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ABSTRACT

This report presents the conceptual design and technical specifications of a
novel robotics system termed as the Dual-Arm Cam-Lock Manipulator. It was
designed on the basis of variable geometry, rigidity, and workspace. It has the
ability to adjust its multi-arm structure in a compact configuration, making it
suitable for applications requiring mobility. A telerobotics application of cam-lock
manipulators has been proposed for bridge inspection and maintenance. Technical
papers prepared on this subject has been accepted for presentation and publication
at the 1994 ASCE SPACE conference on robotics for challenging environment,
and the 1994 IEEE international conference on robotics and automation. In
addition, an invention patent application has been filed with the office of
technology transfer of the University of California.
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CONCEPTUAL DESIGN AND CHARACTERISTICS OF
A DUAL-ARM CAM-LOCK MANIPULATOR

Ali Meghdari T; Associate Professor, AHMCT Research Program
Department of Mechanical and Aeronautical Engineering
University of California-Davis, Davis, CA. 95616

ABSTRACT

Recent developments in the area of smart structures indicate that variable
geometry/stiffness truss network is of fundamental importance in designing smart
transformable structures and systems for space applications. This paper presents the
conceptual and preliminary designs of a novel concept for a re-configurable dual-arm
smart robotics structure named as the Dual-Arm Cam-Lock Manipulator *. It is
designed to be capable of performing a wide variety of tasks by automatically re-
configuring itself to form a variable geometry, stiffness, and workspace robotics
structure. Hence, it may also be referred to as a Variable Geometry Robot Manipulator
(VGRM).

I. INTRODUCTION

Performance requirements of advanced space structures and systems of the
future have motivated a new approach in the design of robotics structures. This is
mainly due to the fact that many orbital applications of robotics structures require
adaptability to the changing conditions of operation (i.e. load, environment, etc.).
These requirements can be formulated by automatic adaptability to changing
conditions, such as changing and/or adjusting the geometry, workspace, stiffness,
natural frequencies, etc. [1-2]. For this reason, a number of manipulator systems have
been developed to overcome the limited performance of a manipulator with the aid of
other manipulators or supporting structures [3-5].

In this paper, a new class of robots is introduced that employs fractal branching
of its limbs in order to perform complex robotics tasks. The proposed dual-arm cam-
lock manipulator shall be an actively controlled robotics structure containing Sensors

T currently on sabbatical from the Sharif University of Technology, Tehran, Iran.
* A patent application has been filed for the Dual-Arm Cam-Lock Manipulator.
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and actuators for structural and control functionality. It is defined as a class of highly
redundant, multi-axis, multi-arm robot manipulator whose kinematics structure is
somewhat fractal. Hence, fractal functions, such as the Weirstraus-Mandelbrot shall
govern the structural branching of such an assembly and essentially define its
kinematics structure [6]. The cam-lock robotics structure features a pair of multi-
degree of freedom planar arms jointed together at a sharing base. It is capable of
forming a stronger arm with variable rigidity/geometry by the virtue of a passive cam-
lock mechanism incorporated at each joint . For example, two five degree-of-freedom
planar arms may be braced together by the first three links from the base to form a
more rigid robotics structure with two arms at the distal end of the third zipped links,
each maintaining two independent degrees of freedom. The trick lies within the
geometrical design of the manipulator links, joints, and the cam-lock mechanism that
are briefly discussed in this article. Due to the existing similarities in geometry of the
designed linkages with those of the cam mechanisms, the term Cam-Lock was chosen
to describe it. This type of manipulator may be a fine example for deployable space
structures. It has the ability to adjust its structure in a controlled fashion in order to
develop compatible configurations during the deployment. It could further find
application as an space crane for the assembly of large systems in space. In addition, a
Telerobotics application of cam-lock manipulators for highway bridge inspection and
maintenance is also proposed.

II. DUAL ARM MANIPULATORS

Without much exaggeration, one may claim that most of the suitable tasks in
nature generally take place by the virtue of one or more dual or paired mechanisms.
Natural motions of the human limbs and organs (hands, fingers, legs, eyes, ears, etc.)
as well as the wings of birds, and the fins of fish clearly indicate the importance of
paired or dual mechanisms for an optimal performance. In situations where part of a
pair is lost or no longer functional, its importance becomes more and more evident.

It is therefore recognized by robotics engineers and scientists that multiple
cooperative manipulators shall be capable of performing tasks that are either difficult
or impossible to perform by a single manipulator. These tasks include manipulation
and transportation of heavy, long, large, or flexible objects. In contrast, executing a
task with two or more collaborating arms is much more difficult, due to the mutual
effects associated with their dynamics, kinematics, interface and collision possibility.

In general terms, a dual arm manipulator is defined as a mechanism in which
its elements are basically a mirror image of each other with respect to a pre-defined
axis/plane of symmetry. A dual-arm manipulator is composed of two multi-link open-
loop kinematics chains as shown schematically in Figure .1, where (ORj, LR;j;
i=1,2,...,n), and ( GLj, L1 j=1,2,...,m) are the joint angles and the link lengths of the
Right and the Left manipulators, respectively. Human limbs configurations may serve
as fine examples for the way these elements are positioned relative to each other.

As shown in the Figure 2, although a dual arm manipulator typically forms a
closed kinematical chain, it may have a more general form of topologies as either an
open-chain, a closed-chain, or a hybrid-chain. Furthermore, it can generally posses a
motion configuration in a symmetric, and non-symmetric fashion with respect to a pre-
defined axis of symmetry.
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(Left Arm) (Right Arm)

(a) open-chain (b) closed-chain ' (c) hybrid-chain

Figure 2. Motion configurations of a dual arm manipulator.
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III. THE CAM-LOCK MECHANISM.

As mentioned previously, geometrical configuration, mobility, degree of
rigidity, and the workspace of a dual-arm manipulator is changed when some of the
joints and links in both arms are braced together in an appropriate fashion.

Consider a multi-degree of freedom dual-arm manipulator with uniform links
and joints as shown in Figure 3. For simplicity consider both arms having an equal
number of joints and links with uniform properties. Furthermore, let the joints and
links bracing's be performed in a symmetric fashion. In situations where at least a
single joint and link of either arm is braced with a single joint and link of the other arm
such that no relative motion among the zipped links is possible, the Cam-Lock
Mechanism is observed (mechanical, or electromagnetic means may be used for this
purpose). Hence, when the i-th joint and link of the right arm is cam-locked with the j-
th joint and link of the left arm, a new dual-arm manipulator is formed. Clearly, the
overall mobility of the dual-arm manipulator is solely affected by the locking
mechanism and the new arm shall maintain different characteristics. Figure 3 displays
a dual-arm planar manipulator with each arm having six independent degrees of
freedom in the originally unlocked (free) configuration. They are cam-locked at
different locations throughout the arm, reducing the overall mobility, and hence,
increasing the overall rigidity of the robotics structure. The following relation presents
an elementary analogy for the mobility of each arm in the presence of cam-locking:

M=3(n-1-¢)-2(G-c) : (1)

where;
M: is the overall mobility for each arm,
n: is the number of links including the ground for each arm,
j: is the number of one-degree-of-freedom joints,
c: is the number of cam-locked links and joints.

8!&885

(a) The arms are cam-locked from the base, M= 3

Yy

(b) The arms are cam-locked in the middle, M= 4.

Figure 3. The cam-locked configurations of a dual-arm manipulator (cont. —).
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(c¢) The arms are cam-locked at the wrist, M= 5.

(d) The arms are cam-locked at the base and the wrist, M= 4.
Figure 3. The cam-locked configurations of a dual-arm manipulator.

IV. THE DUAL-ARM CAM-LOCK MANIPULATOR

Of particular interest in the present paper is to establish the conceptual design
features of the cam-lock manipulator. For the sake of analysis, two of the most recent
designs have been studied and prototypes are fabricated. Figure 4 presents
computerized solid models of a dual-arm cam-lock manipulator that may undergo large
controlled changes from a compact to an unfolding geometrical configuration. This
could be a fine example for deployable space structures. It has the ability to adjust its
structure in a controlled fashion in order to develop compatible configurations during
the deployment. It could further find application as an space crane for the assembly of
large systems in space. These two models differ in the sense that in the one shown in
Figure 4(a), cam-locking occurs in the middle of each link, requiring the presence of
an offset between the respective joints and links of both arms. This offset has been
eliminated in the second design shown in Figure 4(b), thereby creating compatible
features among the respective joints and links in both arms. Figure 5 presents the cam-
shaped drawings of the links in both manipulator assemblies. One should note that the
locking location may be moved along the link in order to achieve various strength and
stability so long as the condition r; + rp < L is met. Link parameters ri, r; are shown in
Figure 5, with L being the link's length. Satisfying this condition would greatly
increase the range of motion of each link in the assembly. Figure 6 displays the general
sub-assembly drawing of a dual arm (each having three joints) cam-lock manipulator.

In addition to space applications, cam-lock manipulators may also find
applications in autonomous road construction and maintenance technology. In
particular; one may consider them for inspection of bridge decks, handling of large and
heavy loads and structures, etc. Figure 7 shows a possible telerobotics application of
such manipulators in bridge inspection and maintenance. Finally, Figure 8 displays
several prototypes of dual-arm cam-lock manipulators fabricated for further analysis.
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FLEXIBLE PORTIONS OF THE ARMS
(MOVING INDEPENDENTLY)

THE ARMS ARE CAM-LOCKED
TO FORM A SINGLE RIGID LINK
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Figure 5. The cam-lock manipulator link designs.
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Figure 8. Prototypes of both models in various configurations(cont. —) .
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Figure 8. Prototypes of both models in various configurations.

V. CONCLUSIONS

Preliminary design features and characteristics of a new class of robotics
structure named as the Dual-Arm Cam-Lock Manipulator has been presented. The
cam-lock mechanism was considered at two different locations along the links. The
cam-lock location could be optimized for various designs and performance. A mobility
analysis of such a manipulator for various geometrical configurations was performed
and the result is promising. Further research on the kinematics and dynamics issues of
this manipulator is presently underway and will be reported in a following paper.
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CONCEPTUAL DESIGN AND DYNAMICS MODELING OF A

COOPERATIVE DUAL-ARM CAM-LOCK MANIPULATOR

Ali Meghdari T; Associate Professor, AHMCT Research Program
University of California-Davis
Department of Mechanical and Aeronautical Engineering
Davis, California 95616

ABSTRACT:

Recent developments in the area of smart structures indicate that variable
geometry/stiffness truss network is of fundamental importance in designing smart
transformable structures and systems for space applications. This paper presents the
conceptual designs and dynamics modeling of a cooperative re-configurable dual-arm
smart robotics structure named as the Dual-Arm Cam-Lock Manipulator *. The
manipulator is designed to be capable of performing a wide variety of tasks by
automatically re-configuring itself to form a variable geometry, stiffness, and workspace
robotics structure. Hence, it may also be referred to as a Variable Geometry Robot
Manipulator (VGRM).

T Currently on sabbatical from the Sharif University of Technology, Tehran, Iran.

* A patent application is being filed for the Dual-Arm Cam-Lock Manipulator.
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I. INTRODUCTION

Performance requirements of advanced space structures and systems of the future
have motivated a new approach in the design of robotics structures. This is mainly due to
the fact that many orbital applications of robotics structures require adaptability to the
changing conditions of operation (i.e., load, environment, etc.). These requirements can be
formulated by automatic adaptability to changing conditions, such as changing and/or
adjusting the geometry, workspace, stiffness, natural frequencies, etc. [1-3]. For this
reason, a number of manipulator systems have been developed to overcome the limited
performance of a manipulator with the aid of other manipulators or supporting structures
[4-6].

In this paper, a new class of robots is introduced that employs fractal branching of
its limbs in order to perform complex robotics tasks. The proposed dual-arm cam-lock
manipulator shall be an actively controlled robotics structure containing sensors and
actuators for structural and control functionality. It is defined as a class of highly
redundant, multi-axis, multi-arm robot manipulator whose kinematics structure is
somewhat fractal. Hence, fractal functions, such as the Weirstraus-Mandelbrot shall
govern the structural branching of such an assembly and essentially define its kinematics
structure [7]. The cam-lock robotics structure features a pair of multi-degree of freedom
planar arms jointed together at a sharing base. It is capable of forming a stronger arm with
variable rigidity/geometry by the virtue of a passive cam-lock mechanism incorporated at
each joint . The trick lies within the geometrical design of the manipulator links, joints,
and the cam-lock mechanism that are briefly discussed in this article[1]. The term cam-
lock is adapted due to the existing similarities in geometry of the designed linkages with
those of the cam mechanisms. This type of manipulator may be a fine example for
deployable space structures. It has the ability to adjust its structure in a controlled fashion
in order to develop compatible configurations during the deployment. It could further find
application as a space crane for the assembly of large systems in space. In addition, a
Telerobotic application of cam-lock manipulators for highway bridge inspection and
maintenance is also proposed.

II. DUAL ARM MANIPULATORS

Without much exaggeration, one may claim that most of the suitable tasks in nature
generally take place by the virtue of one or more dual or paired mechanisms. Natural

motions of the human limbs and organs (hands, fingers, legs, eyes, ears, etc.) as well as the
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wings of birds, and the fins of fish clearly indicate the importance of paired or dual
mechanisms for an optimal performance. In situations where part of a pair is lost or no
longer functional, its importance becomes more and more evident.

It is therefore recognized by robotics engineers and scientists that multiple
cooperative manipulators shall be capable of performing tasks that are either difficult or
impossible to perform by a single manipulator. These tasks include manipulation and
transportation of heavy, long, large, or flexible objects. In contrast, executing a task with
two or more collaborating arms is much more difficult, due to the mutual effects associated
with their dynamics, kinematics, interface and collision possibility.

In general terms, a dual-arm manipulator could be defined as a mechanism in which
its elements are basically a mirror image of each other with respect to a pre-defined
axis/plane of symmetry. A dual-arm manipulator is composed of two multi-link open-loop
kinematics chains as shown schematically in Figure 1, where (0, L, ; i=1,2,...,n), and
(6 Lo LLJ.; j=1,2,...,m) are the joint angles and the link lengths of the Right and the Left
manipulators, respectively.

As displayed in Figure 2, although a dual arm manipulator typically forms a closed
kinematical chain, it may have a more general form of topologies as either an open-chain, a
closed-chain, or a hybrid-chain. Furthermore, it can also posses a motion configuration in a

symmetric, and non-symmetric fashion with respect to a pre-defined axis of symmetry.

(Left Arm) (Right Arm)

Figure 1. Schematics of a dual-arm manipulator.
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(a) open-chain (b) closed-chain  (c) hybrid-chain

Figure 2. Motion configurations of a dual-arm manipulator.
III. THE DUAL-ARM CAM-LOCK MANIPULATOR

As mentioned previously, geometrical configuration, mobility, degree of rigidity,
and the workspace of a dual-arm manipulator is changed when some of the joints and links
of the arms are braced together in an appropriate fashion.

Consider a multi-degree of freedom dual-arm manipulator with uniform links and
joints as shown in figure 3. For simplicity consider both arms having an equal number of
joints and links with similar properties. Furthermore, let the joints and links bracing's be
performed in a symmetric fashion. In situations where at least a single joint and link of
either arm is braced with a single joint and link of the other arm such that no relative
motion among the zipped links is possible, the Cam-Lock Mechanism is observed. Hence,
when the i-th joint and link of the right arm is cam-locked with the j-th joint and link of the
left arm, a new dual-arm manipulator is formed. Clearly, the overall mobility of the dual-
arm manipulator is solely affected by the locking mechanism and the new arm shall
maintain different characteristics. Figure 3 displays a dual-arm planar manipulator with
each arm having six independent degrees of freedom in the originally unlocked (free)
configuration. They are cam-locked from the base of the manipulator, reducing its

~15—
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mobility, and hence, increasing the overall rigidity of the robotics structure. The following
relation governs the mobility of each arm in the presence of the cam-locking mechanism:

M=3(n-1-¢)-2(j-c) (1)
where;

M: is the overall mobility for each arm,

n: is the number of links including the ground for each arm,

j: is the number of one-degree-of-freedom joints,

c: is the number of cam-locked links and joints.

(0 O
(00

Figure 3. The cam-lock configuration of a dual-arm manipulator, M = 3.

By now you may have wondered that why the term cam-lock has been chosen to
describe this manipulator. This terminology was solely adapted due to the existing
similarities in geometry of the designed linkages with those of the cam mechanisms (see
Figures 4-7).

Of particular interest in the present paper is to establish the conceptual design
features of the cam-lock manipulator. For the sake of analysis, two of the most recent
designs have been studied and prototypes are fabricated[1]. Figure 4 presents computerized
solid models of a dual-arm cam-lock manipulator that undergo large controlled changes
from a compact to an unfolding geometrical configuration. This may be a fine example for
deployable space structures. It has the ability to adjust its structure in a controlled fashion
in order to develop compatible configurations during the deployment. These two models
differ in the sense that in the one shown in Figure 4(a), cam-locking occurs in the middle of
each link, requiring the presence of an offset between the respective joints and links of both

-16-
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arms. However, in the second design shown in Figure 4(b), this offset has beén eliminated,
thereby creating compatible features among the respective joints and links in both arms.
Figure 5 presents the cam-shaped drawings of the links in both manipulators. It should be
noted that the locking location may be moved along the link to achieve various strength and
stability so long as the condition r; + ro <L is met. Link parameters r; and r, are shown
in Figure 5, with L being the link's length. Satisfying this condition would greatly increase
the range of motion of each link in the assembly.

FLEXIBLE PORTIONS OF THE ARMS

THE ARMS ARE CAM-LOCKED
TO FORM A SINGLE RIGID LINK

(a) (b)

Figure 4. Solid models of the dual-arm cam-lock manipulators.

In addition to space applications, cam-lock manipulators may also find applications
in autonomous road construction and maintenance technology. In particular; one may
consider them for inspection of bridge decks, handling of large and heavy loads and
structures, etc. Figure 6 displays a possible telerobotics application of such a manipulator
for bridge inspection and maintenance. Figure 7 presents prototypes of dual-arm cam-lock
mechanisms fabricated for further analysis.
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U s\

L L

(a) The first model. (b) The second model.

Figure 5. The cam-lock manipulator links designs.

Figure 6. Telerobotics application of cam-lock manipulators in bridge inspection. .
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Figure 7. Simple prototypes of both models.

III. COOPERATIVE DUAL-ARM CAM-LOCK MANIPULATOR DYNAMICS

As discussed in the previous sections, the cooperative work of manipulators should
offer some possibilities to solve more complex manipulation tasks. These tasks may only
include and not be limited to the manipulation and transportation of heavy, long, large, or
flexible objects [1]. Such applications generally imply that the kinematics configuration of
both arms would vary during a working cycle. Furthermore, during all manipulation
phases, the dynamical parameters (payload, moments of inertia, etc.) as well as the
boundary conditions would also change. This implies that in order to obtain an accurate
representation of the relative working regime, different mathematical models are required
for dynamics description of each particular phase during the manipulation process [8-10].
Furthermore, during the design process, it is imperative that various mechanical
configurations of the dual-arm manipulator are analyzed, and mathematical models of their
dynamic behavior is available. This enables the robotics system to chose the appropriate
manipulation mechanisms based on the adaptation criteria and the given constraints.

For the sake of analysis, let us start with considering a dual-arm cam-lock robotics
system capable of manipulating an object in such a way that there is no relative motion
among the grippers and the object. The goal is to carry out the kinematics and dynamics
analysis of the cooperative task and to derive the corresponding equations of motion which
may be used for future investigations and control laws.

-19-
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For simplicity, let us further assume that both arms are open kinematics chains of
rigid link, connected by a series of revolute joints, with each arm maintaining six degrees
of freedom. Let us also assume that the object is a rigid body and the arms and the object
are not subjected to external constraints of motion. In addition, it is noted that without loss
of generality, the motion constraints imposed upon both manipulators by the cam-lock
mechanism (which generally reduces their mobility) could also be incorporated. The cam-
lock constraints are present when two or more joints are braced mechanically, forming a
rigid structure (in the cam-locked portion of the arm) and the corresponding joints motions
are halted by the arms control system (see Figure 8). The manipulator arms are denoted as
the Left-Arm (LA) and the Right-Arm (RA), respectively.

In addition to the manipulator's parameters involved (partially shown in Figure 1), it
is necessary to define the parameters that characterize the object, its position relative to the
grippers, and the relative location of the manipulators. For this reason, three local reference
coordinate frames are defined and shown in Figure 9. They are namely; Tp, which is
attached to the last link of the left-arm manipulator, Tgr, which is attached to the last link of
the right-arm manipulator, and T, which is attached to the object with it's origin at the
center of mass, and it's axis along the object's principal axis of inertia. The following
parameters are also defined:

rr, Iy : relative position vectors defining frame T, with respect to the local frames
Tg, and TL.
A7, A} : transformation matrix operators mapping vectors from frame T, to

frames Tg, and TL.
p : position vector defining the base frame's origin of the right-arm relative to the

base frame's origin of the left-arm.
Ai : transformation matrix operator mapping vectors from the base frame of the
right-arm manipulator to the base frame of the left-arm manipulator.
m, : mass of the object.

Ixx, lyy, Izz: moments of inertia of the object in the coordinate frame T, .

Since the last links of the manipulator arms are rigidly connected to the object, the arms
motions are no longer independent (see Figure 9). This implies that the overall degrees of
freedom of the dual-arm robotics system has been reduced. Hence, one can readily

determine the set of holonomic constraints imposed upon the motion of these manipulators.
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(Left Arm) (Right Arm)

¢

Figure 9. Relative location of the grippers and the object.

The most convenient form of kinematics relations among internal coordinates of
manipulators are obtained when they are presented in terms of internal velocities, since
they will appear in linear forms. The constraints are also treated in the mutually motionless
local coordinate frames, Ty , Tr , and T, where they would appear in the simplest form.

Using the above notations, components of an arbitrary vector by, in frame Ty, can
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be expressed by the components of the same vector in frame Tg, as bg.

by =A7 (AQ)tbg 2)
If vi, (i.e., vg) and O (i.e., WR) denote the linear and angular velocity of the local
coordinate frame Ty, (i.e., Tr), expressed in T, (i.e., Tr), we have:

OL=A; (A O (3)

and since the mutually motionless coordinate frames, Tg, and Ty have the same angular

velocity, we have:
vL=A] A v + EX(DR]_ , 4)

where; £ = A% (At ry -1y is the position vector locating Ty relative to Ty, . Replacing

the cross product £ X (g with the corresponding matrix product L Mg, where L is:

0 -4, 4y
L=| £, 0 -y %)
4y 4y O
Thus:
VL Az (A;)t AZ (A;)tL VR
= (6)
()} 0; A7 (A Wr

where 03 is a (3x3) null matrix. Let us now consider the Jacobians J;, and Jgr of the left and
the right arm, defined by:

YL
= JL 4L )
| O ]
T
= Jr 49Rr (8)
..(DR_
—22_
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where 41 and g are the vectors of joint variables of the left and the right—arnﬁ,
respectively. These Jacobians are defined in the local coordinate frames, and act as
operators that map vectors of joint velocities to velocities vectors in local coordinate
systems. Combining equations (6), (7), and (8), results in the following equation which
relates the joint velocities of both manipulators:

JL41=Q]Jr dr ©)
AT (A AT AL
where: Qﬁ =

05 AT A

Differentiating equations (7) and (8) with respect to time results in the following equations,

relating the joint accelerations to the manipulators tip accelerations in the local coordinate

frames.
o
= Judp+fu9y, 91) (10)
| oL |
e ]
= Jr4r+ fr(9R, 9R) (11)
Olr

where f1.(9L, 91) and fr(9r, 9R) denote J141 and Jr9r, respectively.

And, differentiating equation (9) with respect to time results in an equation which relates
the joint accelerations of both manipulators.

JLdL+fu(9L. 9u) =Q] [Jr9r + fr(9R 9R)] (12)
Let us now define K, and K3 as:

Ki(9..9% = I 1(Q )1

K91, 91,9%, 9r) = JR1(Q) LfL - fr]
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Hence, we can express equations (9) and (12) in a simpler form as:

dr= K141 (13)
and,
dr= K141 +K; (14)

Note that K acts like an operator that maps joint velocities of the left arm to the joint
velocities of the right arm. Since there are exactly six independent holonomic constraints
among joint velocities of the arms, expressed in the form of equation (13), it follows that

there is a loss of six degrees of freedom. Therefore:

[(D.O.F. of the Left-Arm) + (D.O.F. of the Right-Arm)] - (Number of Holonomic
Constraints) = Overall D.O.F. of the Robotics System (15)

Therefore, in our example we have: [(6) + (6)] - (6) = 6 D.O.F. However, we could have
come to the same conclusion by observing the fact that when the motion of one arm is
given, the motion of the second arm is also defined, and the inverse kinematics uniquely
determines its motion in the respective joint coordinates. Thus, a set of six independent
variables serving as the generalized coordinates must be chosen, in order to describe the
dynamic behavior of the system. Let this set to be the set of joint coordinates of the left-
arm, such that the rest of equations are reduced and mapped to the joint space of the left
arm. In other words, when the joint coordinates (i.e. velocities, and accelerations) of the
left arm are known, joint coordinates of the right-arm can be computed by the constraint
relations. Equation (15) could be readily modified for the case where some of the links in
the dual arm robotics system are cam-locked from the base, adding additional constraints to
the system such that:

[(D.OF. of the L.A.) + (D.O.F. of the R.A.)] - [(Number of Holonomic Constraints) +
2 X (Number of Cam-Locked Links)] = Overall D.O.F. of the Robotics System (16)

Let us now consider the motion of the object being held by the dual-arm
manipulator as shown in Figure 10. To perform this study, the following notations are
defined:

(FL, Fr, M, MR) : forces and moments applied on the object by the arms, given

in coordinate frames Ty, and Ty

Fie, Fre: the (6 x 1) generalized force/moment vectors at the end-effector.
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a,, O, , ®, : linear and angular acceleration, and angular velocity vectors of the

object in coordinate frame T, respectively.
I, : inertia tensor of the object in coordinate frame T,
A g ( qL) : transformation matrix relating coordinate frame Ty to the absolute base
frame of the left-arm (LA).

g : gravitational acceleration vector in the absolute coordinate frame.

Figure 10. Object's motion due to forces and moments applied by the arms.

Applying force balance on the object in the coordinate frame Ty, we have:

FL+AJ (AtFr=moA % a -my(A ©)ig (17
where:
Ala,= ap+ 0¥ rp + OLX(OLXrL) (18)
Hence,
FL+Aj (AtFr=mo[ap + QLX rp + OLX(OLXrp)] - mo(A )ig (19)
—25-
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Furthermore, applying moment balance on the object with respect to the origin of the frame

Ty, in the coordinate system Ty, we have:
Mp-r XFL+ AS (AU Mg - rr XFr) = A [I,0, - To®,)X ®,] (20)
mapping O, and @, in frame Ty, results in:

M- i XFL+ A7 (AU MR - rrXFR) = A7 Io(A Dt - [ ATT(A DOL] X [(A )ty ]

(21)
Since A’ is a unitary matrix, and I, is a diagonal matrix, one can readily show that:
A‘z I, (A i)t =I,. Considering the following notations:
a;(91) = OLX(®LXr) | (22)
a,(4) = @0 )X [(ADLo] (23)
and, instead of the vector cross product, introducing matrix products such that:
r O _rlz r[y i ‘
r . XFy < SL.FL = Sp.= | 1 0 -Tix (24)
Tly Tix 0
and,
r O -rrz rry-
rg XFr <& Sg.Fr = Sgr=| 12 0 -Irx 25
Try I'rx 0

As aresult, the force and moment balance equations (19) and (21) can be presented in a

compact form:
FL+A) (A)Fr=mgla, - SLOL +a;] - mo(A[)lg (26)
Mp- S FL+ A (ADMg - SgFR) = L,0lp - ay 27

Let us further define the following notations:
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I, 03 AT (AT 0;

A = » B = >
-SL I3 AT ADESR AT AT
_mOI3 -mgSt, mol;  -meSp my(A IL;)tg - g a1
C= Judr) , D= fu(4L, 9) -
03 Io 0 3 IO a3
FL Fr Fre
Fi.= ) Fgre= , and Fe=
ML MR FRe

where I3 denotes a third order identity matrix. Considering equations (10) and (11) in
conjunction with equations (26) and (27), the differential equations of motion of the object
can be unified and presented in the matrix form as:

AF;.+BFgr.=Cqd.+D (28)

Extending the conventional dynamic model of each manipulator arm [8-10] to include the
effects of external forces and torques, Fe exerted at the manipulator's tip, we obtain:

MG +V(4, ) +G(d) =T+ Te (29)

where M(4) is the manipulator's mass matrix, V(4, q) is the vector of centrifugal and
Coriollis terms, G(4) is the vector of gravity terms, T is the vector of joint forces/torques,
and T, is the effect of external forces/torques vector, Fe, as seen from the joint space of
the manipulator. The relationship between the T, and F, can be obtained by the principle
of virtual work. Thus, let Or represent the infinitesimal displacement of the manipulator's
tip in the end-effector coordinate frame, and F. be the external force/torque vector defined
in the same frame. Neglecting inertial effects and frictions at the joints, we could write the
following relation for the virtual work:

OW=(T)L.OG - F)L.Or=(T.-JLF)IO ¢ (30)
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Since O g represents linearly independent admissible displacements, for & W to vanish, the
term (T, - JL.Fe) must be equal to zero. Hence:

Te = JLF, (31)

Therefore, the dynamics model of each manipulator arm in the space of its generalized

coordinates becomes:

M(D G +V(4, 9)+G(9) =T +JLE, (32)
Finally in order to obtain the cooperative dynamic model of the dual-arm robotics system,
one should unify the dynamic equations of the manipulators (32) with the equation of

motion of the object (28), by eliminating the forces of interaction (Fy . and Fre) from these

models. Dynamic equations representing the left-arm and the right-arm are:
ML(9D) 41 +Vi(9r, 90) + GL(9y) = Tr - JL9L) Fre (33)
Mg(qR)4R + VR(9R, 9R) + GR(9R) = TR - JRY(TR) Fre (34)
Negative sign appearing in the external force/torque term stems from the convention
adapted in Figure 4. Evaluating Fy . from equation (28) and substituting it in equation
(33) results:
ML+ JLtA1C1 4L + Vi + GL+JtA-ID = 71+ J1tA-1BFg, (35)
Evaluating Fg. from equation (34), and replacing q R using equation (14), we have:
Fre=- (JrY 1 [Mr[K1 41 + K] + VR + Gr - Tg] (36)
Substituting equation (36) into the equation (35), and rearranging the terms, results in:
[ML + JLA-IBIRD IMRK; + JLIA-1CTGL + VL +J'AID +

+ JUATIBUJRY L [MRK, + VR + Gr] = To+ LA IBORrD L1 37)

For the sake of clarity, let us define the following terms:
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®(q1, 9r) = JLIA-1B(JRE)-1
¥ (9L, 9r) = ML + ®DMRK; + J1tA-1C
(491, 9r, 91, 9R) = VL +JLtAID + ®[MRK; + Vg + Gg ]

Then, using these notations, equation (37) representing the dynamics model of the
cooperative task of a dual-arm cam-lock manipulator takes the following form:

W (gL, 904 + T (4L, 9x, 91, 98) = TL+ (9L 9R)Tr (38)
V. CONCLUSIONS

Preliminary design features and the cooperative dynanﬁcs modeling of a new class
of robotics structure named as the Dual-Arm Cam-Lock Manipulator has been presented.
The cam-lock mechanism at two different locations along the links were studied. The cam-
lock location may be optimized along the link for various designs and performance.
Furthermore, a mobilify analysis of this type of manipulator was performed and the motion
constraints were identified. Further research on the design, kinematics, and dynamics

issues of this type of manipulator is presently underway and will be reported in a following
paper.
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developed in part under research funded by the California Department of
Transportation.

Our office is currently reviewing this disclosure for patentability and licensing
potential. We will advise you as soon as we determine whether we wish to retain title
under Public Law 98.620.

Sincerely,

%dx%ﬁw

Linda S. Stevenson
Prosecution Analyst

LSS:riv
Enclosure

cc: Dr. Ali Meghdari
Nora Hackett, Ph.D., TLO, UCD
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J.W. PELTASON OFFICE OF TECHNOLOGY TRANSFER
President 1320 Harbor Bay Parkway, Suite 150
) Alameda, CA 94502
V. WAYNE KENNEDY tel: (510) 748-6600
Senior Vice President— fax: (510) 748-6639
Business & Finance
kathy@ott.ucop.edu
January 4, 1994

Mr. John R. White, President
REMOTEC, Inc.

114 Union Valley Road

Oak Ridge, TN 37830

(615) 483-0228

Re: UC Case No. 93-353-1: Variable Robot Manipulator
Dear Mr. White:

Thank you for your interest in the University and the products of its research. Before I can send you
any proprietary information about the invention referenced above, I must have a fully-executed Non-
Disclosure Agreement on file.

I am enclosing two originals of our standard Non-Disclosure Agreement for the subject invention.
Please have both originals of the Agreement signed by an officer of REMOTEC, Inc. and return both
to me. I will have the Agreement executed on behalf of The Regents and return one fully-executed
original of the Agreement to you.

Upon execution of the Agreement by both parties, I will send you a copy of the invention disclosure
and other pertinent information. I will also advise our inventor that he 1s free to provide you with
any information which may be required for the commercial evaluation of the invention.

Again, thank you for your interest. I am looking forward to working with you.

Sincerely,
Kathy S. Willis ‘
Licensing Associate

KSW:ewk
Enclosures

bee:  Dr. Ali Meghdari
copyrigiDp) INora- Hackett; Qffice of Research, UCD -36-
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J.W. PELTASON ‘ OFFICE OF TECHNOLOGY TRANSFER
President 1320 Harbor Bay Parkway, Suite 150
Alameda, CA 94502
V. WAYNE KENNEDY tel: (510) 748-6600
Senior Vice President— fax: (510) 748-6639

Business & Finance

kathy@ott.ucop.edu
Janualfy 14, 1994

Mr. John R. White, President
REMOTEC, Inc.

114 Union Valley Road

Oak Ridge, TN 37830

(615) 483-0228

Re: UC Case No. 93-353-1: Variable Robot Manipulator

Dear Mr. White:

Enclosed is an original, fully-executed Non-Disclosure Agreement covering the invention referenced
above. Also enclosed are copies of the invention disclosure and related material. The disclosure,
marked "PROPRIETARY INFORMATION," is to be treated according to the terms of the
Agreement. '

By copy of this letter, I am informing our inventor, Dr. Ali Meghdari, that he may provide your
company with any information which may be required for the commercial evaluation of the invention.
He can be reached at the following address:

Dr. Ali Meghdari
Mechanical & Aeronautical Engineering
AHMCT Center, Room 1009 Academic Surge
University of California
Davis, CA 95616
Tel: (916) 752-6366
Fax: (916) 752-6714

I encourage you to contact Dr. Meghdari.

-37-
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Please note that we may offer this technology to other companies during the period of your
commercial evaluation.

Sincerely,
Kathy S. Willis
Licensing Associate

KSW:ewk
Enclosures

cc: Dr. Ali Meghdari
Nora Hackett, Ph.D., TLO, UCD
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