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Modal Analysis of a Deployable Truss
Using the Finite Element Method

David V. Hutton*
Washington State University, Pullman, Washington

Development of a large-scale space station will require similarly large structural elements capable of assembly,
fabrication, or deployment in space. Weight and volume constraints of the Space Shuttle Orbiter payload bay
make deployable structures with minimum on-orbit assembly requirements the favored alternative. Current
deployable structure concepts involve folding, three-dimensional trusses with automated deployment /retraction
systems having high deployed-to-stowed volume ratios. Such designs employ a large number of pin joints to allow
the rotational motion required for deployability. To assess the dynamic characteristics of a deployable space truss,
a finite element model of the Science and Applications Space Platform truss has been formulated. The model
incorporates all additional degrees of freedom associated with the pin-jointed members. Comparison of results with
Structural Performance and Redesign models of the truss shows that the joints of the deployable truss affect the
vibrational modes of the structure significantly only if the truss is relatively short.

Nomenclature

= coordinate transformation matrix
= element stiffness matrix in element frame
= element stiffness matrix in global frame
= system stiffness matrix
= locator matrix for displacements
= clement consistent mass matrix in element frame
= clement consistent mass matrix in global frame
= system consistent mass matrix
= total system degrees of freedom
= kinetic energy
= vector of element displacements
= element displacements in global frame
= vector of element velocities
= vector of system displacements
= vector of system velocities
= vector of system accelerations
= potential energy
Y, Z = Cartesian coordinates
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Introduction

ITH the Space Transportation System (the Space Shut-

tle) now operational, the next logical step in mankind’s
use of space is the development of a permanent manned space
station. Construction of such a large-scale structure on-orbit
will require similarly large structural elements which can be
delivered via the Shuttle Orbiter’s payload bay. Research and
development activities in this area have been ongoing for
several years. From these studies have evolved two major
structural element concepts: 1) on-orbit fabrication of con-
tinuous truss-type “beams,” and 2) deployable truss con-
figurations having automatic deployment/retraction systems
and high deployed-to-retracted volume ratios. Deployable
concepts are currently in favor because of the flexibility
afforded in constructing various platform shapes and since,
being self-contained, no additional payload in the form of
fabrication machinery is required.

A Structural Assembly Demonstration Experiment (SADE)
has been proposed for STS Flight 28 scheduled for 1985. Each
of five configuration options for SADE involves deployment
and /or assembly of a truss-type structure as a cantilever from
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Fig. 1 Two-bay cell unit of the SASP-deployable truss.

the payload bay of the Orbiter. Among the objectives of
SADE are: testing of truss deployment and retraction systems,
validation of connector designs for joining structural sections,
data collection on extra vehicular activity (EVA) assembly
tasks, and experimental evaluation of dynamic models of the
truss structures. Of the five SADE options, four incorporate a
structural design known as the Science and Applications Space
Platform (SASP) truss. The SASP truss is a deployable three-
dimensional structure which is intended to be a building-block
element in the construction of a large-scale platform. The
basic unit of the truss is a folding cell composed of two bays
as shown in Fig. 1. When fully deployed, each bay has the
overall dimensions of a 1.4-m cube. Theoretically, any number
of cells can be joined end-to-end to create a deployable truss
of arbitrary length. Alternatively, several independent trusses
can be joined to construct a composite platform in a variety of
shapes.

A full-scale, ten-bay prototype of the SASP truss has been
constructed for ground testing of deployment characteristics.
A mathematical model of deployment dynamics also has been
developed.” In addition to deployment testing and analysis,
determination of the vibration modes of the fully deployed
truss is required. For SADE, knowledge of truss dynamic
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Fig. 2 Truss deployment details: a) retracted, b) deploying.

characteristics is a must since adverse low-frequency dynamic
interaction could affect Orbiter control during the flight ex-
periment. Longer range, dynamic analysis of all structural
components of a large space platform is a prerequisite to
control system design with particular regard to docking and
reboost operations.

SASP Structure

When retracted, the SASP truss assumes an accordion-like
configuration with the longitudinal, diagonal, and transverse
members aligned as depicted in Fig. 2a. Deployment of the
truss is made possible by the telescoping design of the main
diagonals and the freedom of rotation of certain structural
members at the joints. In the retracted position, the length of
each telescoping diagonal is approximately 2.6 m. A deploy-
ment cable passes sequentially through each diagonal and
across pulleys at the folding joints, and is attached to the end
of the final truss bay. In deployment, the cable is reeled at
constant speed by a motor located at the initial bay. This
action produces shortening and rotation of the telescoping
diagonals as in Fig. 2b. Simultaneously, the longerons rotate
about pin connections at each joint, and the transverse mem-
bers execute pure translation in following the joint motion.
When a bay of the truss reaches the fully deployed position, a
locking mechanism on the diagonals is actuated, thus locking
each bay into its three-dimensional truss configuration.

Excepting the longerons, which have open cross sections
designed for nesting, the structural members are made of
aluminum tubing with 50.8 mm o.d. and 1.8 mm wall thick-
ness. Physical properties of the various truss members are
shown in Table 1. Joint fittings, payload carrier frames, and
cable trays are of the same aluminum alloy. Each two-bay cell
is composed of 26 members. Without payload carriers and
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Table 1 Physical properties of structural members

I,,mm*, I, mm* Mass kg Length,

x10° x10°  x107% m
External longeron 1.30 121 5.05 1.4
Internal longeron 1.46 2.80 5.29 14
Tube 0.84 0.84 3.40 1.4
Diagonal tube 0.84 0.84 4.86 1.98

Telescoping diagonal 0.84 0.84 9.00 1.98
E=6.9X10* MPa

accounting for end closure, the ten-bay, five-cell truss contains
135 structural members. Because of the deployment design,
102 members are pin-jointed.

SASP Finite Element Model

The specific objective of the work described herein was to
ascertain the effects of the complex joint design on the modal
characteristics of the truss. To accomplish this objective, a
finite element model (SFEM) of the truss has been formulated
which specifically incorporates the anomalies of joint geome-
try. Simultaneously, a “standard” finite element model using
the Structural Performance Analysis and Redesign (SPAR)
systenr was developed for purposes of comparison. Both
SFEM and SPAR formulations model the structural members
as two-node, three-dimensional beam elements using the ele-
ment stiffness matrix &, and element consistent mass matrix
m, as given by Craig.* Each node has six degrees of freedom
corresponding to three translations and three rotations about
the translational axes. The 12 degrees of freedom for each
element are represented by the element displacement vector u.

To assemble the system stiffness and mass matrices, a global
coordinate system having axes parallel to the major axes of the
truss is used as shown in Fig. 1. The element displacement
vector is transformed to the global system using

& 1

where u, is the vector of element global displacements and 4
is the 12 X 12 transformation matrix composed of the direc-
tion cosines between element coordinates and global coordi-
nates. Writing the element potential and kinetic energies

u=Au

V=4u"k,u 2)
T=4%aTm,i 3)

and utilizing Eq. (1) gives the element stiffness and mass
matrices in the global system as ’

k=ATk,A (4)
and
m=A"m,A (5)

respectively.

The vector of system displacements U is composed of ail
pertinent translational and rotational displacements at each
joint of the structure. The individual element displacements
are related to system displacements by defining, for each
element, a locator matrix L, such that

u,=LU (6)

Equation (6) does nothing more than assign each of the 12
element displacements to a particular system displacement,
and L, is composed strictly of zeros and ones in 12 rows and
N columns, where N is the total number of system displace-
ments (i.e., degrees of freedom).
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Fig. 3 Global displacements at truss joint in XZ plane.

The distinguishing characteristic of SFEM lies in the formu-
lation of the system displacement vector. Normally U is
composed of the six coordinate displacements (three transla-
tions, three rotations) at ecach joint in the structure. For the
SASP truss this is not the case, because additional degrees of
freedom exist at each joint because of the pin connections. To
include these in the model, the method proposed by Winfrey®
for analysis of elastic deformations in mechanisms is used. To
illustrate, a plane view of one of the major joints of the SASP
truss is shown in Fig. 3. In the plane depicted, the joint
displacements are U;, U,, and U corresponding to translation
parallel to global axes Z and X, and rotation about global
axis Y, respectively. However, of the structural elements shown
in this view, only element 3 is attached such that its displace-
ments correspond to those of the joint. Elements 1, 2, 4, and §
have rotational freedom about the pin connections at the joint
while their translational displacements are the same as the
joint. In order to model the joint geometry of the SASP truss
more accurately, four additional degrees of freedom are as-
signed corresponding to U, through U,, as shown. Using this
procedure at each joint of the three-dimensional structure, it is
found that a SASP truss composed of M bays has 24(M + 1)
system coordinates associated with standard joint displace-
ments and 20M + 4 system coordinates corresponding to the
additional rotational degrees of freedom.

As is shown by Fig. 3, the structural elements are pinned to
a gusset plate and the pin joints are eccentrically located
relative to the point of intersection of the element axes. This
design is a necessary prerequisite for the deployment/retrac-
tion characteristics of the truss. As the eccentricity is small (75
mm) in comparison to element length, it has been neglected in
the finite element models. Rather, the joints are modeled as if
located at the intersection point. Thus, for the elements shown
in Fig. 3, the SFEM joint has elements 1, 2, 4, and 5 attached
to a pin fixed on element 3. In the SPAR model, the five
clements are fixed to each other at the intersection point.

With the system coordinates defined and having assigned
the various element displacements accordingly, assembly of
the system equations of motion can be completed. The system
potential energy is

] N
V=3 L ughu, (7)
e=]

where N is the total number of elements in the structure.
Using Eq. (6) for each element gives

N
V=~;~ > ULTkL,U ®)
e=]
or
] N
V=§UT( Y LTkL,|\U 9
e=1]
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as the potential energy expressed in system coordinates. The
summation term in Eq. (9) is the assembled system stiffness
matrix K such that

V=4UKU (10)

Similarly, the system consistent mass matrix is

N
M= LTmL, (11)

e=1
and the system kinetic energy is then
T=530"™MU (12)

Using Egs. (10) and (12) to form the Lagrangian results in the
system equations of motion in the expected form

MU+KU=0 (13)

Solution of the eigenvalue problem represented by Eq. (13)
yields the natural frequencies and mode shapes for free vibra-
tions of the truss.

Discussion

For ease of software development and debugging, the SASP
finite element model was first applied to a single-cell, two-bay
truss composed of 31 elements and constrained as a cantilever.
The resulting structural model has 92 active degrees of free-
dom after elimination of 24 joint displacements via the con-
straint conditions. Computer programs were written to calcu-
late the element stiffness and mass matrices sequentially,
transform the matrices to the global coordinate system, and
assemble the system stiffness matrices. The matrix multiplica-
tions involving L, and its transpose do nothing more than
locate terms from the element matrices into the proper row-
column position of the system matrices. To accomplish this
while avoiding numerous matrix multiplications involving
mostly zeroes, a locator vector was used for each element. The
locator vector contains simply the row-column data for ele-
ment-to-system correspondence.

After assembly of the system matrices, the eigenvalue prob-
lem was solved via the diagonalization method of Jacobi. The
actual software used is embodied in NASA’s FORMAS matrix
subroutine package. For the two-bay truss, SFEM produced
the fundamental frequency as 27.9 Hz. For comparison, a
SPAR model of the two-bay configuration, using identical
elements but only the 48 standard joint degrees of freedom,
gave a fundamental frequency of 50.6 Hz. These results indi-
cate that the joint geometry of the SASP truss affects the
dynamic characteristics significantly. Before proceeding with
further analyses, SFEM was reduced to the SPAR model by
climinating the extra degrees of freedom as a check on the
software. The resulting system natural frequencies were sub-
stantially identical to those given by SPAR and, on this basis,
the accuracy of SFEM was established.

Extending SFEM to the full-size, ten-bay truss entailed a
significant change in the computational approach. The ten-bay
truss is composed of 135 structural members having 444 active
degrees of freedom. As with most finite element formulations,
the system matrices are sparsely populated, and routine alge-
braic manipulation (as in the Jacobi method) is prohibitive
both in computation time and storage requirements. For com-
putational efficiency, the software for the model was revised
such that all matrix operations could be performed using
partition logic. The conversion was readily accomplished be-
cause of the existence of a second NASA subroutine package
(ZFORMA) containing partition logic matrix manipulation
software. The eigenvalue problem for the ten-bay truss was
then solved using a Rayleigh-Ritz iteration technique”® with
random generation of the initial eigenvector approximations.
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Fig. 4 Comparison of fundamental frequency as a function of truss
length for the two finite element models used in the analysis.

Table 2 Modal frequency comparison for
two-bay models

Frequency, Hz

- Mode SFEM SPAR
1 27.85 50.42
2 28.03 58.35
3 28.13 63.31
4 28.14 70.96
5 37.16 76.32
6 38.20 79.71
7 3831 80.22
8 50.56 85.11

Even in partition logic, the computational routine required
about 15 min of CPU time to calculate the two lowest natural
frequencies of the ten-bay truss. This was deemed acceptable,
however, since the primary objective was to obtain the funda-
mental frequency which was found to be 4.6 Hz. Again for
comparison, analysis of a ten-bay truss model using the SPAR
system was undertaken. The SPAR model also gave the funda-
mental frequency as 4.6 Hz. The second frequency, 5.4 Hz,
was also in agreement. Prior to accepting the results of the
SFEM partition logic software, a check was obtained by
reducing the model to the two-bay truss for comparison with
the earlier results obtained by the Jacobi method. The check
procedure produced the same 92 natural frequencies previ-
ously obtained for the two-bay truss. Thus the results of the
two- and ten-bay truss models indicated a decreasing signifi-
cance of pin joint degrees of freedom with increasing truss
length.® This was verified by obtaining additional results from
each model for four-, six-, and eight-bay truss lengths. A dual
plot of fundamental frequency as a function of truss length
(Fig. 4) clearly shows convergence of the results with increas-
ing length.

The explanation for the convergence shown in Fig. 4 is
found by analysis of differences in mode shapes exhibited by
the two models as well as frequencies of the first few modes.
Table 2 lists the natural frequencies of the first eight modes
for a two-bay model with (SFEM) and without (SPAR) the
extra degrees of freedom at pin joints. As shown, the first four
modal frequencies from SFEM are clustered near 28 Hz. The
corresponding mode shapes show that these modes are char-
acterized primarily by vibration of the four telescoping diago-
nal elements. If mounted as simply supported beams, the
fundamental frequency for these elements is about 25.4 Hz.
The increase above this value and the slight differences in the
four frequencies are attributable to the elastic properties of the
pin connections. As would be expected, these four modes do
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Table 3 Modal frequency comparison for four-bay models

SFEM SPAR
Mode Frequency, Hz Mode Frequency, Hz
1 21.57 1 22.62
2 24.53 2 26.28
3-10 27.4-31.5
11-15 37.9-40.3
16 43.08 3 42.28

not contribute appreciably to overall truss motion. Similarly,
modes 5 through 7 have frequencies near 38 Hz. These modes
are characterized by beam-type vibration of the three trans-
verse diagonal elements parallel to the global XY plane of
Fig. 1. The corresponding simple-beam frequency is 34.5 Hz.
These modes also have no significant affect on overall motion.

Mode 8 is the first SFEM-generated mode which exhibits
general truss motion. The mode shape is basically that of a
cantilever beam oscillating in the YZ plane and exhibiting
slight torsional motion due to the lack of axial symmetry. The
modal frequency of 50.56 Hz is very near the SPAR model
mode 1 frequency of 50.42 Hz. Comparison of the mode
shapes generated by the two models at these frequencies
shows that the truss motions represented are almost identical.
Similar comparison of additional higher-order mode shapes
for which the two models produce near-equal frequencies also
shows nearly identical motions with only minor differences
attributable to the pin-jointed members.

Table 3 shows modal frequency data for SFEM and SASP
models of the four-bay truss. For purposes of comparison, the
SFEM frequencies which are primarily attributable to oscilla-
tions of pin-jointed elements have been grouped together.
Modes 3 through 10, with frequencies banded around 29 Hz,
are those for which the major motion components are the
eight telescoping diagonal elements of the four-bay truss.
Similarly, modes 11 through 15 are indicative of motion
associated primarily with the five transverse diagonal ele-
ments. The data also shows that SFEM modal frequencies 1,
2, and 16 are in relatively close agreement with those of SPAR
modes 1, 2, and 3. Analysis of the mode shapes shows that
each of these sets of three frequencies represent the same three
modes of truss motion. It is also noted that these modes
correspond to global motion of the truss as opposed to indi-
vidual elements. Thus the results show that the length of the
four-bay truss is such that the lowest frequency of global truss
motion is lower than that of motion associated primarily with
pin-jointed elements. That this is not the case for the shorter
two-bay truss substantiates the convergence phenomenon of
Fig. 4.

Conclusions

A detailed finite element analysis of the SASP deployable
truss has shown that the fundamental frequency of vibration
of the cantilever truss configuration is not affected signifi-
cantly by the additional degrees of freedom associated with
the many pin-jointed structural elements, except for relatively
short overall truss lengths. The results of the analysis lead to
the conclusion that simplified models based on the SPAR
system can be used to adequately assess the dynamic char-
acteristics of the structure for those configurations being con-
sidered for the Structural Assembly Demonstration Experi-
ment.

As additional deployable truss designs evolve or composite
platform configurations using the SASP truss are considered,
similar analyses should be conducted to ensure the accuracy of
simplified models. Detailed modeling similar to SFEM might
be required if, for example, a platform concept includes short
truss sections for payload attachment.
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