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Abstract

Self-deployable composite structures are interesting for the space industry as they efficiently use the space available, are lightweight,
and have simple deployment systems. Usually, the design of these structures balances two opposing demands: increasing the struc-
tural stiffness to meet natural frequencies and/or pointing accuracy requirements and increasing the flexibility to enable stowage.
However, most of these structures perform a single deployment sequence once in orbit. This article discusses the use of a damage
tolerant design, allowing damage initiation during the stowage process in exchange for the capability of meeting more demanding
requirements. A Genetic Algorithm is used to maximize the natural frequency of two elastic-hinge designs: one constrained to
function in the elastic regime, and the other allowed a limited damage initiation during stowage. Their performance is compared
based on the first natural frequency obtained, considering the deleterious effect of the damage initiation in the structural stiffness.
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1. Introduction

The capability of the launcher, regarding the size and mass
of the fairing, is one of the significant constraints in spacecraft
design. The development of deployable structures that can tran-
sition between a compact configuration and operating configu-
ration is increasingly important [1] as these structures lead to
an efficiency increase of spacecraft, and enable the transporta-
tion of more equipment while reducing costs associated with
fuel consumption [1, 2]. In particular, self-deployable compos-
ite structures have the added benefits of being lighter than their
equivalent metallic solutions and of self-deploying by releasing
the strain energy accumulated during the retraction process [3—
6], removing the need for complex and/or heavy actuation sys-
tems (Figure 1, cited from [7]). In conjunction with high de-
ployment repeatability and pointing accuracy, led to the use of
tape-springs in applications such as the monopole and dipole
antennas of MARSIS (Mars Advanced Radar for Surface and
Tonosphere Sounding) in 2003 [8] (Figure 2, cited from [8]).
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Figure 1: Example of an elastic-hinge, a self-deployable structure in a deployed,
partially contracted and fully contracted configuration (figure cited from [7]).
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Figure 2: Elastic-hinge used in the monopole and dipole antennas of MAR-
SIS. a) detail view of the elastic-hinge; b) stowage process; c¢) experimental
deployment of the prototype using a helicopter (figure cited from [8]).
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According to the European Space Agency (ESA), telecom-
munication satellites are a possible application for this tech-
nology, replacing mechanical arms with a lighter and more
compact solution. In 2016, the ESA presented the design re-
quirements that an elastic self-deployable arm with integrated
elastic-hinges should meet to be used in this specific applica-
tion [9]. In addition to the capability of sustaining high strain
deformations, the structure should have the first natural fre-
quency above 1.0Hz [9]. In comparison, this value is 20 times
larger than the natural frequency of the monopole and dipole
antennas developed for MARSIS [8] and 100 times larger than
equivalent solutions designed and reported in the literature [10].
This difference reflects the need for a significant improvement
of the current state-of-the-art.

The design of self-deployable composite structures is char-
acterized by two main opposing requirements [2, 3, 8, 11-14]:
flexibility of sustain high strain deformations; and rigidity to
meet a stiffness-related requirement (such as the pointing accu-
racy, natural frequency, or deployment torque). The contradic-
tory nature of these requirements leads to a challenging design
process that may not always be successful in meeting both req-
uisites. In fact, previous research [15] has shown that applying
state-of-the-art methodologies to the design of these structure
did not lead to a solution that could meet both design require-
ments for this specific case and geometry [9]. Failing to find a
balance between these requirements leads to one of two situa-
tions: either the structure becomes too flexible, failing to meet
the rigidity requirements necessary to operate, or the structure
becomes too rigid, making it impossible to retract without initi-
ating damage. Between these two, failing to meet the frequency
requirement is the most detrimental as it completely invalidates
the use of the elastic-hinge in the desired range of natural fre-
quencies / applications.

In a previous state-of-the-art review on the design of com-
posite deployable structures [16], it was observed that the pos-
sibility of creating a damage tolerant elastic-hinge design, has
not been explored in the literature [16] and can be justified by
two particularities of this application. The first is the life-cycle
of the structure, as most deployable systems are expected to
perform a single deployment operation once the spacecraft is in
orbit. The second is the expected lifetime of a satellite. Apart
from their size and cost, the development of nano-satellites
and CubeSats is also motivated by their reduced development
time [17-20]. Average or large-sized satellites require between
5 and 15 years to place in orbit under normal parameters, at the
risk of market relevance, due to the pace of technological devel-
opments. In contrast, CubeSats and nano-satellites require less
than eight months to place in orbit. This trend towards a shorter
development time allows a frequent renewal, guarantees the ro-
bustness of nano-satellite constellations, and removes the need
for a conservative long-term design [17-20]. As a result, al-
lowing a controlled and limited damage initiation can also be
a potential solution for developing a design capable of meeting
the natural frequency requirements presented by ESA in [9].

The purpose of this article is to explore this possibility. The
framework proposed herein includes the design of two elastic-
hinges, both of them obtained through an optimization algo-
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Figure 3: Description of the deployable system considered in this research.

rithm whose objective function is the maximization of the first
natural frequency. One of them is limited by a Maximum In-
dex of Failure Max. IF < 1.0, imposing the absence of damage,
while the other is limited by a Max. IF < 1.10, allowing a lim-
ited initiation and propagation of damage. The damage tolerant
design is numerically re-evaluated, leading to an estimate of
its natural frequency considering a stiffness reduction resulting
from damage initiation. The performance of both designs is
then compared in terms of the first natural frequency, and the
applicability of a damage tolerant design is evaluated.

A subject not included within the scope of this research is
the influence of material relaxation phenomenon on the deploy-
ment of the structure. Although it can be argued that the liter-
ature addressing this issue does not account for the combined
effect of damage and material relaxation [21-27], the applica-
tions discussed in this article should reach orbit within a short
time-frame that does not allow a significant development of this
phenomenon.

2. Design requirements

The design requirements stated by ESA in [9] are used as a
reference for the design problem. The deployable structure is
a composite arm with two integrated elastic-hinges. The two
ends of the arm should be connected to the satellite and to an
antenna (as shown in Figure 3).

The geometric requirements impose that the arm should
have a circular cross-section, whose diameter cannot exceed
200.0 mm. Additionally, it is assumed that the location of the
elastic-hinges in the deployable arm is fixed and that the an-
tenna to be attached on its free-end has a mass of 27 kg. The
centre of mass of the antenna is located 1.4 m away from the tip
of the arm. As a result of these restrictions, the modifiable pa-
rameters are the radius of the arm, the material, number of plies,
ply orientation, and the geometry of the slot that characterizes
the elastic-hinge.

In this research, the following failure criteria are considered:
Hashin’s failure criterion, Azzi-Tsai-Hill, Tsai-Hill, Tsai-Wu,
and Maximum Stress. It is assumed that the structure has not
initiated damage if the Max. IF of these criteria is lower than
1.0. Likewise, it is assumed that the material damaged has a
Max. IF larger or equal to 1.0. Therefore, one of the elastic-
hinges will have its Max. IF constrained to be lower than 1.0,
imposing its functioning in the elastic regime, while the damage
tolerant design will have its Max. IF constrained to be less than
or equal to 1.10, allowing a limited initiation and propagation
of damage. It is important to note that the use of multiple failure
criteria leads to a more conservative approach and mitigates the



Figure 4: Highlight of the boundary conditions considered in the natural fre-
quency model.

potential flaws that may be associated to each individual failure
criteria.

3. Numerical analysis

Two finite element models, implemented in the commercial
software ABAQUS® [28], were used to estimate and evaluate
the natural frequency and structural integrity of the system.
Each finite element model is described in sections 3.1 and 3.2,
respectively. Both models are parametrized, as detailed in sec-
tion 5, allowing an easy modification of the numerical models.

3.1. Natural frequency model

The finite element model used to estimate the first natural
frequency of the system considers the entire structure illustrated
in 3, including the 2.0 m long deployable arm, the antenna, and
the connection to the satellite.

To represent the antenna, a point mass of 27 kg is placed
1.4 m away from the tip of the composite arm. The antenna and
the arm are connected through a beam multi-point constraint.
The other end of the composite arm is fixed, representing the
connection to the satellite. Figure 4 illustrates the boundary
conditions applied to a generic antenna arm.

The deployable arm was modelled with three-dimensional
(3D) deformable shell elements with four nodes (S4R in
ABAQUS® [28]), reduced integration, and solved with an im-
plicit analysis. The mesh had an average element size of
2.5 mm. The material properties introduced in the numerical
model are summarized in Table 2.

The natural frequency was determined using a linear pertur-
bation analysis, which applies the Lanczos algorithm. This
approach has been used multiple times in the literature to
estimate the natural frequency of similar deployable struc-
tures [10, 29, 30] and even some different concepts [31]. In
2018, Sakovsky et al. [32] performed an experimental valida-
tion, reporting an error of 6% between numerical and experi-
mental results for the first natural frequency and 20% for the
higher-order frequencies. Since we are only concerned with the
first natural frequency, the numerical model is deemed suitable
for this investigation.

3.2. Structural model

Unlike the natural frequency model described in section 3.1,
the structural model only considers one elastic-hinge (Figure 5).
This decision is justified by the symmetry of the structure,
which also reduces the computational cost and the use of a more
refined model. 3D deformable shell elements with 4 nodes
(S4R in ABAQUS® [28]) and reduced integration were used,
and the analysis was solved with an explicit approach.

Figure 5: Representation of the boundary conditions applied to the elastic-hinge
tube specimen and to the rigid plate component.

In order to minimize the computational cost of the finite el-
ement model, the elastic-hinge was divided into two regions,
as shown in Figure 5. The blue-colored region is where the
slot of the elastic-hinge is located and where both maximum
stress concentration points and deformations occur. In this re-
gion, the numerical model considers a composite layup fea-
ture with multiple plies, leading to a more accurate and de-
tailed analysis of the stress-strain state of each element. The
light-grey region does not sustain significant stresses or strains
and, therefore, was modelled as a single layer with the homog-
enized element properties of the composite material, reducing
the computational cost. The mesh used was defined as a func-
tion of the diameter of the elastic-hinge, allowing the scalabil-
ity of the design to be optimized. Therefore, the meshes of the
blue and light-grey regions were set to have approximately 100
and 70 elements through the perimeter of the elastic-hinge, re-
spectively. The material properties introduced in the numerical
model are summarized in Table 2.

The boundary conditions applied aim at replicating the re-
traction sequence of the elastic-hinge, folding the composite
arm in half. To do so, the ends of the elastic-hinge are con-
strained, allowing only the displacement of the nodes along the
longitudinal axis of the arm. Then, a solid rectangular plate is
pushed upwards, causing the elastic-hinge to fold in half (best
described in Figure 5).

The outputs of this model include the index of failure of
the following damage initiation criteria: Hashin’s failure crite-
rion, Azzi-Tsai-Hill, Tsai-Hill, Tsai-Wu, and Maximum Stress.
Max. IF is set equal to the largest index of failure predicted by
these criteria.

4. Experimental work

The following sub-sections describe the experimental com-
ponent of this investigation, including the material character-
ization experimental campaign, manufacturing details of both
specimens and representative prototypes, processing of the ex-
perimental data, and description of the obtained experimental
results. The accomplished test campaign served two primary
purposes. The first was to characterize the material studied in
this research regarding its mechanical properties. The second
was to obtain experimental data that could be correlated with
the numerical results, allowing the validation of the numerical



models. Unless stated otherwise, all experiments included a
minimum of 3 valid test results.

4.1. Material characterization

The composite system used in this research was AS4/8552,
a space-certified prepreg made of carbon fibre and a high-
performance tough epoxy matrix, provided by HEXCEL Com-
posites®, Madrid. Tensile, compressive, and shear tests were
conducted according to the applicable ASTM standards [33—
35] to determine the elastic and strength properties of the com-
posite system supplied in this batch of material. The specimens
were manufactured by prepreg hand layup and cured in an au-
toclave, following the supplier recommendations: 1 hour at 110
°C followed by 2 hours at 180 °C, applying a 7 bar pressure
(0.7 MPa) through the whole process. These conditions lead to
an average ply thickness of 0.187 mm.

The characterization was performed in an Instron 5900R uni-
versal testing machine under the conditions summarized in Ta-
ble 1. During the experimental testing, the strain was mea-
sured with a digital image correlation (DIC) system. The result-
ing mechanical properties are summarized in Table 2, obtained
from the average of five valid specimen tests, where E is the
Young’s Modulus, 1 the Poisson’s ratio, G the shear modulus,
X, Y and Z are the longitudinal and transverse strengths, S the
shear strength, the subscripts 1, 2 and 3 indicate the longitudi-
nal, transverse, and normal directions, and the subscripts ¢ and
¢ denote the tensile or compressive strength.

The remaining material resulting from the cut of the CFRP
plates was used to determine the density [36] and fibre volume
fraction (FVF) [36, 37] of the composite according to ASTM
standards (following procedure G — matrix burn off of ASTM
D3171 [37] to determine the FVF). The average values and
standard deviations for the density and FVF determined are, re-
spectively: 1580.76 + 2.38 kg/m? and 58.37 + 0.47%.

4.2. Preliminary model validation

A preliminary numerical model validation was performed be-
fore proceeding with the design of the two elastic-hinges. This
validation focused on correlating the strain installed in the com-
posite material, in the elastic regime, with the corresponding
prediction of the structural model. The reader is reminded that
the natural frequency model has been experimentally validated
by Sakovsky et al. [32], as detailed in Section 3.1.

A dedicated rig was designed and coupled to an Instron
5900R universal testing machine (CAD representation shown in
Figure 6 a) to recreate the folding of the elastic-hinge with the
necessary control repeatability. This rig has three main com-
ponents: a pair of holder rings that are attached to the ends of
the elastic-hinge, a guiding system that ensures a linear move-
ment of the holder rings, and a folding tool that pulls the elastic-
hinge, causing it to fold in half (shown in Figure 6 b).

For this experiment, three elastic-hinge specimens were
manufactured according to the recommendations and require-
ments of the material supplier (Section 4.1) and each one was
equipped with seven tri-axial extensometer rosettes (Vishay
model L2A-06-031WW-120), suitable to measure large defor-
mations up to 7000 micro strains. The extensometers measured
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Figure 6: a) CAD representation of the rig used to fold the elastic-hinge; b)
setup of the rig with an elastic-hinge, shown without extensometers for a clearer
interpretation; ¢) specimen equipped with the extensometers.

the +45°direction and the direction transverse to the fibre. De-
formation in the longitudinal fibre direction is then computed
using mechanics of materials basic concepts and reported ac-
cordingly. The output data of the numerical models allow for
the direct comparison of the strain in the direction of the fibre
(direction 11, aligned with the longitudinal axis of the elastic-
hinge) and in the direction transverse to the fibre (direction 22).
The composite ply stacking sequence was [0°,90°,90°,0°] and,
therefore, the outer and inner layer of the composite material
in the elastic-hinge are aligned with the longitudinal axis of the
tube.

All specimens were loaded three times at a 50 mm/min dis-
placement rate, leading to a total of nine records of the local
deformation for each one of the seven extensometers, acquired
at a frequency of 100Hz. The geometry of the specimen is de-
scribed in Figure 7 and the location of the extensometer rosettes
are illustrated in Figure 8 and Figure 6 c).
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Figure 7: Geometry of the elastic-hinge specimen.

The strain in the elements within an approximate radius of
25 mm of the extensometer’s physical location was extracted
from the numerical simulations to correlate with the experimen-
tal results. Both experimental and numerical results were then
compared to evaluate the accuracy of the numerical prediction
versus the range of strains measured experimentally. For a more
precise analysis, the range of strains predicted by the numerical



Table 1: Summary of the load cell, displacement control and data acquisition rate used for each test.

Ply orientation Load cell Displacement Data acquisition
Test
@) (kN) control(mm/min) rate (Hz)
Traction 0 200 1.0 2.0
90 200 1.0 5.0
. 0 100 1.3 5.0
Compression 90 100 1.3 5.0
Shear 45 30 1.0 1.0
Table 2: Elastic and strength properties of AS4/8552. EC - Direction 22
. . Average Standard . 5.00E-04
Elastic properties value deviation Unit 0.00E400
Ey 12284 433  GPa o i
Ey»,E33 8.04 +0.21 GPa % L soEos — Tube 21
G12,G13 4.90 +0.08 GPa & 200603 ——Tube 3-1
Vi2 0.29 +0.03 - -2.50E-03 ——N.min
-3.00E-03 — . max
Strength properties -3.50€-03
X, 1987.15  £53.26 MPa oo s,
Y., 7, 51.83 +1.25 MPa
S 12,S 13 139.05 +0.72 MPa - 9 E le of th lation bet ical and . tal
gure J: Xample O € correlation between numerical and experimenta
YXCZ 322(1)2 iéll-ggz ﬁga strains observed at location EC, in the direction 22.
crvlac . +1o. a

RosEC.
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Figure 8: Location of the seven extensometers installed in each elastic-hinge.

model was represented by two lines, “N. min” and “N. max”,
that respectively indicate the minimum and maximum strains
expected in that finite area (Figure 9).

Due to the amount of data extracted during the experimental
tests, the information regarding the remaining extensometers
and their respective comparison with the numerical results are
summarized in Table 3. For both numerical and valid exper-
imental results (excluding sensors with abnormal behaviour),
the summary includes the minimum and maximum strains (in
percentage) observed during the folding of the elastic-hinge, at
the location of the different extensometers (direction 11 and
22). Each minimum and maximum was used to determine a
range of deformation measured and numerically predicted to
exist in each location. The third column (Difference to Numer-
ical) presents the difference of the minimum, maximum, and
range values between numerical and experimental results. The
last column ("Within numerical range?”) indicates if the ex-

perimental range of strains measured is within the numerical
prediction. There are three possible results for this analysis:
either the experimental result is completely within the numer-
ical prediction (““Yes”), outside of both ranges of the numeri-
cal prediction (“No”), or outside of only one of either upper or
lower range of the numerical prediction (* ), as visu-
ally described in Figure 10. It is important to note that being
completely within the range of the numerical prediction indi-
cates that the numerical result is either accurate or conservative,
therefore validating its correct functioning.

The results summarized in Table 3 indicate that the major-
ity of the sensors (9 out of 14 results) validate the numerical
predictions, with only five results partially complying with the
numerical predictions. The observed result discrepancies can
be attributed to:

e The existence of out-of-plane torsion, which, although al-
most unnoticeable to the naked eye, affects the recorded
data in these locations due to instabilities of the tape.

e The effect of the boundary conditions on the measurement,
such as the fixation at both ends (case M and DB).

e The numerical model considering that the elastic-hinge is
folded in a perfect scenario, while in the experimental test,
the tube is subjected to vibrations and instabilities due to
the flexibility of the tape. Furthermore, the model con-
siders a linear movement of the holders, while experimen-
tally, a certain degree of friction is observed in the tool
(affecting case MC). This creates noise that is captured by
the extensometer.
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Figure 10: Possible correlations between experimental and numerical strain measurements.

Table 3: Correlation between valid experimental and numerical results. All results in this table are in percentage to improve readability.

Extensometer Experimental Numerical Difference to Numerical Within
Min. Max. Range Min. Max. Range Min. Max. Range | numerical range?
EC 11 -0.15 0.025 = 0.175 | -0.125 0.025  0.15 0.025 0.0 -0.025
22 -0.15 0.01 0.16 -0.3 0.02 0.32 -0.15 0.01 0.16 Yes
MC 11 -0.4 1.0 1.4 0.0 6.0 6.0 0.4 5.0 4.6
22 -0.45 -0.4 0.05 -0.5 -0.25 0.25 -0.05 0.15 0.2 Yes
MB 11 0.3 0.45 0.15 0.15 0.5 0.35 -0.15 0.05 0.2 Yes
22 0.1 0.35 0.25 0.2 0.5 0.3 0.1 0.15 0.05 Yes
EB 11 -0.0025  0.01 0.0125 | -0.01 0.02 0.03 | -0.0075 0.01 0.0175 Yes
22 0.02 0.12 0.1 0.01 0.175  0.165 -0.01 0.055 0.065 Yes
M 11 -0.004  0.0325 0.0365 | -0.005 0.02 0.025 | -0.001 -0.0125 -0.0115
22 -0.0025  0.025  0.0275 | -0.0025 0.009 0.0115 0.0 -0.016 =~ -0.016
DC 11 -0.01 0.03 0.04 -0.015  0.04 0.055 | -0.005 0.01 0.015 Yes
22 -0.01 0.04 0.05 -0.01 0.12 0.13 0.0 0.08 0.08 Yes
DB 11 -0.02 0.08 0.1 -0.08 0.06 0.14 -0.06 -0.02 0.04
22 0.02 0.085 = 0.065 -0.1 0.3 04 -0.12 0.215 0.335 Yes

Therefore, it is assumed that the outputs obtained from the
numerical model are either accurate or conservative, validating
the use of the structural numerical model for the design of the
elastic-hinges proposed in this article.

5. Elastic-hinge design and optimization

This section describes the design and optimization process of
the composite deployable arm, including the design variables,
objective function, optimization algorithms, internal parame-
ters selected for each algorithm, and an analysis of the obtained
outputs.

Section 5.1 describes the functioning of the Genetic Algo-
rithm (GA) used in the design process and lists the values of
the internal parameters chosen. Section 5.2 describes the de-
sign variables used. The description of the objective function
(Section 5.3) explains how the information obtained from the
numerical models was utilized to explore possible solutions and
improve them.

5.1. Optimization process

The optimization process considers a genetic algorithm
(GA), which is based on Darwin’s theory of survival of the
fittest, the principles of natural genetics, and natural selec-
tion [38—41].

The GA implemented in this optimization process consid-
ers two modifications compared to the classical version, aiming
to increase the diversity of possible solutions in each popula-
tion. First, there cannot be two equal individuals during the

optimization process. This rule was implemented in the form
of an operation that checks if a new individual generated, either
through crossover, mutation, or generating the initial popula-
tion, is equal to any individual created previously. Second, it
was defined that the initial population would be larger than the
remaining populations, increasing the diversity in the initial it-
eration without compromising the computational efficiency of
the algorithm.

In this optimization process, the GA implemented considered
the following internal parameters:

e Each individual has a chromosome that encodes a total of
9 design variables (further described in Section 5.2).

e The minimum population size is equal to 30 individuals.
The initial population considers an overpopulation factor
of 5, leading to an initial total of 150 individuals.

e In each generation, the seven fittest solutions define the
elite group”, which are always allowed to pass during the
Selection process. The remaining individuals in the popu-
lation have a survival rate equal to the one defined in the
classical GA. However, individuals removed have a 5 %
chance of being reintroduced in the following generation
regardless of their performance to promote the diversity of
the population. This may lead to a population larger than
30 individuals.

e The reproduction is performed according to a uniform
crossover operator, meaning that each gene in the chro-




mosome has an equal chance of being equal to one of the
two progenitors [40, 41].

e After the crossover operation, each gene in the chromo-
some has a 7.5 % chance of suffering a mutation. A
mutation corresponds to the assignment of a value ran-
domly chosen between the minimum and maximum range
of acceptable values for the corresponding design variable
(shown in Table 4 of Section 5.3).

e If a new individual has a chromosome equal to a solution
previously evaluated during the optimization process, it is
submitted to any number of mutations necessary until it
has a chromosome that has not been previously evaluated.

e It is assumed that the algorithm has converged after 30
generations with no improvement on the performance of
the elite group.

5.2. Design variables

The layup considered is always symmetric. The geometry of
the elastic-hinge is defined by its internal radius (R;) and by a
double-symmetric spline (as shown in Figure 11).
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Figure 11: Parametrization of the design variables defining the slot cut-out of
the elastic-hinge. The grey arrows indicate the direction in which the control
points are allowed to move.
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The coordinates of the control points (points A through F)
are defined as a function of six design variables (variable X;
through X¢) and are proportional to R;, promoting the scalabil-
ity of the parametrization used and allowing a wide range of
possible geometries. The position of the slot cut-out in relation
to the longitudinal axis of the elastic-hinge is defined by the de-
sign variable S p (Figure 11). Furthermore, a scaling factor L
was included to consider different lengths of the slot cut-out.

The design variables are defined within the range shown in
Table 4. Equations (1) through (6) establish the relationship
between the design variables and the coordinates of the con-
trol points, leading to the minimum and maximum coordinates
summarized in Table 5.

In previous research addressing this specific design prob-
lem [15], it was concluded that the composite layup should have
four plies oriented at a +40°angle, maximizing the first natural
frequency of vibration at a minimal increase of the Max. IF.
For this reason and to reduce the computational cost of the op-
timization algorithm, it was decided to exclude the number of
plies and their orientation angle from the optimization problem.

A=(-R xL;(2.05+0.1X,),-Sp) €))
B=(-R;xXL¢2.15+0.1X;),0.15R; - Sp) 2
C=(-RixLf2.15+0.1X3),R;(0.15X3 + 0.15) = Sp) (3)
D =(—2.15R; X L¢,Ri(0.1X4 +0.15) = S p) “

E =(-2R;x L, Ri(0.1X5 + 0.05) — S p) 5)

F = (R; X L;(0.9(0.1Xs + 0.05) — 2),

(6)
R;(0.1X5 + 0.05)(0.2X6 + 0.2) — Sp)

5.3. Objective function

The objective of the design problem is to achieve the highest
natural frequency of vibration within the damage constraints
imposed. The design problem was defined as the minimization
of equation (7) for the elastic design and the minimization of
equation (8) for the damage tolerant design.

To do so, both objective functions are divided into two
branches. The first branch evaluates the performance of de-
signs that do not meet the damage constraint (Max. I[F<1.0 for
the elastic design and Max. IF<1.1 for the damage tolerant de-
sign). In this situation, the performance (P) of the elastic-hinge
design is set equal to its Max. IF. Therefore, the optimization
algorithm will prefer solutions that minimize the Max. IF and
are considered suitable for this application. The second branch
evaluates the performance of designs that meet the damage con-
straint. In this case, the performance of the solution is set equal

Table 4: Minimum and maximum values of the design variables.

De§1gn Min. Max. | Increment Unit
Variable

R; 50 100 10 mm

Sp 0 100 20 % of R;
Xi, ..., Xg 0 5 1 -

Ly 1 1.5 0.1 -

Table 5: Minimum and maximum coordinates of the control points, normalized
as a function of R;, Ly and S p.

Control X x (1/R; Ly) Y/Ri +S p
Point Min. Max. | Min. Max.
A -2.05 -2.55 0 0
B -2.15 -2.65 | 0.15 0.15
C -2.15 -2.65 | 0.15 0.65
D -2.15 -2.15 | 0.15 0.65
E -2 -2 0.05 045
F -1.995 -1.595 | 0.01 0.54




Table 6: Design variables defining the elastic and damage tolerant designs.

Elastic design | Damage tolerant
R; 10 10
X 4 1
X5 5 0
X3 3 3
Xy 1 4
X5 5 5
Xs 4 3
Sp 1 1
Ly 5 0

to the symmetric value of the first natural frequency of vibration
(—Nfp) of the elastic-hinge.

p= Max. IF, if Max. IF > 1.0 )
=N, if Max. IF < 1.0

P Max. IF, ‘ if Max. IF > 1.1 ®)
—Np, if Max. IF < 1.1

Overall, the objective functions selected allow the optimiza-
tion algorithm to search for solutions within the damage initia-
tion constraint and then promote the selection of characteristics
that maximize the first natural frequency of vibration (minimize
the symmetric value of the natural frequency of vibration).

5.4. Design evaluation

The optimization process described in Section 5.1 was used
to obtain two elastic-hinge designs: an elastic-hinge that does
not initiate damage during operation, resulting from the objec-
tive function described in equation (7), and a damage tolerant
elastic-hinge, obtained from the objective function detailed in
equation (8). Table 6 summarizes the design variables that de-
scribe the obtained solutions.

Despite converging, the optimization process that used equa-
tion (7) did not find a solution with a Max. IF below 1.0. There-
fore, the following comparison will assume the solution clos-
est to meeting this requirement. The best solution found has
a Max. IF of 1.04 and a first natural frequency of vibration of
1.16 Hz (shown in Figure 12).

It is important to note several observations regarding this
choice. First, no solution was found with a Max. IF <1.0 high-
lights how severely this restriction affects the design space and
the difficulty of designing a structure in this condition. Second,
the attentive reader will notice that not having a solution with
a Max. IF <1.0 implies that the algorithm only attempted to
minimize the Max. IF until an acceptable value was met, com-
pletely disregarding the second phase the optimization process
in which it to maximize the first natural frequency. Such rea-
soning would lead to an argument stating that the first natural
frequency of the elastic design could be higher than 1.16 Hz
and make this solution an unsuitable representative of the elas-
tic design as a concept. However, this possibility is improbable
for two reasons. First, the Max. IF decreases with the stiffness

o o

—

b) Damage tolerant design

a) Elastic design

Figure 12: Representation of the elastic (a) and damage tolerant (b) designs.

of the elastic design, which would cause a further decrease in
the first natural frequency, as shown by equation (9), where K
and m are the global stiffness and mass of the elastic-hinge,
respectively. The only exception to this argument is the pos-
sibility of existing a topologically optimized solution such that
the global stiffness of the elastic-hinge is maintained but locally
redistributed to avoid the initiation of damage. However, the
same argument could be made for the damage tolerant design
and potentially increase its natural frequency as well, this pos-
sibility has already been explored by the GA when attempting
to minimize the Max. IF. As a result, although it is not possible
to prove that a global optimum has been found, based on the
number of solutions evaluated during this design process and
previous research [15], it is safe to assume that it is implausi-
ble that a better elastic design solution exists. Therefore, it is
reasonably safe to assume that, by choosing a design that has
a Max. IF = 1.04, we are overestimating the natural frequency
that the elastic design approach can reach, making this solution
a valid representative of the elastic design as a concept.

K
Np = \/; 9)

The damage tolerant elastic-hinge design has a Max. IF of
1.095 and a first natural frequency of vibration of 1.338 Hz.
Figure 12 shows both elastic and damage tolerant designs ob-
tained through their respective optimization processes. Both
designs have a diameter of 200.0 mm. The length of the cut-
out slot is approximately 795.0 mm for the elastic design and
490.0 mm for the damage tolerant design. In order to better
understand and explore the particularities of both solutions, the
interested reader is referred to the dataset [42], which contains
the ABAQUS® input files for the structural and frequency mod-
els used to simulate both designs.

6. Performance comparison and discussion

Figure 13 highlights, in grey, the location and extension of
the regions that have initiated damage during the folding pro-
cess of the damage tolerant design. The natural frequency
model was used to estimate the influence of the damage initia-
tion on the first natural frequency of the damage tolerant design.
The stiffness material properties of the elements highlighted in
grey were multiplied by a factor of 1075, leading to a stiffness



Max. IF

Envelope (max abs)

(Avg: 75%)
+1.093e+00
+1.000e+00
+9.170e-01
+8.340e-01
+7.511e-01
+6.681e-01
+5.851e-01
+5.021e-01
+4.192e-01
+3.362e-01
+2.532e-01
+1.702e-01
+8.726e-02
+4.280e-03

a) b)

Figure 13: Max. IF observed in the damage tolerant design: a) bottom-up per-
spective view of the damage tolerant elastic-hinge; b) close-up view of the
lower tape-spring. The grey colour in the central section of the hinge highlights
the regions where the Max. IF is larger than 1.0.

reduction of the structure. In these conditions, the natural fre-
quency of the damage tolerant design is reduced to 1.3374 Hz,
equivalent to a reduction of 0.05 %.

Comparing the final natural frequencies of the elastic and
damage tolerant designs, it is observable that allowing the ini-
tiation of damage initiation is beneficial. It led to an increase
of 15.3 % of the first natural frequency of vibration compared
to the analogous parameter of the elastic design. However, it
is also noticeable that this improvement was only possible due
to the very localized initiation of damage in the damage tol-
erant design. A series of parametric analyses were performed
to better understand how the potential damage propagation af-
fects the natural frequency, and the performance comparison
discussed. As shown in Figure 14, each case simulates the prop-
agation of damage to regions where the Max. IF is lower than
1.0. Then, for each of these conditions, the value of the first
natural frequency of vibration was re-determined, considering
that the elements with a Max. IF above the indicated threshold
are damaged. Figure 15 illustrates the reduction in the natural
frequency of vibration as the damage propagation increases (in
other words, as the Max. IF threshold decreases).

Observing the graphic shown in Figure 15, it is possible to
conclude that the damage tolerant design has a better perfor-
mance than the elastic design as long as the damage does not
propagate beyond the material with a Max. IF = 0.92. As shown
in Figure 14, this scenario corresponds to the propagation of
damage through a length larger than half of the width of the
lower tape-spring (Max. IF threshold between 0.91 and 0.92,
in Figure 14). To better understand the extension of the dam-
age propagation represented in this case, it is essential to note
that the length of the damage propagated corresponds to almost
20 % of the perimeter formed by the cross-section of both upper
and lower tape-springs.

Based on these observations, it is possible to conclude that
at least one case has very well-defined conditions in which a
damage tolerant design has a better performance than the con-
ventional elastic design. These results are expectable and can be
explained from two different perspectives. From an optimiza-
tion perspective, increasing the allowable Max. IF by a factor of

10 % represents the relaxation of this constraint, allowing the
optimization algorithm to search a region of the design space
that was previously unavailable and potentially finding more
suitable solutions. From a structural perspective, it can be inter-
preted that the global stiffness increase has a more considerable
benefit in the first natural frequency of vibration than the preju-
dice caused by the local failure caused by the damage initiation
and its eventual propagation.

Finally, it is essential to note that this output is the result of al-
lowing the Max. IF to reach a maximum value of 1.1, which was
selected as an initial guess. Allowing a higher or lower thresh-
old may further enable the damage tolerant design. Therefore,
it is relevant to evaluate the influence of this threshold on the
structural performance of the damage tolerant design, as it will
provide significant insight on the possible influences of increas-
ing or decreasing the allowable Max. IF.

7. Conclusions

The present investigation studied the possibility of develop-
ing a damage tolerant elastic-hinge design, comparing the first
natural frequency of vibration of a damage tolerant design with
a design that does not initiate damage during operation. Both
elastic-hinge designs used in this comparison were obtained
through an optimization process that utilized data estimated by
two finite element models that have been experimentally vali-
dated. Finally, the performance of the damage tolerant design
was evaluated considering the structural stiffness reduction re-
sulting from the initiation of damage during operation.

The main conclusions that can be drawn from this work are
the following:

e The design of an elastic-hinge that does not initiate dam-
age during operation (Max. I[F<1.0) led to a maximum nat-
ural frequency of 1.16 HZ. On the other hand, the damage
tolerant design (Max. IF<1.1) had a maximum natural fre-
quency of vibration of 1.338 Hz.

e The very localized initiation of damage observed in the
damage tolerant elastic-hinge caused a reduction of the
first natural frequency of the vibration from 1.338 Hz to
1.3374 Hz, resulting in a decrease of 0.05 %.

e A parametric analysis was performed to evaluate the influ-
ence of the potential further propagation of damage. The
results indicate that the damage tolerant design will main-
tain a larger first natural frequency of vibration than the
elastic design unless the length of the damaged material
is approximately larger than half the width of the lower
tape-spring of the damage tolerant design.

Overall, the results obtained in this research indicate that the
use of a damage tolerant elastic-hinge design may be a good
approach to increasing the first natural frequency of vibration
achieved. Furthermore, it was observed that the damage toler-
ant design could meet the first natural frequency requirements
defined by ESA in [9].
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Figure 14: Representation of the expected damage propagation as a function of the Max. IF. The elements with a Max. IF above the indicated threshold are assumed
to be damaged.
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Figure 15: First natural frequency of both elastic and damage tolerant designs as
a function of the damage propagation. For each Max. IF, the material removed
in the damage tolerant design is equal to the elements highlighted in grey in
Figure 14.

The improvement in performance suggested by these results
can be explained from two different perspectives. From an opti-
mization perspective, allowing the initiation of damage enables
the optimization algorithm to search a previously restricted re-
gion of the design space and potentially find more suitable so-
lutions. From a structural perspective, it can be interpreted that
the global increase in stiffness has a more beneficial influence
than the prejudice caused by the initiation, and propagation, of
damage.

Nonetheless, further research is required before implement-
ing a damage tolerant concept. From a performance point of
view, the definition of the Max. IF allowed during the optimiza-
tion process needs to be further studied, as it may lead to drastic
changes in the design and performance of the solution obtained.
From an implementation point of view, the use of a damage tol-
erant solution requires additional caution, as it is prone to the
release of debris caused by the initiation of damage in the com-
posite material.
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