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Abstract. Discussed in this paper are the issues underlying the mechanical design of a
seven-axes isotropic manipulator. The kinematic design of this manipulator was made based
on one main criterion, namely, accuracy. Thus, the main issue determining the underlying
architecture, defined by its Hartenberg—Denavit (HD) parameters, was the optimization of
its kinematic conditioning. This main criterion led not to one set of HD parameters, but
rather to a manifold of these sets, which allowed the incorporation of further requirements,
such as structural behavior, workspace considerations and functionality properties. These
requirements in turn allowed the determination of the link shapes and the selection of actuators.
The detailed mechanical design led to heuristic rules that helped in the decision-making
process in defining issues such as link sub-assemblies and motor location along the joint
axes.
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1. Introduction

In this paper we present an overview of the design and manufacturing of a redun-
dant seven-axes manipulator with an isotropic architecture for six-dimensional
Cartesian tasks. This manipulator is henceforth referred to as REDIESTRO (RE-
Dundant, Isotropically Enhanced, Seven-Turning-pair RObot) for brevity. In the
design of conventional serial-type manipulators only a few simplifying kinematic
criteria have been considered. For nonredundant manipulators, the kinematic
design has been mainly oriented towards achieving kinematic solvability and
manufacturing feasibility. These criteria, in turn, have led to the existence of a
particular class of manipulators whose axes are either parallel or perpendicular,
i.e., orthogonal manipulators. Here, we mean by orthogonal a manipulator whose



22 F. RANJBARAN ET AL.

consecutive axes make angles that are multiples of 90°; for example, manipula-
tors with spherical wrists [1], or with planar two-revolute subchains. Moreover, a
general classification of manipulators with simple inverse kinematics is reported
in [2]. The associated simple inverse kinematics has been formulated by exploit-
ing the special features, like orthogonality, of the kinematic structures of these
robots. With the advent of fast and general inverse kinematics algorithms devel-
oped in the last ten years, however, the need of simple kinematic structures is less
dominant. On the other hand, parallelism and orthogonality of the axes can give
rise to undesirable singularities. These singularities are manifested, for example
in the rate control and kinematic calibration of these manipulators [3, 4]. Serving
the two foregoing objectives excludes a major class of manipulators with gen-
eral architectures. By exploring general manipulator architectures, one can not
only improve the numerical conditioning of the manipulator kinetostatic maps,
but also take into consideration other critical issues pertinent to the design and
realization of the overall robotic system.

For the case of redundant manipulators, general design criteria have been pro-
posed. For example, Hollerbach [5] outlined the following features as guidelines
for the design of these manipulators:

Elimination of internal singularities;

Optimization of workspace;

Kinematic simplicity;

Mechanical constructability.

It is evident that the foregoing criteria highlight critical issues for the design of
general redundant manipulators. Recently, some researchers have emphasized
methodologies for the design of redundant manipulators for specific tasks or
classes of tasks. In this regard, the framework of task-based design for reconfig-
urable modular manipulators has been introduced [6-9]. In the design process
of REDIESTRO we have been mainly concerned with its kinetostatic accuracy.
Thus, the main issue determining the architecture of REDIESTRO, defined by
its Hartenberg—Denavit (HD) parameters [10], was the optimization of its kine-
matic conditioning. This main criterion led not to one set of HD parameters,
but rather to a manifold of these sets, which allowed the incorporation of further
requirements. In addition to the design criteria listed above, we have considered
issues such as maximum reach, structural behavior, link-motor collision consid-
eration, and functionality properties. These requirements, in turn, allowed the
determination of the link shapes and the selection of actuators. It has to be noted
that REDIESTRO is not designed for any particular task or family of tasks, but
rather to show the merits of kinematic isotropy as a main criterion in manipula-
tor design, and to compare the enhanced accuracy with respect to non-isotropic
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manipulators. In the sections below, we will discuss the overall strategy based
on the integration of different aspects and stages of the design process and will
discuss our heuristic rules.

2. Design Methodology

The major design activities undertaken from the start of the project to the prepa-
ration of the shop drawings of REDIESTRO are listed below:

1. Kinematic design;

2. Preliminary mechanical design;

3. Detailed mechanical design;

4. Three-dimensional rendering and animation; and

5. Redundancy resolution and kinematic simulation.

The first four items will be discussed in detail presently, while the last item
will be addressed in a later paper. The activities mentioned above have been
integrated into a hierarchical framework that consists of three different iterative
loops at different levels. The flow diagram shown In Figure 1 depicts these
activities and the corresponding loops.

The inner loop of the top half of Figure 1 consists of the kinematic design
and skeleton rendering of the resulting architectures. Numerical optimization
techniques were utilized for the kinematic design, whereby a set of different
isotropic seven-axes manipulators was obtained. Three-dimensional visualization
of the corresponding models in the form of simple skeleton renderings were
then analyzed for functionality and load-carrying requirements, and additional
structural requirements were imposed to narrow even more the selection set.
As a result of this loop, a first candidate was chosen and the corresponding
normalized HD parameters were identified.

The second loop includes the kinematic and preliminary mechanical design.
At this stage the candidate manipulator was scaled, based on the requirements
on the volume of the workspace and maximum reach. A preliminary mechanical
analysis based on required performance characteristics of the manipulator was
then performed and the actuators were selected. Furthermore, a preliminary lay-
out of the links and placement of the actuators were also proposed. Functionality
issues of the design and actuator placements required further constraints on the
HD parameters. This demand was achieved by imposing additional constraints
on the kinematic optimization schemes whereby the final scaled HD parameters
were determined.

The final design loop consists of the detailed mechanical design, detailed
three-dimensional renderings and animation. In this loop, with the given HD
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Fig. 1. Flow diagram of the design methodology.

parameter and actuator specifications, the detailed mechanical design of the links
was performed. Issues such as workspace requirements, range of motion of each
joint and collision of the link-actuator sub-assemblies were set forth as final de-
sign requirements. These issues were analyzed using detailed three-dimensional
renderings of the assembled manipulator and thus, the required modifications on
the shape and geometry of the link sub-assemblies were made. In the sections
below, each major part of the design process mentioned above will be discussed
in more detail.

3. Kinematic Design

The approach taken for the kinematic design of REDIESTRO is based on previous
work by Angeles ef al. [11]. Here we give a short account on the Jacobian
matrix and its central role in the kinematic analysis and synthesis of serial-type
manipulators. In analysis, information that can be inferred from the Jacobian
matrix J comprises issues such as kinetostatic conditioning and singularities of
the joint rate and torque mappings [12-16], kinematic calibration [4], workspace
volume quantization [17] and maximum reach. Moreover, entries of the Jacobian
matrix can be used in manipulator synthesis, as pointed out by Gonzélez-Palacios
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et al. [18]. Thus, the Jacobian matrix can be suitably chosen as a crucial element
in manipulator design.

By adopting the HD parameters, the manipulator architecture can be repre-
sented schematically as shown in Figure 2. Links are numbered 0, 1,...,n, and
the ith pair is defined as that coupling the (i — 1)st with the ith link, with link O
being the fixed base. The end-effector is attached to the last link whose opera-
tion point is denoted by P. Next, a coordinate frame is defined with origin O;
and axes X;,Y;, Z; which is attached to the (z — 1)st link, for: =1,...,n + 1.
Furthermore, Z; is the axis of the ith pair, X; is defined as the common per-
pendicular to Z; _; and Z;, directed from the former to the latter. Moreover, the
distance between Z; and Z;; is defined as a;, which is, thus, nonnegative. The
Z;-coordinate of the intersection O of Z; with X, is denoted by b;, whose
absolute value is the distance between X; and X, . The twist angle o, is the
angle between Z; and Z;; and is measured about the positive direction of X, 1.
Finally, 0; is the angle between X; and X;,| and is measured about the positive
direction of Z;.

The Jacobian matrix of a general n-revolute joint manipulator takes the
form [19]

_| e 1) B en
J_[elxrl € XTIy - enxrn}’ (D
where e; is the unit vector parallel to the axis of the ith revolute joint and r; is the
vector directed from any point on the same axis to the operation point P of the
end-effector, as shown in Figure 2. Furthermore, the ¢th column of J comprises
the normalized Pliicker coordinates of the ith axis of the manipulator [20].
The numerical conditioning of the Jacobian matrix plays a crucial role when
investigating the kinetostatic performance of a manipulator. Specifically, when

i

Fig. 2. The basic notation.



26 F. RANJBARAN ET AL.

relating the joint-rate vector & with the twist vector t of the end-effector, or the
joint torque vector 7 with the wrench w, applied at the operation point, we have

Jo =t, (2a)
w=r, (2b)

where t and w are defined as six-dimensional vectors, namely,

tz[“.’} and wz{n],
p f
with w and p defined, respectively, as the angular velocity of the end-effector and
the velocity of the operation point P, while n and f denote the moment applied at
the end-effector and the force acting at point P, respectively. If in Equations (2a)
and (2b) J has a large condition number, small perturbations in the data, i.e. in
the entries of J and the components of t and w, may cause large changes in the
computed values of @ and 7. Matrices with condition numbers above a certain
allowable bound are termed ill-conditioned because of this undesired behaviour.
Optimally-conditioned matrices, on the other hand, are those with a condition
number of unity, and are called isotropic. The worst-conditioned are singular
matrices, with a condition number of infinity.

A measure of the numerical conditioning of matrices is the condition number
 [21] that, for any matrix A can be defined as

K(A) = [[A]l |A7Y] 3)

where || - || denotes any norm of its matrix argument. By adopting the 2-norm
for matrices, the foregoing definition takes on the form

o A
K ( A) — max _ max

Tmin Amin

where omax and omin are, respectively, the maximum and minimum singular
values of A, while Apax and Apip are the largest and smallest eigenvalues of AAT.
This definition of the condition number based on the singular values of a matrix
can be applied to both square and rectangular matrices. For instance, if A is an
m X n matrix, with m < n, then the singular values of A are the nonnegative
square roots of the eigenvalues of the m X m symmetric positive-semidefinite
matrix AA”. Next, the condition number of A is defined as the square root of
the ratio of the largest to the smallest eigenvalues of AAT. Hence, a matrix is
isotropic if all its singular values are identical and nonzero. This is equivalent
to saying that, if A is isotropic, then a real number & exists such that

AAT =671, 4)
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where ¢ is the common singular value of A, and 1,, is the m x m identity
matrix. As discussed by Li [22], the condition number of the Jacobian matrix
is frame-invariant, but depends on the location of the operation point of the
end-effector. However, Angeles et al. [11], pointed out that this dependency
is, in fact, favorable when investigating manipulator dexterity, for it allows us
to distinguish between the performances of two different end-effectors, even if
attached to the same manipulator with different operation points.

The concept of kinematic isotropy was first introduced by Salisbury and Craig
[23], for the optimum design of mechanical fingers. An extension of isotropy
to other manipulators is given in [14], where the conditioning index of ma-
nipulators based on the condition number of the Jacobian matrix is introduced,
and thus, a manipulator is called isotropic if it can attain a set of configura-
tions in its workspace at which the underlying Jacobian matrix is isotropic. The
kinematic design of general isotropic manipulators has been presented in [16],
[24], and [11], based on isotropic Jacobian matrices. Kinematic isotropy has
also been extended to the design of automatic guided vehicles (AGVs) and sys-
tems with time varying topologies, such as walking machines and multifingered
hands [25, 26].

From Equation (1) it is apparent that the columns of J are not dimensionally
homogeneous, as the unit vectors e; are dimensionless, while vectors e; x r; have
units of length. This dimensional inhomogeneity gives rise to inconsistencies
when evaluating the condition number under discussion, for it prevents us from
ordering the singular values of the Jacobian matrix from smallest to largest.
We circumvent this problem by performing a normalization of the entries of the
Jacobian matrix, by dividing the last three rows of J by a characteristic length L,
thereby providing a dimensionally homogeneous Jacobian matrix that we denote
by J, namely,

€1 €2 €n

J= ®)

1 1 1
| —ey X ~ey X cee -y XT
LLel Ty Le2 r 7.tn n

We can now rewrite the isotropy condition (4) for the normalized Jacobian matrix
as

T 1 T
o 21 ey, 7 2.1 € (e x 1)

%Z? e, (e, % rk)T %ZT (e x 1) (e x rk)T

If J is made isotropic, then the upper-left block of the foregoing matrix equation
yields

n
T _ 2
Zekek = o°13.
1
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Upon equating the trace of both sides of the above equation, we obtain
n =30

where tr [ 7 ekef] =57 efe,c and hence,
o= /- Y

Furthermore, using the lower-right block in Equation (6), we can uniquely solve
for L as shown below

1 - T 2
tr |— Z (e), xr)(e, x1) | =30

2 5

or

RS 2 2
P Z lle, X r||” =30
1
and, substituting for ¢ from Equation (7) in the foregoing equation, we have
q

. n 2
12— 201 lleg x ) .

n

(8)

It is interesting to note that the foregoing expression reveals a geometric interpre-
tation of the characteristic length, i.e., L is the root-mean squared (RMS) value
of the distances of the n joint axes to the operation point of the end-effector
at the isotropic posture of the manipulator. Although this expression for L was
derived by making use of the isotropy of J, we will show below that it can
be used for non-isotropic manipulators as well, upon minimizing the condition
number of the associated Jacobian matrix. In order to show this, we will use an
estimate of the condition number % based on geometric and algebraic means of
the singular values of J [27],

A
I{,:B, (9)

where
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with o; being the ith singular value of J and m being the dimension of the task
space (i.e., m = 6 for a positioning and orienting manipulator). It is evident that
% as defined in this way is, in fact, the ratio of the algebraic to the geometric
means of the squares of the singular values of J.

For a non-isotropic J we can rewrite Equation (6) while using a normalizing
length L, as yet to be determined, namely,

. 2T ee, %Z? e, (e, r)
JJ == _1- Zne (e YT )T _1_ Zn (e X r )(e <r )T . (10)
7 2l Cp\8p X)) 75 2.1 (& X T ) (€ X Ty,

Moreover, for m = 6 we have

- det (JJT)
det (JJT) = T (11)

and

tr (]jT) =tr (Zekef) + —tr (Z e, xr;)(e, x rk)T) , (12)
1 1

. 1 lley, < ryll?
tr (JJ)T=n+—Zi—%——L. (13)

Hence,

6nL? + o1 lleg, x rk“2

- (14)
6L [det (JJT)] /¢

Next, in order to find Ilso as to minimize & we set 9%? /0L equal to zero which
yields an equation for L2 as

31 lley, <y f?

fl

L* =

which is the same as the characteristic length L for an isotropic n-axes manip-
ulator for positioning and orienting tasks. This formula for L is configuration-
dependent and for non-isotropic manipulators, can be applied at configurations
where the Jacobian matrix attains its minimum condition number. The merits of
the characteristic length, as defined above, go beyond the realm of dimensional
consistency, for, it can be used as a very useful normalizing tool when comparing
manipulators for dexterity and workspace volume in the design process.
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3.1. ISOTROPIC DESIGN

With regard to the isotropic design of seven-axes manipulators for positioning and
orienting tasks, Equation (6) gives rise to 21 independent nonlinear equations. It
is required to determine the set of Hartenberg—Denavit parameters [10] (Figure 2),
together with the characteristic length of the manipulator that renders the Jacobian
matrix isotropic. Hence we aim at making JJ7 to approach o%1¢. To this end
we define a symmetric matrix M as

M = JJ7 - o216 (15)

and attempt to zero all 21 independent entries of M. From the total number of
28 HD parameters to be determined, only 25 will affect the condition number,
and thus, will be included in the optimization procedure. This is so because vari-
ations of the first offset distance and joint angle, b; and 6, respectively, produce
rigid body motions of the overall manipulator, and thus leave the frame-invariant
condition number unchanged. Furthermore, the entries of the Jacobian matrix
are independent of the last twist angle a;;. We eliminate the three aforementioned
variables by pre-setting them equal to zero and, hence, we are left with 25 HD
parameters and the characteristic length as our design variables. These variables
are then grouped into a 26-dimensional design vector X, to be determined numer-
ically. Furthermore, we denote by f the 21-dimensional vector function obtained
from Equation (15). Hence, we can redefine the design problem as

min ||f(x)||*. (16)

For a general isotropic design, no constraints are imposed on the foregoing
optimization problem. However, a solution for x may very well include a link
length a; that is negative. Since a; is defined as a positive quantity that represents
the length of a link, it seems that we need to add constraints to our optimization
formulation to limit the search domain of {a;}} to positive values only. However,
instead of doing so, we at first do not impose this constraint to the problem but,
if any of the resulting a; values turns out to be negative, we simply take its
absolute value as the corresponding link length by making the simple adjustments
of the other parameters that leave the relative position and orientation of the two
consecutive joints involved unchanged, namely

if a, <0, for k <n then,
a, < |a|
O, 0, —m
Opr1 < Oy — 7
oy lag_4]
endif
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and

if a, <0, then,
an, - |an|
O, — 0, — 7
Q1  |n_1]
endif

3.2. NUMERICAL RESULTS

Equation (16) is an underdetermined system of 21 equations, in 26 unknows
that, in general, admits an infinite number of solutions. As a first trial, the
foregoing equation was solved by using a least-squares approach, implemented
on MATLAB™,  The nondimensional results obtained for this design, after
making the appropriate adjustments discussed before, are given in Table I, while
Figure 3 depicts a three-dimensional skeleton rendering of this manipulator in its
isotropic configuration. As discussed earlier, the integration of the optimization
and the three-dimensional visualization schemes forms a design loop, from which
several other solutions can be obtained and analyzed. At this stage, and based on
other design objectives, desired constraints can be imposed on the formulation.
For instance, from a structural viewpoint, it would be advantageous if we could
concentrate as much mass of the arm as possible over the base of the manipulator.
This would enhance the dynamic performance and the structural rigidity of the
manipulator. By preassigning values to five of the components of x, namely
ay, as, as, by and by, the optimization problem will then be transformed into
solving a determined set of 21 nonlinear equations in 21 unknowns.

Moreover, by using the Newton—Raphson method, the associated set of nonzero
HD parameters were obtained using MATLAB’s fsolve routine. Table II contains

Table I. HD parameters for the fully isotropic configuration.

Design No. 1

Link ¢ aq b; a; (deg) 0; (deg)

1 0.1154 0 104.6285 180.0000
2 1.5704 —0.0483  —86.3539 40.1118
3 0.1756 1.0226 60.6524 30.5779
4 1.0499 —0.7054 108.6141  —105.7290
5 0.9094 —0.0104 -110.1435 —69.0636
6 0.0053 —0.0614 —107.3289 146.9810
7 0.4810 0.8844 0 33.5665

Characteristic length = 0.7502.




32

F. RANJBARAN ET AL.

Fig. 3. Isotropic seven-axes manipulator. Design No. 1.

Table II. HD parameters for the candidate manipulator at the
isotropic configuration

Link 4 a; b; oy (deg) 8; (deg)

1 0 0 -62.7121 0

2 0.0236 0 —~11.0955 35.122
3 0 0.1740  106.6842 62.6876
4 2.2359 0 72.8710 117.7089
5 0 —1.8578 55.8327 —24.6359
6 0.0729 3.2093 62.8430 -2.3153
7 1.1921 —1.4648 0 225.4497

Characteristic length = 1.0324

the nondimensional HD parameters for the first candidate manipulator, whose
rendering is given in Figure 4.

From Figure 4 it can be observed that, by having the first four joints concen-
trated very close to the base of the manipulator, the weight of the corresponding
links and actuators will be concentrated closer to the base. Having chosen this
last solution as the final candidate, the first design loop is completed, and the
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Fig. 4. Isotropic candidate seven-axes manipulator.

procedure is merged with the second loop, which consists of the kinematic and
preliminary mechanical designs (Figure 1). At this stage, emphasis is placed
on the mechanical design issues that have to be addressed. Moreover, further
refinements and minor changes to the HD parameters can still be made by using
the numerical technique discussed in the previous section.

4. Preliminary Mechanical Design

At this level, primarily an overall kinematic performance for the manipulator is
specified, actuators are selected, and a rudimentary design of the manipulator is
performed. Any final minor modifications and/or refinements of the kinematic
architecture are made at this stage.

4.1. SCALING OF THE MANIPULATOR

In order to proceed with the design, it is necessary to bring the candidate archi-
tecture into its full-scale dimensions. To do this, we require that the manipulator
have a reach of 1.0 m when all joint angles are zero. Based on this yardstick we
scale the candidate manipulator as given in Table III.
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Table II. Scaled parameters of the candidate manipulator

Link ¢ a; (mm) b; (mm) «; (deg) 6; (deg)

1 0 0 ~62.71 0

2 6.7 0 ~11.10 35.10
3 0 49.4 106.68 62.71
4 634.4 0 72.87 117.71
5 0 -527.1 55.83 —24.63
6 20.7 910.6 62.84 -2.32
7 338.2 ~415.6 0 22545

Characteristic length = 292.921 mm
Maximum reach = 1866.05 mm

4.2. PRELIMINARY KINEMATIC SPECIFICATIONS

The overall preliminary design specifications for velocities and accelerations of
different links are given in Table I'V. Based on these requirements, the preliminary
selection of the actuators is made. For all seven drives, DC servomotors equipped
with harmonic drives, incremental encoders and electromagnetic brakes were
selected.

Table IV. Design specifications for angular velocities and accelerations

Link axis No. 1 2 3 4 5 6 7
Max. angular velocity s~ 1.0 08 08 08 1.65 1.65 1.65
Min. average ang. acc. (s”2) 9.81 7.40 694 6.60 11.10 1038 14.41
Drive output speed (rpm) 9.55 7.64 7.64 7.65 157 157 15.7

4.3. PRELIMINARY DESIGN OF THE LINK SUB-ASSEMBLIES

At this stage a rudimentary layout of the link shapes and actuator placement are
made, and the conceptual design of the corresponding sub-assemblies is com-
pleted. It was observed that, although, keeping the first four of the actuators
close to the base is advantageous from the point of view of dynamic perfor-
mance, installation of the four units at a close vicinity proved to be difficult.
In particular, since the joint axes 2 and 3 of the candidate manipulator almost
intersect at about 11°, as seen from Table III, and because of the load-carrying
capacity of the actuators, the only possible solution was the use of a differential
gear train between actuators 2 and 3. A preliminary design of the candidate
manipulator with the differential gear train was completed, but is not essential
to this discussion and is, hence, omitted.
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Fig. 5. Skeleton rendering of REDIESTRO at the isotropic configuration.

Table V. Scaled parameters of REDIESTRO

Link ¢ a; (mm) bi (mm) 624 (deg) 01' (deg)

1 0 0 —58.31 0

2 231.13 —-2291  -20.0289 -11.01
3 0 36.93 105.26 91.94
4 398.84 0 60.91 113.93
5 0 —471.59 59.88 —2.26
6 135.59 578.21 7547 150.25
7 33444  —145.05 0 63.76

Characteristic length = 220.6505 mm
Maximum reach = 1488.0 mm

Before leaving the last iterative design loop, it was decided that, by modifying the
kinematic structure of the manipulator, the differential gear train be eliminated. In
order to do this, the link length a; was preassigned a minimum value that could
enclose two of the selected actuators. In tum, one of the constraints, namely
by = 0, was relaxed from the numerical formulation of the kinematic design.
The outcome of this modification was our final design, whose three-dimensional
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skeleton rendering at the isotropic configuration is shown in Figure 5, and whose
scaled HD parameters are given in Table V.

It is apparent from Figure 6 and Table V that the first four joints are divided
into two separate groups of two joints each, that still lie as close as possible to
the base. This completed the iterative kinematic and overall mechanical design
loops and, thus, the architecture of REDIESTRO was finalized.

5. Detailed Mechanical Design

Having completed the preliminary kinematic and mechanical designs of REDIE-
STRO, the detailed mechanical design of the link sub-assemblies was undertaken.
The exact shape of each link, together with the location of the corresponding ac-
tuators along each joint axis formed the last design loop, as shown in the bottom
of the design flow diagram of Figure 1. In this loop, with the aid of RVS, the
robotic visualization system developed at the McGill Centre for Intelligent Ma-
chines (CIM), a step-by-step design of each link-and-actuator assembly was com-
pleted, while monitoring many different issues, such as collisions among links
and actuators, feasibility, constructability, minimization of the moment arms as
seen by the previous actuator, etc. Figures 6 and 7 are the output of RVS show-
ing REDIESTRO at its zero configuration (i.e., ; =0, ¢ = 1,...,7) and at the
maximum reach, respectively.

Fig. 6. REDIESTRO at the zero configuration.
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Fig. 7. REDIESTRO at the fully stretched configuration.

As the design of the manipulator was finalized, the detailed CAD drawings
of the components were made with the use of AuToCAD™., Furthermore, the
solid modeling capabilities of AuToCAD™ were utilized to obtain the inertial
parameters of each link, defined in its local coordinate frame. By complet-
ing the detailed drawings for each link, a three-dimensional solid model of the
corresponding link-actuator sub-assembly was made, and the parameters were
estimated. Table VI contains the inertial parameters of the links, namely, the
mass, mass-center location and moments and products of inertia. Moreover, a
photograph of REDIESTRO in its isotropic configuration is shown in Figure 8.

6. Heuristic Design Rules

In this section, the heuristic design rules that were developed during the course
of this design are briefly outlined. To date, most robotic manipulators have been
designed with conventional orthogonal architectures. By exploring other gen-
eral architectures, it is possible to design manipulators for particular or general
applications, while considering several kinematic, static or functional design is-
sues. It is concluded that the Jacobian matrix can be used effectively to address
design considerations such as synthesis of the kinematic chain, numerical con-
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s
s

Fig. 8. REDIESTRO at the isotropic configuration.

Table VI. Inertial parameters of REDIESTRO in its local frames

Parameters link 1 link2 link3 link4 link5 link6é link7
Mass (kg) 17.313 5580  28.586 7.390 5987 2557 0.2

Center of =z 4.8e-4 0.1155 -0.0011 03071 0.0 —-0.0919 0.06345
gravity y —0.1607 —0.0036 —0.1176 —-0.1326 0.03434 0.0
(m) z —0.1186 -0.0618 —-0.1170 0.0699 —0.3209 049 -0.0034

Moments of z 0.89926 0.02573 1.6620 0.09297 0.8284 0.6541 0.000024
inertia  y 0.31342 0.13223 0.7860 0.8881 0.7019 0.6714 0.001136
(kg m?) z 0.62745 0.11099 0.9387 0.8753 0.1317 0.0374 0.001135

Products of zy —2.7e-5 —0.0045 0.0001 —0.1203 0.00009-0.00839 0.0
inertia  yz 03689 0.0012 0.1221 -0.0204 0.26852 0.04574 0.0
kg m?) zz —12e-5 —0.0404 0.0003 0.1411 0.00016—0.12596 0.0

ditioning, singularities of the workspace, extreme reach and workspace volume.
Depending on the characteristics of the manipulator and tasks to be performed,
priority can be placed on fulfilling one or more of the foregoing demands. For
the design of REDIESTRO, we are mainly concerned with the accuracy of the
kinetostatic transformations. In this regard, we aimed at the design of an isotropic
seven-revolute manipulator. Thus, the highest design priority was given to the
realization of an isotropic Jacobian matrix. Other design considerations such
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as structural requirements, collision and functionality of the link-actuator sub-
assemblies, workspace, extreme reach of the manipulator, and constructability
of the links are variables that were prioritized and satisfied accordingly. For
instance, the second-priority task for the design of REDIESTRO was concerned
with structural considerations, namely, concentration of the first four joints near
the base to minimize the static and inertial loads sensed by the proximal drives.
It was concluded that pre-determined lower and higher bounds had to be placed
on the distance between the second and third axes, i.e., on ay, in order to best
enclose the four proximal drive units, while keeping them in close proximity.
The location of each actuator along the corresponding joint axis was determined
from the considerations below:

¢ Minimization of the moment arm created with respect to the previous drive.

When two consecutive joint axes are non-parallel and non-intersecting, the static
(dynamic) load sensed by the first drive is affected by the moment arm (radii of
gyration), which is in turn affected by the location of the second actuator along
its joint axis.

¢ Creation of collision-free regions around the isotropic configuration.

In order to exploit the inherent well-conditioning characteristics of an isotropic
manipulator, or to make use of the large singularity-free regions around the
isotropic configurations, it is essential to maximize the accessibility of the cor-
responding region from a structural view point as well. This can be achieved by
minimizing the presence of link segments within the region, and by maximiz-
ing the accessible positive and negative range of motion for each joint about its
corresponding isotropic point.

e Functionality and constructability of the design.

Focusing strictly on the two previous items can result in link shapes and geome-
tries that are not feasible in terms of manufacturing processes and functionality.
Hence, in conjunction with the above-mentioned design issues, one has to take
into consideration the constructability by making reasonable compromises against
other critical aspects.

It is planned to incorporate the foregoing heuristic rules into an expert system to
serve as an aid for the design of advanced manipulator systems. Applications of
these systems are anticipated in space and underwater environments.
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