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A PLATFORM WITH SIX DEGREES OF FREEDOM 

By D. Stewart* 

This paper describes a mechanism which has six degrees of freedom, controlled in any combination by six 
motors, each having a ground abutment. It is considered that by its particular arrangement, this mechanism 
may form an elegant design for simulating flight conditions in the training of pilots. Unlike most simulators, 
it has no fixed axes relative to the ground, and therefore within the limits of amplitude of the design it can 
truly simulate the conditions of banking by carrying the simulation of control surfaces into the axes of the new 
attitude. 

Variations in control arrangements are described and their respective design merits considered. 
Other possible uses for this mechanism are mentioned, including automation of production. 

INTRODUCTION 
IN THE SEARCH for a suitable means for simulating flight 
conditions for the safe training of helicopter pilots, the 
design of a mechanism has been established having all the 
freedoms of motion within the design limitations of 
amplitude and capable of being controlled in all of them 
simultaneously. A result of this exercise has been to release 
the imagination to conceive many other uses for such a 
mechanism. 

Modern developments in passenger transport, whether 
they are in air, sea or space, have subjected man to mixed 
accelerations beyond any previously known. The effect of 
speed on the reactions of a human being are negligible 
compared with those caused by the change of direction 
or speed and when a human control link is introduced into 
a control chain, the effect of acceleration upon his actions 
is of great importance. 

It is dangerous to assume the performance of a complex 
control system without checking that the design of each 
part stands up to practical usage. In  some studies which 
have been carried out it has been found that to take into 
consideration only some of the forces, including the human 
frame, that may occur on the control instruments, may 
lead to spurious conclusions. The reason why experiments 
have been conducted in the past using only a limited 
number of the factors likely to be involved has been due 
in the main to the lack of a test platform capable of being 
controlled in all degrees of motion in accordance with a 
pre-arranged programme. 
The MS.  of this paper was $rst received at the Institution on 14th 

January 1965 and in its revised form, as accepted by the Council 
for publication, on 28th M a y  1965. 

* Senior Mechanical Engineer, Elliott Automation, Space and 
Weapons Research Establishment, Frinzley, Hampshire. 

Proc Insrn Mech Engrr 196.5-66 

In this paper a mechanism is described which it is 

(a) As a vehicle for representing a body in space 
subjected to all the forces which may be met with in its 
voyage. 

(6) As representing a platform held stationary in 
space mounted on a vessel such as a ship which is 
subjected to the random movements of the sea. 

(c) As a platform for simulating the actions of the 
helicopter as driven by its pilot, or 

( d )  As a support for a helicopter which is capable ot 
being driven by the pilot, random actions being applied 
to the supporting platform as prescribed. 

(e)  As any vehicle which is subject to control by a 
human being. 
(f) As a basis of design for a new form of machine 

tool. 
(g) As a basis of design for an automatic assembly or 

transfer machine, 

suggested may be used : 

DESIGN AIMS 
There are many possible designs for providing the six 
degrees of motion; for instance, one obvious method would 
comprise a three-axis gimbal superimposed upon a three- 
axis linear slide system. To incorporate rigidity and quick 
response in this type of solution, when high performance 
or large amplitudes are required in all of the six motions, 
generally presents serious design problems and is expen- 
sive. 

Design aims were to achieve the most simple and 
cohesive design with the highest capabilities in a wide range 
of applications. 
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372 D. STEWART 

Design aim 
(1) The use of not more than 

six motors. 
(2) Each motor reacting on the 

foundation. 
(3) Each motor operates direct- 

ly on the same load. 

(4) High pay load/strucrure 
weight ratio. 

(5) Each motor identified with 
one motion. 

(6)  Low friction motions. 

Purpose 
To avoid redundancy and reduce 

cost. 
To avoid interaction between 

motors. 
To achieve the maximum per- 

formance for a given power 
source. 

To achieve the maximum per- 
formance from power avail- 
able. 

Simplicity of control. 

To reduce power losses and to 
obtain high response. 

When these design aims were studied it became ap- 
parent that aim 5 was basically incompatible with the 
aims 2-4. Therefore aim 5 was abandoned in favour of 
achieving the other aims and thereby gaining in structural 
rigidity and system response. 

The following description is of a mechanism which does 
comply largely with these aims. The failure to meet aim 
5 is a loss in very simple mechanism usages, but when the 
input or output information is complex, the lack of sim- 
plicity in transferring the information to the mechanism 
is of less importance. 

DESCRIPTION OF MECHANISM 
The six-degrees-of-motion platform is, as the name 
implies, capable of moving in three linear directions and 
three angular directions singly or in any combination. It 
comprises a triangular plane called the platform, of which 
each of the three corners is connected through a three-axis 
joint to one of three legs (Fig. 2). Each leg is connected to 
the ground by a two-axis joint. One of these axes is 
normal to the leg and is provided with a means for control. 
The other axis is normal to the first and is not provided 
with a means for control. Each leg also has controllable 
means for extending its length. In  this manner, the plat- 
form attachment point to each leg can be controlled by 

I / : I  \ , ,;.;: 
I’ 

Fig. 1. Pictorial view 
Proc Instn Mech Engrs 1965-66 

FOUNDATION 

FREEDOM 
A X E S  

Fig. 2. General arrangement 

polar co-ordinates relative to the ground-fixing-points in 
the plane containing the leg. The three legs when in the 
mean position are arranged so that each leg is contained 
in a plane that is tangential to a circle which contains the 
three points of the platform, Fig. 3;  each point of tangency 
occurs at the point of attachment of a leg to the platform. 

The operation of each leg is to control the platform 
attachment point within the plane previously defined and 
to enable this plane to accommodate itself on other 
considerations. 

To  describe how to achieve these requirements, first 
let the functioning of one leg be considered alone (Fig. 4). 
Various methods can be employed for achieving polar 
co-ordinate control of the leg and one method will be 
described by way of illustration. 

The leg can consist of one hydraulic jack that within 
the stroke of the jack will control its length. The outer 
end of the piston rod is connected to the platform by a 
three-axis joint, and the cylinder end is connected to the 
foundation by a two-axis joint. A second jack has one end 
connected by a single-axis joint to the outer cylinder end 

PLATFORM 
DIRECTION OF FREEDOM 

/ ’  3 ‘ CHOICE O F  A X E S  
W - T O  PROVIDE FREEDOM 

OF LEG PLANES 

Fig. 3. Diagram of leg planes 
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x ( T H R E E - A X I S  JOINT 

NE-AXIS JOINT 

L ,m BASIC CONTROL 
EQUATIONS FOR 

TAN a==$ EACH LEG SYSTEM 

FOU N DAT 10 N 

PLAT FORM 7 
L ,m BASIC CONTROL 

EQUATIONS FOR 
TAN a==$ EACH LEG SYSTEM 

Fig. 4. General arrangement of single leg system 

of the first jack and the other end to the foundation by a 
two-axis joint so that it is able to control the angle of the 
first jack with respect to the foundation. It will be noticed 
that the two jack foundation connections have one com- 
mon axis and the remaining axes parallel to each other. 
The common axis is not controlled within the single leg 
system but the plane containing the leg can rotate about 
it, thereby permitting a three-axis motion on the platform 
support joint. 

If the platform is supported by three such legs attached 
to the three points as described, each lying in a plane 
tangential to a circle containing the three points, the 
position in the direction of no control of any one leg is 
determined by the controlled position of the other two 
legs. Thus where each leg defines the position of its 
appropriate platform point in two dimensions, con- 
jointly they will define the three points of the platform in 
three dimensions. To illustrate this point Fig. 3 shows a 
platform supported by three planes representing the legs, 
each plane being free to pivot about one edge. 

In this manner position and attitude of the platform can 
be defined, hence the six degrees of motion can be deter- 
mined, for if the three points are moved similarly in the 
X -  Y-Z co-ordinates, the three linear motions are obtained 
and if moved in the X- Y-Z co-ordinates differentially 
then the three angular motions are obtained (Fig. 5). 

KINEMATIC ANALYSIS 
The following kinematic analysis shows the validity of the 
mechanism in that it satisfies the following requirements : 

(a) When the controllable axes are active, the plat- 

(b) When the controllable members are stationary the 
form must be controlled in six degrees of motion. 

platform must have a corresponding fixed position. 
Proc I m m  Mech Engrs 1965-66 

Let the platform and foundation each be as one member 
and each leg as two members, the mechanism consists of a 
total of eight members and can be illustrated diagram- 
matically as Fig. 6a. The joints are indicated by the circles 
and total nine in number. If the degrces of freedom in 
the joints are now inserted into the circles, there will be 

LINEAR MOTIONS 

X AND Y MOTION I MOTION 

ANGULAR M 0 1  
-Y 

e MOTION & $ MOTION 

@ +Y 

+ X  

+’ i 
I MOTlON 

Fig. 5. Illustrating the six motions of the platform 
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314 D. STEWART 

PLATFORM 

SWIVEL JOINTS ~ 

\ 

/ 
SLIDING JOINTS- LEGS 

SWIVEL JOINTS -- 

FOUNDATION 

8 MEMBERS 9 JOINTS 
a 

TOTAL TOTAL 
LOCKED FREEDOM ACTIVE FREEDOM 

JOINTS JOINTS 

X=9 r -9 

r-0 r =3 

I: -3 I: =c 
L 12 AL 16 

b C 

Fig. 6. Kinematic diagram of mechanism 

two cases, one when the mechanism is locked, the other 
when active, Figs 6b and 6c. 

It will be seen that when locked, the mechanism has a 
total of twelve freedoms in the joints and when active a 
total of eighteen. In  accordance with Grodzinski and 
iM’Ewen, in a paper presented in 1953 to the Institution 
(I)*, the resulting degrees of freedom in a mechanism can 
be calculated from the number of links (members), the 
number of joints and the freedoms within the joints. 

&? 

1 
Thus F = 6(n-l)-1(6-f) 

where F = resulting degrees of freedom in system 
f = number of degrees of freedom of joints 
n = number of members 
g = number of joints. 

In this application where the controlled joints may be 
locked the expression may be written as : 

F = 6(n- l)-6g+f1 
for clarity of comparison, where fi = total degrees of free- 
dom in all joints. 

By inserting the numerical values of the mechanism as 
described, we get : 

F when active = 6(8-1)-6~9+18 = 6 
Fwhenlocked = 6(8-1)-669+12 = 0. 

These results show the validity of the design in that it 
satisfies the specified requirements for the mechanism. 

* References are given in the Appendix. 
Proc Instri Mech Engrs 1965-66 

MOTION ANALYSIS 
It has previously been described how each of three legs is 
controlled by polar co-ordinates to position a platform sup- 
ported by these legs. We will now relate the amplitude of 
movements of the legs to the amplitude of the displace- 
ment and attitude of the platform. 

As already stated, similar movement of all three legs in 
the X-Y-2 co-ordinates results in X -  Y-Z motion of the 
platform and differential movement results in attitude 
movement of the platform. It will therefore be apparent 
that the linear displacements of the platform are directly 
related to the amplitude of movement of the legs, whereas 
the amplitudes of the angular attitudes will be propor- 
tional to the spacing of the three points on the platform 
relative to the linear motions of the legs. It follows, there- 
fore, that the smaller the platform size relative to the stroke 
of the legs, the larger the angular motions. 

The positioning of the earth point relative to the plat- 
form support points will influence the shape of the total 
envelope of movement. As already defined, the plane con- 
taining the legs when in the mean position contains the 
earth and platform support points, and now a choice of 
positioning the earth point within the plane can be made. 

It will be seen that if the earth point is positioned 
directly below the platform support point (Fig. 7) the 
envelope of movement is confined above the plane con- 
taining the three earth points and the amplitudes Will be 
larger in the X and Y plane than in the Z direction. 
Alternatively, if the earth points are positioned in the same 
plane as that containing the three platform support points 
(Fig. 8) the envelope of movement lies above and below 
this plane and the amplitude will be larger in the vertical 
(Z) direction than the horizontal (X-Y) plane. 

It will be seen that in the first condition the legs are in 
phase with each other so that the envelope of movement 
of one leg can be taken as the amplitude for the platform, 

ENVELOPE HEIGHT=L 

t 
I 

ENVELOPE WIDTH 
= 2  ( L + C l s i n a c 4 L s i n a  

ENVELOPE OF 

OF THE ENVELOPE 
I S  GREATER THAN 
THE HEIGHT 

FOUNDATION 

Fig. 7.  Arrangement of platform, with legs vertical 
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AXIS OF FREEDOF.! 
OF LEGS 

AXIS OF FREEDOM 
OF LEGS 

A 
HEIGHT=Z(L+C) Sina \I 

L=ENVELOPE WIDTH * 
t 

Fig. 8. Arrangement of platform, with legs horizontal 

whereas in the second condition the legs are in opposition 
(that is, when one leg is extended the other is retracted). 

The envelope of the motion of the platform is therefore 
defined by the overlap of two legs, one leg defining one 
side of the envelope, the other leg the opposite side; also, 
it will be noted that the axis of freedom for the plane con- 
taining the leg is horizontal in the first case and vertical 
in the second. 

LIMITATIONS OF AMPLITUDE 
Movement of the platform becomes restricted when any 
one platform support point is coincident with the axis of 
freedom of any one leg system; when such a condition is 
reached there is only a two-axis control of that support 
point. 

Instability occurs if the centroid of the platform support 
points and the two ends of any one leg fall in line. This 
will occur in such a case as Fig. 9 when a particular 
pitching amplitude is reached, and in an arrangement as 
Fig. 10 when a particular azimuth is reached. 

There is, of course, the normal amplitude limit set by 
the maximum extension and contraction of each jack. 

CONTROL MEANS 
T o  arrange for the platform to be operated in accordance 
with a pre-determined programme involving linear or 
angular accelerations or a combination of both, the 
necessary signals can be given to the various jacks in 
accordance with the input requirements to control the 
platform in the required direction. 
Proc Instn Mech Engrs 1965-66 

OF FREt lDOM 

Fig. 9. Showing position of instability (vertical legs) 

The equations for the related movements of the various 
power jacks will be known and stored in a master-com- 
puter so that any desired acceleration of the platform when 
fed into the computer would automatically be translated 
into the component movements of the various jacks. 
These movements would then combine to give the required 
movement to the platform. Each component jack would 
feed back to the computer, positional and velocity informa- 
tion to complete its servo loop control. 

This provides a unique situation whereby this mechanism 
can truly simulate an accelerating body in any direction 
and attitude; e.g. an aircraft in flight. 

The mechanism does not impose on the platform any 
axes of motion which are earth fixed, as do other systems. 

A X E S  OF F R E E D O M  
OF LEGS 

POSITION OF 

ACTUATOR 1 

Fig. 10. Showing position of instability (horizontal legs) 
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It is therefore possible to control the movement of the 
platform in any chosen co-ordinate system, such as body 
fixed, or earth fixed co-ordinates or any combination. The 
former system of motion is that performed by most 
vehicles, and in particular aircraft where pitch, roll and 
yaw axes remain fixed within its structure as do also the 
co-ordinates of lift and thrust. 

Where it is required to stimulate human reactions, or 
activate sensors mounted within a vehicle by the correct 
accelerations due to its motion, it is essential that the 
motion of the simulator mechanism has the same charac- 
teristics as those of the vehicle. 

It has previously been shown that provided the position 
of the three corners of the platform can be controlled in 
X- Y-Z co-ordinates relative to the foundation, a fixed 
attitude and position of the platform can be obtained. It 
follows, therefore, that if the computations for the re- 
quired motion of the platform in the chosen co-ordinate 
system are resolved into terms of X-Y-Z co-ordinates of 
each leg then entirely uninhibited motion of the platform 
can be obtained within the amplitude of the mechanism. 

The following equations refer to the length and angle 
of a leg relative to its mean position, to establish the 
corners of the platform in terms of fixed X-Y-Z co- 
ordinates. 

Assuming an arrangement as shown in Fig. 10 and 
making the mean position when the actuators No. 1 are 
in plane with the platform then referring to Fig. 11 and 
using the following notation: 

L = length of leg (actuator No. 1) 
CI = angle of leg to foundation (actuator No. 2) 
I = initial length of leg (constant) 

/3 = initial angle of leg to the X axis (constant) 

The following general expression is obtained : 

L = [ ( I  cos p-x)z+(l sin p- Y)Z+Z2]1'2 (1) 

Now in a practical example where the platform is made an 
equilateral triangle as shown in Fig. 1 1 ,  the three legs 
L,, L, and L3 have associated angles p,, pz and p3, which 
will have the following values : 

= 180"; pz = 60"; p3 = 300" 
Putting these values in equation (1) will give equations 

for each leg as follows: 
L, = [22+21X+X2+ YZ+Z2]'i2 . (2)  

L, = [Z2--IX+1~73EY+X2+ Yz+z2]1:2 (4) 

L, = [I2-IX- 1.731Y+X2+ Yz+Z2]1'z (3) 

Z 
L sin ct = - . . . . ( 5 )  

For any platform motion system the required X-Y-Z 
co-ordinates of each corner will be the sum of the linear 
displacements of that point as a result of linear movement 
and angular movement of the platform. 

If x-y-z = the linear displacement of the corners due to 
linear motion of the platform; 

and f x ,  f y ,  f i  = the linear displacements of the corners 
due to angular motion of the platform 

then x = x+fx 

y = Y+fY 
z = z+fz 

$+ = 

J 

L2 

ANGLE CONVENTION " ( a )  

EQUIVALENT MECHANICAL CONSTRAINT (6) 

Fig. 12. Control geometry angular motion 
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If the platform linear motions (x-y-z) are earth-fixed 
then they can be inserted directly into equations (2)-(5). 
If they are on platform-fixed co-ordinates then computa- 
tions taking into account the platform attitude will be 
required. These computations are lengthy and will not 
be dealt with here. 

The linear motions of the corners of the platform as a 
result of angular motion (fx-jy-jz) can be equated as 
follows. Referring to Fig. 12a, which identifies the selec- 
tion of axes relative to the corners of the platform, it will 
be seen that the axes do not coincide at the centroid of 
the platform. This has been done for mathematical con- 
venience only and enables each platform point to be 
independent of one angular motion resulting in a more 
simple analysis. In  Fig. 12b will be seen the equivalent 
gimbal constraints that produce the same axes convention 
as those selected, and in Fig. 13 are shown the excursions 
of the three corners of the platform as a result of compound 
angular motion. 

The following equations give the relevant fx-fy-fi for 
the three corners in terms of the three angular motions 
0, + and $: 

. (6) f x ,  = +Ssin$cos B . . . . . .  
L1 fyl = +s(1-cos$cos 0) . . . .  * (7) 

fil = -S  sin H - (8) . . . . . . .  
f x 2  = +0577S(1 -cos $cos ++sin $ sin B sin$)(9) 

L2 f y2  = -0.577S(sin $ cos ++sin + sin B cos $) (10) 

fxg = -0.577S(1 -cos $ cos $+sin 4 sin 6' sin 4) 

{ 
{ . . . .  fiz = +0*577Ssin$ cos 6' * (11) 

. .  * (12) 
f y 3  = +0577S(sin 4 cos $+sin 4 sin B cos $) (13) 
fi3 = -0.577Ssin+cos H ' (14) . . . .  

The combination of equations (6), (7) and (8) with 
equation (2) will give the control equation for leg 1 and 
similarly with equations (9), (10) and (11) with equation 
(3) for leg 2; and equations (12), (13) and (14) with 
equation (4) for leg 3. 

MECHANICAL DESIGN CONSIDERATIONS 
One method of controlling the legs in polar co-ordinates 
within a plane has been illustrated by using two hydraulic 
jacks (Fig. 4). Other methods will now be discussed. 

Screw jacks 
The piston jacks as illustrated in Fig. 4 can be directly 
replaced by screw jacks. This could give the advantage of 
a longer stroke for a given size. 

Rotary actuator 
The jack controlling the angle of the leg could be replaced 
with a hydraulic rotary actuator or electric motor. This 
would reduce the number of foundation fixings, but the 
remaining jack would be subjected to a greater bending 
moment. 
Proc Instn Mech Engrs 1965-66 

Fig. 13. Control geometry angular motion 

Levers 
The extending leg amplitude can be increased if the jack 
is replaced with an articulated leg and the jack operating 
part way along the outer limb. If the joint for the articulated 
leg is in the middle of its length then theoretically it is 
possible to get the amplitude of the outer point from zero 
to the maximum. In practice, it would be reduced by a 
small amount, but in any event it is likely that larger 
amplitudes would be achieved than with the linearly 
extending leg, where the amplitude approximates from half 
length to maximum. Note that this system would alter 
the geometry so that the leg would now be controlled by 
two angles instead of one angle and a length (Fig. 14). 

Fig. 14. Articulated levers 
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Linear co-ordinate control 
The original choice of ‘control’ for the leg system was 
by polar co-ordinates but the platform support point can 
be just as effectively ‘controlled’ in linear co-ordinates as 
shown by Fig. 15. In  this arrangement, a system is pro- 
vided which is a hybrid of the arrangements shown in 
Figs 9 and 10. The main advantage of this arrangement will 
be in its inherent rigidity due to the true triangulation of 
the whole system. There will be no bending moments in 
any of the members apart from the possibility of those due 
to strut eccentric loading. A further advantage may lie in 
the modified control equations required. The equations 
for the horizontal legs will be the same as those outlined 
in the section on control means and the sin a term required 
by the other actuators will be replaced by 

for all the vertical legs, The envelope of movement will be 
a combination of the amplitudes shown in Figs 7 and 8 
and will result in an approximately cylindrical form of 
envelope. 

The kinematic analysis of this arrangement requires 
special treatment in that three members now coincide on 
a single joint with three degrees of freedom. The practical 
design of the mechanism actually has the three members 
coincident on this joint, but for the analysis the joint must 
be considered as two separate ones each with three free- 
doms connected by the member forming the platform (2). 
The resulting kinematic diagram will now be made up of 
14 members and 18 joints with a total of 36 and 30 free- 
doms respectively for jacks operating and locked. When 
these figures are applied to the formula, correct resulting 
mechanism freedoms are obtained. 

The arrangement just described is likely to have much 
value in systems where the greatest degree of rigidity and 
response is of more importance than amplitude. 

L, = [(XZ+ Y 2 + ( 1 + 2 ) 2 ] 1 ’ 2  

Strength 
Since each leg has one free axis at the earth point, no 
forces can be experienced laterally to the plane of the leg. 
It is therefore only necessary to provide resistance to 
bending within the plane of controlled motion of each leg 
as in Figs 9 and 10, apart from the usual consideration 
given to loaded struts. This allows a favoured distribution 
of material in each leg. 

When the platform is in a locked position, the stability 
of position will depend on the quality of the joints in the 
system. The platform attachment points, which are three- 
axis pivoted joints, are the most complex, and in order to 
maintain a high power efficiency special considerations 
must be given to their strength-to-weight factor. Play 
in these joints does not have any magnification on the 
platform position and attitude, because it will have a 
unity relationship with platform position, together with a 
1/R effect on the attitude, where R is the radius of the 
circle containing the platform. In Figs 9 and 10 arrange- 
ments of the joints on the foundation will be more critical 
with regard to the stability in that any play will result in 
Proc Insrm Me& Engrr 1965-66 
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PLATFORM\ bc\ ~ ,If* 

REEDOM JOIN7 

AXIS  OF 
FREEDOM 

F O U N D A T I V  1 ‘\2 FREEDOM JOINT 

/ 
Fig. 15. Linear co-ordinate control 

magnified dynamics at the platform, but here weight and 
size will be of less importance from the power point of 
view and ample rigidity should be readily achieved. 

The stability of the platform position will also depend 
on the rigidity of the actuators but here it would require 
a specific choice of actuators for given loading and 
accelerations before the resultant rigidity could be qualified. 

CONCLUSIONS 
The mechanism described consists of an eight bar spatial 
linkage which it would seem has so far been overlooked 
in the many published analytical treatises (I). It is con- 
sidered that it could take its place as a fundamental con- 
cept in spatial linkages for the basis of economical machine 
design in a similar way to that of Watt’s and Stephenson’s 
six bar linkages which paved the way in planar mechanisms. 
Thus it is to be expected that a very large number of 
applications will be found for it when its properties 
become generally appreciated. 

The most obvious applications are those relating to 
various types of simulation as mentioned in the introduc- 
tion. It may well be, however, that the greatest impact 
will be made where full universal motion is desirable. 

Other uses come to mind such as general handling 
problems in cargo manipulation, in the medical field, and 
in earth removal. 
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Communications 
Mr G. H. Meier (Zurich)-This new method of obtain- 
ing a platform with six degrees of freedom cannot be 
compared with the method using a three-axis gimbal 
superimposed upon a three-axis linear slide system, as this 
method is no longer worth considering when such a plat- 
form is needed, because of its large size, weight, complexity 
and lack of high performance characteristics ; whereas 
the new concept is light, relatively simple, compact and 
capable of high performance. Obviously there are tech- 
nical difficulties that will have to be overcome to realize 
the 5111 potential of the design, but it is thought that these 
can be solved by careful design. This applies especially 
to the servos controlling the actuators, where accuracy 
and high performance are required, as the stability of each 
loop is dependent on that of all the other loops together. 

We do not propose 10 discuss in detail the basic theory 
of the design of the platform, as the author has done this 
so clearly that there is not much left to discuss, except 
about the points of instability. With vertical legs it would 
appear that the position of instability limits the maximum 
angle of pitch but still leaves a large envelope of travel in 
which this condition is not reached. With horizontal legs 
the position of iostability cannot be eliminated. It could 
happen that all three actuators fall in line with the centroid 
of the platform, then the table is unstable in angular 
motion and forces could be exerted on the platform 
causing buckling if a signal is given for rotation in this 
axis. The extent of the instability will be governed by the 
misalignment of the actuators with respect to the platform. 
The chance that the platform could rest in this position 
and such a motion occur is very slight but the danger 
always exists. 

The applications for this type of platform are obviously 
expensive as it requires a computer and six servos, and 
their cost will depend on the accuracy and performance 
required; the most obvious uses are those relating to 
simulation. In  the other fields they are limited because of 
the expense involved, but there are fields where it is 
possible to use such a platform and these could be in the 
machine tool and medical field. 

Of the different variations discussed, the method using 
linear co-ordinate control would appear to have the best 
chance of further development as it has the advantage of 
inherent stability along with a light working platform and 
thus is capable of high performance. These characteristics 
make it particularly attractive to the machine tool industry 
as a working table for machines. It could be used on large 
Proc Instn Mech Engrs 1965-66 

co-ordinate milling machines where complicated con- 
tours have to be machined, or on small machines with a 
rotating table mounted on the platform to give 360" 
rotation. The main advantage is that one has a variable 
centre of rotation and this can be programmed to give the 
shape required. Whether one can machine concave as well 
as convex shapes will naturally depend on the tool itself. 
The accuracy will naturally depend on the accuracy of the 
servo and the rigidity of the table. 

Another application could be in hospital ships or liners 
in the medical field or as a gun platform aboard a warship. 
It would have the effect of not only eliminating the rota- 
tional motions but of damping the linear motions. This 
would mean that a doctor would be able to perform 
delicate operations as he could work on a stabilized plat- 
form. When used as a stabilized gun platform the damping 
of the linear motions should result in greater accuracy. 
The main limitation in this case is the inertia of the struc- 
ture mounted on the platform 2s accuracy and perfor- 
mance are related to this. 

Mr G. P. Easten, M.A. (Wickham)--I have read this 
paper with interest because it describes an extension and a 
refinement of a device that I have considered as a possible 
means of aligning a radio or radar aerial. In such an 
application, linear motions are not important but, as with 
Mr Stewart's platform, the elegance and simplicity of the 
mounting is to some extent vitiated by the complexity of 
the control mechanism, and it would be interesting to 
know more about how Mr Stewart is thinking of dealing 
with this part of the invention. He does not indicate 
whether the awkward equations would be solved digitally 
or by analogue computer. 

A method that springs to mind is to construct an exact 
scaled-down model, force it to perform the motions 
required and servo the full-scale jacks from linear pick-offs 
on the model jacks. Since only some of the motions, e.g. 
the three rotations, need be applied to the model platform, 
if the remaining motions are applied to the foundation of 
the model the design and construction of such a machine 
might be cheaper than that controlled either by an ana- 
logue or digital computer. 

Is Mr Stewart working on anything like this, or what 
alternative has he in mind ? 

Mr V. E. Gough, B.Sc. (Member)-My attention was 
drawn to this paper by the photographs of thesix linear jack 
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system in (3). We have used this system with success for 
many years (4) (5). As stated in (4), I devised the six linear 
jack system (author’s eight bar system) in 1947, designed 
the tyre test machine in (5) in 1949, and this was opera- 
tional in 195455. We used screw jacks for simplicity. 
Since the publication of ( 5 )  we have fitted digitally con- 
trolled motor drives to the jacks, electronic recording to 
the load cells, and a modern electronic version of specialized 
instrumentation to study tyre-to-ground forces and move- 
ments, which we have also developed during our tyre 
studies. 

In  our version of the six jack system we avoided the use 
of a common joint shown in Fig. 15 of the paper and 

b 

a Fundamental cube with basic framework in double lines. 
b Arrangement of jacks based on fundamental cube of jacks ad, af, 

c Disposition of load gauges based on fundamental cube. 

bd, be, ce, cf. 
Upper plate abc, lower plate def. 

Load gauges are parallel in pairs al, b l ,  b2, c2, c3, a3 and are 
on the basic framework extended. The triangle abc is the sub- 
frame carrying the axle. The top ends of load gauges are 
attached to the upper platen. 

Fig. 16. Principle of machine construction 
Proc Instn Mech Engrs 1965-66 

attached each jack separately to the upper platform. In 
point of fact, the universal joint systems attaching the 
jacks to the platform are identical to those attaching the 
jacks to the foundation. 

Reference (5) gives the method of calculating the jack 
lengths. We have a fully computed table from which we 
read off required values. An appendix to (5 )  gives the 
process used for computing reactions in various co- 
ordinate systems from the load gauges ; we have computer 
programmes to expedite this work. The load cells are 
arranged in a configuration related to the ‘basic cube’, 
which led me to the six jack system. The guiding principle 
which I used in devising the original jack system was 
symmetry or orthogonality. The relationship of any one 
jack to the other five must be the same whichever jack 
was chosen-after a lot of thinking the cube of Fig. 16 
was obvious! 

I would further amplify the point made by the author at 
the top of p. 376, where he says that it is possible to control 
the movement of the platform in any chosen co-ordinate 
system. The platform can be set in any attitude and moved 
in any (unrelated) direction. This point and its importance 
became clear to me when I compared our universal tyre 
test machine (Fig. 17) with machines built on conventional 
slider and gimbal systems which I have seen in the U.S.A. 

Our experience with the device of (4) and (5 )  is strongly 
in favour of the six linear jack system, to which Fig. 15 
relates (but which is more clearly illustrated in reference 
(3)). However, I prefer our particular version shown in 
the accompanying figures; a matter of detail perhaps, but 
such details are important. The system is inherently stable 
and rigid and capable of large movements. 

We have discussed applications of this system with 
computer firms at various times during the last three or 
four years, and it is clear that the system is thoroughly 
amenable to computer-cum-servo control. In  passing, it 
will be noted that one scheme was mentioned in (5).  I n  the 
very early days I even wondered whether a servo control 
system from a scale model six jack system might be accept- 
able to those who do not like mathematics-the full scale 
device following the motion of the model. 
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Professor K. H. Hunt, M.A. (Member)-I commend 
the author on his use of constraint criteria associated with 
the names Griibler and Kutzbach (described under the 
section on kinematic analysis). The fact that it is possible 
to study the mobility of a mechanism or a mechanical 
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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- 
Proc Instn Mech Engrs 1965-66 

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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