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Abstract. In the context of the optimization of the mechanical platform of a
virtual reality system involving a haptic device, this paper introduces two tools
in order to help the designer for obtaining the best positioning of the device
respect to the application workspace. With this purpose we have defined a
measure called Average Volumetric Manipulability, of how the application
workspace fits in with the volume where haptic device provides its best per-
formance. Also, we have defined other measure called Useful Manipulability
which takes in account the frequency with which each zone of the application
workspace is visited during the simulation process. The practical use of these
measures is demonstrated using them during the design and development of a
real application.
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1 Introduction

The design of a virtual environment in occasions involves the integration of different
mechanical devices. The mechanical system can include manipulators that, depend-
ing on the configuration can reach more or less easily the different points of the
workspace.

In case of not redundant manipulators, every point of the space can be only reached
by a certain configuration of joints of the kinematics chain. The value of the angle of
every joint, the geometry of arms of the manipulator, besides the relation that exists
between the length of links of a manipulative arm, as main characteristics, determine
the efficiency in the transmission of force and speed to the end of the manipulator
(End Effector). A criterion of design of a system that contains haptic devices is
maximizing this efficiency. A tool to obtain this goal will be to quantify the quality of
the relative geometric positioning of each manipulator respect to the virtual environ-
ment workspace.

This work is part of a multidisciplinary project for the development of a Minimally
Invasive Surgery Trainer (MIST) [1] where we have needed to optimize the mechanical
relative positioning of the haptic devices in the system platform.
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2 Manipulability

Manipulability of a device is its ability to move freely in all directions into the work-
space [2]. The first formulation that allowed a mathematical simple quantification was
brought up by Yoshikawa [3]. We use the formulation of Manipulability proposed by
Cavusoglu et al. [4]:

H =0Opmin (Ju)/o'max (Ju) (1)

Where:
Omin and G, are the minimum and maximum singular values of J,, upper half
of the manipulator Jacobian matrix.
So the first step in the study of Manipulability is the analysis of the kinematics of a
manipulator, in this case we have used the PHANToM OMNIi of SensAble Technolo-
gies (Fig. 1).

Fig. 1. OMNi arms 1,=129mm y 1,=133 mm. Angle inter-arms y. Angles 6, y 6.

From the geometrical relations we obtain:
x = (1} cos @, +1, sin f5)sin 6,

y=1lysin8, —1, cos &,

z= (14 cos@, +1, sin3)cos G,

The analysis of the kinematics of the device allows us to calculate the Jacobian
matrix associated to this device [5].
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From Jacobian we calculate using (1) the Manipulability measure. Figure 2 shows
the YZ-map of Manipulability obtained for the OMNi.
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Fig. 2. Map of Manipulability values for plane YZ. Axes in millimetres.
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Fig. 3. Manipulability map of PHANToM OMNi for the plane YZ considering movement re-
strictions. Arms of the manipulator in bold lines. Axes in millimetres.
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Now we must take into account that, due to the mechanical restrictions during its
implementation, the device has a limited area of work that includes all those points that
it is capable of reaching. We have called Real Workspace (RW) to the extension of
useful workspace of the OMNIi, obtaining the map of Manipulability showed in Fig. 3.
Note that this map extends in the plane YZ and includes the drawing of a RW border-
line obtained by measuring manually the OMNIi device range of angles 6, and 6;.

Note that, as it was expected, the OMNi mechanical design includes in the RW the
best values of Manipulability.

3 3D Map of Manipulability

We can extend the map 2D developed previously by analyzing the behaviour of the
device in its whole surrounding space. This RW defined in 3D is a volume of the
space near of the OMNi that contains all points of the space that the End Effector can
reach. If we assign to each of points the Manipulability measure calculated by (1), the
resultant volume is the 3D map of Manipulability associated to the device.

This map constitutes one important feature of the OMNi that we can consider to be
physically joined the device. We can realize this map as a zone of influence of the
device in its environment [6].

Figure 4 shows a representation of the Omni device together with its 3D map of
Manipulability. Note that it has been limited to the OMNi Real Workspace.

Fig. 4. 3D Map of Manipulability

4 Measurement of Suitability

There are several scientific works aimed to develop methods of optimizing the use of
manipulators [7]. Some of these works have used the measure of Manipulability as a
criterion of optimization [8], [9]. The design of a virtual reality system requires posi-
tioning the Application Workspace (AW) inside the 3D map of Manipulability. This
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intersection affect zones with different values of u (different colored volumes v; in
figure 4). The measure we need must provide the quality of the mechanical position-
ing of an OMNi respect of the AW.

For a given a positioning of the device in a simulation platform, and therefore an
AW divided in different sub-volumes of Manipulability, we define the “Average
Volumetric Manipulability” p, [5] as:

z(pl-vl+p2-vz+p3'v3+ ......... u,-v,)
V.

T

i, 2

Where:
Vr is the total volume of the intersection:

n
Vr =Zvi =V +Vvy+..+v,
1

This measure assigns each sub-volume the weight of its correspondent Manipula-
bility calculating then the average value over the total volume. We can use p, for
qualifying the configuration of a device (with its RW) respect to a determinate appli-
cation (with its AW). From our experience using this measure, we can affirm that, if
we design a mechanical platform that produces an Average Volumetric Manipulabil-
ity of a value rounding 0.8 or even 0.9, we can consider the fitting of the AW inside
of RW as excellent.

The practical use of this concept has the difficulty of finding the best mechanical
device positioning in a very large space of search.

Our first approach is to use a set of empirical rules in order to help in the searching
of a good configuration. Unfortunately using this procedure does not assure we have
obtained the best solution.

To solve partially this problem, we have developed an automatic searching process
based on Simulated Annealing [10]. Every step of the simulated annealing algorithm
the system searches randomly a solution near the current one, according to a probabil-
ity that depends on the current temperature (similar to the metallurgy concept of An-
nealing). The algorithm allows calculating an optimal positioning of AW that pro-
duces a maximum value of the cost function p,.

Studying the possibilities of improving the previous results we have seen that our
application has zones of AW which are more used than others. These are, for instance
in a surgical operation simulation, the specific areas where the surgical intervention is
effectuated. It is desirable that the haptic device provides its best performance in these
zones. We propose, for the cases in which the use of the workspace is not homogene-
ous, to perform an additional analysis taking in account this heterogeneity. It involves
the study of the End Effector movement across the AW during the simulation process.

Considering a discretized AW using a tri-dimensional grid of cells (i, j, k), we de-
fine a new measure called “Useful Manipulability” for each AW configuration respect
to RW using the formula:

iy = Zﬂvijk fijx 3)
ik
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Where:
Wy ik 1s the Volumetric Average Manipulability of a cell.
fij is the frequency of visits sampled during a simulation session in each cell.
Note that if the size of cells (i,j,k) is small enough we can consider that Manipula-
bility is constant and we can use the more simple formula:

a, = Zk::uijk S 4)
ij
Where:

Wi is the Manipulability of a cell.
With this criterion the best positioning of the OMNi in terms of frequency of use

will produce maximum value of [l .

5 Results

We have used the above defined measures to calculate the grade of suitability of a
manipulator in a real application. The application consists of the positioning of an
OMN!i device used as a component of the mechanical platform of a Minimal Invasive
Surgery Trainer [1]. We have used a set of simple geometrical shapes to model the
internal cavity of a human shoulder (Figure 5). In a previous work we have shown the
use of this kind of geometrical shapes to make easier the task of fitting the manipula-
tor RW with the AW [9].

Figure 5 shows the AW corresponding with a virtual model of this AW. The upper
part represents the subacromial cavity and the cylindrical sized one situated below
represents the glenohumeral cavity. The figure shows two different volumes of inter-
section between the AW and the 3D map of Manipulability.

Fig. 5. Two possible configurations of AW respect to OMNi location

Option 1 (Table 1). In this option we have situated the AW in such position that
optimizes the operation into the glenohumeral zone. This positioning provides an
Average Volumetric Manipulability p,=0.8073 (fig. 5-left).

After the mentioned process of discretization, considering the frequency of use of

the different volumes we have obtained a Useful Manipulability of |ftv =0.8026.
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Table 1. Option 1. Optimizing glenohumeral zone.

V; (mm?®) Volume Figure il Wi - vy
Vi=11177 u=0.9-1 10786
V2=16269 u=0.8-0.9 14073
V3=22612 u=0.7-0.8 17298
V4= 12101 u=0.6-0.7 8047

Zﬂi Vi
V1=62159 _ i 0.8073
Ry =—FT——
Vr

Table 2. Option 2. CG at maximum Manipulability zone.

Vi (mm?) Volume Figure il M - Vi
V1=16238 - 1=0.9-1 15426
V2=129282 I pn=0.8-0.9 24890
V3=16639 u=0.7-0.8 12562

Hi - Vi
V1=62159 0y = Z 0.8507
v VT
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Option 2 (Table 2). This configuration consists of positioning the maximum
Manipulability zone in the centre of gravity of the whole AW. This option tries to
distribute the available Manipulability between the two operation workspaces. This
option provides an Average Volumetric Manipulability: u,=0.8506 (fig. 5-right).

Considering the frequency of use of the different volumes we have obtained a Use-

ful Manipulability of [L,, =0.8022.

Note that the option 2 is the best election in terms of Average Volumetric Manipu-
lability, while the result is similar taking in account the frequency of use. We can say
that the improvement of y, in the positioning represented by option 2 has been ob-
tained for zones rarely visited in the course of a normal simulation.

An improvement of this positioning was obtained using an automatic searching
process based on Simulated Annealing [11]. With this procedure we have obtained the

maximum value of va =0.8685. This value corresponds with positioning the centre of

gravity of AW at the position XYZ (-9, 130, 100) mm from the origin at the centre of
the OMNIi.

6 Conclusions

In this work we analyze the problem of optimize the positioning of a manipulator in-
side of the application workspace of a virtual reality system.

We have introduced two measures of the quality of this positioning: The concept of
Average Volumetric Manipulability is useful to evaluate the performance that we can
expect from a specific mechanical positioning of a haptic device in the virtual reality
system platform. As a complement of this measure, the Useful Manipulability meas-
ures the grade in which the available Manipulability is located in the spatial zones
were the manipulator is used more frequently.

The advantage of using these two measures has been demonstrated practically dur-
ing the design and development of a Minimal Invasive Surgery Trainer.
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