realized multi-object compliance, Crea, is not
always equal to the desired compliance, C*. In terms
of the stability, this difference doesn’t become a seri-
ous problem; because the positive-semidefiniteness of
Crear is always hold. In term of the task purpose,
however, this could be problem. This problem such as
the coupling elements could be avoided by using the
weighting matrix W. Unfortunately, the weighting
matrix W can specify only the order of priority of the
row and column of the desired multi-object compli-
ance matrix, C*. So, we need some improvements
about the weighting function as further research.

Further research also will be directed to develop
the Multi-Point Impedance Control which enable to
control the impedance, not only the compliance, of
several points simultaneously.
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