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Abstract

The focus of this study is the numerical simulation of the deployment of ultra-thin composite shells, specifically
triangular rollable and collapsible longerons, which are deployable structures designed for space applications. The
approach proposed in this research leverages the finite element method, specifically within the framework of the Carrera
unified formulation. This formulation allows the development of one-dimensional finite elements with enhanced three-
dimensional capabilities. In this context, refined one-dimensional beam finite elements are employed to model the
longerons, and the three-dimensional displacement field is computed as an arbitrary expansion of the finite element
unknowns along the axis. Two nonlinear dynamics approaches are adopted to simulate the deployment behavior based
on implicit and explicit schemes, and the results obtained with the two solutions are compared. The critical time
step is different between the two solutions. In the explicit scheme, it is significantly lower, drastically increasing the
computational demand. The implicit algorithm is then chosen to analyze the deployment of a more complex deployable
structure made of two longerons connected by transverse straight battens. The results are compared to results obtained

from Abaqus and experiments, and a noteworthy degree of agreement is found.

Nomenclature 1. Introduction
Fr Cross-sectional kinematics The recent push towards smaller space systems has
kg™ Fundamental nucleus of the secant been facilitated by advancements in technology and lower
stiffness matrix launch costs for small satellites. Nonetheless, larger com-
Kr Tangent stiffness matrix ponents like antennas and solar arrays still necessitate
Line Work of the inertial loads large sizes, leading to the need for deployable structures
Lot Work of the external loads including tape-springs and thin shell booms that unfold
Lint Strain energy and expand, using stored energy, to create rod-like shapes.
N; Shape function However, issues arise with metallic structures due to ther-
u-,u;; Generalized displacement vector mal effects [|Il], prompting a shift towards composite ma-
and finite element nodal parameters terials. Despite their benefits, composites introduce chal-
) Variation

Acronyms/Abbreviations

lenges such as anisotropy and complex stress fields during
deployment [2], complicating the design process.

To accurately design these deployable structures, robust
numerical tools are essential, to complement extensive
physical testing. Traditionally, 2D models have been pre-

1D One-Dimensional ferred for their simplicity, to model thin-shell structures.
3D Three-Dimensional However, these models struggle to accurately predict out-
CF Carbon fiber of-plane stresses, leading to potential inaccuracies in as-
CUF Carrera Unified Formulation sessing failure. Adopting 3D finite element analysis of-
FEM Finite Element Method fers a solution by providing a detailed view of complete
FN Fundamental Nucleus stress and strain fields, though at a significant increase in
GFPW  Glass Fiber Plain Weave computational demands, especially for nonlinear analysis.
HHT Hilber-Hughes-Taylor Addressing these computational challenges is crucial for
NR Newton-Raphson developing efficient and reliable design processes for de-
TRAC  Triangular Rollable And Collapsible ployable space structures, aiming for a balance between
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accuracy and computational effort in modeling.

This work presents a solution using a mathematical model
based on CUF [@], enhancing one-dimensional models
with advanced cross-sectional capabilities through higher-
order functions. This approach enables a detailed explo-
ration of 3D and localized effects [H] with models that re-
quire fewer degrees of freedom than traditional ones, over-
coming typical aspect ratio limitations, especially in com-
posites [5].

The efficiency of CUF in analyzing buckling and post-
buckling behaviors in deployable booms has been well
demonstrated [6—8], showcasing its reliability for struc-
tural analysis. Previous studies have concentrated on
simulating the folding of structures through quasi-static
geometrically nonlinear analysis, employing a total La-
grangian approach, Newton-Raphson linearization, and
the arc-length control method. This work shifts attention
to the deployment behavior, utilizing a dynamic analy-
sis to simulate the deployment process. It employs both
implicit and explicit computational schemes, with the im-
plicit analysis utilizing a Newmark or HHT-« type method.
This method demonstrates the capability of accurately as-
sessing the dynamic responses of ultra-thin composite
shells, showcasing the effectiveness of both approaches in
capturing the complexities of their behavior.

2. Refined one-dimensional finite element

The deployable structure analyzed in this work is a
TRAC longeron . As shown in Fig. , and it consists of
a foldable TRAC longeron. The geometric properties are:
L =400 mm, h =8 mm, r =12.8 mm, a = 105°, t; = 80
pm and to = 185 pum . The composite layup in the flanges

Fig. 1. Geometry of the TRAC longeron. Curved domains
are the flanges, the straight domain is the web.

of the longeron is [+45 GFPW/ 0 CF/ £45 GFPW], and

that in the web region is [+45 GFPW/ 0 CF/ £45 GFPW/
0 CF/ £45 GFPW], where CF represents a thin ply of unidi-
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rectional carbon fibers, and GFPW represents a glass fiber
plain weave ply. Both plies are impregnated with resin, as
described in [9]. The properties of the two materials are
reported in Table .

For the numerical model, a Cartesian reference system is

Table 1. Material properties of the composite TRAC.

E1 E2 G12 2*1/12 t
[GPa] [GPa] [GPa] [pm]
CF 128 6.5 7.6 0.35 30
GFPW 238 23.8 33 0.17 25

used, with the y direction aligned along the length of the
longeron, and the z and z axes defining the cross-sectional
domain, as shown in Fig. E

. Lagrange point
W Zjuadmtz‘c Lagrange
elements

— A
N; .n. N

Finite elements with '

cubic interpolation

N
"’\I_/'

Fig. 2. Model of the TRAC longeron based on the Carrera
unified formulation.

* Structural node

According to CUF, the 3D displacement field can be
written in the following unified manner:

ule,y,2) = Fr(e,2)ur(y)  r=12..M [1]

where u(z,y, z) is the displacement vector, whose com-
ponents are expressed in the general reference system
(z,y,z), F, represent the cross-sectional functions de-
pending on the z, z coordinate, 7 is the summation index
and M is the number of terms of the expansion in the
cross-section plane assumed for the displacements. The
proposed work adopts quadratic Lagrange polynomials
(L9) as F- to approximate the kinematics. In this man-
ner, higher-order models can be implemented with ease
(see [10] for more details). By employing a combination
of Lagrange polynomials, it is possible to discretize the
complex cross-sectional geometry of the TRAC longeron.
To approximate the displacement field over the beam axis,
FEM is adopted. The generalized displacement vector
u,(y) is approximated as follows:

u,(y) = N;(y)ur; 1=1,2,...,N, [2]
where N; stands for the ith one-dimensional shape func-
tion, ¢ indicates summation and IN,, is the number of the

FEs nodes per element. u,; is the following vector of the
FE nodal parameters:

u‘r(y) = {uwri Uy, uzm'}T (31

Page 2 of ﬂ



75" International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.

Copyright © 2024 by the International Astronautical Federation (IAF). All rights reserved.

The present work makes use of classical 1D Lagrangian
finite elements with four nodes which provides a cubic
interpolation along the y axis. See [[L1]] for more details
about this interpolations. Figure [ shows the resulting 1D
model of the TRAC longeron.

2.1 Impicit solution technique
Implicit solution techniques are highly effective for

solving dynamics nonlinear structural problems, which
may involve material and/or geometric nonlinearity, as
well as nonlinear boundary conditions like contact issues.
Recalling the principle of virtual work it becomes possi-
ble to express the virtual variations of both strain energy
0Ly and the work done by inertial forces § L;,. and ex-
ternal loads 6 L.,; in CUF formalism:

5Lint 6q5jK”TSq‘rz

dLine = 65, Mg, (4]

6Lext = 5qT FSJ

The FN of the secant stiffness and mass matrices are de-
noted as K™ and M"“™*, respectively, while F*/ rep-
resents the FN of the loading vector. Here, the indexes
s and j are adopted for the virtual variations of the dis-
placements and have the same bounds as 7 and 7. The
assembled matrices and vectors associated with any ar-
bitrary structural model are constructed by iterating over
these four indexes. With this notation, the equations of
motion are given by:

Mg(t) + Ks(a)a(t) = F(t) [5]

Equation [B] is solved by using the Newton-Raphson
method and the HHT-a implicit time integration scheme.
For a dynamic conservative problem, the linearization of
the residual nodal forces leads to

5(5LGt + §Line 6Lext) 6
5qT KlJTSq” + 5qT MleS [ ]
where K%27* is the FN of the tangent stiffness matrix. Fi-
nally, the full NR approach is considered in the present
work, where the tangent stiffness matrix is computed for
each iteration within the given load increment.

2.2 Explicit solution technique

The use of explicit time integration schemes is partic-
ularly advantageous for solving highly nonlinear and dy-
namic problems, especially those involving damage, as
they offer improved convergence of the global solution
[[12]. Implicit solution techniques for progressive damage
analysis of fibre-reinforced composites often encounter
convergence issues, which can prevent the attainment of
a solution. In contrast, explicit time integration schemes
typically do not suffer from these problems due to the in-
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herent framework of the technique. The semi-discrete bal-
ance of momentum is expressed as

Mét-‘rAt — Fi;tAt Ft+At [7]

nt

where M is the mass matrix, F'.,; is the external force
vector, and F';,,; is the internal force vector. The solution
of Eq. [] is obtained via the central-difference time inte-
gration scheme [|13]. The details of the integration scheme
are omitted here. The updated acceleration can be deter-

mined as

ﬁt+At Ft+At [8]

nt

—M" 1 Ft+At

ext

The mid-interval velocity at the next time interval, can be
obtained from the acceleration

1
t+5A

3A
t t
+ _ 4t

a2 "L AkEA [9]

The solution of the first time-step, at t = 0, requires the ini-
1

. . L tE AL .
tial mid-interval velocity't® 2 . This can be computed
based on the assumption

= 1

—At

a2 =ua’+ §Atﬁ_0 [10]

where 1" and 1" are the initial velocity and accelerations
of the system, respectively, and depend on the prescribed
initial conditions. The central difference explicit time inte-
gration, due to its inherent conditional stability, requires
a time-step At, which is lower than a critical threshold

Atcrit - This value is determined using the highest fre-
quency of the system w4, from
2
Atcm’t E— [11]
wmam

where w,, ., is calculated using power iteration techniques,
examples of which may be found in [[I4]. This will be
explained in more detail in the next section.

3. Results

Both implicit and explicit schemes are employed to
analyze the deployment behavior of the TRAC longeron.
The dynamic solution begins from an equilibrium state,
which is assessed using a quasi-static approach. The fold-
ing process is detailed in [|15]. Figure Jj illustrates the ini-
tial configuration from which deployment starts. The de-
ployment is performed in 0.06 s. Figure {f shows some
of the deformed configurations evaluated during the sim-
ulation using implicit and explicit techniques in the first
and second rows, respectively. The first row corresponds
to the deformed configurations at 0.010 s, the second row
at 0.015 s, and the third row at 0.020 s. Clearly, the de-
formed configurations are similar between the two solu-
tions, and the latching of the TRAC is observed to occur
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Fig. 3. Starting equilibrium phase for the deployment sim-
ulation.

Fig. 4. Deformed configurations evaluated during the sim-
ulation using implicit (left) and explicit (right) tech-
niques. The first row corresponds to the deformed con-
figurations at 0.010 s, the second row at 0.015 s, and the
third row at 0.022 s.

around 0.022 s, although the deformation of the flanges
differs. The highly-dynamic deformation of the flanges
once the latching has occurred is different between the
two solutions. Table E reports some metrics of the two
solutions.

It is important to note that the explicit simulation takes

Table 2. Metrics of explicit and implicit dynamic analy-
ses.

Implicit Explicit
At 8E-5sto4E-5s 3.57E-9s
N° steps to 0.06 s 200 16,804,965

approximately 0.02 seconds per step, while the implicit
simulation takes 20 to 30 seconds per iteration, with an
average of 30 iterations needed when contact between the
flanges occurs, and 5 iterations when there is no contact.
Therefore, the implicit simulation takes between 100 and
900 seconds per step. Consequently, the explicit simula-
tion requires 13 days to complete, whereas the implicit
simulation requires only 1 day on an Intel(R) Core(TM)
i7-10750H CPU @ 2.60GHz. This significant difference
is primarily due to the value of the time step At, which is
four orders of magnitude larger for the implicit simulation,
thereby drastically reducing the number of steps needed to
complete a simulation spanning 0.06 seconds.

[AC-24-C224

The very small critical time step in the explicit simulation
is due to its definition: it corresponds to the time it takes
for an elastic wave to travel across the smallest element in
the finite element model, which is determined by the wave
propagation speed in the material and the size of the small-
est finite element in the mesh. Mathematically, the critical
time step can be expressed as:

l .
Atcm't = %

[12]

where [, is the characteristic length of the smallest el-
ement and c is the elastic wave propagation speed, which
depends on the material properties (elasticity and density).
Since the proposed approach is a 3D-like approach, the
characteristic length of the elements is largely governed
by the thickness value, which is very small in this case (on
the order of hundreds of pm). For this reason, the value
of the resulting critical time step is really low. Finally, the
distribution over time of the kinetic energy of the longeron
is reported in Fig. E The two distributions reach their

18 T
Explicit
16 Implicit .
14 |
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E
w 8 1
6 -
4 + |
2 - .
0 L L L L L L
0 0.005 0.01 0.015 0.02 0.025 0.03

t[s]

Fig. 5. Distribution of the kinetic energy of the longeron
during the deployment using explicit and implicit
schemes.

first peaks close to each other, at 0.021 seconds for the
explicit scheme and 0.022 seconds for the implicit simu-
lation. This cross validates the two approaches, although
a notable difference occurs in the range between 0.01 sec-
onds and 0.018 seconds. After latching occurs, a decay in
the energy is observed in the implicit simulation, which
is attributed to the numerical damping applied for conver-
gence purposes in the analysis. This decay is not present
in the explicit solution, as no damping (neither numerical
nor structural) is applied. This also explains the differ-
ence between the flanges deformations after the longeron
latches, as can be seen in the last row of Fig. E|

Page 4 of B



75% International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.

Copyright © 2024 by the International Astronautical Federation (IAF). All rights reserved.

3.1 Implicit simulation of the deployment of a strip

Given the computational advantage of the implicit
scheme demonstrated in the previous section, it is used to
simulate the deployment of a more complex structure, ob-
tained by combining two TRAC longerons connected by
straight battens. This structure is called a strip. Its CUF
model is shown in Fig. E The entire structure is modeled

Fig. 6. Model of the strip based on CUF.

with a single 1D approach, including the battens. The ma-
terial of the battens is isotropic, featuring a Young’s Mod-
ulus E of 137 GPa and a Poisson’s ratio v of 0.3. They
have a rectangular 0.6 x 3 mm cross-section. As for the
previous analyses, the deployment begins from a folded
equilibrium state, which is depicted in Fig. ﬂ and corre-
sponds to a folding angle of 97°. Figure § shows the time

Fig. 7. Starting deformed configuration of the strip.

distribution of the kinetic and internal energies during the
deployment. As expected, the internal energy decreases
while the kinetic energy increases until they converge at a
certain time. Beyond this time, the energies exhibit oscil-
lations. These oscillations are not the focus of the present

[AC-24-C2.2.4

study.

These results are further validated by comparing them
with available Abaqus results (obtained using the explicit
scheme) and experimental data. Figure [ presents the evo-
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Fig. 8. Internal and kinetic energy distribution of deploy-
ment of the strip.

lution of the folding angle, showing that the three sets of
results closely align with each other.
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Fig. 9. Folding angle evolution of the deployment of the
strip. Experimental results taken from [].

4. Conclusions

This paper has investigated the performance of im-
plicit and explicit schemes in the deployment simulation
of composite TRAC longerons and strips. Our mathemati-
cal model is based on CUF, which enables the construc-
tion of one-dimensional finite elements capable of cap-
turing cross-sectional deformations using higher-order ex-
pansion functions. This approach allows modeling of 3D
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behavior of thin shell.

Deployment simulations have used both implicit and ex-
plicit solutions. The implicit solution is performed using
the NR scheme, involving the update of the tangent stiff-
ness matrix at each iteration, followed by the HHT-alpha
Newmark algorithm with numerical damping. The ex-
plicit solution utilizes a classical explicit scheme, solved
using the central difference technique, with the critical
time step determined via the power iteration technique.
Results indicate a notable difference between the two crit-
ical time steps. In the explicit scheme, the critical time
step is significantly lower—by more than four orders of
magnitude—compared to the implicit scheme, resulting
in a computational cost that is nearly seven times higher.
However, both approaches demonstrate good agreement
in terms of kinetic energy distribution and deformed con-
figuration.

The implicit solution has been extended to the deployment
simulation of a strip, a more complex deployable structure
composed of two TRAC longerons and four battens. The
results show good agreement with those obtained from
Abaqus simulations and experimental data, particularly re-
garding the folding angle over time.
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