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Abstract: The study about a variable geometry truss is presented. The first step is a kinematic design and later an
analysis using the MSC/Adams code. Then, the finite-element method with the MSC/Nastran code was used to
develop a variable mathematical model to characterize its mechanical behaviour. An explanation is given of the
solution selected to analyze the most complex joints. A series of measurements were carried out using different
experimental techniques. The aim of photogrammetry tests is to study clearance effect in the joints. On the other
hand, measurements of the stiffness were carried out to introduce these data in the finite-element model and thus
characterize the accurate position of the structure.
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1 INTRODUCTION

At the beginning of the 1980s study began on the so called variable geometry structures mainly for space use [1, 2].
Their capacity to adapt to different mechanical solicitations varying their geometry [3, 4] and high stiffness to weight
ratio make them highly appropriate for this purpose. Nowadays, the study of these structures is focused in tensegrity
structures [5], deployable structures [6], and adaptive structures [7], where new materials and components are being
tested. Their most immediate application is as manipulators or antenna masts [8]. The most common shape of these
structures is the spatial truss, comprising various bays or modules, where the basic unit is repeated. Several studies
exist showing the characteristics of the different geometrical shapes, which can be used as the basic unit. In this case,
the octahedron has been chosen (Fig. 1), with the actuators on the horizontal planes [9-11]. For the current study, a
five-bay prototype was built with four actuator planes, as shown in Fig. 2. There are three actuator bars on each
plane, which may vary in length, forming an equilateral triangle in their initial position. These bars are connected by
special nodes with various types of kinematic pairs: two rotational and four spherical. The rotational pairs join the
actuators to the central section of the node and the spherical pairs connect the other bars, two at the top and two at
the bottom. These bars join the different planes to each other. The five-bay structure has 12 degrees-of-freedom
(DOFs). A kinematic model was developed using the MSC/Adams code, with which the structure kinematic variables
can be known at any given moment. In addition, a Patran Command Language (PCL) program was used to create a
finite-element model from an IGES file obtained through MSC/Adams, and subsequently studied using MSC/Patran
code. This program enables the creation of as many finite-element models as desired for each structure position.
Thus, the effect of the different structure elements on final positions may be studied in greater depth. Adjustment of
these models was carried out via extensiometry and photogrammetry testing.

Fig. 1 Basic unit. Octahedron



2 MATHEMATICAL MODELS

The variable geometry truss (VGT) prototype is based on theoretical geometry using an octahedron as the basic unit.
This geometry repeats itself throughout the five bays, obtaining a three-dimensional truss comprising 48 bars. The
three bars on the base and the three at the top of the triangle have a constant length and are called ‘battens’. The 12
bars on the other parallel planes are called ‘actuators’ and may vary in length [12]. The remaining 30 bars which
communicate the different planes are called ‘longerons’ and whose length is constant. All the structure bars are joined
together at the nodes. In fact, it is impossible for the bars to be connected to a single point; therefore, a node as close
as possible to the ideal has been designed. Six bars are connected to this node: two actuators and four longerons, as
shown in Fig. 3.

Fig. 2 (a) Five-bay geometrical diagram and (b) real prototype

The actuators are connected to the node via two rotational pairs and the longerons with spherical bearings. These
nodes are repeated on all the intermediate bays. Nevertheless, three spherical bearings are sufficient on the upper
and lower end nodes. This is because the bars joining the base plane to the one above have no relative movement
between them, are two by two, and thus joined at the node by a single spherical bearing. The same situation occurs
symmetrically in the bars joining the upper plane end to the one immediately below. These bars are likewise joined to
the end planes with spherical bearings. The actuator bars consist of a brake, an electric stepper motor, a coupling,
and a precision ball screw. Figure 4 shows a longitudinal view where these elements can be observed. At the ends
there are two rings forming the rotational pairs on the nodes. The kinematic model can be carried out with all these
data on MSC/Adams. Two models were developed; the most complex based on the part manufacturing drawings
representing all the elements, including the nodes in detail. This model was used to perform several simulations of
interest, visualizing the rotation angles on the bearings and possible contacts which might occur. Figure 5 shows the
realistic kinematic model of the prototype. The second model was more straightforward, including only the elemental
geometry; and is known as the structure ‘skeleton’. This model was used as a base for construction of the final finite-
element model in a subsequent phase. Execution sequence is as follows: first, using the MSC/Adams code a specific
position is analyzed and then geometry is exported to the MSC/Patran code via IGES file. Inmediately afterwards, the
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macro program in PCL is executed obtaining a complete finite-element model, where different load cases can be
simulated. Program is based on the imported geometry reference points. The most complex elements, i.e. the nodes,
were previously modelled in other files. These submodels are inserted in the final model. Relative reference systems
are created and subsequently aligned to situate all the elements in their correct orientation. Element properties, such
as materials or section may be easily modified in the program.

Fig. 3 Detail of (a) real prototype node and (b) model node
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Fig. 4 Longitudinal view of the actuator bar

This development enables accurate study of all the structure positions of interest. Development diagram is shown in
Fig. 6. In finite-element design, modelling of the different parts comprising the prototype must be defined [13].
Basically, three element types were used: three-dimensional beams, three-dimensional solids (tetrahedron and
hexahedron) and springs (both axial and torsion). For truss configuration of the structure, it is deduced that the efforts
supported are basically axial, in most cases, traction on actuators and compression on longerons. Among all the
elements comprising the structure, the coupling presents greater flexibility, suffering deformations of a magnitude
considerably higher than the other components. Its longitudinal stiffness was modelled using a spring element.
Stiffness in the transversal direction has a small influence on the global structure behaviour and was also modelled
using spring elements. The other actuator elements were modelled via beam elements of different lengths, sections,
and materials. The longerons were correctly modelled using beam elements, with the tube section. Nodes were
represented via three-dimensional elements to correctly define their shape. As said before, these nodes join six bars,
four longerons, and two actuators. These are joined to the nodes via multi-point constraints. Thus a series of
equations relating different DOFs is defined on MSC/Patran. This method must be used since a beam element (six
DOFs on each node) is to be joined to a three-dimensional element (three DOFs per node) so it functions like a
clamp. There are different methods which provide values with minor distortion in relation to the stress distribution on
either side of the connection [14, 15]. However, in this case, it was not of particular interest because the axial stress is
the predominant. Therefore, it was decided to use a linear equation relating the node rotational DOFs of the beam
element to the displacements of the three-dimensional elements next to this node.

On the other hand, the nodes and the longerons are joined by as many spherical bearings. These bearings consist of
a fixed body joined to the node and a spherical mobile part. Modelling in detail of this element offers no improvement
for the model, so it was decided to use spring elements to represent the stiffness of the bearing body in the three
directions. The spherical pairs include the clearance effect [16, 17] bearing in mind the experimental results carried
out previously.

To consider this effect a spring—damper model commonly used in the study of clearances in multi-body systems was
employed. The bearing rotation is simulated considering pinned DOFs on the transversal axes (Ry , Rz). Even though
the bearing can also rotate on its longitudinal axis, this condition was not included in the model since it was redundant
and had no influence on the global structure displacement. The model is clamped to its base and the loads are
applied on the vertices of the upper triangle. Details of the finite-element model are shown in Figs 7 and 8.
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Fig. 6 Development diagram of the finite-element model




Fig. 7 Actuator plane Fig. 8 Intermediate node

3 TESTING

Once the finite-element model was developed, two different kinds of tests were performed to evaluate some of the
system variables. Thus, the VGT prototype real behaviour can be characterized more accurately:

The aim of the first test type was to determine the repeatability of the structure, i.e. the capacity to return to its original
position after performing a series of movements. Tests were performed in the case of the structure vertical displacement.
There are several optical techniques that can be used for displacements measurements [18]. In this case
photogrammetry techniques without contact were used to measure the repeatability. These techniques are appropriate
when the point to measure is not easily accessible or when the techniques themselves can influence on the results. The
equipment consists on a digital camera Nikon D100 with a six mega pixels image sensor, an objective Nikkor of 300 mm
and a teleconverter of 1.4 (resulting in a focal length of 420 mm). The camera is assembled on a very rigid tripod and a
control program to shoot and register the pictures is used, so any small movement is aborted. This software is the Nikon
Capture Camera Control. Figure 9 shows the camera and the tripod. A closely orthographic projection is obtained with
the focal length and the distance between the camera and the structure, 5 m, so perspective distortion is not taken into
account. Thus photographs can be processed directly, without data preprocessing. A grid has been developed as a
reference for the measurements. This grid has been calibrated using a microscope model Mitutoyo TM with micrometer
heads on x and y-directions. The grid, situated on a vertex of the upper triangle, is shown in Fig. 10. A computer is
connected to the camera via USB connection and to the drivers via RS232 series connection. The drivers move the
electric motors of the actuators following the given instructions. These instructions are introduced bythe userthroughthe
specific software developed for these drivers. The basic functions are the definition of the displacement, velocity, and
acceleration of the electric motor.

Fig. 9 Camera and tripod Fig. 10 Calibrated grid



Tests were performed with the structure in vertical position, moving all the actuators on the same plane at the same time,
thereby achieving a rectilinear movement on the vertical axis. Measurements were taken for several load cases and
actuator displacements in the initial and return positions. The coordinates of two grid points are obtained from each
picture, so any possible error on data acquisition can be easily detected. Results were also checked with the use of dial
gauges. These results agree with those previously obtained for the three-bay structure [19]. It can be assumed that
positioning errors come from clearances in the spherical bearings. Results are shown in Fig. 11. The relative error is
calculated for each case as the quotient of the difference between the initial and return positions and the vertical
displacement. The second test type was performed to measure the stiffness of the flexible couplings which form part of
the actuator bars. A traction-testing machine was used, adapting it to the coupling case. Figure 12 shows the machine in
its initial position, before the coupling had suffered any deformation. The stiffness is obtained as the slope of the curve
force-deformation as shown in Fig. 13, corresponding to a value of 2.5 104 N/m. This curve is linear in the usual range of
load cases for the current study. In the mathematical model, it has been included only the linear model, not considering
the plastic behaviour.
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Fig. 12 Traction-testing machine Fig. 13 Curve force-deformation of the coupling

4 RESULTS

The properties of the couplings and the bearings have been defined from data obtained in the tests. Couplings are
modelled with spring elements whose stiffness has been defined previously. Spherical bearings are modelled by a
stiffness representing the effect of the clearances. It is considered that all the bearings have the same stiffness. This
value is obtained from the absolute displacements and forces of the photogrammetry tests. With this method an
approximation of the real behaviour of the bearings is supposed, but it is useful in a qualitative point of view. The other
elements of the model are defined through their physical properties. Longerons are steel tubes. The rods that join the
tubes with the bearings are made of brass. The elements forming the nodes are of aluminum. The elements of the
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actuator bars have their own specification sheets, so the characteristics can be obtained from them. By way of
verification, an analytical calculation was carried out on the forces acting on all the structure bars, using a mathematical
structure made up of ideal octahedrons forming a three-dimensional truss. Calculations were reduced to the range of
positions on the vertical axis, which was the case used for testing. The obtained results are very close to those shown by
the finite-element model. This model allows the differentiation among the deformation components because of the
couplings, the bearings, and the other elements. In order to obtain a movement of the structure in the vertical axis, the
three actuators of the same horizontal plane must vary their length identically. The initial position of the structure is
considered the reference of the actuator displacement. In this case the value of the displacement is zero. The study
consists on the five positions obtained from the following displacements of the actuators: 0, 50, 100, 150, and 200 mm,
moving simultaneously. Load cases vary from 10 to 100 N, with increments of 10 N. The total number is five positions
and ten load cases in each. The loads are applied on each of the vertices of the upper triangle, so the maximum load
over the entire structure is 300 N. Figure 14 shows the different positions of the structure and the reference point where
measurements are taken. Table 1 shows the results for the ten load cases in the initial position. The displacement
column shows the total vertical displacement of the reference point. This value has been obtained from MSC/Nastran.
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Fig. 14 Positions of the structure

Load Displacement

(N) (mm) Coupling % Bearing % Others %
10 1.79 151 84.47 0.20 10.97 0.08 4.56
20 2.10 1.78 84.74  0.23 11.00  0.09 4.26
30 2.42 2.05 84.60 0.27 10.98 0.11 443
40 2.73 2.32 8480 0.30 11.00 0.11 4.20
50 3.04 2.58 8497 0.34 11.02  0.12 4.01
60 3.36 2.85 84.85 0.37 11.00 0.14 414
70 3.67 3.12 84.99 0.40 11.02 0.15 3.99
80 3.99 3.39 8490 0.44 11.00 0.16 4.09
90 4.30 3.66 85.03  0.47 11.02  0.17 3.96

100 4.62 3.92 84.95 0.51 11.00 0.19 4.04

Mean 84.83 Mean 11.00 Mean 4.17

Table 1 Results for the ten load cases in the initial position

The coupling and bearing columns show the vertical components of the displacements because of each of these
elements. Finally, the others column is the difference with the total. This last value is attributed to all the other
deformable elements of the structure. The value of the percentages in relation to the total is included to the right of each
column. It must be noticed that the values shown in the table are actually the components in the vertical direction
because of each component. For example, couplings are part of the actuator bars and their deformation occurs in the
longitudinal direction of those. This deformation implies a length variation of the actuators, which leads to a vertical
movement of the structure. This last value is the one that appears on the table. The case of the bearing is something
similar. The axes of the rods that joint them to the bars are in oblique planes. The table shows the components in the
vertical direction. It can be noticed that the deformation because of the couplings means the main part of the total, in the
order of 85 per cent. The bearings mean an 11 per cent and the rest of elementsa4 per cent. The deformation attribute to
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the ‘Others’ term comes from bending and length variations of the bars of the structure. These percentages vary
according to each position of the structure. Figure 15 shows the variation of the percentage of deformation because of
the couplings. The percentage of deformation because of the bearings does not vary in the case of the displacement of
the structure in the vertical direction. The increment of percentage goes to the other elements. The bars lean when the
displacements of the actuators divided into three components: couplings, bearings, and other elements. The most
important component of the deformation is due to the couplings, more than 80 per cent. This percentage varies for each
position but it is always the greatest. With these refined models it is possible to accurately study the behaviour of the
variable geometry truss, taking into account all the significant variables are greater. This increases the value of the
forces and so the bending of the bars. Even so, there is not a great increment. It can be noticed that the best way to
reduce the deformation is to act mainly on the axial stiffness of the couplings. The deformation in the vertical direction
can be reduced up to 80 per cent increasing this value.
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Fig. 15 Variation of the percentage of deformation because of the coupling

5 CONCLUSIONS

The current paper presents a study carried out with the aim to characterize the real behaviour of a variable geometry
structure prototype. For thisobjective several mathematical models were created. Firstly, a kinematic one, which solves
the positioning problem and subsequently a finite-element one forthe strength study. On being a variable geometry
structure, several models are required, whereby a procedure was developed which automatically creates a finite element
model for the position of interest in each case. These models were correlated with the data obtained from the
experimentation on this prototype. The techniquesusedforthisstudyarethephotogrammetryand traction tests.

Thebehaviourofthedisplacementofthe structure is studied. The deformation in the vertical direction is divided into three
components: couplings, bearings, and other elements. The most important component of the deformation is due to the couplings,
more than 80 per cent. This percentage varies for each position but it is always the greatest. With these refined models it is possible
to accurately study the behaviour of the variable geometry truss, taking into account all the significant variables.
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