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ABSTRACT

Composite deployable structures are becoming increasingly important for the space industry, emerging
as an alternative to conventional metallic mechanical systems in space applications. In most cases, the
life-cycle of these structures includes a single deployment sequence, once the spacecraft is in orbit.
So long as reliability is ensured, this fact opens the possibility of using the materials past their elastic
regime and, possibly, beyond the initiation of damage, increasing the efficiency and applicability of
the developed designs.

This review explores this possibility, surveying the design of deployable structures, as well as the
state of the art on the design and damage tolerance in composites. An overview of the developments
performed on the topology optimization of composite structures is included for its novelty and potential
application in the design of deployable structures. Finally, the possibility of combining these topics
into a single efficient design approach is discussed.

1. Introduction

For the space industry, the design of light and compact
structures capable of deploying, once the payload is in orbit,
has been of significant interest for more than two decades [94,
119, 187, 284]. This interest is based on the consequent in-
crease in efficiency of the design of spacecraft, as they be-
come capable of transporting more equipment while reducing
costs associated with fuel consumption [119, 187]. Initial
developments that used metals later used also more efficient
and lighter composite systems [79, 213, 237, 265].

Stored elastic energy deployable structures have been
the leading candidates for space applications. These struc-
tures are designed to be stored in a retracted form with the
capability of self-deploying by releasing the elastic strain
energy accumulated during the retraction / folding process,
which occurs in the elastic regime [187]. The simplest im-
plementation of this concept is image cited from referred to
as “tape-springs” (Figure 1 [148]), of which an example is
the steel tape measure (also known as carpenter tape). The
first use of tape-springs as deployable structures dates to
1968 [256], which are a useful replacement to traditional
hinge mechanisms since they provide high repeatability and
pointing accuracy. Well-known applications include the
monopole and dipole antennas of MARSIS (Mars Advanced
Radar for Surface and Ionosphere Sounding) in 2003 (Figure
2 [159]) [159]. Nonetheless, tape-springs can also be adopted
for self-deployable tensegrity structures and smart origami
structures [9, 45, 135].

Recently, the European Space Agency (ESA) identified
telecommunication satellites as a possible application for
this technology, with promising results, replacing mechani-
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Figure 1: Tape-spring hinge in (from left to right) a deployed,
partially contracted and fully contracted configurations (image
cited from [148]).

cal arms with a lighter and compact solution. This trend is
evident in projects proposed by ESA, such as the call for the
development of an antenna deployment arm with integrated
elastic-hinges, in 2016 [72]. However, this leads to two chal-
lenges. First, the design of a deployable structure should meet
two opposing requirements: flexibility to sustain high strain
deformations and rigidity to support external loads and/or
reach certain natural frequencies [79, 119, 123, 159, 184,
239, 269], which may not always be possible. Second, the
statement of work of the call presented in 2016 specifies that
the deployment arm, developed for telecommunication pur-
poses, should have a natural frequency of more than 1Hz [72],
which is 20 times higher than the required frequency for the
monopole and dipole antennas developed for MARSIS [159]
and even 100 times larger than similar solutions reported
in the literature [151]. This scenario presents the need for
a significant improvement compared to the state-of-the-art
solutions and a simultaneously increased difficulty in com-
plying with both requirements. Failing to balance these two
requirements leads to one of two situations: either the struc-
ture becomes too flexible, failing to meet the rigidity require-
ments necessary to operate, or the structure becomes too rigid,
making it impossible to retract / fold without damage initia-
tion. Due to its novelty, information regarding the design and
optimization of deployable structures considering multiple
requirements is scarce [77, 79, 80, 147, 149-151, 154].
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Table 1
List of acronyms.

Acronym  Meaning Acronym  Meaning

ACO Ant Colony Optimization MMA Method of Moving Asymptotes

BB Barzilai-Borwein method MWCNT  Multi-Walled Carbon Nanotubes

BESO Bi-Directional Evolutionary Structural Opti- NCGC Non-Uniform Curved Grid-Stiffened Compos-
mization ite Structure

BPNN Back-Propagation Neural Network NDFO Normal Distribution Fibre Optimization

CA Cellular Automata NDI Non-Destructive Inspection

CAl Crash After Impact NDSGA Non-Dominated Sorting Genetic Algorithm

CDM Continuum Damage Mechanics NGM Normalized Gradient by Maximum

CFRP Carbon Fibre Reinforced Polymer NSGA-II Non-Dominated Sorting Genetic Algorithm

I

CTO Concurrent Topology Optimization NURBS Non-Uniform Rational B-Spline

CZM Cohesive Zone Modelling PCA Principal Component Analysis

DIC Digital Image Correlation PDS Ply Drop Sequence

DIW Direct Ink Writing PHC Polynomial Homotopy Continuation

DMO Discrete Material Optimization PPS Permutation for Panel Sequence

EBA Enhanced Bat Algorithm PSO Particle Swarm Optimization

EGO Efficient Global Optimization RBFNN Radial Basis Function Neural Networks

ESA European Space Agency RBRDO Reliability-based Robust Design Optimiza-

tion

ESO Evolutionary Structural Optimization RCC Representative Cell Configuration

FEA Finite Element Analysis RIA Reliability Index Approach

FVF Fibre Volume Fraction RVE Representative Volume Element

GA Genetic Algorithm SA Simulated Annealing

GOLS Gravity Offloading Systems SFV Streamline Function Value

IHPA Improved Hybrid Perturbation Analysis SHM Structural Health Monitoring

LSF Level-Set Function SIMP Solid Isotropic Material Penalization

LSM Level-Set Topology Optimization Method SMM Shape Memory Materials

MARSIS  Mars Advanced Radar for Surface and lono- SSPO Streamline Stiffener Path Optimization
sphere Sounding

MIGA Multi-Island Genetic Algorithm

In other fields of application of composite materials, the
design methodologies have evolved significantly. Concepts
such as damage tolerance have been investigated, leading to
an extensive characterization of composite materials under
a considerable plethora of loading cases and operating con-
ditions. Aeronautic and energy industries, amongst others,
have adopted this concept as a means of increasing the ef-
ficiency and / or factor of safety in the designed structures.
Also, the cost reduction associated with the maintenance
or disposal of damaged parts [6, 162, 219, 286]. Similarly,
topology optimization methods have been under the spotlight
of many researchers [176, 248, 294], developing more re-
fined methodologies that can be applied to more advanced
materials.

Despite the novelty or interest of damage tolerance, topol-
ogy optimization, and deployable structures, the literature
available on the combination of any two of these concepts
and their application to deployable structures is either scarce
or non-existent. Furthermore, the review of the combination
of the three domains is unexplored.

Bringing together the benefits of damage tolerance and
topology optimization can significantly impact the design and
application of deployable structures. This type of structural

mechanism has unique requirements and operating condi-
tions. The need to meet flexibility and stiffness requirements
is a challenging and daunting task that, due to its contradic-
tory nature, may not be accomplished and will limit the use
of deployable structures. However, since during the expected
operating life of most deployable structures only one deploy-
ment is expected, it may be acceptable to design a structure
that initiates damage, in a controlled manner, during its re-
traction process. As aresult, the need for a flexible design can
be relaxed, making it easier to reach stiffness-related require-
ments. Therefore, the benefits of using topology optimization
to search for optimal solutions could be enhanced with an
approach that, not only leads to a more efficient design but
also increases the design space and the number of possible
solutions suitable for the respective application.

This literature review explores the possibility of using
topology optimization with a damage tolerant design ap-
proach suitable for composite materials. To do so, the review
is divided into three main sections. Section 2 reviews the
methodologies applied to the design of self-deployable struc-
tures, section 3 addresses the design methods of composite
structures, and section 3.2 presents an overview of the differ-
ent topology optimization methods. Section 3.3 reviews the
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Figure 2: Elastic-hinge used in the monopole and dipole anten-
nas of MARSIS. a) detail view of the elastic-hinge; b) stowage
process; c) experimental deployment of the prototype using a
helicopter (image cited from [159]).

use of damage tolerance. Finally, the possibility of combining
these concepts into a methodology that leads to a topology op-
timized self-deployable damage tolerant composite structure
is discussed in Section 4.

2. Composite deployable structures

The compact configuration characteristic of deployable
structures is the result of the retraction process, which im-
poses the need for the structure to be flexible enough to sustain
high-strain deformations [119, 187].

Similarly to the design process used for composite struc-
tures in the aeronautic sector [194], the following sub-sections
overview the tools used to design deployable structures, in-
cluding experimental characterization methods, numerical
simulation approaches and design methodologies. For a more
detailed review of different folding mechanism concepts and
their trade-off, the interested reader is referred to [187] and
to [75] for a more detailed classification.

2.1. Experimental characterization of deployable
tape-springs

Despite the first research dating back to 1973 [156], re-
porting that the deployment of a tape-spring could cause
a snap-through behaviour due to buckling loads, the litera-
ture available on methodologies to characterize tape-springs
is quite limited. It was only in 1999 that Seffen and Pelle-
grino [213] proposed the first of five characterization method-
ologies used in the study and development of tape-springs.

Research reported in [213] has shown that the experi-
mental characterization of this component can be performed
by measuring the torque-angle relationship (Figure 3 [147]).
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Figure 3: Example of an experimental setup used to measure
the torque-angle curve (image cited from [147]).

Due to the curvature of the tape-spring, the behaviour is
highly dependent on the direction in which the tape-spring is
bent. When the torque applied causes tensile stresses on the
edges of the tape-spring (considered positive torque, by con-
vention), the tape-spring shows a linear behaviour followed
by a sudden bend, which flattens the tape and causes a return
to the linear behaviour. When a negative torque is applied,
compressing the edges of the tape-spring, the linear behaviour
ends sooner. Seffen and Pellegrino [213] reported that this
case of loading promotes the deployment to occur along the
same path, increasing the repeatability of the process. Later
research [26, 80, 148, 151, 184, 206, 225, 231, 264, 281],
more focused on composite materials, further supports the
results obtained on the behaviour of tape-springs and on the
use of torque-angle curves to characterize the retraction of
tape-springs, leading to their application in several studies.

While the methodology described above is suitable to
assess the retraction of the tape-spring, it does not address
the dynamics involved in deployment. To study the release of
the tape-spring, several authors [26, 64, 148, 151, 213] have
used high-speed cameras to measure the angle formed by
the tape-spring, or by the deployable structure, as a function
of time. The main advantage reported is the possibility of
measuring any over-shooting angle that may occur. In this
context, over-shooting angle refers to the angle formed by
the tape-spring due to buckling caused by compressive loads
installed during the deployment process.

A relevant factor to be considered when designing a de-
ployable structure is creep behaviour. The stowage of the de-
ployable structure for long periods of time may cause anoma-
lies in the deployment, as seen in the case of MARSIS [167].
The study of this phenomenon is image cited from per-
formed on tape-springs, maintaining the retracted configura-
tion for long periods of time [30, 124, 125, 127, 167, 169],
although temperature has been used to accelerate the ageing
process [31, 170]. Following this methodology, Kwok and
Pellegrino [127] have been able to detect energy reductions
of up to 60 % when investigating the storage of composite
tape-springs.

In some cases, Gravity Offloading Systems (GOLS) have
been used to offset the effect of gravity. The purpose of
this methodology is to replicate the operating condition of
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the tape-spring during deployment in space. In 2017, Mao
et al. [158] used a GOLS that consisted of a set of braided
cords that suspend the deployable structure. This allowed
the structure to deploy along a plane parallel to the ground,
resorting to a set of soft extension springs that compensated
the changes in distance between the hanging points.

In summary, the characterization of the mechanical prop-
erties and behaviour of tape-springs is based on the experi-
mental measurement of the torque involved in the retraction
process and on the observation of the deployment. However,
for being applied in space, the main obstacle is recreating the
operating conditions. Offsetting variables such as the influ-
ence of gravity or air friction is a difficult task that may hinder
the extensive testing of a design, particularly for solutions
with low deployed stiffness or low deployment torque.

2.2. Numerical modelling of composite deployable
structures

The design and development of deployable structures re-
quire the validation of the respective in-service conditions.
However, replicating the operating conditions can be dif-
ficult, if not impossible [168]. This is evident in scenar-
ios such as the one of MARSIS, where the deployable sys-
tem used had a low deployment torque. This caused the
deployment to be compromised by factors such as air fric-
tion and the influence of gravity [159]. Implementing nu-
merical models that can accurately predict the behaviour
and performance of the deployable system, taking into ac-
count the majority of factors that influence the process, would
greatly aid the design process and allow a reduction in the
experimental campaign necessary to validate each concept.
Several authors [26, 49, 62, 63, 89, 102, 110, 125-127, 147-
155, 158, 168, 181, 213, 257] have published numerical mod-
elling of deployable structures, where this topic is explored
at different scales, from the micro to the macro-scale. Before
reviewing the topics mentioned, and although not directly
related to deployable structures, the interested reader is re-
ferred to [182] for a brief review on the numerical modelling
of thermal conductivity of composite materials, which will
not be addressed in this section.

In 2011, Mallikarachchi ef al. [147, 151, 155] explored
the possibility of using a micro to macro-scale approach to
model an elastic-hinge during both deployment and retraction
processes. Here, a failure criterion developed specifically to
analyse plain-weave carbon fibre reinforced polymer (CFRP)
under in-plane, bending, and the combined effect of in-plane
and bending loads was considered. At the micro-mechanical
scale, the authors estimated the tow elastic properties using
the rule of mixtures and semi-empirical relations, detailed
in [97], to determine the Poisson’s ratios, longitudinal and
transverse extensional modulus, and the shear modulus. Then,
at a meso-scale level, the authors recreated the tow’s cross-
section architecture, the waviness of the fabric used and the
ply arrangement considering geometric data obtained from
the material microscopic analysis. The tows were modelled
as wavy beams, defined by a sine wave, according to [266].
For the ply arrangement, Mallikarachchi included 6-node

e

(b) Pinching

(a) Undeformed configuration

~—

(c) Release of contact between (d) Final folded configuration
hinge and rigid plates

Figure 4: Stages of the retraction (or folding) process simula-
tion (image cited from [155]).

triangular prisms in the gaps formed between tow surfaces,
representing additional neat resin. This approach would later
lead the author to adjust the fibre volume fraction (FVF)
within the tow to achieve a value equal to the one measured
experimentally. Before transitioning to the macro-scale, the
representative volume element (RVE) of the fabric was tested
virtually and used to homogenize the ply properties.

The macro-scale model was implemented in ABAQUS® [157]

using an explicit formulation that considered the interaction
of the elastic-hinge with solid elements that replicate the ex-
perimental testing process used to obtain the torque-angle
curve. These solid elements represent the two holders that
support the elastic-hinge on each end, and are used to apply:
1) a torque that forces the system to fold; and 2) a pair of
solid plates, responsible for pinching the tape-springs and
flattening them before initiating the retraction process [147].
The sequence of steps of the retraction process recreated
by the author is described in Figure 4 [155]. However, during
the experimental validation of the numerical model, the au-
thor would suppress the pinching step, reporting that this was
a manual step and, therefore, its removal would increase the
repeatability and better standardize the experimental testing
process. In other scenarios [151, 155], the pinching step was
included as a means of guaranteeing that the folding of the
tape-springs would occur at their mid-longitudinal section.
Regarding the experimental validation of the model, the
author reported the presence of instabilities reflected as an os-
cillating movement of the elastic-hinge during the simulated
retraction process. This divergence between numerical and
experimental results was overcome using a viscous pressure
parameter that functions as a damping mechanism. The value
of the viscous pressure was tuned iteratively, ensuring that
the energy dissipated through viscous mechanisms remained
below 1 % of the energy balance of the system [151, 155].
The comparison between the experimental and numeri-
cal results indicates that the finite element simulations could
capture the behaviour of the elastic-hinge. However, it re-
vealed some significant differences in the estimation of the
maximum torque applied during the deployment stage. Fur-
thermore, the maximum torque observed during the retraction
process was, approximately, two times larger than the maxi-
mum torque installed during deployment. The authors justify
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this difference as a characteristic of structures with an un-
stable post-buckling equilibrium path [155], as described by
Brush er al. [33] and by Van der Heijden et al. [251].
Finally, Mallikarachchi et al. [152] defined a failure cri-
teria suitable to analyse plain-weave CFRP in three different
loading cases: failure due to in-plane, bending, and in-plane
plus bending loads. According to this criteria, the absence of
the pinching step would cause the initiation of damage during
the retraction process due to the installed torque [151, 155].
The research developed by Mallikarachchi et al. [147—
155] is quite significant in the field of deployable structures
for its extensive scope and approaches. However, several
other researchers made relevant contributions. Researches

cies in the thickness of the material.

The literature on the numerical modelling of compos-
ite deployable structures focuses two different topics: the
stowage and/or deployment sequence and the structural be-
haviour. The analysis of the stowage and/or deployment se-
quence is mainly concerned with the accurate representation
and prediction of the kinematic movement, especially those
that result from the release of the strain energy stored during
the retraction process. On the other hand, the structural anal-
ysis addresses the integrity of structure from two different
points of view. The first, considering the internal loads result-
ing from the deployment sequence, which can often rely on
multi-scale approaches to bring together the properties of the

with similar approaches include: Seffen and Pellegrino (1999) [213domposite material observed at a micro-scale and the loads

for the full deployment simulation and initial design of a sin-
gle tape-spring, Boesch et al. (2007), Givois et al. (2001)
and Jeong et al. (2016) [26, 89, 110] for structures with
multiple tape-springs, Mao et al. (2017) [158] for integral
slotted hinges, and Cook and Walker (2016) [49] for the use
of tape-springs in the deployment of an inflatable structure.

In 2016, Dewalque et al. [62] performed a quasi-static
analysis to assess the influence of geometric and material
parameters of a single beryllium copper tape-spring to assess
the relationship between the bending moment and the rotation
angle. The parametric analysis and the optimization process
used in this research resulted in a tape-spring geometry that
minimized the installed stresses, according to the Von-Mises
failure criterion, while maximizing the range of motion.

Nonlinear dynamic analysis was also used to evaluate
buckling, hysteresis and self-locking phenomena that charac-
terize the deployment of tape-springs. Walker and Aglietti
(2004) [257] addressed the retraction and deployment of a
tape-spring but considered a complex three-dimensional ar-
ray fold. Hoffait er al. (2010) [102] addressed the hysteresis
and buckling phenomenon observed during the deployment
using a geometry similar to the one patented in [256], while
Dewalque et al. (2015) [63] focused on using both numerical
and structural damping to accurately simulate the deployment
behaviour of tape-springs.

The viscoelastic effect that tape-springs may suffer due
to the long-term stowage has also been addressed in the
literature. Kwok and Pellegrino (2011, 2013) [125, 127]
successfully captured the viscoelastic effect of the stowage
implementing finite-element simulations based on linear vis-
coelastic material models. In 2012, the same authors [126]
presented a micro-mechanical finite element model and used
it to study the deployment and recovery of a bent thin-walled
viscoelastic tape-spring. The outcome was a close agreement
between numerical and experimental results. Nevertheless,
the model was difficult to implement in the deployment sim-
ulation of a complete structure due to its expensive computa-
tional cost. In 2013, Peterson and Murphey [181] have shown
through experimental test results, modified micromechanics
and classical laminate theory analysis that the longitudinal
and transversal bending stiffness of the tape-springs decreases
with the shear modulus over time. The results obtained were
10 % lower than expected, which were justified by inaccura-

that result from the movement of the structure at a macro-
scale. The second, considers the changes in properties of the
material, especially due to relaxation phenomenon that result
from extended stowage periods.

2.3. Design of composite deployable structures

The successful design of a deployable structure relies on
the capability of achieving the necessary flexibility to sustain
the high-strain deformations that allow their characteristic
high-compact ratio [187].

Soykasap et al. (2004) [233] reported the design pro-
cess of a deployable reflector concept. The authors used the
maximum strain failure criterion to theoretically estimate the
minimum bend radius that the CFRP sheets could sustain
without initiating damage. The estimation was experimen-
tally validated but the authors mentioned that the use of angle
plies on the outer surfaces of the plate significantly decreased
both the predicted and the minimum measured bend radius.
The size of the cut-outs was defined considering that, al-
though they reduce the maximum strain in the region close
to the hinge, their dimension should be as small as possible
to avoid the loss of stiffness in the structure. Furthermore,
the authors observed that reinforcing the stress concentra-
tion points near the edges of the cut-out would increase the
maximum stress due to the increased thickness of the com-
posite. Parameters such as the length and width of the cut-out
were defined taking into consideration the minimum bend ra-
dius that would allow a two-step retraction sequence (Figure
5 [233]). In 2008, the authors also applied this approach to
a similar structure, imposing a minimum natural frequency
requirement [232].

In 2010, Mallikarachchi and Pellegrino [149] addressed
the capability of an elastic-hinge being able of being bent at
180° through a parametric study using a finite element model.
Each combination of parameters was evaluated through a
structural finite element analysis (FEA), assessing if there was
initiation of damage according to the maximum strain failure
criteria. The authors then selected three possible designs
that were further analysed in [150]. This time, the elastic-
hinges were simulated considering their stowed configuration
around a satellite and were evaluated according to their own
failure criteria proposed in [152], suitable for the evaluation
of plain-weave CFRP.
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Figure 5: Representation of the two-step retraction sequence.
(a) Folding of side wall about line H1H1; (b) folding of RF
surface around the folded side wall (image cited from [233]).

Tan and Pellegrino (2006, 2012) [238, 239] reported the
development of a cap that improved the deployed stiffness of
a deployable reflector. The stiffener was applied on the edges
of the tape-spring that deploys the structure. The authors
applied the Hooke and Jeeves direct search method [104] to
identify the optimal angle and width of the stiffener, as well
as the angles of slit at end of the diameter. Each solution was
evaluated by means of a FEA in ABAQUS® [157] to deter-
mine the influence on the natural frequency of the deployed
structure. This methodology led to an improvement of the
stiffness and natural frequency by a factor of 31 and 4, respec-
tively, with a mass increase of only 16 % when comparing to
the same solution without the stiffener.

The use of shape memory materials (SMM) in deployable
systems deserves to be mentioned. To prevent the latch-up
shock from the deployment of high-stiffness tape-springs,
Jeong et al. (2014) [110] included a shape memory alloy
tape aligned with the tape-spring. The reason behind this
design is the transition from a dynamic, and possibly unsta-
ble, deployment to a quasi-static one. A sequential quadratic
programming algorithm was used to solve the optimization
problem, iterating over the length, thickness (number of
plies) and width of the tape-springs. The dimensions of
the shape memory alloy used as a damping mechanism were
selected considering the torque applied by the tape-spring.
The use of SMM has been a point of interest for several stud-
ies [54, 128, 132, 133, 139, 141], which are not within the
scope of the present review. For more information and for an
updated review on the use of SMM in deployable systems,
the interested reader is referred to [132, 141].

Chu and Lei (2014) [48] presented a design theory and
dynamic analysis of a lenticular boom with a mechanism
that aids the deployment and retraction process. The design
process began with the definition of a relationship between
the geometry of the lenticular boom and properties or fac-
tors, such as: bending stresses, torsional stresses, natural
frequency of the structure and the strain energy involved.
The analytical expressions defined were then used in an opti-
mization cycle, using the sequential quadratic programming
method. The objective of this optimization was to minimize
the stress installed in the structure considering geometric and

natural frequency constraints.

To design the tape-springs of a deployable solar panel,
Dewalque ef al. (2016) [62] used a parametric study and
an optimization algorithm to explore possible combinations
of thickness, radius of curvature and subtended angle of the
tape-spring. In this case, and due to the nature of the selected
algorithm (fmincon in MATLAB [161]), the parametric study
served as a means of performing an educated initial guess
of the optimal solution. The optimization algorithm was
used in conjunction with the software SAMCE [244], which
simulated the performance of the geometry selected by the
algorithm when retracting 120° and posterior deployment.

Wu and Vinquerat (2017) [269] designed a braided bi-
stable carbon-epoxy tube considering the optimization of
its natural frequency. To do so, the braid angles and stack-
ing sequences were optimized, using the coiled diameter of
the structure as a constraint and the maximum and minimum
physically achievable braid angles as bounds. The authors uti-
lized a pattern search method, available in MATLAB global
optimization toolbox [161], to define the parameters to be
used by a Python [196] script to generate the models to be
simulated in ABAQUS® [157]. The implemented design pro-
cess allowed the authors to find a design that met the defined
requirements. During this process, it was also observed that
the braid angle had a greater influence in the natural fre-
quency than the ply location within the stacking sequence for
long slender designs, whereas both factors have significant
influence in the natural frequency of shorter designs.

Between 2015 and 2019, Sakovsky et al. [203-206] have
researched the use of a dual-matrix concept to design deploy-
able antennas. According to the authors, thin shell deployable
structures offer an efficient packaging but reduced surface pre-
cision, while elastomer composite shells have a smaller fold
radius upon packaging but are limited by the stiffness of the
deployed structure. Therefore, the concept of a dual-matrix
composite, consisting of a continuous CFRP with localized
elastomer matrix embedded in hinge regions, should allow
for small fold radii, strain energy deployment, high deployed
stiffness, and enable larger antenna apertures. The authors
have compared dual-matrix structures with existing antenna
designs considering both structural and electromagnetic per-
formances. This approach led to the design of a deployable
dual-matrix composite conical log spiral antenna to be used
on CubeSats, which outperformed existing off-the-shelf de-
signs regarding gain, bandwidth, and packaging efficiency.

In other publication [279], Yang et al. (2019) presented
the design of a self-deployable composite boom with an N-
shaped cross-section. The design process adopted by the
authors includes four distinct steps. The first design of ex-
periments approach was used, where the sampling designs
for the N-boom were created. Then, each design sample was
evaluated through numerical analysis in ABAQUS® [157].
The third step was the use of the response surface method to
create a surrogate model of the bending stiffness around the
xx and yy axes (transverse) and torsional stiffness around the
zz axis (longitudinal). Finally, the authors applied a modified
non-dominated sorting genetic algorithm (NDSGA) to per-
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form a multi-objective optimization, maximizing the bending
stiffness around x and y axes and the torsional stiffness around
the z axis. A mass constraint was imposed, and the two design
variables were selected, defining the bonded web height and
central angle of the middle tape. The authors concluded that
the final design obtained was feasible and that the surrogate
model predicted accurately the behaviour of the deployable
system with a maximum error of 8.81 %.

More recently, Ferraro and Pellegrino (2019) [80] ex-
plored the use of a topology optimization approach to define
the geometry of the cut-outs in a composite deployable corner
joint. The adopted topology optimization method differs from
the original concept proposed by Bendsge and Kikuchi in
1988 [23], where the element of a material volume had their
density changed depending on a given criteria (such as maxi-
mizing the stiffness). Instead, two different approaches were
used and compared in [80]: the first was the parametric opti-
mization of the points defining a spline, and the second was
a LSM approach. In the first case, the design variables were
eight points that could move freely in a constrained space,
defining the shape of a spline. The Basin-Hopping algorithm
was then used, considering the minimization of the failure
index at each consecutive folding step, while maximizing the
bending stiffness of the deployed joint. The second approach
allowed for a broader exploration of shapes, number, and cut-
outs position. In this case, the definition of the shape of the
cut-out is achieved through the intersection of a cutting-plane
with a 3-D basis function, z = f(x, y). Two basis functions
were investigated, a series of cosines squared, and a series
of cosines and sines squared. The optimization process then
iterates over the z-coordinate at which the plane will intersect
the basis function. To increase the diversity of the solutions,
the authors allowed the cutting plane to have an inclination
angle in relation to the x-y plane. Both approaches were used
to generate the geometry to be simulated in a finite element
model, in ABAQUS?® [157], that was previously developed
and validated in [79]. Despite the innovative approach, the
solutions obtained by both methods did not meet the failure
criteria. However, the authors mentioned that the designs
proposed by the optimization method led to a reduction of
the area where damage initiated [80].

In previous research, Fernandes et al. (2020) [77] at-
tempted the optimization of a self-deployable elastic-hinge
considering the requirements defined by ESA in the statement
of work published in 2016 [72]. The authors considered a
total of 10 design variables, two defined the number of plies
and orientation of the composite laminate, and a set of eight
variables described the geometrical shape of a slot cut-out
(inspired in the work of Mallikarachchi et al. [150]). The
optimization approach consisted of using a genetic algorithm
(GA) to perform a global search, iterating over a discrete
version of the design variables, followed by a continuous and
local search using a particle swarm optimization (PSO) algo-
rithm. The objective was the minimization of the maximum
index of failure resulting from the following set of criteria:
Hashin’s, Azzi-Tsai-Hill, Tsai-Hill, Tsai-Wu, and Maximum
stress failure criteria. Additionally, the authors penalized

solutions with a natural frequency below the minimum re-
quirement imposed in [72] equivalent to 1 Hz. Although
the final design obtained met the frequency requirement, the
algorithm did not minimize the maximum index of failure
below the maximum acceptable value of 1.0, which indicates
damage initiation. By means of a parametric analysis, the
authors concluded that the design variables suggested in the
literature are scarce and limit the design space and possibly
exclude better design possibilities. The definition of the slot
cut-out through a spline or the use of topology optimization
has been identified as a possible subject of improvement.

In summary, the present literature review shows a clear
evolution in the methodologies adopted to design deployable
structures. The first approaches were based on analytical eval-
uation of the stress-strain state of the composite material, es-
tablishing a relationship between the maximum strain failure
criteria and the folding radius [232, 233]. This methodology
was followed by parametric evaluations having finite element
models as a valid resource, using either strain [149] or stress-
based [150] failure criterion. Finally, the latest observable
trend is the inclusion of optimization algorithms in the design
process, as well as the inclusion of additional design con-
straints, such as the natural frequency of vibration, deployed
stiffness or the deployment torque [48, 62, 77, 80, 110, 203—
206, 269, 279]. However, despite its novelty and popular-
ity in several fields, it is notable the absence of topology
optimization-based methodologies, with only one research
exploring this possibility [80]. Additionally, it is notable
that all design methodologies reviewed share a conservative
approach, regardless of most deployable applications only
being used a single time in their life-cycle. The use of dam-
age tolerant designs, or allowing the initiation of damage,
would allow to achieve more demanding requirements, such
as higher natural frequencies or a larger deployment stiffness,
which are yet to be addressed.

3. Design of composite structures

Section 2 addressed the different methodologies used to
design a composite deployable structure. It became evident
that the methodologies adopted image cited from involved
the use of FEA and, more recently, the use of optimization
methods. The purpose of applying these methodologies is,
frequently, to achieve a high-strain capable design that com-
plies with specific requirements, such as: minimum natural
frequency, deployed stiffness, or deployment torque.

In other fields of application, damage tolerant design [6,
162] and topology optimization [23] are concepts and meth-
ods that have been extensively studied and applied to com-
posite materials and their applications. However, when it
comes to deployable structures, the information available on
the use of these concepts is either scarce or non-existent.

The following three sub-sections review the literature
available on the design of composite structures (3.1), topol-
ogy optimization (3.2) and damage tolerance (3.3). However,
the purpose is not to perform an extensive review on all the
design and optimization methods but to focus on assessing
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the possible application of damage tolerance, topology op-
timization or other design methods to deployable structures
and identify possible advantages of their use.

3.1. Design methods

In 2018, Xu et al. [275] and Nikbakht et al. [174, 175]
have presented extensive state-of-the-art reviews on the dif-
ferent design methodologies applied to composite materials
and structures. Both conclusions are similar, expressing the
general interest of optimizing variables such as fibre orien-
tation in each ply, ply thicknesses, ply number, and stacking
sequence. The authors categorized the optimization meth-
ods into the following three groups: gradient-based meth-
ods, heuristic methods, and hybrid methods. Both research
groups concluded that gradient-based methods are image
cited from faster but may require information that is either
unavailable or have a high computational cost. In contrast,
heuristic methods that do not require gradient information
have been widely used, with the most popular algorithms
being: GA, simulated annealing (SA), PSO, and ant colony
optimization (ACO). Finally, the authors have not observed
a large application of hybrid methods but consider them a
promising tool in the future, when including artificial intel-
ligence. Xu et al. [275] mention the relevance of topology
optimization applied to laminated composite structures for
allowing the simultaneous design of the structural layout and
of the fibre orientations.

This section will report and develop on the information
published since the release of the reviews made by Xu et al.
and Nikbakht et al. [174, 175, 275], sorting the work accord-
ing to the use of heuristic (3.1.1), gradient-based (3.1.2), or
hybrid and other methods (3.1.3). A brief discussion of these
three sub-sections is presented at the end of Section 3.1.3. For
its potential, interest and popularity, topology optimization
methods will be addressed separately in Section 3.2.

3.1.1. Heuristic methods

In Jin et al. [112], the blending of a composite laminate
(continuity of the composite stacking sequences as defined in
[122]), is addressed proposing the Permutation for Panel Se-
quence (PPS) blending model, which is an improved version
of the Ply Drop Sequence (PDS) concept. Both approaches
use a GA whose population has three chromosomes. The
first two define the fibre angle and guide distance. The third
chromosome differs between PPS and PDS, representing a
permutation variable or the existence/absence of a given ply,
respectively. The authors state that this change allows the
algorithm to avoid the problem of repeated search of discrete
points in the design space for the previous PDS blending
model, leading to faster convergence. An et al. (2019) [12]
also addressed the blending of the composite material but in-
cluded design constraints. The approach used is an extension
of the two-level multi-point approximation method described
in [10, 11, 41]. The process is divided into two phases. The
first begins with an initial stacking sequence design that is
used to generate a first-level approximation problem. A GA
is used to decide the presence and absence of each ply in
the initial design. To ensure the continuity and blending of

the different laminate regions, the authors proposed a shared-
layer and local mutation method, which forces the individuals
in the GA to satisfy the imposed blending rule. The second
phase uses a second-level approximation problem to optimize
the thickness of the retained layers as continuous variables.
The authors efficiently obtained solutions that satisfy both
design and manufacturing requirements and successfully ap-
plied them to the design of a satellite cylinder.

Regarding performance optimization of the composite,
Esmaeeli et al. (2019) [73] used a multi-objective implemen-
tation of the ACO algorithm to optimize the characteristics
of a multifunctional laminated composite. By changing the
angles of the plies and simulating a RVE of the material, the
authors were able to maximize the effective in-plane elastic
constants. Conducting different benchmark problems, the
authors observed a quick and successful convergence towards
optimal ply angles and the determination of the Pareto op-
timal frontier regardless of the dimensions of the problem.
Similarly, although on the design of active composites, Hamel
et al. (2019) [96] studied and applied the use of an evolution-
ary based design method for 4D printed composites, where
4D refers to the time evolving shape of 3D printed parts. To
do so, the authors combined an evolutionary algorithm with
the finite element method to determine the distribution of
active and passive material elements. The authors demon-
strated the application of this method to single-objective and
multi-objective optimization problems.

Neves Carneiro and Concei¢do Anténio [57], applied
a novel methodology, combining the Reliability Index Ap-
proach (RIA) [14] with the Reliability-based Robust Design
Optimization (RBRDO) [55, 56], to the design of a composite
laminate structure. This bi-objective optimization problem
aims at minimizing both the weight and the determinant of
the variance-covariance matrix of the response functionals of
the system (robustness), while considering displacement and
stress constraints. The reliability assessment is performed in
an inner cycle of the design optimization. The authors high-
light the exclusive use of a GA with elitist strategy as the key
concept of this methodology, avoiding the need for sensitivity
analysis, convexity and continuity of the search space, and
guaranteeing global convergence. With this approach, the
authors were able to optimize the ply orientation and thick-
ness of the laminate while considering: uncertainty in both
random design variables and random parameters (robustness
assessment) and uncertainty on the individual mechanical
properties of each laminate (reliability assessment). More
recently, Yoo et al. (2021) [282] proposed a novel multi-
fidelity modelling-based optimisation framework, aimed at
the robust design of composite structures. Through the use
of high-fidelity model for exploitation and low-fidelity model
for the exploration of the design space, the authors were
capable of achieving computational time savings of at least
50% compared to conventional multi-fidelity and high-fidelity
modelling methods. This method was successfully applied
to the robust design optimization of a stiffened composite
panel, considering design uncertainty under non-linear post-
buckling regime.
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Seeking the simultaneous optimization of both compos-
ite geometries and laminate stacking sequence, San ef al.
(2019) [208] applied a multi-island genetic algorithm (MIGA)
to maximize the natural frequency of a composite structure.
The design variables that characterized the geometry were the
points of a non-uniform rational B-spline (NURBS), defined
as continuous variables. On the other hand, the ply orien-
tation was defined as a discrete variable with four possible
values (0 °, +45 °, and 90 °). San ef al. reached two main
conclusions. First, that a two-phase optimization was seiz-
ing local suboptimal results, contrasting with a simultaneous
optimization which led to the global optimum. Second, that
increasing the number of control points of the NURBS led
to improved optimal results due to the increase in degrees
of freedom. These results are in line with the conclusions
obtained by Fernandes et al. (2020) [77] when using the
same design variables to optimize the design of a deployable
elastic-hinge. However, instead of a MIGA, Fernandes et al.
used a GA for a global discrete search, followed by a PSO
approach for continuous local optimization.

3.1.2. Gradient-based methods

In 2018, Duan et al. [67] optimized the topology of a com-
posite truss structure. The objective was to maximize the first
natural frequency of the system, made of filament-wound pro-
files with a circular cross-section and a continuous winding
angle. The design variables were the radius and composite
orientation angle of each profile. The authors determined the
sensitivity of the objective function to each variable and used
the Method of Moving Asymptotes (MMA) [236] to update
the design variables. The approach was tested and validated
in both two and three-dimensional case studies.

Nasab et al. (2018) [74] used a gradient-based approach
to the thickness optimization of stiffened composite skins,
guaranteeing the blending of plies over individual panels.
The approach considered design guidelines such as symme-
try, covering ply, disorientation, percentage rule, balance, and
contiguity of the layup. To do so, a stacking sequence table
is generated and a level-set gradient-based method is used
to optimize the location of ply drops. The objective of this
procedure is to convert discrete design variables associated
with the number of plies into a continuous problem. The out-
put is the optimum thickness distribution over the structure
in relation to a specific stacking sequence table. This method
was applied to the 18-panel Horseshoe Problem and to the
optimization of a composite stiffened skin of a wing torsion
box. In comparison with a GA, the authors concluded that
the approach proposed was, in general, faster, and less expen-
sive. Avoiding the direct optimization of the ply-thickness
and fibre orientation, Demir ez al. (2019) [60] applied a least-
square optimization approach, with continuity constraints, to
optimize the lamination parameters of a composite [2]. The
authors argue in favour of this parametrization as it leads to
the stiffness becoming a linear function of the lamination
parameters, instead of a nonlinear trigonometric function of
the fibre angle, making it more suitable for gradient-based
methods. Additionally, this parametrization accounts for any

number of layers and possible fibre angles [2]. After obtain-
ing the optimized lamination parameters, the authors used a
material library consisting of desired fibre angle and stack-
ing sequences. The material whose lamination parameters
was most like the optimized result, was the material selected.
In other research [218], Shafighfard ef al. (2019) followed
the same approach to determine the lamination properties of
different open-hole composite plates, observing a 13 % im-
provement in compliance of the final design when compared
to other state-of-the-art optimization methods.

In 2019, Wang et al. [258] proposed the streamline stiff-
ener path optimization (SSPO), a multi-scale-based method
for curved stiffener layout design of non-uniform curved
grid-stiffened composite structures with embedded stiffeners
(NCGCs). The SSPO is based on 4 steps, starting from a
homogenization-based analysis to calculate the unstiffened
global model. Then, a discrete distribution of two-dimensional
curved stiffener paths is converted into a continuous distribu-
tion of a streamline function values (SFVs) on a 3D level-set
surface. Projected points with the same SFVs are then used
to define one stiffener path. The contribution of stiffeners
is considered in the global model through the calculation of
equivalent material properties of a parallelogram represen-
tative cell configurations (RCCs), via homogenization. The
third step is the optimization of the curved stiffener layout,
achieved by means of a sensitivity-based shape design of the
local parallelogram RCCs with analytical sensitivities. The
final step is the maximization of the buckling load within a
given weight, considering manufacturing, stiffener spacing
and angle constraints. Wang et al. validated the effectiveness
of steering the path of the stiffeners through the numerical
evaluations of a laminate panel under compressive loads.

Oriented towards the design of additively manufactured
components, Fernandez er al. (2019) [78] included manufac-
turing constraints of this process in the design of Direct Ink
Writing (DIW) short carbon fibre and thermoset resin com-
posites. The authors defined the extrudate trajectory as the
contours of level-set functions, which define the orientation
of the fibres, their FVF and hence the structural response of
the composite. Using nonlinear programming and the finite
element method to obtain information on the mass, compli-
ance, and design sensitivities of the structure, it was possible
to find a local optimal. In this process, the authors imposed
constraints such as: no-overlap, no-sag, minimum allowable
radius of curvature and continuity of the toolpaths that must
begin and end at a boundary. Finally, the authors formulated
a travelling salesman problem to determine the continuous
shortest path for each layer, minimizing the manufacturing
time. Shen and Branscomb (2020) [220] studied how to find
the optimal material orientation of an anisotropic material in
an additively manufactured structure. The authors proposed
the use of a rationalized formula, referred to as normalized
gradient by maximum (NGM)), to calculate the step length
of a gradient descent method and find an optimal material
orientation that minimized/maximized the compliance of a
structure under plane stress conditions. This method was
compared with a stress based and a strain-based method. The
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strain-based method had the worst performance. The authors
also observed that although the stress based method had a
faster convergence, the combination of the NGM with the
Barzilai-Borwein method (BB) provided a gradual change in
orientation in the process and searches the maximum as well,
making it a more general method and better suited to handle
arbitrary constraints and loads in the finite element method.

In 2020, Nasab et al. [171] adopted a decomposition
strategy for the structural optimization of a fibre-reinforced
aircraft wing box, dividing the problem into a system-level
and subsystem-level optimizations. The subsystem problem
is the optimization of the ribs which are subjected to the
crushing loads resulting from the bending of the wing. The
system-level problem is the optimization of the wing-box
skins, accounting for the effect of the skin design on the loads
applied to the ribs. A principal component analysis (PCA)
was used to assess the influence of the changes in loads on the
ribs, increasing the numerical efficiency of the decomposition
strategy. A level-set strategy that allows the use of both
coarse and fine finite element models was adopted to solve
the optimization problems in both system and subsystem
levels. The results obtained by Nasab et al. show that the
decomposition strategy allowed the solving of a complex
problem at a reasonable computation cost.

3.1.3. Hybrid and other methods

Rongrong et al. (2018) [195] applied a hybrid approach
to the design and optimization of a composite forward swept
wing. The authors generated a surrogate model of the aeroe-
lastic torsion divergence problem using radial basis function
neural networks (RBFNNSs), which was then solved with a
GA. The objective was to minimize the deformation of the
wing by optimizing the number of composite layers and their
orientation, which were defined as a set of discrete possible
values. The authors report that this process allowed a 32.5%
reduction of the displacement of the wing. Still related to the
use of artificial intelligence, a multi-scale optimization and
design approach is presented by Hai et al. (2020) in [173].
The authors aimed at maximizing the buckling load of several
composite shells, with different cut-out geometries in their
centre, by modifying a set of five parameters that define the
geometry of the meso-scale RVE. The approach used begins
at the micro-scale, estimating the properties of a fibre bundle
through a FEA in ABAQUS® [157]. This information is in-
troduced into the open source software TexGen [221], which
can generate meso-scale models of the RVE of the composite
tow. This model is used to estimate the mechanical proper-
ties of the material as a function of the configuration of the
RVE. Finally, the mechanical properties of the material are
introduced into a macro-scale numerical model, estimating
of the buckling load. The data obtained from the buckling
analysis was used to train a back-propagation neural network
(BPNN). The BPNN was then integrated, with an Efficient
Global Optimization (EGO) algorithm [114], allowing the it-
eration of the design variables and optimization of the design
problem with a reduced computational cost.

Johnston et al. (2019) [113] proposed a methodology for

the design of a composite hub-web structure that integrates
a hybrid composite-steel gear. The geometry consists of a
planar structure whose thickness decreases from the hub to
the rim. The methodology proposed consists of several steps.
The first is the evaluation of an initial simple design. Then, the
information on the structural performance of the initial design
is considered in a free-shape optimization, which applies
orthotropic composite properties to a 3D element mesh of
the hybrid gear structure, represented a bulk volume model.
This optimization step aims at minimizing stresses or strains
in the part while maintaining key design requirements, such
as the connection to other components. The following step
is the stress-constrained topology optimization of the result
obtained so far, minimizing the weight or volume. In addition
to the optimized topology, the expected output includes a
loading map of the cross-section of the gear, indicating where
continuous-fibre layers are required for greater strength and
stiffness. Likewise, lower density filler layers can be added
to more voluminous regions where load-bearing capabilities
are less required. In case the filler layer is made of a different
material from the continuous-fibre composite layer, a second
free-shape optimization step is performed to minimize stress
or strain in the filler region. Finally, the laminate sequence is
optimized, leading to the final design.

Adopting the use of lamination parameters, Liu et al.
(2019) [140] optimized the lay-up of a composite laminate
with the Wittrick-Williams algorithm [267]. Then, instead of
selecting a material based on an available library (as in [60,
218]), Liu et al. applied a logic-based procedure combining
the branch and bound method with a global layer-wise tech-
nique to find the optimal stacking sequence that best matches
the optimized lamination parameters. An alternative to this
second step is presented and validated by Viquerat (2020)
in [255], where a set of up to 12 lamination parameters are
used to define a laminate configuration through a polynomial
homotopy continuation (PHC) technique [191, 253]. The
PHC treats the ply angles as continuous variables, taking any
value between -90° and +90°.

Khodaygan ef al. (2020) [118] applied the multi-objective
algorithm NSGA-II (Non-dominated Sorting Genetic Algo-
rithm II) to the design of a stiffened laminated composite
cylindrical shell with piezoelectric actuators. The objective
was to maximize the buckling load and minimize the total
weight. The design variables considered were the thicknesses
of the three layers (composite, piezoelectric, and stiffener)
constrained to a constant total shell thickness. To support the
selection of solution from the Pareto fronts, the authors used
the Shannon’s entropy-based TOPSIS algorithm [249, 283],
avoiding the use of weighting factors of the objective func-
tions when selecting the final optimal design from the Pareto
front. Considering similar approaches and conditions, Al-
banesi et al. (2020) [5] describe the design of a composite
wind turbine blade. First, the authors utilized a GA to deter-
mine the optimal laminate layout in the outer shell skin of the
turbine blade. Then, a topology optimization approach was
applied to remove material from the shear webs, considering
constraints on the tip displacement, stresses, natural vibration
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frequencies, and buckling phenomena. The sequential use
of a GA and a topology optimization approach led to mass
savings of up to 23 % according to the authors.

Although the definition of ply orientation angles, consid-
ering a manufacturing or operational constraint, is a recurring
purpose for the use of heuristic, gradient-based, or hybrid
methods, the approach selected to do so differs significantly.
The publications reviewed that used heuristic methods were
more likely to optimize the ply-orientation considering a dis-
crete set of values [12, 57, 73, 96, 112, 208]. On the other
hand, researches using gradient-based or hybrid methods
preferred continuous variables [67, 74, 171, 220], or the opti-
mization of the lamination parameters followed by a second
optimization or selection criteria to choose the stacking se-
quence with the most similar characteristics [60, 218]. This
review does not have the extension of the work presented
by Xu et al. [275] and Nikbakht et al. [174, 175], limiting
the validity of a statistical analysis on the popularity of the
different methods used in the literature. Nevertheless, in this
sample, the GA and its variants (NSGA, or MIGA) were the
most referred optimization method, which is in line with the
reviews of Xu et al. [275] and Nikbakht et al. [174, 175].

3.2. Topology optimization

Topology optimization is one of the three sub-fields of
structural optimization, amongst size and shape optimization,
and is image cited from applied in the early stage of struc-
tural design. Its purpose is to find an optimal distribution
of material [6, 163]. The method defines a design region,
divided into several finite elements, to be occupied by the
structural component. According to an objective function,
the optimization method adjusts the density of each element,
defining which elements should have material and which
should not [287].

The topology design approach has been applied to com-
posite structures. However, the purpose of this combination
is to allow the simultaneous definition of material distribution
and fibre orientation. A simple procedure is to align the fi-
bres in the direction of the first principal stress, as adopted by
Fuchs et al. (1999) [84] and Ma et al. (2006) [144]. However,
this approach consists of transforming a design variable into
a constraint, rather than the optimization of both variables.

In 1999, Hansel and Becker [98] presented a layer-wise
topology optimization that considered both material density
and fibre orientation. In each layer, the material was removed
in areas that either had low stress installed, or that had a fibre
orientation that differed significantly from the principal stress
direction. The removal was done by changing the density of
the element to zero. According to the author, each “laminate
element” is constituted by four layers with the common lay-up
[0°/+45°/90°], referred to as “single-layer elements”. Single-
layer elements that are not necessary for the load transfer
are removed by reducing the layer thickness to zero. In later
research [99], Hansel et al. (2002) applied this method to de-
sign a laminated composite cantilever plate and an L-shaped
cantilever, using a GA to remove the unnecessary material.

To address the topology optimization of laminated com-

posite plates, Stegmann and Lund proposed the gradient
based method called Discrete Material Optimization (DMO),
in 2005 [234]. The method is based on the idea of multiphase
topology optimization, which does not select exclusively be-
tween the inclusion of material or voids, but between the
inclusion of any distinct number of materials. The purpose
is to find, for each element, one distinct material of the possi-
ble candidates such that the objective function is minimized.
Stegmann and Lund applied this method to design a struc-
ture subject to a four-point bending test [234] and Niu et al.
(2010) [177] to design a vibrating laminated composite plate
for minimum sound radiation.

With the same purpose, Setoodeh et al. (2005) [216]
developed a single criterion that simultaneously optimized
the composite orientation and thickness of cantilever plates,
minimizing the strain energy expressed in terms of fibre orien-
tations and pseudo-densities. To do so, the authors extended
the Solid Isotropic Material Penalization (SIMP) technique
of topology design with a cellular automata (CA) framework.
SIMP is a material interpolation scheme used in topology op-
timization that considers a continuous variable p (0 < p < 1)
that resembles the density of the material [24, 197]. The
CA is a methodology used to simulate physical phenomenon
based on iterative local updates of both field and design vari-
ables. During its functioning, the CA divides the domain
of interest into several cells, which only interact with other
adjacent cells, performing local computations [47]. Combin-
ing both SIMP and CA, the displacements of the structure
were calculated and updated to satisfy local equilibrium of
CA cells. Similarly, the fibre angles and density measures
were updated based on the optimality criteria.

A different approach was proposed by Zhou and Li [292],
in 2008, where the fibre orientations were determined by
solving the minimum compliance problem and the densities
by a resizing approach based on stress and strain energy. To
avoid numerical instabilities, the approach did not remove
elements with low density. Instead, after the algorithm had
defined the orientation and density of the elements, the au-
thors used a program that defined a truss-like structure based
on the orientation of the fibres and on the densest areas of the
structure. This second phase of the optimization process is
image cited from referred to as a discrete material selection
problem. For not removing material from the design volume,
the authors deem it unsuitable for the topology optimization
of structures with empty spaces, such as a plate with holes.

Gao and Duysinx (2012) [87] proposed a bi-value cod-
ing parametrization method, reducing the number of design
variables. Instead of considering four different materials,
with four design variables representing the density of each
possible candidate material, the author considers two design
variables with the possible values of -1 and 1. In this case,
the material to be attributed to each element is a result of
the combination of the two design variables used, leading
to a total of 4 possible combinations using only two design
variables. These represent the number of candidate materials
in a logarithmic form, which makes this approach efficient to
deal with large-scale problems, as shown in [88].
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Figure 6: Macro-structure composed of cellular or composite
materials: (a) macrostructure; (b) microstructure; (c) unit cell
or RVE (image cited from [261]).

In 2013, Huang et al. [261] introduced a topology opti-
mization algorithm capable of designing cellular materials
and composites with periodic microstructures. The algorithm
searches for the microstructure that maximizes the stiffness
of the resulting macrostructure. The method is based on the
bi-directional evolutionary structural optimization (BESO),
which, unlike the evolutionary structural optimization (ESO),
considers both the addition and removal of material to the
structure [106, 274]. In its essence, the method proposed
by Huang et al. considers a macro to micro-scale analysis
and vice-versa, using two macro-scale and micro-scale finite
elements models. The loads applied in the macro-scale are
applied to an RVE whose phases are distributed using BESO
(Figure 6 [261]). The properties of the new RVE are then used
to estimate the behaviour of the structure at a macro-scale,
aiming to maximize its stiffness [261]. Several case studies
and a more detailed analysis of the application of this method
was described by the same authors in [276], published one
year later. The cases studied allowed the authors to conclude
that there was a strong interaction between the two designs
at both scales and that the two-scale optimization allowed a
better design to be obtained due to the significant increase in
the degrees of freedom.

Reneral. (2016) [189] presented a topology optimization
method for composite beams. The motivation for this work
was the need to address various load cases characteristic of
beams used in aircraft. The authors applied the finite element
method to simulate the behaviour of the beam, considering
warping and shear deformations. A multi-material optimiza-
tion model was employed, considering the density of each
candidate material at each element as the design variables.
The updates of each design variable were done according to
a sequential linear programming method. The authors state
that the used approach led to a “checkerboard problem”. This
issue, detailed in [223], is overcome by applying a sensitiv-
ity filtering approach, which uses information regarding the
neighbourhood of the element under evaluation.

A year later, Wang et al. (2017) [270] proposed a level-
set topology optimization method (LSM) suitable for the
optimization and design of metamaterials. The authors used
a numerical homogenization method to evaluate the effec-
tive properties of the microstructure and a multiphase level-

Figure 7: Convergence of the method towards a metamaterial
with -0.5 Poisson’s ratio (image cited from [270]).

set model to evolve the boundaries of the multimaterial mi-
crostructure. The level-set model was used to implicitly
define the interfaces between the material phases by iso-
contours of a level-set function (LSF). Depending on the
representation of the interface, the use of LSM may improve
the accuracy with which the numerical model captures the
mechanical response in the vicinity of the boundaries, thus
avoiding ambiguities of intermediate material phases associ-
ated with the use of density-based approaches [252]. Using
the multi-phase level-set model, Wang et al. [270] obtained
a material geometry with distinct interfaces and smoothed
boundaries that facilitate the fabrication of the topologically
optimized design. Its application allowed the authors to de-
fine a microstructure with a negative Poisson’s ratio and a
negative coefficient of thermal expansion (Figure 7 [270]).
Similar research was reported by Nishi ez al. (2018) [176],
following the same two-scale topology optimization approach.
Likewise, Anaya et al. (2019) used a similar procedure but
oriented towards the minimization of the effective thermal
expansion coefficient of a composite material. The potential
improvements obtained through the use of this approach is
also supported by the results reported by Panesar et al. [180],
who measured an improvement between 40% and 50% in
terms of stiffness when using an approach that derives graded
lattice structures from topology optimized solutions. Further-
more, the strategies identified by Panesar et al. also allow
easier production of the structure through additive manufac-
turing.

Dai et al. (2017) [53] performed the topology optimiza-
tion of a composite structure with design dependent loads.
To do so, the authors proposed a methodology based on the
isoline method, the sensitivity filter with density gradient
weighting, and the solid isotropic material with penalization
(SIMP) method. The work published reports successful re-
sults but is limited to a two-dimensional design.

Sousa et al. (2018) [230] analysed the design of multi-
layered composite laminates and the topological sensitivity
in anisotropic elastistatics, considering the shape/topology of
each ply and the stacking sequence as the design variables. To
do so, the authors combined a topological sensitivity analysis
and an ACO algorithm. The topological sensitivity analysis,
based on the total potential energy of the system, provided in-
formation on the region where new material should be added.
This information can be interpreted as a mapping of the dif-
ferent regions of the structure based on their contribution to
the resistance of the component. Then, the ACO method was
used to determine the orientation of the added material.

More recently, Tong et al. (2019) [248] applied a topol-
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ogy optimization method to design a composite compliant
mechanism. This type of mechanism is characterized by its
monolithic structure and for transmitting force, energy, and
motion through self-deformation [105] (the reader is referred
to [295] for a detailed review on the topology optimization
of compliant mechanisms). Tong et al. designed compliant
inverters and grippers, which are commonly used as bench-
mark problems. The authors predefined the lay-up thickness
and the orientation of the composite laminate. The topology
optimization was done considering the maximization of the
deformation ability of the structure based on the stiffness
penalization model. Furthermore, the authors reported that
each update of the design variables was done considering a
sensitivity analysis, evaluating its influence on the structural
behaviour of the component by FEA. Zhu et al. (2019) [294]
reported a similar research, differing on the use of the LSM
and on the use of multi-objective optimization considering
a symmetry constraint. In this case, the design volume was
limited to the flexible region of the compliant mechanism
and the multiple objectives are related to the combination of
displacement and rigidity requirements.

Zhao et al. (2019) [291] performed the topology op-
timization of a compliant mechanism of a composite wing
leading edge. The authors used the discrete material optimiza-
tion method to distribute the multiphase composite material
through the design volume. The objective of the optimiza-
tion was to minimize the least square difference between the
deformed curve of the wing and the desired aerodynamic
shape. Despite the successful implementation and result, it
was observed that the discrete material optimization presents
a major drawback in the large number of design variables
used, increasing the computational cost of the method.

Almeida et al. (2019) [7] proposed a methodology to op-
timize the cross-section of topologically-optimized variable-
axial anisotropic composite structures, maximizing specific
stiffness. The process relies on sequential optimizations of
the topology using SIMP and then optimizations of the cross-
section by means of a GA. The objective was to optimize
the number of carbon fibre rovings to be placed at each truss
section of a CFRP brake booster. During the topology op-
timization, an isotropic material is considered. The fibre
orientation is defined according to the loading direction in
the final topology. With this approach, the authors observed
a 330 % increase in stiffness of a brake booster system when
compared to a commercially available solution.

Safonov (2019) [202] explored the use of topology opti-
mization to design a structure reinforced with continuous fibre
via a natural evolution method. The proposed method com-
bined two techniques, simultaneously searching for density
distribution and local reinforcement layup in 3D transversely
isotropic composite structures. The direction of the reinforce-
ment was aligned in each iteration, considering the direction
of the principal stresses and the local minimum compliance,
while the density distribution was optimized through a dynam-
ical system method, which replaces the optimization problem
by an ordinary differential equation whose equilibrium points
coincide with the local optima [120]. When applied to the

optimization of a simply supported 2D beam under central
point load and to a 3D cantilever beam, the authors obtained
a mass reduction of 66 % and 90 %, respectively.

In the work published by Jong W. Lee et al. (2019) [130],
the authors improved a stress-based topology optimization
method for laminated composites through the application of
the layer-wise theory. In this research, the stress constraint
is set so that the composite does not exceed the Tsai-Hill
failure criteria. To obtain information on the sensitivity of
the stress to the element density and orientation, the authors
used one of two types of p-norm stress approximations: one
considering all composite layers and another considering a
specific layer. The authors observed that the implementation
of the proposed approach lead to designs that avoided stress
concentration points, such as the corner of an L-bracket beam
case study, and that the optimization of the laminate angles
allowed a further reduction of the used material.

Jaewook Lee er al. (2018) [129] proposed a sequential
three-step optimization procedure. The first step aims at
finding the optimal topology design of matrix material when
the FVF is set as zero. Then, the second step determines the
optimal density distribution and continuous orientation of
fibre material. The third step penalizes intermediate fibre
orientations between target orientations, leading to a more
discrete design. Lee et al. confirmed the advantage of the
procedure by comparing the objective functional in the design
results with evenly fixed and optimized target orientations.
Furthermore, the authors confirmed that the approach could
find the optimal layout of matrix and fibre rich regions in
functionally graded composite structures through numerical
examples.

Zhou et al. (2018) [293] proposed a topology optimiza-
tion method that simultaneously modifies the topology and
material orientation of multi-component composite structures.
This approach considers the existence of K components and
three layers of design fields. The first layer contains the den-
sity field for all components, representing the density of each
element. The second layer describes the inclusion of each de-
sign point into component k (where k=1,2,....K). Finally, the
third layer determines the material orientation of each compo-
nent k, considering a continuous variation of the orientation
angle as a function of the tension and material stiffness ten-
sor field, for anisotropic materials. The reader is referred to
Nomura et al. [178] for a detailed description of the material
orientation process. Using a single load cantilever beam and
a multi-load tandem bicycle frame as benchmark problems,
Zhou et al. observed that the proposed method generated
designs with better structural performance than conventional
single-piece isotropic topology optimization methods and a
continuous orientation method.

In the work of Jiang er al. (2019) [111], the authors re-
port the use of a continuous fibre angle topology optimization
method for polymer composite deposition additive manufac-
turing applications. The authors performed a compliance
minimization optimization considering two design variables
for each element: the element density and orientation. This
parametrization is suitable for the problem as the structure
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is manufactured layer by layer, avoiding a three-dimensional
orientation of the material and simplifying the parametriza-
tion of the problem. In [179], Nomura et al. (2019) present
a different perspective on the material orientation initially
proposed in 2015 [178]. This reformulated approach in-
creased its versatility by introducing a different orientation
parametrization and by removing underlying assumptions,
while still aiming for a simultaneous optimization of the topol-
ogy and material orientation. In this case, the orientation
design variable is formulated as a tensor field, equivalent to a
reduced version of the orientation tensor to represent a single
direction at a point. This method avoids singular point issue
that occur in the rotation-based approach (equivalence of an-
gle 0 and 27 radians) and ensures the unique correspondence
between each tensor value and material property. Nomura et
al. observed clear performance advantages in both two and
three-dimensional problems, as well as single and multi-load
cases when compared to methods that define the topology
first and then the material orientation.

Tong et al. (2019) [246, 247] performed the topology
optimization of a composite laminate, as well as the optimiza-
tion of the ply-angles considering the lamination parameters.
This sensitivity-based approach is divided in two steps. In
the first step, the lamination parameters and the density are
set as the design variables, while the structural stiffness is
parametrized by the lamination parameters. Minimizing the
compliance with a volume constraint led to a final topology
and to a set of lamination parameters that maximize the stiff-
ness of the structure. Then, the orientation of the plies is
retrieved by solving of a set of nonlinear equations. To solve
this second problem, the authors transformed it into a least
square optimization problem, finding the stacking sequence
that best matches the initial lamination parameters.

Fu er al. (2019) [83] proposed a substructuring approach
that allows the topology optimization on both macro and
micro-scales. The microstructure of the material is optimized
considering its own element volume constraint while min-
imizing the mean compliance of the macrostructure. The
transition between the two scales is done through the homog-
enization of the material properties of the RVE, which are
then introduced in the macro-scale FEA. A similar approach
was proposed by Wu et al. (2019) [272] and Jansen and Pier-
ard (2020) [109]. However, the authors used the multi-scale
design approach to hierarchical lattice structures and function-
ally graded lattice structures, respectively. Regarding com-
posite materials, Wu et al. (2020) [271] studied the robust
concurrent topology optimization (CTO [42, 61, 138, 273])
of two-phase composite materials, using an improved hy-
brid perturbation analysis (IHPA) method to assess the worst
performance of the structure under a random model based
imprecise probability. More focused on fibre reinforced mate-
rials, Yan et al. (2019) [278] presented a CTO design method
which optimizes the topology of the macrostructure, the ma-
terial microstructure, and the material orientation. This two-
scale approach is based on the BESO method and utilizes
the information of the local principal stress direction to de-
termine the orientation of the material in each element. Yan

et al. observed that optimizing the topology and microstruc-
ture improved structural performance of the final design and
that, image cited from , the resulting microstructure was
anisotropic. In later research [277] Yan et al. extended the
application of this method to three-dimensional case-studies,
observing similar results. Gao et al. (2019) [85] and Li et
al. (2019) [134] followed a similar procedure but applied
the SIMP and LSM methods instead of BESO, respectively.
Likewise, Zhang et al. (2020) [288-290] applied a multi-
scale method to find the optimal topology that minimizes the
frequency response of a cellular composite within a given
frequency range.

Focused on the definition of the material orientation, Silva
et al. (2020) [224] revisited and modified the normal distri-
bution fibre optimization (NDFO) method. Therefore, the
values of angles are inserted directly into a normal distribu-
tion function and the output is modified with a Helmholtz
filter, ensuring the continuity of the fibres. This modification
allowed the lifting of some restrictions, such as imposing
small strains, displacements, and rotations, and consequently
expanding the range of application of this approach.

In the current state of the art, it is possible to observe an
evolution of the topology optimization methods applied to
composite materials. The focal point of research in this area
has been the inclusion of design variables and their efficient
management. From a physical perspective, this means the
addition of material properties, such as the strength of the ma-
terial [130], the orientation of the fibre reinforcements [87, 98,
99,130, 178,179,202, 216,224,230, 248, 292, 293], lamina-
tion parameters [246, 247] or information on the microstruc-
ture of the composite and its influence on a macro-scale
level [13, 83, 85,109, 134, 176,261,270,272,276-278, 288~
290], the inclusion of multiple materials [177, 234, 291], and
manufacturing or process constraints [111]. A topic of re-
search scarcely explored is the inclusion of fracture or damage
predictive models in the topology optimization of composites,
only referred in [130] where the authors used the Tsai-Hill
failure criteria, which was imposed as a maximum stress con-
straint. In research not restricted to composite materials, the
inclusion of damage tolerance or damage predictive models,
in the topology optimization process, has already been under
investigation since 1998 [4, 22]. The combination of these
concepts has been used as a conservative approach, leading
to designs with multiple load paths that enable a structure to
function in the presence of damage [66].

3.3. Damage tolerance

The existence of defects in composite materials, either
resulting from the manufacturing process or due to loads ap-
plied during operation, can cause changes in the performance
of the structure. Regardless of the motivation being the search
for an increased performance and/or safety factor, or simply
to avoid costs associated with maintenance and discard of
components, the study of the damage tolerance of materials
has been a subject of research for many years [6, 162]. This
concept defines the ability of a structure to sustain a deter-
mined level of fatigue, corrosion, or impact damage able to
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be detected and repaired. Traditionally, the damage tolerance
of metallic structures is governed by damage resulting from
fatigue and crack propagation [286].

Whether the distinction between the relevant sources of
damage that is more harmful to each type of material is
correct or not, it is expected that the exposure to operat-
ing conditions and external factors promotes the initiation,
accumulation and propagation of damage [6]. This has led
researchers to perform an extensive research on the influ-
ence of different load cases and external conditions on the
damage tolerance of composite materials, such as: the in-
fluence of fabric architecture and resin toughness on the im-
pact resistance ([69, 82, 93, 100, 101, 192, 215, 250, 280]
and [18-20, 100, 101, 115, 137, 209, 228, 243, 250], respec-
tively) and damage tolerance ([40, 46, 91, 100, 101, 185]
and [35, 86, 190, 227, 228, 254], respectively) of CFRP, the
effect of fracture toughness [1, 82, 115, 136, 222, 240, 241,
243, 280], repeated impact [15, 17, 107, 117, 210, 211], im-
pact geometry [8, 16, 27, 34, 76, 90, 108, 116, 165, 217],
stacking sequence [3, 18, 68, 142, 207, 262], environmental
conditions [143, 160, 199, 200, 229, 259, 260, 263] includ-
ing radiation [92, 145, 146, 164], and fabric [19, 20, 68, 212]
or matrix hybridization [25, 172, 201, 212, 226, 263] on the
damage tolerance of the material.

The extensive research performed throughout the years
has supported several industries, promoting the adoption of
damage tolerance concepts in the design of multiple struc-
tures. Braga et al. (2014) [29] reviewed and discussed pos-
sible future prospects of the major design philosophies that
have been employed in aircraft structures, including damage
tolerance. In this sector, the concept of damage tolerance
introduced the assumption that an initial structural damage
exists in the structure, making it a requirement that needs to
be considered. The objective of this assumption was to deter-
mine inspection thresholds and intervals. To do so, fracture
mechanics evaluations of crack growth and residual strength
characteristics were coupled with damage detection assess-
ments. The data obtained from service-based crack detection
procedures, combined with the residual strength and fatigue
crack growth data, is used to define detection reliability rat-
ings, considering multiple types of inspections. The defini-
tion of the inspection thresholds and intervals promoted the
focus of research on non-destructive inspection (NDI) tech-
niques, such as: dye penetrant inspection, magnetic particle
inspection, radiography, ultrasonic inspection, Eddy currents,
thermal imaging, and digital image correlation (DIC).

In 2015, McGugan et al. [162] proposed a design and
maintenance methodology to be applied in wind turbine rotor
blades, assuming that either it is not possible to manufacture
a perfect structure, or that discarding or repairing defects in a
structure is too costly. Besides the use of a structural health
monitoring system (SHM) to assess the state of the structure,
one of the key aspects of the design method proposed was
the inclusion of a damage tolerance index, coupling the ma-
terials and the structure. This methodology requires the use
of materials whose strength is significantly higher than the
linear-elastic limit, to allow an easy detection of the dam-

age and enabling the possibility of repairing or replacing the
damaged part. Similarly, Yue er al. [285] proposed a design
philosophy that is based on the structural health monitoring
and associated testing at different levels of complexity, start-
ing from a coupon level. According to the authors, using
the information obtained through the analysis of previous
levels, it is possible to detect multiple barely visible impact
damage in large composite panels by outlier analysis using
a reference pristine database gathered from simple coupons.
From a more general point of view, this bottom up approach
of increasing complexity provides valuable knowledge that
will more accurately predict the health status of the design
component.

The interest of the industry in this concept, combined with
the limitations of the analytical solutions available, promoted
the research and development of numerical tools capable of
predicting the damage initiation and propagation in a struc-
ture after a certain loading condition. Damage modelling can
be divided into four categories: failure criteria based, con-
tinuum damage mechanics-based, fracture mechanics-based,
and plasticity or yield-surface based models. Failure criteria-
based models use polynomial expressions to define a failure
envelope that indicates the initiation of damage as a function
of the stress or strain installed. However, it does not include
information regarding the position, size, and progression of
the crack. Fracture mechanics addressed this issue through
the inclusion of information regarding the energy required
to create and propagate a crack. In turn, fracture mechanics
require information regarding the initial flaw. In compos-
ite materials, the prediction of progressive damage can be
achieved through the combination of these two methods. For
ductile composites, this approach can be complemented with
plasticity-based damage models [219].

So far, this rather extended introduction summarizes the
motivation, design philosophies, and modelling approaches
associated with damage tolerance. Over the last decade, the
prediction of the damage tolerance is a topic of significant re-
search interest. However, simulating residual strength tests is
quite challenging. Gonzalez et al. (2012) [91] simulated the
low-velocity impact and the compression after impact (CAI)
tests, using both interlaminar and intralaminar (LaRC04 fail-
ure criteria [58, 183]) damage models. This extremely ex-
pensive computational model predicted the residual strength
with a 20 % error, resulting from the comparison between
numerical and experimental results.

Rivallant et al. (2013) [193] and Hongkarnjanakul et al.
(2013) [103] successfully captured the permanent indentation
resulting from a CAI test, as well as the crack propagation
and buckling of sub laminates due to the impact. The simu-
lations were an improved version of the model proposed by
Bouvet, et al (2012) [28], considering the failure of fibres
under compressive loads.

Camanho et al. (2015) [36], proposed a three-dimensional
failure criterion for CFRP based on structural tensors. The
criteria for the transverse failure was formulated from the
invariant theory, while the tensile fracture in the fibre di-
rection is predicted using the maximum strain criterion. A
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three-dimensional kinking model was used to predict the
longitudinal compressive failure, capable of accounting for
the nonlinear shear response. The criterion was proved both
accurate and useful in the validation of failure under complex
three-dimensional stress states.

Tan et al. (2015) [242] proposed a nonlinear shear-based
damage model. In their research, the authors aimed to predict
the compressive residual strength of the composite through
the coupling of the matrix tensile failure criteria proposed
by Puck and Schurmann (2004) [186] and the compressive
failure criteria proposed by Catalanotti et al. (2013) [39]. A
three-step process was used to simulate the low-velocity im-
pact, stabilization of the specimen and update of the boundary
conditions, and the CAI analysis. The results report a high
accuracy in the residual strength predicted and successfully
captured the permanent indentations.

Caputo et al. (2015) [38] simulated a low-velocity im-
pact and CAI test in ABAQUS® [157]. Using a single step
analysis allowed the authors to consider the effect of impact
damage distribution as the starting configuration of the CAI
test. Through this methodology, the authors were able to
predict the interlaminar and intralaminar damage with a 9 %
accuracy. Elias et. Al (2017) [71] divided this method in a
two-step process. The purpose of this division was to execute
the low-velocity impact first, to obtain the damage pattern,
including indentation depth and damage area, as well as the
damage indices on each element. The second step focuses on
estimating the residual strength. The results further support
an accurate prediction of the damage mechanisms.

A simplified approach to predict CAI strength in lami-
nated composites was proposed by Rozylo et al. (2017) [198].
In this research, a relationship between the thickness of the
plies and the impact energies was established. A progressive
damage criterion describing initiation of damage according
to the Hashin model was used, while the propagation was de-
termined using the established energy model. The numerical
results were in good agreement with the experimental data
reported by Tan et al. (2015) [242].

Abir et al (2017) [1] adopted the single step approach us-
ing Tsai-Wu failure criteria for damage initiation. The authors
observed that local buckling and delamination growth caused
the failure of the composite under CAI. A high influence
of the Mode II interlaminar and fibre compressive fracture
toughness was also observed, whose increase reduced the
delamination size and improved the damage tolerance.

In 2018, Cugnoni et al. [50] performed an extensive ex-
perimental testing campaign, addressing the influence of ply
thickness, fibre, matrix, and interlayer toughening on strength
and damage tolerance. The detailed characterization allowed
the authors to obtain a master curve diagram, modelling the
reduced in-situ strength of the composite as a function of the
ply thickness. This master curve was further expanded for
larger values of thickness using the models proposed by Dvo-
rak and Laws (1987) [70], and later extended by Camanho
et al. (2006) [37]. The master curve obtained is overall
conservative and suitable for first order estimates.

Liu et al. (2018) [137] presented a numerical model to

simulate the CAI of hybrid unidirectional or woven CFRP
laminates. Through a user defined material subroutine in
ABAQUSP® [157], the authors implemented a three-dimensional
damage model based on continuum damage mechanics and
linear elastic fracture mechanics. The model considered inter-
laminar and intralaminar damage, load reversal, and nonlinear
shear profiles to account for matrix plasticity. The experimen-
tal results agreed with the numerical predictions, with the
numerical model capturing the behaviour of the composite
under compressive loading.

Recent research has studied the possibility of improving
the damage tolerance through novel materials. To improve
the resistance of composite laminates to delamination when
subjected to impact loadings, Daelemans et al. (2019) [51]
studied the influence of electrospun nanofibers on the occur-
rence of delamination failure in composites. An increase
of 60 % of the delamination resistance under both Modes I
and II was estimated. Dimoka et al. (2019) [65] have also
investigated the influence of nanomaterials in the damage
tolerance of a CFRP laminate reinforced with multi-walled
carbon nanotubes (MWCNTSs) subject to low-velocity impact
and then tested under compression loads. The results re-
vealed an improved performance in the residual compressive
strength after impact when compared to the non-modified
CFRP. For impact tests with high energy levels (30 J), an
increase in the delamination area was observed. However,
the opposite phenomenon was observed for impact energy
levels of 8 J and 15 J.

Tie et al. (2020) [245] maximized the impact-resistance
of a patch repaired CFRP laminate using a surrogate-based
model based on the Diffuse Approximation and Design of
Experiments, which obtained information from FEM of patch-
repaired CFRP laminates that consider continuum damage
mechanics (CDM) and cohesive zone modelling (CZM). The
outcome observed by Tie et al. was a significant increase of
the impact-resistance, decreasing the impact energy absorp-
tion and the delamination surface area.

On the use of these numerical models towards the design
of composite structures, Sellitto et al. (2020) [214] applied
a GA to optimize the stacking sequence of an aeronautical
stiffened panel. The optimization had two objectives: maxi-
mizing the buckling load and minimizing the weight among
the configurations capable of withstanding a low velocity im-
pact. The authors considered four possible ply orientations
[0°,445°,-45°,90°] and applied a linear damage criterion to
assess the structural integrity of each configuration. This ap-
proach led to two possible configurations that minimize the
number of plies of the panel and maximize the buckling load.
Similarly, Reddy et al. (2020) [188] developed an enhanced
bat algorithm (EBA) and used it to optimize the number of
plies and their orientation. The objective was the weight
minimization of the laminate, constrained by the initiation of
damage according to the Tsai-Wu failure criterion.

Particularly concerned with the buckling and post-buckling
behaviour of thin-walled composite laminated beams and
columns, Mittelstedt (2020) [166] reported and extensive lit-
erature research on the topic. Mittelstedt has observed that
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almost all theoretical approaches toward the constitutive mod-
elling and global-local buckling analysis rely on either clas-
sical laminated plate theory or first-order shear deformation
theory, contrasting with the often need of using higher-order
shear deformation theory for composite laminated materi-
als. Furthermore, Mittelstedt identifies the need for further
investigation on the influence of delamination on the static
performance, buckling resistance, buckling and post-buckling
behaviour of thin-walled composite beams. The author also
suggests further investigation on progressive failure analysis,
studying composite beams in the post-buckling considering
damage accumulation models. For a more detailed analy-
sis on each of these topics, the interested reader is referred
to [166].

A first special mention is given to Fedulov and Fedorenko
(2020) [81], for combining topology optimization concepts
with the analysis of damage propagation in a composite ma-
terial. The authors proposed a method based on the inverse
approach of a standard compliance minimization topology
optimization problem to estimate the residual strength of
a laminated composite with barely visible impact damage.
In other words, the energy transmitted by a given impact is
distributed in the composite material through a sensitivity
analysis, maximizing the compliance of the structure. This
energy is then used to degrade the material properties of the
composite according to a progressive degradation material
model. A good correlation between predicted and experimen-
tal results was observed.

A second, and final, special mention is given to the study
of imperfections in the design of deployable structures. As
stated by Chen et al., kinematic singularity can frequently
exist in deployable structures, especially when adjacent links
become coplanar, affecting the accuracy, deployment perfor-
mance and structural stiffness [44]. Addressing mechanisms
on a more general level, of which deployable structures are
part of, Lengyel and You [131] have demonstrated that the
bifurcations of several mechanisms correspond to various
catastrophe germs, highlighting the influence of imperfec-
tions on the behaviour of the mechanism. An interesting
approach is taken by Steinboeck et al. [235], who investi-
gated the necessary and/or sufficient conditions to achieve
an imperfection insensitive system based on Koiter’s initial
post-buckling analysis [121]. Since kinematic bifurcation
is generally unavoidable for deployable structures, Chen et
al. [43] follow a different route, proposing a methodology that
decomposes the compatibility matrix of a deployable struc-
ture and extracts new mechanism modes with lower-order
symmetries associated with independent bifurcation paths.
Then, a prediction-correction algorithm is used, leading the
structure into the expected bifurcation paths.

Through the review of the state of the art, it is possible
to infer that the concept of damage tolerance is relevant for
several industries. This interest has led to extensive research
on the influence of external factors and loads on the damage
tolerance of materials, the simulation of damage initiation and
propagation, and the prediction of residual properties. More
recently, the development of new materials has promoted

the study and research of the influence of nanomaterials on
the damage tolerance of the modified structure. However,
the vast majority of these investigations are focused on the
development or improvement of existing tools in order to
allow an accurate prediction of the damage incurred in a
given operating condition, with only a few recent articles
actively using this information in the design of a composite
structure [77, 80, 150, 188, 214, 233, 245].

4. Final remarks on the design and
optimization of self-deployable damage
tolerant composite structure

The present review explores the possibility of increas-
ing the performance of a composite self-deployable structure
through the allowance of damage initiation during operation.
The use of a damage tolerant structure is identified as a pos-
sible solution to meet highly demanding design requirements
identified by the ESA for self-deployable telecommunication
satellites [72]: achieving a design that is, simultaneously,
flexible to fold in the elastic regime, but also rigid enough to
reach high natural frequencies. Opting for a damage tolerant
design, and relaxing the need for the structure to operate in
the elastic regime, is seen as a potential solution to reaching
the required natural frequency of vibration through the in-
crease of the stiffness of the structure previously limited by
the requirement of an elastic design.

The proposal of a damage tolerant design is justified by
two particularities of this application. The first, is the life-
cycle of the structure, as most deployable systems are ex-
pected to perform a single deployment operation once in orbit.
While imposing the functioning of the deployable system in
the elastic regime does lead to a higher safety factor, it also
implies a significant over-design of the structure and, in this
case, limits the maximum stiffness and its resulting natural
frequency. The second, is the expected life-time of a satellite.
Apart from their size and cost, the development of nano-
satellites and CubeSats is also motivated by their reduced
development time. Average or large-sized satellites require
between 5 and 15 years to place in orbit under normal param-
eters, incurring the risk of no longer being market-relevant
due to the pace of technological progress. In contrast, Cube-
Sats and nano-satellites require less than 8 months to place in
orbit. This trend towards a shorter development time allows a
frequent renewal, guarantees the robustness of nano-satellite
constellations, and removes the need for a conservative long-
term design [21, 32, 52, 95]. However, it is important to
acknowledge a potential downside of using a damage tolerant
design in this application, which is the possible release of de-
bris when the initiation of damage occurs. This phenomenon
can be overcome with the inclusion of containing systems,
similar to a membrane that covers the elastic-hinge. There-
fore, small debris will no longer be considered as a limiting
factor to the exploration of this concept.

Three research topics were surveyed to look for a suit-
able design methodology that could lead to a composite self-
deployable damage tolerant design. These research topics
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Table 2

Number of publications on the subject of composite structures design sorted by the
methodology and use, or not, of damage tolerance.

Composite structure Damage Design a'pproach
type tolerance | Analytical Numerical Topology
P Heuristic | Gradient-based | Hybrid | Optimization
Elastic-hinge Without 2 11 4 1 1
g With 0 0 0 0 0
Without 1 8 9 7 48
Others With 0 3 1 2 1
Composite
structures
Damage
tolerance
6
Numerical
(Heuristic, Gradient-based or
Hybrid) 48
24 1
16
Yy

Figure 8: Venn diagram showing the number of publications on the subject of composite structures design sorted by the

methodology and use, or not, of damage tolerance.

included: the design of deployable structures (section 2), the
design of composite structures (section 3.1), and the use of
damage tolerance in composite structures (section 3.3).

The survey of the design approaches applied to deploy-
able structures allowed the observation of a clear evolution
from the use of analytical methods [232, 233] towards the
use of numerical approaches combined with optimization
algorithms [48, 62, 77, 80, 110, 203-206, 269, 279]. The
design tools changed and stress [150] and strain-based [149]
criteria were developed specifically for materials used in de-
ployable systems. However, the same conservative design
philosophy was maintained across all researches: ensuring
the functioning of the deployable system in the elastic regime.

Comparing the design methodologies used for deploy-
able structures with methodologies used for other composite
structures, it is possible to identify similarities in the heuris-
tic, gradient-based, and hybrid methods. In all cases, it is
common for the design process to involve the optimization
of the stacking sequence of the laminate, considering either a
discrete or continuous ply-angle variation, respectively, and
the optimization of several geometrical variables. The only
difference noticed was the optimization of the lamination pa-
rameters, which was not observed when designing deployable
structures, probably due to the fewer number of publications
about composite self-deployable structures.

On the other hand, the popularity of using topology opti-
mization is significantly different. Only one research [80] ex-

plored the use of this approach to design an elastic-hinge. In
other fields of application, the topology optimization of com-
posite materials has evolved significantly, in particular regard-
ing the efficient inclusion of additional material properties
such as the strength of the material [130], the orientation of
the fibre reinforcements [87, 98, 99, 130, 178, 179, 202, 216,
224,230, 248, 292, 293], lamination parameters [246, 247]
or information of the microstructure of the composite and its
influence on a macro-scale level [13, 83, 85, 109, 134, 176,
261, 270, 272, 276-278, 288-290], the inclusion of multi-
ple materials [177, 234, 291], and manufacturing or process
constraints [111].

Once again, the inclusion of fracture or damage predictive
models in the topology optimization of composite materials is
scarcely addressed [130]. This observation was unexpected.
In research not related to composite materials, this has been
a topic of research since 1998 [4, 22] and the outputs have
been relevant in several industries [6, 162]. Regarding com-
posite materials, the capability to predict the initiation and
propagation of damage in composite materials, as well as
to estimate the residual properties has been extensively ex-
plored [1, 3, 8, 1520, 25, 27, 34, 35, 40, 46, 68, 69, 76,
82, 86, 90, 91, 93, 100, 101, 107, 108, 115-117, 136, 137,
142, 143, 160, 165, 172, 185, 190, 192, 199-201, 207, 209-
212, 215, 217, 222, 226-229, 240, 241, 243, 250, 254, 259,
260, 262, 263, 280] and is particularly relevant in indus-
tries such as aeronautics [59, 268], where this information
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can be useful to ensure the functioning of the structure in
anomalous conditions. However, only a few recent articles
actively use this information in the design of a composite
structure [77, 80, 150, 188, 214, 233, 245].

In summary, these surveys allowed the identification of
several research topics that have not been addressed in the
literature (highlighted in Table 2 and Figure 8). The use of
topology optimization coupled with damage has either been
rarely or never used in the design of self-deployable com-
posite structures. The extensive research of these concepts
in other areas indicates that these approaches have reached
a relevant maturity level that could justify their application
to this particular scenario. Furthermore, no limiting factors
that could exclude the use of these concepts in the design of
self-deployable composite structures were identified. Consid-
ering this information, the authors suggest the modification
of a stress-constraint topology optimization approach to con-
sider the maximum index of failure resulting from composite
failure criterion, the energy dissipated through material degra-
dation, or a maximum area of damaged material as a possible
approach to consider damage tolerance in the topology opti-
mization of a self-deployable composite structure.
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