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The range of possible combinations of a and b is vast but this range could be
reduced considerably by an early pruning. It was observed with the help of computer
simulations that the performance severely deteriorated in two broad cases: when a > b,
and when a << b. As a result, the search was narrowed down to regions where a and
b were close and b ~ a, and several locally optimal designs were found.

For example, with d = 4, Figure 2(a) for a = 13 and b = 15 shows a wide vertical
range, but it is a conservative design because the allowable range exceeds the spec­
ifications. Figure 2(b) (a = 15 and b = 13: violation of condition a < b) and 2(c)
(a = 10 and b = 18: violation of condition a close to b) are examples of unacceptable
performance. Figure 2(c) with a = 10 and b = 18, shows that the range of allowable
dexterity is considerably reduced.

Since the example of Figure 2{a) does not fully exploit the allowable range of dexter­
ity, the link lengths should be made smaller. A search in this direction was performed.
With a = 9 and b = 11, Figure 2(d) reveals that this choice no longer yields a sufficient
range. The final result of the search is shown on Figure 2(e) with a = 10 and b = 12.
There are other combinations of link lengths which also achieve a sufficient vertical
range, for example a = b = 14 on Figure 2(f), but they all correspond to longer link
lengths and therefore a larger inertia. Figure 2(g) is the same as Figure 2(e), except
that the full workspace has been zoomed in.

Before the lengths a = 10 and b = 12 can be deemed nearly optimal, the variation of
the manipulability must be investigated. Figure 2(h) displays the normalized measure
for this workspace and it does not vary by more than 30%, which is excellent.

C. Note on the Significance of Norms: Diamonds and Ellipses

So far, the discussion could be carried out without any reference to a particular norm.
An alternative (and more ornate) method for displaying the sets of achievable ac­

celeration consists of mapping the sets II 'Til 00 = max(ITd, IT21) ~ Tmax , which may
graphically be represented as diamonds. The infinity norm is the norm that really
counts instantaneously since the actuators have their torques bounded by the de­
magnetization current. The 2-norm 1I'T112 = (Tf +Ti)1/2 ~ Tmax , which yields portraits
made of ellipses, can be important too on average (Le. RMS) since it is related to
the dissipation in the windings. However, even its weighted version to account for dis­
similar motors and torque amplification transmissions does not have a clear physical
significance since one actuator could be going up in smoke while the others remain
cold; the torques still being inside the unit ball.

At any rate, it is would be very difficult to appreciate the results of the optimiza­
tion using these graphical techniques because from these representations it is hard to
perceptually appreciate the various merits of a particular design [19]. It was found that
the isoline method employed in this paper conveyed more concisely and accurately the
crucial information.

When a manipulator at isotropic points, the norm does not matter, but globally
speaking, consideration of various norms averaged over the operating conditions-in
space and time-would allow to further optimize the design, see (11] for additional such
global considerations.
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Figure 2: Isolines of the dexterity and the manipulability for various designs. See text.
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IV. Conclusion
The choice of a structure, of its kinematic parameters and of a scale has impact on
most requirements: workspace, inertial dynamics, structural dynamics, and uniformity
of response. We selected for this project a very simple structure: a five-bar linkage with
two grounded actuators driving a single knob and examined the effect of the kinematic
parameters selection on the requirements in order to determine a preferred design in
the presence of many conflicting objectives.

The most surprising result of this study is the high sensitivity of the dynamic
performance of the linkage with respect to its kinematic parameters, whereas a low
sensitivity to kinematic performance was observed in an earlier project [6J. The other
surprising result was indeed that such a device could be made within the specifications
outlined in the introduction.

One of the several existing prototypes was exhibited at the Conference on Human
Factors in Computing Systems (ACM-SIGCHI'94) held in Boston in May 1994. Figure
3 shows a picture of this prototype.

Figure 3: Resulting device.
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