








A PLATFORM WITH SIX DEGREES OF FREEDOM 

Fig. 17. Photograph of machine 

connection systematically is often overlooked by designers, 
and this paper must be one of the rare instances of a 
British publication actually demonstrating the usefulness 
of the criteria, even if only as verification. 

Constraint and mobility criteria commonly find applica- 
tion to mechanisms that aim to produce a certain out- 
put motion from a given input; but here the author is 
concerned with the degree of connection between 
two members of a multiple-loop chain. The design 
described is quite simple and reasonably symmetrical, 
and the calculated degrees of connection are correct. But 
it is not true to say that the degree of connection between 

two members in a kinematic chain always agrees with the 
vzlue F of the overall number of degrees of freedom, or 
degree of mobility, of the chain as a whole. There are 
traps for the unwary that can only be avoided, and under- 
stood, by a more widespread appreciation of the subject 
of mobility and degree of connection. The writer feels he 
should take the opportunity to mention the recent paper 
of Harrisberger*, which quotes, amongst an extensive 
list of references, some useful sources of information; also 

* HARRISBERGER, L. ‘A number synthesis survey of three-dimen- 
sional mechanisms’, Trans. Am. Society of Engineers (Journal of 
Engineering for Industry) 1965 87 (Series B), No. 2, 213. 
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the work of Voinea and Atanasiu” and of Manolescu and 
Manafut, all of whom are concerned with the problem of 
logical and systematic appraisal of special geometrical 
instances where the general criteria do not appear to hold, 
as, for instance, in the unstable configurations mentioned 
by the author. It is probable that, in the event of the 
author’s ideas and designs being further developed, as he 
hints at in his conclusions, a more exhaustive study of the 
conditions of constraint and mobility would be well worth 
while. 

Mr P. Murdoch (Member)-The particular arrange- 
ments of jacks mentioned probably are intended to 
simplify the control equations. However, this simplifica- 
tion can be valid only over a very limited range of move- 
ment and, if full co-ordinate conversion is provided in the 
computer, there may be advantages in choosing a more 
symmetrical, fully triangulated layout. For example, the 
equivalent of the vertical leg system of Fig. 9 could be a 
base triangle with two jacks attached at each apex, the 
other ends of the jacks being attached to the triangular 
controlled plane. I n  datum position, this controlled plane 
would have each apex vertically over the mid-point of a 
side of the base triangle. 

In  the simulator application, the presence of com- 
puting equipment makes the co-ordinate conversion 
problem acceptable. In  some of the other possible applica- 
tions, however, it may be desirable to provide a mechanical 
arrangement for continuous co-ordinate conversion, to 
simplify the control arrangements. 

Mr K. H. Nicholls, O.B.E. (Associate Member)- 
Claim is made in the section on control means, p. 375, that 
the mechanism provides a unique situation whereby it 
can truly simulate an accelerating body in any direction 
and attitude, e.g. the flight of an aircraft. The sense of 
sustained acceleration cannot be depicted in the system 
thus continued. Curved course flight banking or vehicle 
cornering is precluded. 

Whilst three translation motions are added to what may 
be called conventional three-axis tables, this does not cover 
maintained acceleration upon the human frame but only 
embraces, say, limited eccentric yaw, surge, swing and 
bounce as is experienced in vehicles moving in a mean 
straight course at mean constant velocity over ‘bumpy 
ground’, e.g. ship’s deck above metacentre. 

The system offers a marked but limited advance over 
conventional three-axis tables but loses ‘round and round’ 
centrifugal training which is a required feature in many 
applications. 

Mr D. J. Thomas (Bedford)-These comments refer 
only to the possible use of the platform for flight simula- 

* VOINEA, R. P. and ATANASIU, M. C .  ‘Geometrical theory of 
screws, and some applications to the theory of mechanisms’, 
Revue de Micanique AppIiquie 1962 7 (No. 4), 845 (in French). 

t MANOLESCU, N. and MANAPU, V. ‘On the determination of the 
degree of mobility of mechanisms’, Bull. Polytechnic Institute, 
Bucharest 1963 25 (No. 5), 44 (in French). 
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tion and it is necessary to ask first of all-‘Are six degrees 
of freedom really worth while ?’ The only way of reproduc- 
ing all the rotations and accelerations which occur in 
flight, without introducing any false effects, is to follow 
exactly the same path in space as does the real aircraft. 
Unless one is simulating only the smallest of perturbations 
from the hover or straight-and-level flight no practical 
system is capable of meeting this requirement. One must 
accept some limitations and approximations. Rotations 
can be adequately represented but sustained thrust and 
centrifugal accelerations are extremely difficult and the 
limits are reached rapidly. 

A common technique for deceiving human subjects 
(but not automatic pilots) is to apply only transients to 
the cockpit and then to decay the attitude slowly to a 
position such that the local gravity vector is orientated 
relative to the cockpit in the same way as the computed 
total acceleration vector. A powerful outside world visual 
simulation system helps to give a very realistic overall 
effect. 

The magnitudes and periods of linear accelerations 
which can be produced by any practical rig are quite 
small. To represent steady excess g the true excess can 
be applied transiently and then decayed slowly to a low 
value of deceleration so as to bring the cockpit to rest and 
finally back to the datum position. Unless this is done 
smoothly and slowly the pilot will notice the changes in 
acceleration and in a bad case simply feel thu simulated 
excess g as a momentary jerk. 

Simple calculations show that if the deceleration is not 
to exceed, say, one-fifth of the acceleration and the ampli- 
tude of motion is limited to fs feet, then the maximum 
time T for which a particular acceleration, n x g ,  can be 
held is given approximately by: 

T- 0.1 - seconds L 
If  s is f 6  feet than 1 g excess can be held for 0.25 

second, 0.25 g for 0.5 second and 0.1 g for 0-8 second. 
These periods are so small that one must consider very 

carefully whether any attempt to represent sustained linear 
accelerations is worth while. If  not there is no requirement 
for six degrees of freedom and much of the argument put 
forward in favour of the platform mechanism described 
in the paper is redundant. 

Although only the largest of three-axis linear-slide 
systems could give a useful approximation to sustained 
linear accelerations it is quite possible for the smaller 
systems, such as discussed here, to represent accurately 
small-amplitude, high-frequency oscillations. However, 
such oscillations usually arise from buffeting, touchdown, 
ground-roll, etc. and are usually associated with a par- 
ticular direction relative to the cockpit, For this reason 
they could probably be much more economically repro- 
duced by supporting the cockpit on a short-stroke, two- 
axis, ram-and-slide system within a three-axis gimbal 
system. 

In  the summary the point is made that the platform has 
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no fixed axes relative to the ground and that in some way 
this makes the simulation of banking easier. This is 
difficult to understand. 

In  most aircraft simulators it is necessary to compute 
the attitude of the aircraft relative to the ground for the 
following reasons : 

(1) To derive the gravity vector components in the 

(2) T o  drive artificial horizons, compasses and other 

(3) To drive visual simulation systems. 

conventional aircraft X, Y, Z axes. 

instruments. 

These outputs are directly applicable to the ‘pyramid’ 
or gimbal type of motion system and provided that the 
servo loops are of high quality the accuracy of simulation 
of the effects of control depends only upon the accuracy 
of the computation and is not affected by the type of plat- 
form. The platform described in the paper cannot accept 
the aircraft attitude outputs directly and it is necessary 
to employ an additional, fairly complicated computer to 
determine the amount by which each of the rams must 
extend or contract. Direct attitude feedback from the 
platform could be a problem and with misalignments a 
spiral approach to the demanded attitude could occur. 

In  a gimballed system it is easily arranged that each servo 
is associated mainly with some of the primary aircraft 
controls, except for large displacements. One or more 
gimbals can be locked if necessary and a useful system 
still results. Differences in the performance of the servos 
for different axes will not be too disturbing and there is no 
cross-coupling. 

The six-degrees-of-freedom platform must in general 
operate all six of the rams for any motion. Differences in 
performance could produce quite noticeable false motions 
and at high frequencies, where the pilot responds directly 
to his feelings, a very mistaken impression of the handling 
of the aircraft could result. 

In considering the list of design aims on p. 371 it is sug- 
gested that for the purposes of flight simulation the fact 
that 2-4 were incompatible with 5 should have led to the 
rejection of 2-4 rather than of 5. 

Mr J. Tindale, B.Sc. (Member)-As with many other 
original concepts describing basic principles which before 
may not have been appreciated in the context, the im- 
mediate reaction of the reader is to try to visualize modi- 
fications to existing equipment which he senses could be 
so improved. Then he comes to a grinding halt, because 
it would seem that any such improvements may be satis- 
factory from a machine point of view, but to prove their 
economical viability would require a period of expensive 
study and development. 

Two applications seem to me worth exploring, one is 
with reference to machine tools, and the other to the sea- 
going oil drilling rigs, and I commend each idea to their 
particular industries. 

Machine tools design based on simple, co-ordinate 
geometry for their operational control has of necessity 
developed along ergonomic lines. 

In  the modern climate of control technology, this trend 
may not be justified. The design of a computer controlled 
machine tool should not be stultified by past concepts of 
manual control. 

Fig. 18 shows an artistic impression of a possible design 
of a universal mill which could machine complicated 
shapes with simple cutters. This machine need not be 
considered specialized although it is conceivable that it 
could do specialized jobs. 

It will be noted that the work is situated low down on 
the floor and the cutting head is well fixed by sturdy 
triangulation. 

Fig. 19 shows an artistic impression of an pi1 drilling 
rig which may suggest an improvement in design over that 

L 

Fig. 18. Impression of possible design of universal mill 
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- 
Fig. 19. Impression of possible design for  drilling rig 

of the ill-fated Sea Gem. For stability, the platform is 
supported on a tripod comprising six telescopic legs, thus 
there are no redundant members. 

For transportation to the site, the six legs forming the 
tripod would be blown out for buoyancy and would float 
horizontally on the sea, thus forming a spider-raft. The 
area covered would give good stability to enable high 
structures to be built on the main deck, before leaving 
harbour. On arrival at site, the six legs would have their 
buoyancy tanks filled and would sink to a vertical posi- 
tion. 

The telescopic legs would then be screwed out until 
they touch the bottom. Any tipping of the main deck, due 
to the early arrival of one or two of the tripods would 
automatically be adjusted by reference with a gyroscopic- 
ally stabilized platform, in conjunction with the telescopic 
leg controls. 

When all three points are in contact with the sea bed, 
the platform will be raised above the surface still con- 
trolled by the stabilizer. 

Any settlement after drilling operations have begun 
would automatically be sensed and corrected. 

When the rig has to be removed, the reverse operation 
is followed, i.e. the telescopic legs are screwed in, strict 
control being established by reference‘ to the stabilized 
platform. When the main structure is floating on the sea, 
the buoyancy tanks in the tripod are blown up, and there- 
fore begin to float up to form the spider-raft codigura- 
tion. 

I hope that these sketch proposals might engender a 
step into future logical designs based on modern available 
techniques. 

Mr D. Stewart-I am grateful for the communications 
on my paper and wish to thank all those who offered 
comments and criticism. 

The replies, I find, fall into three categories which are as 
follows : 

(1) Those that discuss the general engineering values 
of the mechanism. 

(2) Those that discuss the flight simulation problem. 
These are generally critical of the mechanism for use 
as a flight simulator. 

(3) One from Mr Gough who has brought to my 
notice an almost identical mechanism which he has 
designed for use with a tyre testing machine. 
In the first category, Mr Tindale has shown a very 

descriptive sketch of the mechanism used as a universal 
mill and I am encouraged by his remark that computer- 
controlled machine tools should not be stifled by past con- 
cepts of manual control. It is becoming almost common 
practice to control conventional machine tools by com- 
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Author’s Reply 
puters rather than manually, and yet the greater agility of 
the computer has not been fully realized in the machine 
tool. I do not know of a universal mill that will permit the 
cutter angle to be controlled, and yet many components 
could benefit from such a control. Mr Tindale’s sug- 
gestions that the mechanism might well be of value in sea- 
going oil drilling rigs does seem possible, but I sense that 
there must be many factors governing the design of such 
immense structures that may preclude its use. My own 
view is that in such large expensive prospecting machinery 
the cost of the equipment sometimes unfortunately 
outweighs the design perfection. Both Mr Murdoch and 
Mr Meier mention the preferred arrangement that 
would result from the use of the linear co-ordinate leg 
system shown in part in Fig. 15 and fully illustrated in 
Fig. 20. The rigidity of this arrangement is endorsed by 
the practical application of a similar arrangement de- 
scribed in Mr Gough‘s communication. I take with 
interest Mr Meier’s suggestion of the use of the mechanism 
as a stable platform for use on hospital ships. 
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Mr Easten mentions that he is considering using a 
similar mechanism for aiming a radar aerial and since he 
states the linear motions for this use are not important it 
does suggest that the structure of the mechanism is simple 
enough to use even though the full potentials of six degrees 
of motion are not required. I have built a servo model 
driven on the lines that Mr Easten mentions and it works 
quite inhpressively. I chose to force the driver model by a 
six-motion joystick and it was found difficult to obtain 
the same feel in all six motions. The input motions were 
therefore somewhat jerky. Had I used the principle of 
putting angular motions in the platform and linear motions 
in the foundation as suggested by Mr Easten a better 
demonstration may have resulted. If the motions of jacks 
are studied in relation to simple platform movements it 
will be found that over a limited amplitude, and to an 
approximate value, there are fixed simple relationships 
between the legs. These relationship can be acquired by 
simple phase and amplitude monitoring from a single input. 
I intend to try the control of a model driven from a two- 
phase sinusoidal input and amplitude divider network and 
use a six-way switch to obtain the six basic motions. 

I am grateful to references given by Mr Hunt and 
his remarks relating to the pitfalls that exist in special 
geometrical arrangements. It was only by the use of the 
constraint criteria that I confirmed the need for a three- 
axis joint at the platform attachment of the legs, short of 
making a model. I found it was not possible to prove 
conclusively when making the design whether three axes 
were essential or merely safe at the top joint, since I was 
not intending to rely on rotation between the two halves 
of the extending leg. 

In  the second category Mr Thomas puts forward a 
powerful argument against the use of the mechanism for 
flight simulation, though most of the points he makes 
apply to any simulator mechanism that must remain on 
the ground. Since amplitude in terms of displacement as a 
result of linear accelerations must always have a limit, the 
relative merits of one mechanism over another is really a 
matter of scale. I agree in principle to the inference that 
for particular flight manoeuvres that do not exercise the 
full six degrees of freedom a more simple equipment could 
be designed, and might well have better performance. 
The mechanism described in my paper is really more 
suited as a research tool in the study of the general be- 
haviour in flight, since fundamentally it can simulate true 
flight without any approximations within the amplitude 
limits set by the scale of the machine. With regards to the 
question of sustained acceleration such as experienced 
during turning which is a point also mentioned by Mr 

Nicholls when he compares the mechanism with a 
centrifuge, it is possible for the mechanism I describe to 
exercise a point continuously in a circular path and thereby 
provide a sustained radial acceleration. If, as in a centrifuge, 
the acceleration vector is required ‘to remain fixed with 
respect to the payload it would be necessary to provide a 
rotating connection between the payload and the platform. 
Then if the payload is rotated in the reverse direction at 
the same rate as the orbit of the centre then the equivalent 
of a centrifuge motion is obtained. 

Mr Thomas asks ‘are six degrees of freedom really 
worth while?’ As true flight can only be achieved with six 
degrees of freedom I wonder whether he is not intending 
to say ‘Is simulation really worth while?’ I agree that for 
certain motions it poses very difficult problems but it is 
surely worth while if knowledge is gained more quickly 
and without the risk of expensive aeroplanes and human 
life. 

The communication from Mr Gough was read with 
interest and not without a slight feeling of disappoint- 
ment in me. Whilst working on my design I was surprised 
when making searches not to have found the mechanism 
in use somewhere, since it did appear to be so funda- 
mental; it just shows that I did not search far enough. It is 
interesting that designs so much alike should result from 
quite different approach paths. It would appear that 
whereas Mr Gough derived the six linear jack system 
directly, the similar arrangement that I describe was as a 
final variation of a quite different arrangement. The funda- 
mental cube upon which he bases his mechanism did not 
occur at all in the quite large amount of geometrical 
calculations that I carried out, and in fact the final geo- 
metry does not fit a cube. I would suspect that the relative 
rigidity of Mr Gough’s arrangement and my own is 
quite marginal but I do think that if amplitude is the main 
criterion then the geometry as set out in my paper will 
give higher values size for size. The fact’that Mr Gough 
has been able to have two-axis joints at the top of the legs 
is due to the freedom of rotation of the screw jacks about 
their own axis; I did not wish to rely on such rotation since 
possible linear pick-offs in the legs would have precluded 
such rotation. 

The freedom of rotation of the screw jacks in Mr 
Gough’s mechanism is also the reason why the alignments 
of the lower universal joints do not comply with my 
reasoning. I would be interested to know if, when five of the 
screw jacks are locked, movement of the platform can be 
obtained by adjustment of the remaining jack. I think not, 
as movement of the platform will require rotation of all 
jacks on their own axes. 
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