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Optimization of Six-Degrees-of-Freedom
Motion Systems for Flight Simulators
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Delft University of Technology, 2629 HS Delft, The Netherlands

The cueing capabilities of a synergistic � ight-simulator motion system are limited primarily by the maximum
translationaland rotational travel allowed by the motion-base.This travel capability,also known as the workspace,
is dictated by the kinematic layout of the motion system. Furthermore, the Jacobian matrix, which maps velocities
from platform space to joint space, indicates the dexterity of the mechanism, or the mechanical effort needed by
the actuators to move the platform. To systematically design unconventionalmotion-bases, a methodologyhas been
developed to analyze arbitrary six-degrees-of-freedom motion systems. The approach is based on an optimization
programto determine the optimal layoutof the motionsystem, given the workspace performance objectives and the
design constraints. This allows the investigation of unconventional platform geometries and actuator attachment
points, thus allowing the designer to tailor the workspace as required by the simulation task, to ensure that a
satisfactory dexterity is maintained, and to guarantee that the actuator legs do not interfere mechanically. This
paper describes the proposed methodology, and shows examples of its applications, � rst to generic workspaces,
and then to the workspace required for the simulation of a large transport aircraft.

Introduction

T HE motion bases of modern � ight simulators are generally
based on a mechanism known as the Stewart platform1 (origi-

nally proposed in 1938 for the testing of tires), which is composed
of a base-frame, six prismatic actuator legs (the jacks), and an up-
per moving platform that carries the payload. The legs are attached
in pairs, via gimbal joints, to the upper and lower platforms near
the vertices of their triangular frames. Figure 1 shows the general
arrangement of a modern2 Stewart platform.

In the conventional arrangement, the locations of the six upper
andsix lower gimbal joints can be mappedon circles,and the gimbal
pairs are separated by a � xed distance (Fig. 2). The motion of the
legs, which are all identical, is constrained by their minimum and
maximum lengths. These constraints impose on the mechanism a
kinematic envelope that the upper platformcan achievewith respect
to the inertial reference frame. The envelope of the total kinematic
excursion (or travel), known as the workspace, determines the cue-
ing ability of the simulator. A larger workspace in a given direction
generallyallows longer cue durations.Increasingproportionallythe
sizeof all of the members of theStewart platformsimultaneouslyex-
tends the maximum translationalcapabilitiesof the upper platform,
but will not affect the rotational limits.

Freely changing the layout itself, therebydeviatingfrom the stan-
dard circular arrangement, is possible. However, the designer must
prevent the platform from achieving a pose that is at, or close to
singularities. In this situation, the ratio of actuatordisplacementsto
the resulting platform displacements is very low, meaning that the
positioning accuracy may suffer, the mechanical loads can become
very high, or the control dif� cult.

Currently, the design of motion-based � ight simulators is carried
out by specifying the performance required of the motion cueing
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mechanism, to generate translational and angular motions. These
motions are intended to approximate the speci� c forces and angular
accelerationsencounteredby the pilot in the simulated aircraft, and
work in conjunctionwith the visual cues to generate the perception
of self-motion.The Stewart platformmotion-base is sized as a func-
tion of these requirements, and other design- and manufacturing-
based constraints. Once the simulator is available, a motion drive
algorithm is applied to generate the motion cues that would most
closely represent those that the aircraft pilot would experience.This
motion drive algorithm reads the outputs of the simulated aircraft
model, and generates jack length commands for the motion cueing
mechanism.3¡5 The motion drive algorithmcan be heuristicallyad-
justed such that the motion platform will never exceed the limits
of the actuators, and will simultaneously provide reasonable iner-
tial motion cues to the pilot.6 If the kinematic limits are reached,
however, the pilot may detect a bump in the motion, known as a
false cue. On the other hand, if the lower-amplitudemotion cues are
attenuated, there is a risk that they will not be detected by the pilot.
Clearly, choosingappropriatemotion is an optimizationproblem in
itself.

If, however, the spatial requirements of the motion platform in
its motion-cueing role were better known prior to its construction,
then the architecture of that mechanism could be speci� ed on the
basis of these workspace requirements. Rather than trying to tune
a particular motion base, the process could be reversed by tailoring
the mechanism to provide the required motion cueing workspace.

The design of the cueing mechanism is by no means restricted to
the typically symmetric shape of the Stewart platform. In fact, the
designercanchoose in three-dimensionalspacethe locationsof each
upper and lower leg attachment point, as well as the properties of
each leg, all of which in� uence the resultingworkspace,and the use-
fulnessof the motionbase.Althoughtherehas been some limited in-
vestigation of unconventionalsix-degrees-of-freedom geometries,7

little priorwork existson the optimaldesignof motion cueingmech-
anisms. A limited amount of work on the optimal design of six-
degrees-of-freedomparallel mechanisms can be found in the � eld
of robotics.8;9

This paper describes an approach to the optimal design of asym-
metric Stewart-type motion cueing mechanisms. This approach is
tested using aircraft responses generated from a � ight-simulation
model of a Boeing 747-400, which are fed through a unity-gain
classical washout � lter3 to predict the simulator trajectories. Based
on these trajectories, a workspace is speci� ed, and a mechanism is
designed to best � t that workspace.
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Fig. 1 Modern Stewart platform,2 composed of six identical actuators
attached to a triangular base-frame and moving platform.

Fig. 2 Typical layout of base-frame or moving platform of a conven-
tional Stewart platform mechanism.

Fig. 3 Process of motioncueing in � ight simulators inherently involves
calculating the desired motion-base trajectories. Simulator trajectories
command the actuators.

Simulator Workspace Requirements
The factorsthat effectivelydeterminethe simulatorworkspacere-

quirements are given by the shaded boxes in Fig. 3. The workspace
required for a particular simulation application depends on the ve-
hicle properties, as well as the maneuvers that must be simulated.
Although the motion requirements could be generated using off-
line simulations, a more realistic approach was adopted here. A
full-� ight simulator, with a mathematical model representing the
Boeing747-400,was � own by a quali� ed pilot.Thirty-one training-
critical maneuvers were recorded. The time histories of the aircraft
speci� c forces and angular rates were then passed through a classi-
cal motion-drive algorithm.10 This particular motion-drive law was
selected because it does not distort the simulator trajectory through
the use of adaptive � lters. The scaling factors of the washout algo-
rithm, which had previously been tuned to a similar aircraft type,
were made unity, and the input signal limiting was removed.

The ellipses in Fig. 4 circumscribe the maximum excursions in
each degree of freedom, and will serve as the weighting factors

for the design synthesis phase. Because of the six required degrees
of freedom, 15 two-dimensional cross-sectional mappings are re-
quired. Finally, all of these are combined to create a hyperellipsoid
in six-space.

Design Freedom
In this work, deviations from the conventional Stewart platform

are introducedin the mechanismdesignprocessand the geometry is
allowed increasingfreedom. In its fully general form, the geometric
design of a six-degrees-of-freedom synergistic platform consists of
determiningthe sixuppergimbalattachmentpointsand the six lower
gimbal attachment point in three-dimensional space, as well as the
minimum and the maximum actuator lengths for each of the six
actuators. This leaves the designer with 6 £ 3 C 6 £ 3 C 6 £ 2 D 48
free design variables to select. Varying any one of these variables
will in� uence the � nal performance of the design. Furthermore,
the in� uence of each individualvariable on the � nal performance is
nonlinearand dependenton the valuesof all other variables.Clearly,
considering the large number of design requirements as well, this
design problem must be addressed in a systematic way if there is to
be any hope of solving it.

For the purposes of the present work, the solution of the fully
general design was consideredexcessivelycomplex, and was found
to be beyond the capacity of our available computing platforms.
Thus, the number of design variables had to be reduced to a more
realistic subset. After some testing and iteration, the subset chosen
was one that resulted in nine design variables. The mechanisms
investigatedwere symmetricalabout the X – Z plane.The locationof
the upper and lower attachment points on their respectiveplatforms
was generalizedfrom a circle (in the conventionalStewart platform)
to an ellipse, as shown in Fig. 5. The size and aspect ratio of these
ellipses were made variable, thus resulting in two design variables
per platform.The separationbetweeneach pair of attachmentpoints
was � xed at the minimum that was physically achievable (2d for
the upper platform, and 2p for the lower platform). One pair of
attachment points was � xed to lie symmetrically on the x axis. The
other two pairs of attachment points were located symmetrically
an angle ® from the x axis (and correspondingly an angle ¯ on
the lower platform). The angles ® and ¯ constituted two additional
design variables. Finally, the actuator minimum lengths qmin were
also used as design variables, but the symmetry of the platforms
reducedthese to only three additionaldesign variables.The actuator
maximum lengths qmax were then based on the minimum lengths
according to

qmax D 2qmin ¡ 0:981 (1)

where qmax and qmin are in meters. This represents a family of actu-
ators with identical mechanical hardware, except that the cylinders
and pistons are cut to differing lengths. Equation (1) is determined
empirically and is based on existing motion-basehardware.

The geometry speci� ed by these nine design variables is substan-
tially more general than that allowed by the conventional Stewart
platform, and resulted in problems that were solvable in a few hours
on our available computing platforms. It was also felt that this re-
duced set of variables would constitute a good � rst attempt at the
optimal design of a more general class of � ight-simulator motion-
base. It should be noted that there is no fundamental reasonprevent-
ing the generalizationof this problem to the fully general one of 48
designvariables,thoughit would be expectedthat each optimization
would then require days or weeks of computing time. In addition, it
could be questioned how practically viable a fully general con� gu-
ration may be as a result of the manufacturing complexities it may
entail.

Optimization Method
To be amenable to an optimization approach, the problem of op-

timal platform design must � rst be cast in the standard form of an
optimization problem, namely:
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Fig. 4 Trajectory maps of the predicted simulator motions plotted for each pair of degrees of freedom (15 combinations in total), represent the
measured vehicle model responses to 31 maneuvers, passed through the motion-drivelaws.Weightingellipses indicate mechanism minimumworkspace
criteria.

Fig. 5 Layoutof standard (circular)and elliptical (shaded)upper plat-
form.Gimbalsare mappedalongthe boundaryof the ellipse (rather than
circle), and angle ® can range between 90 deg and 170 deg. Distance 2d
is held constant. Similarvariationsare allowed to the base-frame layout
during the optimization.

minimize f .x/

x

subject to gi .x/ D 0; i D 1; ne

g j .x/ · 0; j D ne C 1; ne C ni

(2)

wherex is a vectorof designvariablesthat, in thepresentapplication,
includes the major and minor semi-axes of the upper and lower
platform(Arx , Ary , Brx , Bry ); the gimbal attachmentangles (® and
¯ ); and the three minimum leg lengths (qmin 1, qmin 2 , qmin 3 ). The
objective function f .x) de� nes the scalar quantity that the designer
is attempting to optimize. As will be detailed in the next section,
the objective functionwas chosen to maximize the workspacein the

Fig. 6 Distinction between a local minimum and the desired global
minimum.

variousdegreesof freedom.The n inequalityconstraints,gi .x/ · 0,
are used to place bounds on the design variables and functions of
them. In the present work, these included bounds on the minimum
dexterityof the motion-base,as well as on the minimum leg lengths.
In a fully general nonlinear programming problem, the functions
f .x/, gi .x/, and g j .x) are completelygeneraland haveno particular
form, e.g., linear, quadratic, convex, etc. When this is the case, as
in the present work, the optimization problem can be quite dif� cult
to solve consistently and reliably.

Many techniques exist to solve general optimization pro-
blems.11;12 All of these techniques are iterative in nature, i.e., they
start from an initial guess for the solution, which is supplied by the
user, and take steps toward a local optimum that may or may not
be the global optimum to the optimization problem. Thus, an im-
portant consideration in any minimization problem is the number
of minima that the problem can be expected to have. In general,
although there can only be one true global minimum, there may
also be a number of local minima. This is illustrated in Fig. 6 for
the unidimensionalcase of an objective function f .x) which varies
with a single design variable x. A result of this situation is that
the solution algorithm may converge onto one of the local minima
without detecting the global minimum. Our results indicated that
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our problem, as formulated, does indeed have multiple local min-
ima. To circumvent this problem, a technique was implemented in
which 70 differentrandomlychosen initial startingpoints were used
for eachoptimizationproblemsolved.Each of thesewouldconverge
onto a particular minimum, and these were then sorted. Typically,
40–50% of the starting points would converge onto the same best
minimum found, and this gave some assurance that this should be
the global minimum. However, it cannot be proven that this mini-
mum was truly global because of the complexity of the functions
involved. The search for techniques that can consistentlyguarantee
convergence to the global optimum for fully general optimization
problems is still an active area of research.

The size and direction of the steps taken toward the optimum
are determined by the principle of operation of the particular tech-
nique used. Each solution iterate is checked against certain opti-
mality conditions,13 which must be satis� ed by the true solution
to the problem. If these conditions are not satis� ed within a user-
supplied tolerance,another step is required.The computationalcost
of each iteration, as well as the convergence characteristics of the
technique,will determinethe CPU time requiredto � nd the solution,
as well as the variety of problems for which the algorithmwill suc-
cessfully converge.A comprehensivesurvey of evaluationsof these
techniques12 concludes that overall, the sequential quadratic pro-
gramming and the generalized reduced gradient techniques seem to
work best for a variety of constrained nonlinear optimization prob-
lems. In the present work, the sequential quadratic programming
method13 was chosen. The principle of operation of the sequen-
tial programming technique is as follows: at each iteration, based
on the current solution iterate, the algorithm formulates and solves
a simpli� ed problem whose solution is used as a step toward an
improved solution iterate. This simpli� ed problem consists of a
quadratic objective function and linear constraints, i.e., a linearly
constrained quadratic programming subproblem. The new solution
is then checked against the optimality conditions for the true prob-
lem to determine whether another step must be taken.

Speci� cation of the Objective Function
A hyperellipsoid,created by merging the two-dimensional map-

pings shown in Fig. 4 into a six-dimensionalmathematical function,
describes the required motion volume. Its mathematical form is de-
� ned as

X ¡ X0

½X

2

C
Y ¡ Y0

½Y

2

C
Z ¡ Z0

½Z

2

C Ã ¡ Ã0

½Ã

2

C
µ ¡ µ0

½µ

2

C
Á ¡ Á0

½Á

2

· 1 (3)

where X0; : : : ; Á0 denote the neutral position of the motion base
(when all actuators are at their midstroke). The variables X , Y ,
and Z represent the translational position of the centroid of mo-
tion base, whereas Á, µ , and Ã are the Euler angles that describe
the platform’s roll, pitch, and yaw. The neutral position also corre-
sponds to the midpoint of the hyperellipsoid.The weighting factors
½X ; : : : ; ½Á denote the ellipsoid semi-axis length in each direction.
They are determined by drawing ellipses that nearly circumscribe
the foreseen aircraft trajectories, as shown in Fig. 4 for 4 of the 15
two-dimensional mappings, and determining the major semi-axis
lengths of these ellipses in each of the six degrees of freedom. A
few assumptions are made in the current solution. When the tra-
jectories are projected in a particular pair of degrees of freedom,
only the maximum excursion or rotation along a particular axis is
considered. This assumes that the trajectories will then fall within
the resultingellipse,which in most cases, it does. For this particular
case, this method results in the following ½ vector: [½x , ½y , ½z , ½Ã ,
½µ , ½Á ]T D [0.8206, 0.2035, 0.3695, 0.1030, 0.5038, 0:3553]T .

Note that one could also describe the ellipsoid around the total
trajectories in six degrees of freedom, and then map this larger el-
lipsoid onto the respective two-dimensional surfaces. This would
slightly change the preceding weighting vector.

The objective function to be maximized is then speci� ed as

NX 2 C NY 2 C NZ 2 C NÃ 2 C Nµ 2 C NÁ2 D R (4)

where NX , NY ; : : : are generalized coordinates, denoting a scaled,
nondimensionaldistance from the platform’s neutral position, e.g.,

NX D .X ¡ X0/=½X (5)

The factor R, whichis calledtheweightedradiusof thehyperellip-
soid, scales the ellipsoid proportionallywithout changing its shape.
The objective function given by Eq. (4) attempts to � nd the max-
imum weighted radius Rmax , describing the largest hyperellipsoid
that just � ts into the workspace of the motion platform. If Rmax ¸ 1,
the largest scaled ellipsoid that � ts in the workspace, described by
Eq. (4), will be larger than the design ellipsoid given by Eq. (3).
Because the latter is known to circumscribe the design trajectories,
this effectivelyguaranteesthat theworkspacewill containthe design
trajectories. Alternatively stated, when Rmax D 1, we know that the
design trajectories� t inside the design ellipsoidof Eq. (3), which in
turn, � ts inside the largest scaled ellipsoid,which in turn, � ts inside
the workspace.

Because the motion-base must be symmetric about the X – Z
plane, it follows that

Y0 D Ã0 D Á0 D 0 (6)

The X0– Z0 location of the platform reference point indicates the
neutral position of the platform with respect to the base, whereas µ0

is the initial platformpitch angle. All of these values are determined
during the optimization process.

Estimation of Rmax

Because there is no analyticalmethod available to calculate Rmax,
a numerical approximation must be used. However, the computa-
tional effort of this approximationshould be kept within reasonable
limits because each optimization loop typically requires a few hun-
dred iterations to locate an optimum.

The approachused here is to restrict the analysisof the workspace
to cross-sectional planes of the hyperellipsoid. For instance, in a
three-dimensionalcase, an ellipsoid could be evaluated by restrict-
ing the analysis to its three cross-sectionalplanes, namely the X –Y ,
X – Z , and Y – Z plane. In the six-dimensional case, there are 15
cross-sectional planes in the volume, including combinations of
both translationaland rotationaldirections: X –Y , X – Z , X –Ã , X –µ ,
X –Á, Y – Z , Y –Ã , Y –µ , Y –Á, Z –Ã , Z –µ , Z –Á, Ã –µ , Ã–Á, and
� nally, µ –Á.

This strategy reduces the estimation of Rmax to the estimation of
15 inscribedellipses, i.e., determiningthe local RXY , RX Z ; : : : ; RµÁ ,
in thecross-sectionalplanesof the workspace.The ellipsethatyields
the smallest value for Rmax is considered critical, thus implying

Rmax ¼ min.RXY ; RX Z ; : : : ; RµÁ / (7)

Figure7 depicts this conceptfor three crosssectionsof the transla-
tionalworkspace,namely X –Y , X – Z , and Y – Z . Here, theweighting

Fig. 7 Three inscribed ellipses in cross-sectional planes of the work-
space.
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Fig. 8 Estimate for X–Z motionboundarybased on 16 discrete bound-
ary searches.

factors are ½X D ½Y D 1 and ½Z D 0:5, and the critical ellipse is
located in the X – Z plane.

Determining the Weighted Radii of the Inscribed Ellipses

To de� ne the inscribed ellipse for each cross section, the bound-
ary of the workspace in that cross section must � rst be deter-
mined. Although an analytical determinationof motion boundaries
is possible,14 it is restricted to translationalmotions, and is compu-
tationally intensive.

The numerical approach used here to � nd the boundary is, how-
ever, straightforward, as there is a direct relation between the plat-
form pose and the leg lengths. By moving the platform from its
neutral position in a certain direction, the leg lengths are changed.
At some point, one of these leg lengthswill reach its speci� ed length
limit, thus restraining the platform motion.

The workspace boundary can be estimated by repeatedly search-
ing for the boundary, in a different direction each time (the off-
set direction), while always starting from the same initial position.
Figure 8 shows how a boundaryestimate for the X – Z plane is found
with 16 discrete offset directions.

The weighted radius of the maximum inscribed ellipse can be
found by an appropriate choice of offset directions. This will now
be described mathematically for the X – Z plane, using Nbp discrete
boundary searches. First, equally spaced angles ®i are de� ned:

®i D .i=Nbp/ £ 2¼; i D 1; : : : ; Nbp (8)

Next, an offset vector is de� ned for each direction:
µ

1X

1Z

¶

i

D
µ

½X £ cos.®i /

½Z £ sin.®i /

¶
(9)

Then, the boundary points are detected by an iterative process, us-
ing the Jacobian matrix, as well as the actuator lengths and their
limits. The process converges quadratically, normally yielding the
boundary points in 2–3 iterations. One parameter ki per direction
de� nes the boundary points:

µ
X B

Z B

¶

i

D
µ

X0

Z0

¶
C ki

µ
1X

1Z

¶

i

(10)

The accuracy of the workspace determination depends on the
number of discrete boundary points that are analyzed per cross sec-
tion (Nbp ), as well as the accuracy in the boundary-pointestimation
itself ("). In this work, we used Nbp D 48 and " D 10¡5 .

Finally, the weighted radius of the inscribed ellipse is de� ned as
the minimum of all values ki :

RX Z D min
¡
k1; k2; : : : ; kNbp

¢
(11)

Applying Eq. (7) then represents an approximation to the maxi-
mum weighted radiusof the inscribedhyperellipsoid,Rmax , because
only the cross-sectionalplanes of the workspace are considered.

Dexterity
In the six degrees-of-freedom synergistic mechanism, six actu-

ated links determine the position and rotation of the platform. By
contracting and extending the links, the � nal platform pose (po-
sition and rotation) is altered. This implies that there should be a
one-to-one relation between the actuator link positions (the length
of the actuators) and the platform pose. Problems can arise with
the controllability of the platform when the platform pose varies
substantially for very small motions of the actuators.

This situation is called a singularity of the platform and should
be avoided throughoutthe workspace,as it can lead to malfunctions
and failureof the platform.Furthermore,designs that yield nearness
to singularities should be avoided, as they can result in excessively
high actuator loads.

Singularities can be detected by analyzing the Jacobian matrix,
which relates rates of change in platform pose to rates of change in
actuator lengths:

Pq D J Px (12)

where q denotes the actuator lengths, and x denotes the platform
pose, including both translationsand rotations. The 6 £ 6 matrix J
is de� ned as

J D

2

4

@q1

@x
¢ ¢ ¢

@q1

@Á
:::

: : :
:::

@q6

@x
¢ ¢ ¢ @q6

@Á

3

5
(13)

Note that J is not constant, but varies throughout the workspace.
The dexterity D is the reciprocal of the condition number of J , and
can be de� ned as

D D ¾min=¾max (14)

Fig. 9 Simulator motion-base architecture optimization procedure.
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in which ¾min and ¾max denote the minimum and maximum singular
value of J , obtained by a process called singular value decomposi-
tion.

The dexterityindicatesthe controllabilityof the platform.A value
of D D 1 indicates an isotropic condition, in which equal actuator
effort is needed to obtainmotion in everydirection.When approach-
ing a singularity of the platform, ¾min will tend to zero, and thus, a
value of D D 0 will indicate a singular con� guration.

Optimizing the Motion-Base Architecture
The optimization process attempts to de� ne a motion system ar-

chitecture that achieves the desired workspace criteria, while also
maintaining a dexterity no less than 0.2, a value obtained through
design experience.Because of the computational intensity, only an
estimation of the dexterity is calculated during the optimization (at
the 64 minimum/maximum actuator length combinationsand at the
boundary points of the workspace evaluation). The workspace and
dexterity are thus used to specify the optimal motion system archi-
tecture, as shown in Fig. 9.

Bounds are placed on the design variables to prevent them from
reachingunreasonablevalues.The major andminor semi-axesof the
ellipsesde� ning the upper and lower platforms are constrainedto lie
within the range [1.5 3.0] m, the angles ® and ¯ are constrained to
the range[90 170] deg,and theminimumleglengthsareconstrained
to the range [1.381 2.981] m. And � nally, to prevent all of the
minimum leg lengths from going to their maximum limit (in an
effort to maximize the platform workspace), an upper bound of
12.786 m is placed on the sum of all the minimum leg lengths.

Fig. 10 Graphical depiction of the geometry of the motion-base in the neutral position, and a three-dimensional representation of translational and
rotational workspaces.

Once the optimum has been found, a more thorough check of
the minimum dexterity is performed, by dividing each of the actu-
ator lengths into 10 sections, and evaluating the dexterity at each
of the 106 combinations. During these calculations, the minimum
absolute distance between all of the legs is also computed. If this
minimum ever falls below a speci� ed level (in this case 15 cm), the
programindicates that there is a potential leg-crossingsituation and
the candidate geometry is rejected.

Discussion of Results
Three test cases are now shown to illustrate the use of the de-

sign software. In the � rst test case, the weighting factors in all de-
grees of freedom are equal, and the relationship between the angu-
lar and rectilinear motions speci� ed such that 1 rad of rotation is
weighted equally to 1 m of displacement. In the second test case,
because the use of pitch motions in � ight simulators recreates both
the aircraft pitch attitude as well as long-duration speci� c forces
through tilt-coordination, the pitch motion is weighted by a factor
of 2, whereas all others are unity. Finally, in the third test case, the
aircraft- and washout-speci�c weighting factors of [½X , ½Y , ½Z , ½Ã ,
½µ , ½Á ]T D [0:821, 0.204, 0.369, 0.103, 0.504, 0:355]T , described
in an earlier section, were used.

Table1 gives the � nal valuesof thedesignvariables,theconstraint
functions, and Rmax at the global optimum for each of the three test
cases. The salient points in this table are as follows:

1) The upper platform is circular or near-circular in all test cases,
and the semi-axes lie against their minimum constraint of 1.5 m.
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Table 1 Values of the design variables, constraint functions,
and objective function for the optimum geometries

Unity weighting Enhanced pitch Boeing 747-400

ArX , m 1.500 1.500 1.500
ArY , m 1.500 1.581 1.500
BrX , m 2.544 2.415 1.837
BrY , m 1.808 2.055 2.130
®, deg 123.5 112.5 123.5
¯, deg 101.4 90 106.2
qmin 1, m 2.203 2.437 2.213
qmin 2, m 2.139 1.987 2.042
qmin 3, m 2.051 1.970 2.138
D 0.2 0.2 0.2
6qmin 12.786 12.786 12.786
Rmax 0.414 0.304 1.014

Fig. 11 Graphical depiction of the geometry of the reference (left column) and the optimized (right column) motion bases, showing top, side, and
front views, respectively.

2) The lower platform is always elliptical, though its major semi-
axis lies in the x direction in the � rst two test cases, but in the y
direction in the third test case.

3) The angle ¯ lies against its lower boundof 90 deg in the second
test case.

4) The dexterity constraint is active in all three test cases, indi-
cating that the dexterity attains a minimum value of 0.2 somewhere
in each platform’s workspace

5) The constrainton the sum of all minimum leg lengths is active
in all three test cases. In the � rst and third test cases, the individ-
ual minimum leg lengths do not vary substantially, whereas in the
second test case, actuators 1 and 6 are considerably longer than
actuators 2, 3, 4, and 5.

6) Rmax is less than unity in the � rst two test cases, indicatingthat
only a scaled-down hyperellipsoidwas achievable.
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7) Rmax is greater than unity in the third test case, indicating that
theBoeing747-400trajectoriesare achievablewith thismotion-base
geometry.

Figure 10 shows the resulting mechanisms graphically as well
as their translational and rotational workspaces. The � rst column,
showing the resultsof the uniformlyweightedellipsoid,has the most
uniform workspace of the three geometries. However, the layout
of the mechanism deviates considerably from the standard Stewart
platform. When the pitch weighting is doubled, the mechanism in
the second column is obtained. The rotational workspace shows a
distinct elongation along the pitch axis, achieved with a rather un-
conventional form of the mechanism. Finally, using the weighting
function derived from the predicted trajectory of the 747-400 air-
craft, the mechanism in column 3 is obtained. Its workspace shows
that the x-direction motions are the most emphasized, relative to
all others. While this mechanism does not deviate drastically from
conventional designs, it offers optimum cueing capabilities, based
on the washout � lter used.Moreover, the forward gimbals are lower
than the aft pairs, which would allow easier placement of the visual
display system with respect to the pilot eye position. In fact, this
architecture lends itself well to a full-� ight simulator.

Figure 11 demonstrates the effectiveness of the optimization,
showing both the Stewart platform and the optimized architectures.

The goal set forth in the beginning of this research was to tailor
the workspaceavailableby manipulatingthe design variables,while
remainingwithin the speci� ed constraints.The freedomto allow the
upper and lower attachmentpoints to fall on elliptical,rather than on
circular lines, was found to yield a signi� cant advantage.This does,
however, require unequal actuator lengths. The costs related to this
nonuniformity can be reduced by developingactuators with similar
hydromechanical component geometries, while allowing only the
piston–cylinder lengths to vary.

Furthermore, this approach allows the realizationof mechanisms
as functions of the cueing requirements, rather than trying to work
around the workspace constraints of standard Stewart platforms
through excessive attenuation of the aircraft motions, or the use
of nonlinear adaptive � lters.

Conclusions
The design of a � ight simulator is a highly integrated multidisci-

plinary activity with the eventual goal of providing realistic cues to
the simulator pilot. This paper reconsiders the conventionalmotion
system design procedure, by addressing the cueing requirements
prior to specifying the motion system, and then de� ning an ap-
propriate motion system geometry. The � exibility offered by this
technique allows tailoring the motion system to particular needs.
The optimizationapproach adopted here emphasizes that the speci-
� cation of a motion platform geometry need not be restricted to the
conventionalStewart platform.

While this technique thoroughly examines the kinematic aspects
of motion-bases,further analysis should follow. The remaining task
involvesdesigningthe crewmodule,a visualdisplaysystem, and the
structure to integrateall onboard systemswith the moving platform.
Then, with knowledge of the mass and stiffness properties of the
entire moving load, detailed dynamic analyses can be performed.

It should be highlighted, however, that the platforms of multi-
purpose facilities, such as the SIMONA Research Simulator, often
require a wide range of workspace capabilities, as well as a high
bandwidth. In these instances, a generic Stewart platform may be
the optimal choice, given the wider range of applications required
than with a training simulator.
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