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Dynamic Modeling of Closed-Chain Mechanisms
for Multi-Arm Robots

Achmad Jazipie*, Toshio Tsun®,
Mitsuo NacgaMmacHr® and Koji ITo**

A method for the dynamic simulation of multiarm robots by taking the mechanism of various contact
types into consideration is proposed. The system of multi-arm robots grasping a common object forms
a multiple closed-chain mechanisms. Each arm and the object can be modeled to be an open-chain with
kinematic constraints on its end-effector motion. The dynamics of each arm is expressed using the Appel’s
method, where the end-effector’s constraints of each arm are derived from the object motion. As a result,
a parallel computation of joint acceleration for each arm can be performed, and various contact types
between the end-effectors and the object can be expressed by constraint equations. Numerical examples
are carried out to evaluate the validity of the proposed method,
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1. Introduction

There are growing needs for the development of
multi-arm robots which are expected to be applied to
many tasks in manufacturing, such as assembly oper-
ations, tool manipulations and material handling
tasks where the objects involved are very large and
voluminous. The application of a single robot in
automating a task is typically achieved with intricate
jigs or fixtures which represent a significant fraction
of the overall start-up costs (in some cases, more than
the robot itself). An alternative, more flexible
approach is the use of multi-arm robots. This is espe-
cially true, for unstructured environments such as the
space and the ocean where the auxiliary equipments
are not available.

Widespread use of multi-arm robots will require the
development of sophisficated control algorithms in
order to achieve a true coordinated control scheme,
and a number of interesting works have been appear-
ed. For example, Hayati" proposed an extension of
hybrid control for a multi-arm robot by partitioning
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the object and regarding each segment as the last link
of each arm. Yoshikawa and Zheng? proposed a coop-
erative dynamic hybrid position/force control method
for a set of multi-arm robots or multifingered robots
grasping a common object, which took the manipula-
tor dynamics and object dynamics into consideration.

" On the other hand, the effective implementation of

complex robot control systems requires extensive
computer simulatiens and experiments prior to imple-
mentation in the field. It is expected that, through
computer simulations, one can freely évaluate
different control schemes without extensive setup
time and costs.

The dynami¢ computer simulation of the multi-arm
robots have been studied by several researchers. For
example, Anderson® presented a method for the for-
ward dynamics of two cooperating manipulators by
regarding the interactive forces as the external forces
exerted on the end-effectors. Oh and Orin®,
Rodriguez® and Murphy et al® developed the
methods of dynamic computer simulation for an
arbitrary number of robot arms grasping a common
object. It is noted that an unified approach was for-
nﬁuiated by Oh and Orin®, such that a single set of -
equations may describe dynamics of both multi-arm

_robots and legged vehicles. However, all of the previ-
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ous works have concentrated on the multi-arm robots
with only the rigid contact between the end-effectors
and the object.

The present paper analyzeé the dynamic equations
of motion for multi-arm robot grasping a common
object. When the multi-arm robot grasping a common
object, multiple closed-chain mechanism will be for-
med. Each arm and the object can be considered as an
open-chain with kinematic constraints on its end-
effector motion. Therefore, the joint acceleration can
be calculated by using the forward dynamics of each
open-chain, the motion equations of the object, the
kinematic relationships between the object and the
end-effectors and the kinematic relationships between
the end-effectors and the joints. The forward
dynamics of each open-chain is derived using the
Appel’s method. The method proposed here has the
following features:

(a) Using the Appel’s method, no explicit
differentiation in the dynamic equation of the linked
body system is required, such that allows a better
adaptation of model forming procedure to the system
considered”. ‘ ;

(b) Using the Appel’s method, we do not need the
extensive formulation and computation of the
dynamic interaction forces/moments between end-
effectors and the object specifically. We just add the
dynamic interaction forces/moments in the dynamic
equation of each arm as an external forces/moments

exerted on the constrained end-effector, and this

dynamic interaction forces/moments are computed at
the same time with the computation of the joint
accelerations.

(¢) The dynamic of each arm can be derived
separately, such that each arm can be simulated
simultaneously, and the parallel computation can be
implemented. As a result, the simulation time for the
multi-arm robots is reduced.

(d) The consideration of the contact mechanism

between the end-effectors and the object in the model
can be taken easily, where the various contact-types

can be expressed in the kinematic relationships ~

between the object and the end-effectors.

First of all, the application of the Appel’s method
for dynamic analysis of a single-arm robot with
kinematic constraints is reviewed, followed by the

derivation of the kinematic relationships of the multi-
arm robots. Then, the forward dynamics of multi-arm
robots grasping a common object is derived. Finally,
numerical analysis are carried out and the validity of
this method is shown. '

2. Dynamic Model of Single-Arm Robot :
Unconstrained Case

In this section, the single-arm dynamic model fdr
the unconstrained end-effector based on Appel’s equa-
tions will be reviewed. This model was developed in
its final form by Potkonjak and Vukobratovic®.

Consider a mechanism of the open-chain type,; for-
med by #» rigid bodies of arbitrary form, without
branching, and mechanism segments are interconnect-
ed by the rotational or translational joint, such as
shown in Fig. 1. The kinematic variables, such as
angular velocity @, angular acceleration &, kand
linear acceleration &: are determined with respect to
the local coordinate system (the body-fixed coordi-
nate system) of the /-th link, The relations determin-
ing these kinematic quantities are derived in the same
way as in the Newton-Euler’s method

Gi=A 1@+ §l—5) & ( 1)
Ei=As i é‘fai"f'[ifiég“? q,((?), X éi)](l “Si)
(2)
Fr=As 1] i1 EraX Fior, i— @1 X{B1r
X Foon, O} EoX Pt @ X (@i X 7h)
+gg+2¢ @ X &)]s: (3)
Fh= Pitqi€iS: {(4)
where Ay is the transition matrix from the j-th
body-fixed coordinate system to the 7-th body-fixed

Fig.1 Single-arm robot: unconstrained case
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coordinate system and s: is the joint type (s;=0 if the
joint is rotational, and s;=1 if the joint is trans-
lational). &; denotes the unit vector of the joint axis
respect to the body-fixed coordinate system, 7:-1.:
denotes the vector from the 7-th joint to the center of
mass of the (/—1)-th link respect to the body-fixed
coordinate system and ¢: denotes the generalized
coordinate of the i-th joint. “X” denotes the vector
cross product.

By introducing the matrices £, @, 8, @ and the
generalized coordinate vector ¢=[q. g g»]", we
can write the linear acceleration and the angular
acceleration in the form:

a=Ri+80 (5)

E=Ri+ 0 (6)
where B=[8{ B§-- Bi00-- 0], O@=[8"], Q=[Q& ¥ -
£2i00-- 0] and @=[y]. ©}, B}, &, and y* are derived
from the recursive expressions (1)~(4). Thus, for
the i-th iteration:

i=a1-s:) (7)
BI=QIX Fut 854 (8)
Q= AeiaD; j=(1,2, (1)) (9)
Yi=An ey T GG X E)1-50) 10
Bi=An 1B A i 2K Poor i+ QX 7

(1D
S Ay a8 Ay TIX i DX Pt b
(12)

hi=— A i1 @i X{Bi—1 X Fiy, i)
+ @ X(BeX P2 @i X &1)s: (13)
Now, using (5) and (6), the Gibbs-Appel’s “accel-
eration energy” function, S, for the single-arm robot
will have the form:
S=1/2§"W§+V§+D (14)

where W=31W, V=i_2f; Vi and D= lz::loi. Wi, Vi, and

D; are given by

Wi=mQ7Q+87[.8 (15)
Vi=mO0™R+ 0 T.8— a8 (16)
Di=1/2m.070+1/207P~ 7 "® (17
@=I &:)X &; (18)

where I; is the inertia tensor of the 7-th link respect
to the body-fixed coordinate system, »; is the mass of
the 7-th link and “+” denotes the vector dot product.

On the other hand, the Appel’s equation can be
written in the matrix form

FRHEBHAZESRE

£29% 65

2= (19)

where © is the vector of generalized forces. Substitut-
ing (14} into (19), we can obtain the dynamic equa-
tion of the unconstrained single-arm robot

Wi=Q-V7 (20)
The vector & has the form
Q=P+Y 21

where P is the joint torque vector. Y =[z y2 = ¥»]" is
the gravitational torque vector which calculated in-
dependent of P, and given by

nel n-1 .
y,-=(e;-g‘fi.}omw)s,--i-(l—-s;);§0|mi+1.g, e, i

(22)
. & f &1
yi= pﬁ:]u?’ Pp, itp ‘Eo?’ 14D, iP+L (23
where “| |” denotes the vector box product and g& R?

is the gravity acceleration vector. It should be noted
that the geheralized forces are calculated recursively
in the algorithm, and this calculation can be perfor-
med in the world coordinate system or in the body-
fixed coordinated system.

3. Representation for the Constrained Case

Now, we show how the results obtained for the
unconstrained case can be used for solving the
dynamics of the single-arm robot, where some or all
of the end-effector directions are constrained by the
environment. This method was proposed by Masuda
et al®,

Consider a single-arm robot constrained by the
environment shown in Fig. 2. In this case, there are
interaction forces/moments between the end-effector
and the environment according to the constrained
directions.

Let us define A& R™ is the vector of the forces/
moments exerted on the constrained end-effector, and

Fig.2 Single-arm robot with kinematic constraints on its
end-effector
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l: is the number of the end-effector directions con-
straiﬁed by the environment. We treat these forces/
moments as the external forces/moments acting to
the ahn, such that the dynamic equation of the robot
arm becomes
Wg=P+Y—VT+JIA (24)
where J.=R'*" is the Jacobian matrix corresponding
~ to the constrained directions of the end-effector.
On the other hand, we have the kinematic relation-
ships for the contrained directions such as given by
Xe=Jed (25)
where X. is the constrained end-effector velocity
vector. By differentiation we can find
Xe=Jeg+]e4 (26)
So, we can rewrite (24) and (26) in the compact
form

— - — 7‘
{ v ﬂ}[q}:rfy v } @7
_]c 1] A ]cQ“Xc

where X. can be computed from the constraint condi-
tion. For example, if the end-effector cannot move in
any direction, then
X.=0 (28)

Equation (27) expresses the dynamic equation of
the single-arm robot constrained by the environment.
The Jaccbian matrix J., and Je¢ can be computed
using the recursive expressions which are similar as
in (7)~(13).

. The manipulator mass matrix W is a positive
definite matrix and invertible, such that the coefficient
matrix of (27) is not singular. Therefore, the joint
acceleration vector § and the force/moment vector A
can be solved by

arm-m

Kw

arm-2

Fig.3 Multi-arm robot grasping a common object

GH T
A "fc 0 ]cq .-Xc (29)

4, Dynamic Simulation for Multi-Arm Rebots

The multi-arm robot grasping a common object to-

be simulated is shown in Fig. 3. The number of arm is
m, and #. is the number of joint of the £2-th arm. 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. Also, it is assumed that
the contact between the end-effectors and the object is
always occur, i. e, as a fixed joint for the rigid grasp-
ing or as a free joint for the point contact type.
' We define a set of Cartesian coordinate systems as
follows: (i) the world coordinate system, 3., is an
immobile external coordinate system as a reference
frame, (ii) the transmission coordinate system™,
2w, 18 @ coordinate system on the object at the £-th
contact point where the z axis is normal to the object
and the others are tangential to the object, and(jii)
the object coordinate system, 2l», is a mobile coordi-
nate system according to the motion of the object.

4.1 Kinematic Relationships of Multi-Arm

Robots

The kinematic relationships of the multi-arm robot
grasping a common object can be summarized in
Fig. 4.

The matrix G:&R"™™* specifies the relationships
between the object force/motion and the transmission
force/motion of the £2-th arm, depending, on the
location of the contact points, the contact type and

joint
space

transmission
space

arm-1 arm-k

transmission

space .
Jie Ji2 o
joint A
space

arm-2

Fig.4 Kinematics of the multi-arm robot
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the reference point on the object such as the center of
mass. L is the number of the end-effector directions
of the &-th arm constrained by the object, and { is the
dimension of the task space. The matrix G is given
by

Go=BuRnHE (30).
where Rf= is the rotation matrix from the transmis-
sion coordinate system, 2, to the object coordinate
system, 23o. Furthermore, the matrix B is given by

E ¢

Bk:[(nk)x E} ®D
where EE€R™ denotes a unit matrix, 0€R¥? is the
null matrix, vee={%crs ¥ery 7caz]” is the position vector
of the £-th contact point from the origin of the object
coordinate system, 2.0, and {ra)yER>™ is an anti-
symmetric matrix obtained by applving the cross

4,1

operator, “x”, to the position vector,v«, as the fol-

lowing
0 - ¥ehz Very .
(rewmdg=] 7on 0 —ro (32)
—¥ery Forx 0

The matrix H.&R***! expresses the filter charac-
teristics which filter out some forces/moments of the
%-th end-effector and transmit other forces/moments
to the object depending on the contact type.

The matrix [ is the Jacobian matrix relating the
joint displacements to the transmission displacements
of the k£-th arm, represented in the transmission
coordinate system, 2las, and given by

Jeon= HoRE? [ ion € R ¥ (33
where Jux&R™™ is the Jacobian matrix relating the
joint displacements to the end-effector displacements
of the &£-th arm, represented in the world coordinate
system, 21», and R5* is the rotation matrix from the
world coordinate system, 2», to the transmission
coordinate system, 2.

4.2 Motion Equations

The dynamic equations of the multi-arm robot
grasping a common object are formed by the dynamic
equation of each arm, the motion equation of the
object and the constraint equation relating the object
motion and the motion of each arm.

When the multi-arm robot grasping a common
object, multiple closed-chain mechanisms will be for-
med. Each arm and the object can be considered as an

open-chain with kinematic constraints on its end-

HApsHEAYcR S

E2HE Bo6B

effector. Therefore, from {27), the dynamic equation
of the k-th arm is given by
[ We *]:’m][ &:k}~.[Pk+ Yo V{]

T 0 Waml Lomdn—Xome ©9
where ga=[q1x g2 = gna]” is the generalized coordi-
nate vector of the k-th arm, X and Am are the
vector of the transmission acceleration of the k-th
arm and the vector of the forces/moments exerted on-
the constrained -end-effector of the &-th arm, respec-
tively, which are represented in the transmission coor-
dinate system, 2}, and this forces/moments can be
interpreted as a dynamié interaction forces/moments
between the %-th end-effector and the object. The
term Jnga is computed by

T s=HdRE* Jon+RE*J o) d a (35)

The motion equation of the object is given by

mol 07, oG

[ 0 IJXox{“@ox(Ia-cao)}FFo (36
where o, I» and w, are the mass, the moment inertia
tensor and the angular velocity vector of the object,
respectively. X, and F, are the vector of the object
accelerations and the vector of the forces/moments
acting on the object, respectively, which are re-
presented in the object coordinate system, Xo.

The free-body diagram of the object and the %-th
arm is shown in Fig.5. The dynamic interaction
forces/moments, A#s, are the action-reaction forces/
moments. Therefore, the transmitted forces/moments
from the end effector to the object at the contact

- point through the contact mechanism is equal to

“‘Atfko

Since the object and the end-effectors form the
parallel link structure as shown in Fig. 4, the net
forces/moments acting on the object is given by

Fo=— 1.2:}1 Grlere 37

e
"

e
e

Fig.5 Free-body diagram of the object and the £-th arm



A. Jazimig, T. Tsug, N. NacaMacHI and K. ITo: Dynamic Modeling of Closed-Chain Mechanisms for Multi-Arm Robots 632

On the other hand, the relationships between the
transmission velocity of the £-th arm and the object
velocity is given by
Xfﬁt=G§Xo {38)
Because of the matrix GF is a constant matrix, then
we can obtain
Xtrk = GZXO (39}
Equations (34), (36}, (37) and (39) express the
dynamic equations of the multi-arms robot grasping a
common object, where (39) can be interpreted as a
constraint equation of each arm.
Consequently, the algorithm for the forward
dynamics of the multi-arm robot proposed in this
paper is summarized as the following:
step 1 At the time =0, the initial states of the
generalized coordinate vector of positions,
g:(t=0), velocities, ¢.(¢=0), of each arm,
and the object acceleration, X,(¢=0), are
given.

step 2 Compute the transmission acceleration of
each arm, Xm(2), using (39).

step 3 Using (34), compute &x(¢) and Am(#) for
each arm, where the joint torques, Pi(?), of
each arm are given according to the control
law, and then integrate the &:(f) to obtain
Gx(t+4t) and g.(¢+ 48).

step 4 Using (36), compute the object acceleration,
Xt +4t), where Fo(t+4t) is computed
using (37}, and A2+ 4t) in (37) is obtained
from step 3. Increase ¢ by 4¢, then return to
step (2).
On the other hand, the inverse dynamics of the
multi-arm robot proposed in this paper is summarized
as the following :
step 1 At the time #=0, the initial states of the
generalized coordinate vector of positions,
gx{#==0), velocities, g.(¢#==0), are given.

step 2 The object acceleration, X.(¢), is derived
from the given desired object irajectory,
XKt).

step 3 The transmission acceleration of the &-th
arm, Xum(t), is computed using (39). Then,
the joint acceleration of each arm F.(¢) is
computed by
(=Tl OV I X eral D) — T era(£) d (D]

(40)

step 4 Using (36), compute the object force, Fo(t),
required for the desired object motion, and
then the desired dynamic interaction forces/
moments, Aex(#), is computed using the fol-
lowing equation
An()=G*F, (41)
where “+4” denotes the pseudo—iﬁverse
mafrix.
Ar()=[A58) 252(8) - A :Tm(t)}’, G=[G: G
o Gu) and Gu; (k=1,2,+-,m) is given in
(30).
step 5 Compute the joint torque of each arm, Pu(2),
using the following equation
Pk(f)*_-’ Wk(t) (}}z(f)“ Yk(t)
+ VB =T Am(t) (42
Increase ¢ by 4t, then return to step (2).
As we can see, the computation of joint accelera-
tion, #., of each arm can be performed independently.
It means that the dynamics of each arm can be
simulated in a parallel way. On the other hand, by
introducing the transmission space in the kinematic
relationships of the multi-arm robot enable us to
express the contact type between the end-effectors of
each arm and the object using the matrix Hx given in
(30) and (33), such that the simulation method pres-
sented in this paper can be applied for various contact
types between the end-effectors and the object.

5. Numerical Analysis

To evaluate the validity of the proposed method,
the numerical examples was performed for the case of
a planar dual-arm robot (/=3). The first éxample is
intended to evaluate the computation error of the
proposed method.

Consider a planar dual arm robot (si=wnz=3)
grasping a common object rigidly, i e, all of the
end-effector forces/moments can be transmitted to
the object (l1=/le2=3). The link parameters of the
dual-arm robot and the object parameters are shown
in Table 1.

The goal is to move the object from the initial
position X,(0)=[0.223205 (m) 0.446410 (m} 0.0 (rad)]”
as shown in Fig.6, to the desired final position
X&(t,)=[0.273205 (m) 0.346410 (m) 6.0 (rad)]”,
through the given trajectories

X5(8)=0.223205+0.56°~0.75¢*+0.3¢° (m) . (43)
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Table 1 Link parameters of a planar dual-arm robot
and the object parameters

HHEHIRESRIE

arm-k (k=1,2) .
link i(i=1,23 | °ect
length (m) 0.2000 0.1000
mass (kg) 0.5000 5.0000
center of mass (m) 0.1000 0.0500
moment of inertia (kg+m?) 0.0015 0.5000

object

arm-1 arm-2
X, {0) = {0.223205 (m) 0.446410 (m) 0.0 {rad) |T
X (19 = [0.273205 {m) 0.346410 {m) 0.0 {rad) [T

Fig.6 Planar dual-arm robot grasping a common object :
initial posture for the first example

X&($)=0.446410—1.0#3+1.5¢*—0.64° {m)
(44)
X3(#)=0.0 (rad) (45)
where the time duration #r is set to 5.0 sec.

The simulation is composed by two stages. For
each sampling time, firstly, the joint torque, Pi(¢), of
each arm is calculated using the inverse dynamics
algorithm described in the previous section. Then,
using the forward dynamics algorithm, the joint posi-
tion, gx{#), of each arm is computed. It should be
noted that by differentiation, the object acceleration
is computed directly from the given object trajectory.
In the simulation, the sampling time 4t is set to 0.
0001 sec.

The comparison between the desired values and the

ENE Fo6 B

simulation results for the object position is shown in
Table 2. Based on those results, the computation
errors of the proposed methiod are plotted and shown
in Fig. 7. The position error is calculated by Ref. 9).

Ep=(Ror— X5+ (K= XV | Z(Las-+lreal)
+ (Ko X 21 (46)

where Lu is the total length of the 2-th arm and
“} ]” denotes the metric norm.

As shown in Fig. 7, we can see that the position
error of the proposed method are about in 10° order.

The effectiveness of the proposeci method for vari-
ous contact types is shown in the next example
Again, we simulated the cooperative motion of a planar
dual-arm robot {#1=#.=6) grasping a common
object. The contact type between the arm-1 and the
object is the rigid grasping (/,=3) and between the
arm-2 and the object is the point contact with friction
type, i. e, the end-effector forces can be transmitted
in any direction to the object, but the end-effector
moment cannot be transmitted (/=2). The link
parameters of the dual-arm robot and the object
parameters are the same as in Table 1, except that
the length and the center of mass of the object are
0.18 (m) and 0.09 (m) respectively.

The initial posture is shown in Fig. 8, where X.(0)
=[0.203225 (m) 0.598174 (m) 0.0 (rad)]”. The task

10-2}

1054

Error (-}

1010 ' L N . N
0 1.0 2.0 3.0 4.9 5.0
time (sec)

Fig.7 Computational error of the proposed method

Table 2 Comparison between the desired object positions and the simulation results

time (s) Desired object positions Simulation results
S m) | X B m) | XS @) ad) | X (D m) | X (B){m) | X (4) (rad)
0.0 0.2232050 0.4464100 €.00000060 0.2232050 0.4464100 0.0000000
1.0 0.2261010 0.4406180 0.0000000 0.2261014 (.4406173 0. 0006060
2.0 0.2390770 0.4146660 0.0000000 0.2390779 0.4146645 0.0000000
3.0 0.2573330 0.3781540 0.0000000 0.2573339 0.3781540 §.0000000
4.0 0.2703090 0.3522020 4.0000000 0.2703094 0.3522022 0.0000000
5.0 0.2732050 0.3464100 §.0000000 0.2732050 0.3464113 0. 0000000
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arm-1 arm-2
X, (0) = [0.203225 (m) 0.598174 (m) 0.0 (rad) |¥
X2 (t) = [0.203225 (m) 0.498174 (m) =/3 (rad) |7

Fig.8 Planar dual-arm robot grasping a. common
cbject : initial posture for the second example

objective is to move the object from its initial position
to the desired final position X&(#,)=[0.203225 (m)
0.498174 (m) n/3(rad)}® and t,=5.0 sec.

We choose a PD controller in the task space for
positioning the object, where the joint torques of each
arm are calculated using the following equations

Pt)y=T5Fum 47
Fo At} =G E(X{t)— Xo()+ B(XKt)— Xo)}
(48)

where Fu(8)=[Fi({) FZA)]",G=[G: 2] and Gx;
(k=1, 2) is given in (30). KE R*® and BE R*® are the
position and the velocity feedback gain matrices,
given as K=diag.[100.0 (N/m) 100.0(N/m) 100.0
(N.m/rad)] and B=diag.[10.0(N.sec/m) 10.0
(N.sec/m) 10.0 (N. m. sec/rad)], where “diag.{ 17
denotes a diagonal matrix.

The desired trajectory of the object is given by
%{(2)=0.203225 (m) (49)
H{8)=0598174—1.0£2+15—-06(m) (50
S{(£)=10.0(x/3)*—5.02t*+ 2.021° (rad) (51

The sampling time 4t is set to 0.0001 sec.

Fig. 9 shows the stick pictures of the dual-arm robot
under the PD controller, and Table 3 shows the angle
between the axes of the last link of each arm and the
axes of the object (the contact-angle).

It can be seen that for the rigid grasping, the
contact-angle between the end-effector of arm-1 and
the object is constant. On the other hand, for the point
contact with friction, since the end-effector’s moment
of arm-2 cannot be transmitted to the object, the

Arm~1 Arm~2

Fig. 9 Stick pictures of a planar dual-arm robot under the
PD controller

Table 3 Angles between the axes of the last link
of each arm and the axes of the object

time (s) arm-1 arm-2
0.0 0.523599 (rad) | —0.523599 (rad)
1.0 0.523599 (rad) —{0.475667 (rad)
2.0 0.523599 (rad) ~0.210124 {rad)
3.0 (.523599 (rad) 0.223329 (rad)
4.0 0.523599 (rad) 0.578254 (rad)
5.0 0.523599 (rad) 0.706632 (rad)

end-effector can rotate freely. As a result, the contact-
angle between the end-effector of arm-2 and the
object changes during control.

6. Conclusion

We have proposed the dynamic simulation method
of a muiti-arm robot using Appel's method. It was
shown that the dynamic equation for a multi-arm
robot grasping a common object is formed by the
dynamic equation of each arm, the motion equation
of the object and the constraint equation.

The dynamic equation of each arm has a form
identical to the dynamic equation of an open-loop
single-arm with kinematic constraints on its end-
effector, where the end-effector’s constraint eqation is
obtained from the object motion. By using the Appel’s
method, each arm of the multi-arm robot can be
simulated in a parallel way, such that the parallel
computation can be implemented. Also, The proposed
method can be applied for various contact types
between the end-effectors and the object, since the
mechanism of the forces/moments transmission
between the end-effectors and the object is taken into
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consideration.
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