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Abstract

Designing an airframe is a complex process as it requires knowledge from multiple dis-
ciplines such as aerodynamics, structural mechanics, manufacturing, flight dynamics, which
individually lead to very different optimal designs. Furthermore, the growing use of Carbon
Fibre Reinforced Plastics (CFRP), while allowing for more design freedom, has at the same
time increased the complexity of the structural designers job. This has sparked the develop-
ment of Multidisciplinary Design Optimization (MDO), a framework aimed at integrating
intelligence from multiple disciplines in one optimal design. Initially employed as a tool to
coordinate the work of several design teams over months, MDO is now becoming an inte-
grated software procedure which has evolved over the decades and has become a prominent
tool in modern design of aerostructures.

A modern challenge in airframe design is the early use of MDO, motivated by a pressing
industrial need for an increased level of detail at the beginning of the design process, to
minimize late setbacks in product development. Originally employed only during preliminary
design, MDO has recently being pushed into early evaluation of conceptual designs with the
outlook of becoming established in the conceptual stage. Using MDO during conceptual
design is a promising way to address the paradox of design. By improving each concept,
evaluating whether it is capable of meeting the design requirements and computing the
sensitivities of various performance measures with respect to a design change, MDO enables
designers to gain valuable knowledge in a design phase, in which most of the design freedom
is still available.
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We hereby exhibit the contemporary trends of MDO with specific focus on composite
aircraft and aerial vehicles. We present the recent developments and current state-of-the-
art, describing the contemporary challenges and requirements for innovation that are in
the development process by academic and industrial researchers, as well as the challenges
designers face in further improving the MDO workflow. Within the European OptiMACS
project, we devised a novel holistic MDO approach to integrate a number of solutions to
challenges identified as industrial technological gaps. These include two-stage optimization
for layers of composites, addressing the presence of process-induced distortions and consid-
eration of advanced failure criteria, including refined local models in early design stages,
and seamlessly integrating software tools in the design process. The proposed methods are
integrated and tested for structural case studies and the obtained results show the potential
benefits of their integration into MDO tools.

Keywords: Multidisciplinary optimization, Aerostructures, Aerial vehicles, Manufacturing
informed optimization, Aircraft composite structures
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1. Introduction

The design optimization of aeronautical structures for sizing of primary structural com-
ponents (wings, large portions of the fuselage) or even an entire aircraft is largely based
on Multidisciplinary Design Optimization (MDO). Due to modern aircraft structures being
largely made of advanced composite layered materials, in the design procedure the structural
design parameters that have to be determined during the MDO has radically increased. For
example, additional parameters to be determined as early as possible in the design pro-
cess include the exact layering design of the structure (i.e. number, sequence, thickness and
mechanical characteristics of each ply) and the manufacturing process to be followed for
each component. The ensemble of the design variables has to be simultaneously considered
and optimized vis-a-vis the adopted design criteria and constraints. In addition, composite
structures require sophisticated numerical models with consideration of advanced failure cri-
teria and description of the material at a mesoscale level, making the optimization process
a computationally demanding task. Hence, there is a genuine industrial need for develop-
ing advanced MDO procedures that are able to reliably provide the optimal design of the
composite structure under consideration within a rational amount of time.

As for any other complex product, the design of an aircraft structure starts with a
list of requirements and desired product characteristics. At the beginning of the design
process, engineers are free to make design assumptions, however at that stage they have
limited knowledge on how these decisions will address the target requirements. As the
design process advances, subsequent design decisions will always be constrained by the
previous ones, which may result in failure to satisfy the requirements, and the designers
will need to retrace their steps and redo the work (as illustrated in Fig. 1a). This problem is
known as the design process paradox [1], where in the initial design steps (when the design
freedom is maximal), there is a lack of information to guide the decision-making, while in
the final design stages, when there is sufficient knowledge, the design freedom is minimal, as
shown in Fig. 1b. Hence, considering the fact that the process of aircraft design is conducted
in three stages (conceptual, preliminary and detailed) and across a number of departments,

3
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using computationally expensive numerical models, effective MDO procedures are required,
preferably in early design stages, to gain more knowledge on structural performance ahead
and allow for design flexibility without unnecessary repeated steps.

100 %

—3 design decision
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design progress design freedom

)’ design progress
(a) Product development is characterized by steps forward (b) The design paradox: as designers gain knowledge on how
and setbacks due to the violation of design requirements. to design the product, they lose the freedom to modify the
design.

Figure 1: Setbacks are normal in product development, but their opportunity cost increases as the design
progresses, which leads to the design paradox.

A number of surveys have been published over the last two decades focusing on structural
MDO with emphasis sometimes given towards mechanical analysis disciplines [3, 4], topology
design considerations [5, 6] or optimization of stochastic parameters [7]. Literature reviews
have also been provided towards computationally efficient schemes such as parallel archi-
tectures [8] or methodologies involving the employment of response surface (surrogates) [9].
Interest has also been rich considering optimization of geometrically complex architectures
both regarding the mesoscale material design for composites [10, 11] and the macroscale
geometric design at a component level [12-14].

Structural MDO has also been a topic of intense activity within the aeronautical industry.
The need for lightweight and more efficient flying products has been steadily increasing over
the last three decades given the rise in interest sourced from global travellers. Overarching
survey reports have sporadically summarized the progress in aerospace MDO over time
[15-18] with interest progressively shifting towards optimization of uncertain parameters
(19, 20], as well as collaborative optimization [21, 22| specifically pertaining to complex
structural areas [23]. Aeroelasticity is evidently a factor which can have radical impact on the
structural design, with a few surveys [24-29] having been published regarding developments
towards inclusion of aerodynamic and aeroelastic phenomena in the MDO framework. Before
considering the comprehensive or even the preliminary aircraft structural design, MDO
frameworks need to be able to determine optimal conceptual design choices for the vehicle.
Hybrid electric architectures have been increasingly considered [30, 31], while blended wing
body concepts [32] and wing morphing [33] are also design paths that need to be explored
before reaching a decision. Inclusion of manufacturing constraints and uncertainty in the
MDO process [34] is a topic which also received increasing interest, on which however few
survey manuscripts have been published.
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Figure 2: Contribution of each research topic explored in the Optimization of Multifunctional Aerospace
Composite Structures (OptiMACS) project illustrated on OptiMALE [2], a Medium Altitude Long En-
durance aircraft used as an academic demonstrator. In particular, these topics are: I) stacking sequence
optimization; IT) failure criteria and damage models; III) prediction of manufacturing distortions ; IV)
global-local optimization; V) integration of software tools.

While MDO is to a certain extent still performed at a coarse resolution using low-fidelity
models in a relatively manual process, the significant financial implications of the decisions
made in the early design stages are putting an increased focus on achieving improved design
accuracy, with a high degree of robustness. Specifically pertaining to the aerospace field,
emphasis is therefore given to seamless integration of disciplines and a fine representation
and resolution of geometric and material details wherever possible. New disciplines which
were not explicitly accounted for until now (e.g. manufacturability and maintainability of a
certain component) are also finding application within modern MDO frameworks.

A set of sophisticated software tools is currently employed within the European aerospace
industry in order to perform structural optimization [35-37]. Such MDO platforms may
have a number of design and performance optimization criteria implemented, with struc-
tural weight, structural strength, aerodynamic and aeroelastic performance disciplines be-
ing included amongst others. However, the number of computational and analysis stages
performed through discrete software modules (i.e. the optimizer module, visualization and
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manual post-processing modules, design verification modules and design drawing and export
modules) renders the modular data management a time consuming and counterproductive
task. Taking into consideration the several thousands of design variables required for a large
aerospace product, it becomes obvious that a genuine global industrial need exists for:

e Increasing the computational efficiency of the optimization models and algorithms
currently employed in the aerospace MDO platforms.

e Developing seamless procedures for facilitating modular data interchange during the
optimization process, and

e Extending the current set of adopted models and design criteria (also in view of the
recent advances in the fields of manufacturing processes and numerical characterization
of composite structures) in order to enhance the accuracy of the optimization process.

Motivated by these industrial needs, OptiMACS, a Marie-Curie research activity funded
by the European commission, was coordinated in order to deliver the most cutting-edge
research and training in the field of aerospace composite structures MDO through intense
training of five early-stage researchers. During the work on OptiMACS, the Airbus in-house
tools Lagrange and Descartes are used as a testbed to mature these new technologies:

e Lagrange is a multi-disciplinary structural optimization tool which has been contin-
uously developed since 1984 and applied to the design of various military and civil
aircraft. Lagrange consists of a general purpose finite element solver well suited to
the thin walled stiffened structures used in aerospace, optimization algorithms and
routines for evaluation of criteria models. Particular attention is paid to the modelling
of composite structures. The unique aspects of Lagrange, however, when compared to
commercial structural optimization codes, are the availability of the fully analytical
sensitivities of each system response to a given set of design variables and the inte-
gration of diverse linear aerodynamic analysis tools for aeroelastic and loads analysis,
including analytical sensitivity of aerodynamic and aeroelastic responses. This enables
highly efficient gradient based search of the design space for the optimum design. Sev-
eral optimization algorithms are implemented in the program to this end, each suited
to a specific type of optimization problem. These include both, first and second order
methods supporting a large number of design variables (approx. 10° - 10°) and many
constraints (approx. 10 - 10®). The automation of both load analysis and structural
sizing process is a key capability for the cost efficient development of high-performance
flying aircraft. See [35] for further information.

e Descartes is a flexible parametric geometry builder and automatically generates a
parametrised geometry model from an imported database in the Common Parametric
Aircraft Configuration Schema (CPACS) format [38] which has been developed by the
Deutsches Zentrum fiir Luft- und Raumfahrt - German Aerospace Center (DLR). The
CPACS XML data and design language provides all necessary characteristics of an
aircraft concept from one central database. The development of Descartes is based
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on the TIVA Geometric Library (TIGL) , also from the DLR. Descartes can not
only import CPACS data, but it provides also the GUI to create a new aircraft model
from scratch based on engineering parameters. After the geometric model is set up,
Descartes can derive a finite element model as well as aerodynamic analysis models
and the coupling model (splining) between both. Descartes is intended for two major
purposes. First, to support the conceptual aircraft design process with numerical
analysis models, usually applied at the preliminary design phase, and second to enrich
the Multidisciplinary Design Optimization (MDO) process with the prospects of a
geometry kernel. Here, it can be used to morph the different analysis models during a
shape optimization process. See [39] for further details.

Concurrently with the need for developing the appropriate technologies, there is also a
need for exciting and motivating researchers regarding modern industrial technological gaps.
This is the prime incentive for developing this manuscript focusing on recent developments
pertaining MDO in Airbus, specifically within the frame of the OptiMACS project which
was a Marie-Curie research activity funded by the European Commission. Fig. 2 shows
schematically how each research work contributes to OptiMACS, where a novel holistic
MDO approach is developed to enable the exploitation of the complementary competences
of the researchers.

Structure of the manuscript. This paper is structured as follows: Sec. 2 gives a summary of
several important open questions and challenges that industry practice is facing when using
the currently available MDO procedures for optimization of aircraft structures with regard
to MDO architectures, optimization criteria and constraints. Sec. 3 presents the proposed
solutions developed within the OptiMACS project, addressing the practical challenges by
means of 1) an advanced solution for layer design optimization; ii) advanced failure criteria
suitable for MDO processes; iii) consideration of Process Induced Distortions (PID) in the
manufacturing procedure; iv) a novel global-local MDO procedure for early design with up-
to-date local information in global models; and v) seamless integration of software tools and
automation in the design process. Sec. 4 presents practical examples of how the proposed
solutions have addressed the described practical challenges. Lastly, Sec. 5 concludes the

paper.

2. Industrial challenges in aircraft conceptual design stage

2.1. Stacking sequence optimization of aircraft structures

Modern aircraft are increasingly using lightweight structures made of CFRP. For load
carrying parts, the aeronautical industry relies mainly on continuous Unidirectional (UD)
carbon fibres due to their superior mechanical properties, in particular high stiffness and
strength, along the fibre direction compared to other forms of CFRP. The properties in
the transverse direction are mainly dominated by the plastic matrix of the composite and
thus such a UD material is highly orthotropic in nature. During production, UD plies, with
a fixed thickness dependent on the sourced materials, are stacked on top of each other to
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form the required section of the part. This layered nature offers a huge design freedom. By
varying the orientation of the fibre angle and the order of the different plies, the mechanical
properties of the resulting laminate can be tailored to best suit the direction and scale of an
applied loading as well as to meet extensional or flexural stiffness requirements.

This advantage comes with the price of significantly increased complexity, as large struc-
tures such as wing covers can be made of hundreds of single plies. What is more, the
structural requirements of such large-scale components vary across their span and therefore
different regions or patches of these components must be modelled with stacks of differ-
ent thickness and composition while maintaining continuity or blending of the individual
plies. The thickness difference across different patches is visible during the Automatic Tape
Laying (ATL) manufacturing process employed for the component of Fig. 3. Additionally,
manufacturing requirements and the avoidance of negative mechanical behaviours further
constrain the task. These constraints influence either the stacking sequence of a laminate
itself, e.g. by requiring a symmetric or balanced lay-up, or the transition between laminates,
e.g. by restricting the maximum slope when ending multiple plies. A more complete list
of these rules and the reasoning behind them can be found in relevant works [40-42]. It is
worth noting that while some of these design rules are often relaxed in academic studies by
using more sophisticated analysis [43-45] and manufacturing methods [46-48] the industry
is following most of these rules to ensure robust processes and designs as well as simpli-
fying and thus de-risking certification of the aircraft by using known and well understood
principles.

Figure 3: Visible skin patches formed by thickness differences across the span of the structure during the
ATL manufacturing process of a wing cover.

The complexity in designing large CFRP structures therefore leads to surging develop-
ment costs and a higher chance of errors when using a traditional development process.
Therefore industry aims to mitigate this problem by applying optimization algorithms to
find feasible designs [36, 49-52].
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The main challenge linked with the stacking sequence optimization of large-scale aerospace
structures is the mixed discrete and continuous nature of the problem. Structural constraints
such as strength, buckling, maximum displacements, etc. are formulated using continuous
quantities and depend on the solution of a FE-model which for large problems is significantly
expensive in terms of computational effort. On the other hand, design and manufacturing
rules concern discrete plies. The problem that arises is that different optimization algo-
rithms are better suited to tackle different parts of the problem. Heuristic algorithms can
be utilized to handle the discrete design variables and constraints however, such algorithms
require a lot of iterations especially when the design variables increase which is prohibitive
given the fact that physical constraints are linked with high computational expense. On
the other hand, gradient-based algorithms are well suited for the physical constraints of the
problem but do not perform well with its discrete characteristics.

This has led to two-stage approaches which first employ a gradient-based optimization
algorithm to get a continuous thickness and stiffness distribution of the structure followed by
a non gradient-based algorithm to handle the discrete requirements [53-55]. Unfortunately, a
gap is inevitably created between these two optimization stages which in order to be bridged
requires multiple iterations of the two-stage process, leading to a significant penalization in
terms of performance metrics of the aircraft and also added effort by multiple design teams
that have to repeat the process until a result fulfilling all structural and manufacturing
requirements is retrieved.

2.2. Fuailure criteria for composite materials

To identify feasible solutions when computing the optimum design of an airframe, the
corresponding optimization problem should account for different failure criteria among the
structural constraints. Failure in aerospace composite structures, in fact, is a complex
phenomenon which can occur due to different failure mechanisms: ply failure (where failure
can take place in the matrix, fibre and fibre-matrix interface), delamination, global buckling,
local buckling, crippling, column buckling, etc. The understanding of these phenomena gave
an essential contribution to describe the performance envelopes of aerospace structures.
Therefore, for the prediction of the onset of the mentioned failure mechanisms, as well as for
their propagation, a countless number of failure criteria and progressive damage modelling
approaches can be found in the literature. Recent reviews of these methodologies to address
failure in composite materials can be found in [56, 57].

For the prediction of ply damage onset, failure theories are usually classified in two
groups, by distinguishing theories that do not account for different failure modes, denoted
as non-phenomenological failure criteria, and failure theories that are able to identify the
different failure modes, denoted as phenomenological failure criteria [58, 59]. The first group
comprises criteria in which a failure envelope is typically defined by using a single mathemat-
ical expression, usually a polynomial form, which predicts failure by interpolating between
experimental data on simple (usually uniaxial) stress (or strain) states. Tsai-Wu and Tsai-
Hill are two common examples of non-phenomenological failure theories. Failure criteria of
the second family predict failure based on phenomenological considerations, by combining
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different theories to model the specific failure modes. Among the available phenomenological
failure criteria, Hashin, Puck and LaRC failure theories can be highlighted.

The primary issue with including failure constraints directly in the structural optimiza-
tion problem is its resulting size. Indeed, in a typical application of structural optimization,
failure constraints may be enforced element-wise in the finite element model. However,
for detailed, high-fidelity structural models, this can lead to an optimization problem with
many thousands or millions of failure constraints, depending on the dimension of the model.
These constraints are costly to enforce because they can only be checked by completing the
structural analysis [60].

For the prediction of structural failure at the global level in MDO procedures, a commonly
used failure criterion for MDO is the maximum strain criterion, because of the multi-step
process used to determine the composite layup [61]. However, state-of-art approaches to
ply failure onset have achieved a high degree of accuracy, being able to represent several
relevant aspects of the failure process of laminated composites, e.g. the increase on apparent
shear strength when applying moderate values of transverse compression, or the detrimental
effect of the in-plane shear stresses in failure by fibre kinking. The most advanced set of
phenomenological failure criteria account for the effect of ply thickness, fibre misalignment
in compression, the effect of hydrostatic stresses and the effect of shear nonlinearity on fibre
kinking, and the in-situ strengths [62-65].

The industrial challenge linked with failure criteria is to use advanced phenomenological
failure theories to establish new laminate strength analysis models, suitable for optimization
purposes. A validation study of the predictions against experimental results will be required,
comparing the new model with the previous approaches in terms of reliability and efficiency.

Alongside the challenges in the deterministic methods, a recent effort has been made to
enhance the reliability of aerospace vehicles and decrease the chance of failure under potential
critical condition, by the development of non-deterministic approaches for optimization prob-
lems. In general two categories of uncertainty-based design methods can be distinguished:
reliability-based design optimization (Reliability-Based Design Optimization (RBDO)) and
robust design optimization (Robust Design Optimization (RDO)). RBDO allows to for-
mulate the probability of failure in the optimization problem. The aim of this approach
is to reduce the inherent conservatism of constant safety factors, which cannot weight the
potential uncertainties. However, for large-scale, highly non-linear, and non-convex prob-
lems, the deterministic MDO is already challenging and it naturally requires prohibitive
computational power to deal with uncertainties [16, 66]. For this reason, non-deterministic
approaches are not included in the industrial challenges of OptiMACS.

In the previous sections, the importance of increasing the level of accuracy in modern
MDO procedures from early stages of the design was highlighted. Global-local techniques can
represent a suitable answer to this challenge, thanks to their ability to capture the behaviour
of non-regular areas through local detailed models. Since this improved representation comes
at a reduced computational cost due to the local refinement, this approach is of great interest
for the aerospace industry. For instance, the structural sizing could benefit from detailed
models, where critical load cases can be correctly analysed.

Recently, few global-local procedures have been proposed to predict the global ply failure
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and local skin-stiffener debonding of reinforced panels, while reducing the computational
time [56, 67, 68]. In particular, these methods proved to be reliable and efficient tools
to study localized nonlinearities, such as onset and evolution of damage, minimizing the
computational effort. For instance, a two-way coupling global-local approach, described in
[68], enabled to address delamination phenomena through a local analysis based on cohesive
elements and to ensure that the energy dissipated due to delamination evolution at the local
level was captured at the global level, with special attention to the exchange of information
between the global and local models. The validation of this method established a reliable
procedure of dissipated energy calculation for the global model due to delamination based
on the dissipated energy in the local model.

However, so far, only delamination has been properly addressed into these global-local
frameworks. For this reason, an additional challenge for OptiMACS is to tackle the integra-
tion of ply damage into an efficient global-local Finite Element (FE) approach.

2.3. Prediction and compensation of distortions induced in composite structures by their
manufacturing processes

The challenge in the manufacturing industry is to achieve a “First Time Right” approach
in order to increase product quality and reduce manufacturing costs and delays related to
manufacturing defects. In order to do so, in the manufacturing of composite structures it is
very important to monitor and minimize Process Induced Distortions (PID).

PID are the result of the combined effect of composite warpage and spring-in and can
be attributed to the residual stresses which are imposed within the structure during its
manufacture [69]. Almost every composite structure suffers from this manufacturing defect
to some degree.

Therefore, a tolerance range is set for each composite part within the structure to be
manufactured. This will not only increase the structural performance of the part due to the
reduction of the respective residual stresses, but will also ease the assembly process, reduce
the assembly time and costs. If the structure is outside of the tolerance range it is scrapped
and the tool which has produced the part has to be modified - if not completely redesigned
- to produce the desired geometry. In some cases, the design (geometry, materials, or layup
strategy) of the final product has to be reconsidered in order to reduce its shape distortions
after manufacturing.

Fig. 4 depicts what it is done currently in the industry to compensate for PID in the
design of new moulds.

The challenges to be addressed in the design process of moulds for composite structures
are :

e To increase material modelling accuracy (Step 2 & 4 in the design process as depicted
in Fig. 4)

— Investigation of advanced material models (viscoelastic vs elastic or modified
elastic models)

11
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Figure 4: Design approach to produce the compensated mould geometry [70].

— Couple the material models with advanced functionalities (tool-part interaction,
heat transfer analysis, chemical shrinkage strains calculation)

— Investigate different boundary conditions and their effect on simulation results.

e Automate the mirroring process for mould compensation (Step 3 in the design process
as depicted in Fig. 4). The motivation here is to give the stress engineers all the tools
they need to perform spring-in analysis without interfering with other departments
(CAD, etc.) which is a time consuming and costly process especially in big companies.

e Experimentally validate the developed spring-in simulation framework. For the mate-
rial system under investigation assess the simulation framework accuracy in academic
and industrial parts. Identify sources of potential error to improve either the modelling
or the manufacturing side of the structure.

2.4. Global-local multidisciplinary optimization of airframe structures

Traditionally, multidisciplinary structural optimization of aircraft employs coarse FE-
models often combined with analytical post-processing to compute e.g. plate stability using
stresses from the linear Finite Element Method (FEM). This implies that local areas with
complex structures or load concentrations are idealized in a simplified manner which does
not capture all effects. Hence this representation rarely provides enough information to
analyse this area sufficiently during early design phases and it is hardly ever appropriate
for sensitivity analyses. Frequently, the stiffness of these local areas is estimated by sim-
ple methods and engineering judgement and the region is fixed during the optimization.
However, if this manual step is not sufficiently accurate, designers may be forced to accept
sub-optimal local solutions or require global changes at a later stage. Especially these late
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changes in the global design lead to setbacks and are hard to recover. Therefore, a general
trend in the industry to include more details in preliminary design can be seen [36, 37].
This is especially true in the context of MDO where the fidelity level at the system level
is determined by the discipline with the lowest-fidelity model [71]. Additionally, this lack
of information limits the ability of designers to compare different concepts during the very
early stages, since the data regarding predicted performance is inaccurate [72].

While it becomes clear that it is necessary to include such details in early design stages,
the performance is crucial when analysing a complete aircraft or large components in a multi-
disciplinary optimization. This prohibits refinement of the full model and thus it makes sense
to employ so-called global-local techniques [73-80]. The non-regular local area is idealized
with a refined model which allows capture of all relevant effects and size this area. Reduction
methods such as [81] can be used to obtain accurate, but reduced stiffness and mass matrices
which will be used in the global model. The global model itself is rather coarse, but sufficient
to represent the overall stiffness and mass and allows the sizing of regular areas, while having
reasonable computational cost. At system level, only the global model is used for studies of
aeroelastic tailoring, flutter analysis, etc., while the local model might only be used during
the structural sizing and could even be skipped for loadcases known not to be design-driving
for this area. This allows avoidance of excessive computational cost, while capturing the
necessary information. A further challenge is to select an appropriate architecture for the
MDO process which is able to exchange and use the information relevant to the analysis such
as mass and stiffness properties, but also sensitivities with regards to the design variables
and the corresponding displacement field.

2.5. Integration

Evaluation of airframe design requires cooperation and transfer of information between
teams working on different stages of the design process. The multidisciplinary design team
add structural and aerodynamic details to an initial airframe design created by the concep-
tual design team. The performance of this more detailed design is then evaluated based on
the desired objectives and metrics. This is a process which is time-consuming and which
currently requires manual transfer of data between the different software packages used dur-
ing the process as shown in Fig. 5. This figure illustrates the workflow from the initial
airframe design in CPACS format [38] to model generation using Descartes [39] and finally
optimization using Lagrange [35]. The blue rectangles in the figure highlight where manual
transfer of data is currently required with the consequence that the current workflow to
evaluate the performance of a single airframe design may take one to two months.

Due to the manual nature of the data transfer interfaces, the length of time for airframe
evaluation is currently a barrier to the ability to perform any optimization for the overall
airframe design. Automation of these interfaces will make the use of MDO feasible for the
exploration of multiple airframe design variations.
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Figure 5: Current airframe design performance evaluation workflow. The airframe design (in CPACS
data format) flows from the model generator (Descartes) and computation of input data (within the “pre-
processing” box) to the optimizer (Lagrange) in order to obtain the final optimized design.

3. OptiMACS contributions

3.1. Stacking sequence optimization

As discussed in Sec. 2.1, two-stage optimization approaches offer the most potential for
successfully deriving discrete stacking sequences for aeronautical structures. In the frame-
work of the OptiMACS project, a two-stage optimization has also been adopted to perform
the optimization task. In contrast to other approaches employing lamination [53, 82, 83]
or polar [55, 84] parameters to model the thickness and stiffness of the structure in the
first, gradient-based stage of the optimization, the methodology adopted within Lagrange
uses generic stacks to model the properties of the structure. A generic stack is composed
of multiple generic layers whose exact orientation and stacking sequence is fixed during the
optimization. Therefore, the design variables employed during the optimization correspond
to the individual thickness of each generic layer, which can take any real positive value. In
the most simple case demonstrated in the optimization flowchart of Fig. 6, each generic stack
models one patch of the structure and only comprises 8 generic layers. In other words, the
generic stack used is [45, —45,90,0];. If symmetry of the laminated structure was also en-
forced in the optimization study, then this would lead to 4 design variables, while if balanced
laminates were additionally required, only 3 design variables per patch would be needed for
this simple generic stack. In practice, generic stacks with at least 16 generic layers should
be used in order to achieve an adequate representation of the stiffness design space. The
number of plies and stacking sequence of the generic stack need to be chosen so that the
resulting thickness and stiffness do not depend on the modelling decisions in the part. More
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guidelines on these modelling decisions have already been discussed in previously published
work by some of the authors [85], and it has been shown that a reduced number of design
variables can adequately model even thick industrial-scale structures.

Continuous
optimisation
y Continuous thickness and
Thickness stiffness distribution
discretisation @ 45 deg
-45 deg
@ 90 deg
® 0 deg
\ 4
Discrete
optimisation

Figure 6: Flowchart of the two-stage stacking sequence optimization process.

The optimum continuous solution computed by the gradient-based optimization needs to
be translated into a discrete stacking sequence which satisfies all the composite design and
manufacturing rules. Since the thickness of the pre-impregnated tape that will be used for
manufacturing is known, the entire thickness of each generic stack is rounded-up to either
the nearest integer number of plies or the nearest even number of plies. This discrete number
of layers for each patch remains constant during the discrete optimization.

The second stage of the optimization involves mathematical programming and solving a
Mixed Integer Linear Programming (MILP) formulation of the stacking sequence optimiza-
tion subject to any composite rule, aiming to match the stiffness characteristics derived in the
first stage as accurately as possible. Two equivalent formulations of the stacking sequence
optimization problem subject to various composite design and manufacturing rules have
been derived [42]. These MILP formulations offer more design freedom than most available
blending representations [41, 86, 87] and also achieve a more robust convergence towards
the global optimum compared to heuristics. A decomposition technique which renders the
optimization algorithm a heuristic one has also been developed to assist with the discovery
of good local optima in a much shorter time frame for industrial-scale problems. The quality
of these local optima may be adequate enough, rendering the search for a global minimum
to the problem unnecessary. If this is not the case, the local optima can be used to initialize
the non-decomposed formulation of the problem to enable faster overall convergence of the
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optimization.

The proposed two-stage optimization can consistently lead to discrete stacking sequences
which satisfy all required structural constraints in only one pass of the two-stage process.
This is mainly due to the fact that the design space of generic stacks allows for more compos-
ite rules to be implemented, since it is a direct representation of the sequence characteristics
of the stacks. Moreover, the formulation of blending, in particular, is exact, compared to
other approximate formulations when using other modelling approaches, such as lamination
[54] and polar [88] parameters. As a result, the gap which is inevitably formed between
the two optimization stages is bridged and the entire design process is simplified and ac-
celerated. Moreover, by bridging this gap, the current methodology is able to achieve a
lower structural mass when applied to a benchmark problem [85] compared to other studies
sharing equivalent design criteria.

3.2. Integration of failure criteria in the MDO process

In Sec. 2.2, the challenges linked with the integration of failure constraints in large
structural optimization problems were described. Additionally, another objective of this
research work is to tackle the integration of ply damage and delamination into efficient
global-local procedures. In the next sections, the methodologies implemented to address
these research topics are described in detail.

3.2.1. Fuailure constraints in strain space for global MDO problems

Strength constraints suitable for MDO are required to outline safe failure envelopes for
different loading conditions that do not compromise the efficiency of the optimization pro-
cess. Another desirable aspect regarding failure criteria for MDO is their formulation in
strain space, mainly because they can benefit from invariant laminate failure predictions
with respect to ply orientations, simplifying the design of composite laminates. In fact, the
failure envelope for a given ply angle is fixed in strain space independently of the orientation
of the other plies in the laminate, unlike ply failure envelopes in stress space [89]. This
means that these envelopes, as well as the inner failure envelope in strain space of a multi-
directional laminate, can be viewed as material properties [90]. Failure envelopes in strain
space, therefore, enable an invariant description of failure with respect to the ply orientation,
which is essential for a continuous optimization with lamination parameters [91, 92], and to
quickly compare against the maximum allowables obtained experimentally.

The challenge of this research work was to develop a laminate strength analysis method
using an advanced phenomenological failure theory. To tackle this challenge, an extended
failure prediction approach, based on a recently introduced concept called omni strain failure
envelope [90, 93], was developed in order to address laminate failure under general 3D stress
states and to identify critical failure modes [94]. A omni strain envelope is an envelope
obtained by superposing failure envelopes for all possible ply orientation in strain space and
extracting the inner design space. In fact, in strain space it is possible to superimpose the
failure envelopes for the different ply orientations and compute a laminate failure envelope.
This theory was originally proposed using the Tsai-Wu failure criterion applied at the ply
level. With this approach, all laminate data can be displayed on one graph in strain space,
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realizing a very concise display of the strength of a given composite material. Furthermore,
it is a very practical tool, enabling a fast selection of the stacking sequence according to the
required mechanical properties, since it covers all the possible ply orientations.

Because the omni First-ply failure (FPF) envelopes represent the most conservative de-
sign solution, where all the plies remain undamaged, Tsai and Melo [93] proposed an ex-
tended version of this criterion, to define and predict the continued load-carrying capability
of any laminate, after damage initiation. They introduced the omni Last-ply failure (LPF)
envelope, which is an extension of the concept of omni FPF envelope to ultimate failure.
The construction of these envelopes follows the same procedure as described before, but
with degraded ply properties, based on a matrix degradation factor and micro-mechanics
relations. Moreover, Tsai and Melo [93] observed that, for all CFRP laminates, the inner
LPF envelope is controlled by the 0° and 90° plies loaded along the respective fibre direction.

Based on these observations, a further simplification of the failure analysis was performed
introducing the unit circle failure envelopes for CFRPs in normalized principal strain space,
which rely on just two strength properties: the longitudinal tensile and compressive strains-
to-failure. Comparing the omni strain LPF envelope and the unit circle failure envelope of
the same material, the unit circle envelope is inscribed in the omni LPF envelope. Although
the failure predictions related with this criterion are intentionally conservative, this theory is
extremely useful due to its simplicity. In particular, by requiring only the strains-to-failure
of a 0° coupon measured in tension and in compression instead of complete characterization
of the ply properties, not only the failure predictions, but also the material characterization
can be substantially simplified.

By exploiting the fully 3D description of failure provided by the invariant-based theory
proposed in [65], omni strain failure envelopes can be extended to omni strain failure surfaces
by finding the controlling plies in the 3D principal strain space. Indeed, with this extension,
the resulting design space can predict failure under complex 3D stress states of any lami-
nate, independently of lay-up or stacking sequence, and address, for instance, the design of
bolted joints or thick composite laminates, where through-thickness stress states cannot be
neglected. Furthermore, in this case, the envelopes allow the identification of the critical
failure modes for each controlling ply, which cannot be investigated with the Tsai-Wu based
omni strain envelopes. An illustration of this extension of omni failure criteria is provided
in Fig. 7, while a detailed presentation of this work is provided in [94].

It is also important to note that, for typical CFRP laminates, such as aerospace industry-
standard “quad” laminates, characterized by different percentage of 0°, £45° and 90° plies
[95], omni LPF and laminate LPF envelopes (the latter obtained from superposing in strain
space only the envelopes of the ply orientations contained in the selected laminate) will
lead to the same laminate failure predictions. This is justified by the presence of the [0]
and [90] plies in these laminates, which will govern LPF according to both approaches.
Therefore, for all CFRP “quad” laminates, the omni LPF envelopes ensure the same degree
of conservatism as the laminate LPF envelopes, but without the need to recompute the
failure envelope every time the layup changes. However, when tackling LPF of angle-ply
or double angle-ply (double-double [95]) laminates, omni LPF envelopes will have a certain
degree of conservatism that will depend on the ply angles.
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Figure 7: Omni strain failure envelopes and surfaces.

3.2.2. Detailed progressive failure analysis for local models

Global-local analysis is typically performed at the subcomponent level to address critical
phenomena with detailed models and to translate the obtained results into the global scale.
In this framework, failure criteria can be firstly implemented in the global level for “hot
spot” identification to provide a first indication of the critical locations where detailed local
analysis should be performed.

The implementation of failure criteria in a FE software for hot-spot failure analysis has
been recently proposed in [96-98]. Exploiting the indications obtained from a hot-spot failure
analysis, it is possible to increase the modelling resolution only where required, enabling
a more efficient and reliable global-local analysis, especially when addressing large-scale
composite structures. Molker et al. [96] proposed the implementation of LaRC05 for the
prediction of failure initiation and critical failure modes of laminated composite structures,
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while a novel LaRC05-based failure theory was implemented to address damage onset of
Non-Crimp Fabric (NCF) reinforced composites [98]. These implementations were done in
the commercial FE code Abaqus/Standard, by means of a user defined subroutine UVARM
creating element output variables at each integration point and each time increment.

As part of the OptiMACS project, the 3D invariant-based failure theory [65] is used for
the prediction of FPF of laminated composite structures. With this aim, the formulation
of this set of criteria was implemented in a post-processing Python script, compatible with
Abaqus/Standard and Abaqus/Explicit, to generate new element output fields, by using the
full stress tensor of each element and computing the failure index for each of the failure
modes tackled by the criteria. Because of the fully 3D nature of the implemented failure
theory, this approach allows the identification of “hot-spots” and the corresponding failure
mechanisms for damage initiation, creating different output variables to predict fibre and
matrix failure, under tension and compression. On the other hand, when the aim is to
address LPF at laminate level, a model with an equivalent single layer discretization and
a laminate failure criterion should be used, which is particularly interesting in large-scale
structural models. With this purpose, an additional post-processing script is in place to
compute and show the failure index obtained with unit circle failure theory [93], by means
of an element output variable.

After identifying the “hot-spots” for the onset of ply or laminate failure, a detailed
damage model can be employed to predict ultimate strength of the most critical areas, while
representing all damage modes and their interactions. The damage modes taking place in
composite materials evolve in various combinations that depend, among other factors, on
the stacking sequence and ply thickness. Some combinations of damage may reduce local
stress concentrations, while others may cause structural collapse. This is the reason why it is
crucial to have a model that is able to predict damage initiation and propagation accurately
[99].

Among the different scales of idealization of the damage process, which may span from
molecular dynamics to structural mechanics, Fibre-reinforced polymers (FRPs) are most
commonly represented at the mesoscale, due to the flexibility it provides in representing in
detail the initiation and propagation of the different failure modes observed in FRPs within a
reasonable computational effort. Mesoscale numerical models have been recently developed
to represent the onset and broadening of the intralaminar damage modes (e.g., transverse
matrix cracking and fibre failure) and use cohesive zone models to capture delamination
between ply interfaces [100, 101].

The methodology introduced in this work consists of a composite material model pro-
posed in the literature [101], representing the quasi-brittle behaviour of composite structures.
It is extended to account for the effect of general 3D stress states in the initiation and broad-
ening of fibre kinking using the 3D invariant-based failure theory, as described in [65]. The
invariant-based failure criteria are coupled with a smeared crack model for transverse crack-
ing and continuum damage mechanics models for fibre-dominated damage, which together
account for the kinematics of matrix cracking and fibre tensile or compressive fracture dur-
ing damage propagation. Furthermore, to predict delamination, cohesive elements are used
at the interfaces between layers with different orientation. It should be noted that, to use
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cohesive zone models properly, a minimum number of elements within the cohesive zone is
required. A quantitative study on this topic can be found in [102], where a procedure to use
coarser FE meshes is described, identifying a minimum of 3 elements within the length of
the cohesive zone to predict delamination growth without losing accuracy in the results.

3.3. Consideration of PID in the manufacturing of composite structures

To address the industrial challenges presented in 2.3 regarding the presence of Process
Induced Distortions (PID) in the manufacturing of composite structures the OptiMACS
project focused on the investigation of two material models regarding their ability to accu-
rately predict the shape of the manufactured part. With the use of these material models a
simulation framework was developed, able to take into account the majority of the factors re-
ported in the literature to affect PID such as resin chemical shrinkage, tool part interaction,
temperature gradients, stress relaxation, etc. [103-108]. The validation of the simulation
framework for the material system studied was done by experimental investigations in the
laboratory as well as with the study of an industrial size composite test frame.

More specifically after obtaining the certified stacking sequence of the composite struc-
ture, being a product of MDO analysis, the job of the manufacturing engineer is to design
the mould and the tools needed to manufacture the part according to its quality criteria,
as well as determine the manufacturing process suitable to produce the part (resin infusion,
resin transfer moulding, etc.) within the given budget and time. Because of the limited
design freedom in the late design phase of composite structures, MDO is rarely employed to
address the manufacturing defects arising from the manufacturing process selected. These
manufacturing defects include, but are not limited to delamination, fibre wrinkling, fibre re-
orientation, fibre pull-out, increased void content, etc. and usually a multi-physics analysis
approach coupled with experimental investigations and manufacturing experience is used to
address them and optimize the manufacturing process [109-112].

PID is a significant problem encountered in the manufacturing process of composite
structures irrespective of the manufacturing method used. To counteract this manufacturing
defect the manufacturing engineer simulates the three dimensional shape distortions of the
part and mirrors the distortions to the mould by reversing the calculated part distortions
in the opposite direction (Fig. 4). This approach is referred to in the industry as the mould
compensation approach since the shape of the mould is different from the shape of the part
that is going to be manufactured from it. The final product after demoulding will distort and
if the calculations of the manufacturing engineer are correct, it will be close to its nominal
geometry (Fig. 8).

The material model employed by the manufacturing engineer in this process is very
important to accurately predict shape distortions. Three types of material modes are used
with increasing complexity and accuracy: elastic, modified elastic and viscoelastic material
models. The elastic material models focus on the development of the shape distortions of the
structure during the cool down phase of the curing cycle, when the structure has attained its
final degree of cure, and consider the material as elastic during this phase. On the other hand,
the modified elastic models separate the curing history into a number of segments to which
they assign an elastic modulus, in order to calculate the residual stresses and distortions
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Figure 8: Mould compensation approach [113].The spring-in angle of the part is known a priori either through
manufacturing experience or simulation. Therefore, the mould of the part is compensated accordingly
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of the structure. The viscoelastic material models are time depended models able to take
into account the stress relaxation of the material during the cure and are regarded by the
literature as more accurate compared to the elastic or modified elastic models or the use of
analytical equations [114-116].

In the context of the OptiMACS project the Cure Hardening Instantaneous Linear Elastic
(CHILE) material model was investigated. The CHILE material model is a simple, robust
and fast model used by the academia as well as by industry to calculate PID of composite
structures. However, since it is not a time dependent model it cannot take into account
stress relaxation which occurs during the curing. The second material model investigated
in the context of the OptiMACS project is the linear viscoelastic model proposed by Poon
and Ahmad [117].

To exploit the full capabilities of the material models these were coupled with functions
that calculate at each time step the resin chemical contraction, glass transition temperature,
resin coefficient of thermal expansion, resin instantaneous fibre volume fraction and Pois-
son’s ratio before employing the ply homogenization equations proposed by Bogetti [118§]
as depicted for the case of UMAT subroutine in Fig. 9 employed for the chemo-mechanical
spring-in analysis.

To further increase the accuracy of the simulation framework developed, tool part in-
teraction was studied in comparison to free-standing and fixed boundary conditions. Free-
standing boundary conditions imply that the 3-2-1 principle is used to suppress rigid body
motion of the part during the curing. At the fixed boundary condition the Degrees of Free-
dom (DOFs) 1,2 and 3 of the part are set equal to zero and as a result of the part not being
able to move during the curing cycle.

Regarding the study of tool part interaction, a Coulomb friction approach was used in
the context of the OptiMACS project. In the normal direction of the contact, “hard” contact
was assumed meaning that the tool and the part could not penetrate each other. In the
tangential direction a cure dependent Coefficient of Friction (CoF) was assumed from the
gelation point to cool down. Instead of performing an experimental investigation to assess
the evolution of coefficient of friction from the gelation point to cool down for the material
system under investigation, a linear relationship was adopted from the literature [119].

The motivation for the development of a robust friction model to describe the forces that
are transmitted from the mould to the part during the manufacturing cycle is to substitute
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UMATHT bottom used in the thermal analysis.). Blue colour indicates variable calculation, purple access
of memory, orange start/finish of the calculation process whereas the green box is employed only by the
viscoelastic material model [70]. 99
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the INVAR tools, which are now used in the aerospace industry to manufacture structural
parts because of their low Coefficient of Thermal Expansion (CTE) in accordance with the
CTE of composite structures, with cheap alloys such as steel or aluminium. However, this
requires experimental investigations for the material system and manufacturing process of
interest, in order to determine the parameters of the friction model. Furthermore, the draw-
back of adding contact behaviour in the simulation process is that it increases the complexity
of the simulation making it computationally demanding especially for large industrial parts.

In the context of the OptiMACS project, heat transfer analysis between the tool and the
part was also investigated with the aim to identify significant temperature gradients across
the part that could lead to property gradients in the part affecting its PID and dimensional
stability. Thus, the already developed chemo-mechanical simulation approach was extended
to a thermo-chemo-mechanical one. A subroutine (UMATHT) was developed in ABAQUS
to take into account the exothermic heat reaction of the resin during cure and calculate the
effective lamina thermal properties, namely the effective lamina conductivity and specific
heat capacity as depicted in Fig. 9. With the use of this subroutine, the calculation of the
temperature gradients across the part during the manufacturing cycle can be made. The
challenge in the heat transfer analysis is to determine the heat transfer coefficient between
the part and the tool which is a function of many variables (turbulence of the air in the oven,
flow medium, pressure, temperature, etc.). In our case, two heat transfer coefficients were
employed, one for the mould side and one to simulate the heat flow from the vacuum bag
side of the part. The heat transfer coefficient values used in the simulation were supplied
by Premium AEROTEC GmbH which measured the heat transfer coefficient in one of its
ovens.

In the field of automation of the mirroring process for mould compensation the typical
process would be to send to the design department the results of the first FE spring-in
analysis in order to produce the updated mould surface. This surface is used usually for a
second analysis in order to verify that the final product lies inside the predefined tolerance
range before manufacturing the mould. In order to avoid the interaction between different
departments which usually result in delays in the design process, three scripts were developed
in the OptiMACS project to automate the mirroring process and produce the final mould
surface, reducing the relevant design costs. One is used to mirror the 3D distortion field
of the first spring-in analysis, the second one to translate and smooth the mesh of the
untrimmed area (yellow as depicted in Fig. 10) to fit the trimmed element group (green as
depicted in Fig. 10).This step is necessary because the trimming operation releases stresses
and the subtraction of an element group from the model affects its distortion field. Finally,
the last script is used to create CAD surfaces from the updated mesh geometry. Fig. 10
depicts the result of the application of the scripts in the mirroring process of the distortions
of a U-section which is part of a composite frame (distortions multiplied by a factor of five
for visualization purposes).

Finally, regarding the validation of the developed simulation framework, composite L-
shape specimens were manufactured in the laboratory and measured with a Coordinate-
Measuring Machine (CMM). Their spring-in angle was then compared with the simulation
predictions of the two material models. Three moulds were manufactured from steel, INVAR
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Figure 10: The steps employed to automate the mirroring process of the distortions of a spring-in analysis.

a)Nominal geometry b)Result of the first spring-in analysis ¢) Mirroring of the distortions to the opposite

direction ¢) Smoothing of mesh and creation of CAD surfaces (inner and outer).

Figure 11: The steel L-shape mould used to manufacture the composite specimens before (left) and after

(right).

the bagging process has been completed
736 and aluminium alloys in order to monitor the effect of tool material on PID of the structures.

737 Other factors that affect PID were also experimentally investigated such as specimen thick-
72¢ ness and stacking sequence. Fig. 11 depicts one of the three moulds used to manufacture
79 the L-shape composite specimens before and after the bagging process has been completed.

3.4. The global influence of local details

740

As discussed in Sec. 2.4, it is important to consider the design of some local areas during

741

considered

723 only after the global optimization has been performed. While this approach is not compu-

72 the design of the overall structure. The detail design of local areas is usually

it does not consider in full the effect of multiple local modifications
725 on the design of the entire structure. Therefore, there is the possibility that a full global

76 optimization will have to be performed again, which would result in costly delays.

)

724 tationally expensive

As part of the OptiMACS project, a global-local MDO approach has been developed
us order to evaluate the influence of local design parameters and to check for local constraints

, in

747
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violations already in the early stages of global design.
The optimization procedure is based on a monolithic architecture: the optimizer treats
global and local design variables at once, thus considering the full design space.

Global model Local model

coupled converged
sensitivity analyses

START GI/L analyses

design update not converged

Figure 12: Global-local monolithic MDO flowchart.

As depicted in Fig. 12, in each optimization iteration all disciplines are solved and the
sensitivities are computed, by adopting a global-local approach. In particular, two different
types of analysis have been considered: linear static analysis and linear static aeroelastic
analysis.

The global-local analysis strategy is based on three operations performed in sequence:
Guyan condensation of the local information [81], solution of the global model with the
condensed local information, solution of the local models. In the first step, stiffness matrix
and load vector of the local models are reduced with respect to the DOFs interfaced with the
global model. This results in a reduced stiffness matrix and a reduced load vector containing
respectively stiffness and load contributions related to the boundary DOFs shared by the
global and the local models. Next, the entries of these reduced quantities are added to the
stiffness matrix and load vector of the global model. With the added local information, the
resulting solutions of the global analyses are affected in such a way as to take into account
the influence of the local models. In particular, in the case of static analysis and static
aeroelasticity, the solutions are the same that would be obtained, if a unique model with
the same mesh, obtained by joining global and local models, was solved. In the last step,
the local models are separately solved by using the computed global solution as a Dirichlet
boundary condition, applied at the interface between global and local models.

Once the analyses are completed, a coupled sensitivity analysis is performed. This global-
local sensitivity analysis takes into account global and local constraints and global and local
design variables. Thus, it captures the interaction between global and local design choices or,
more precisely, the influence of global design variables on local constraints and the influence
of local design variables on global constraints. This essentially means to capture the influence
of the design variables of one model on the solution of another one. And since the solutions
are computed following a special global-local analysis strategy, the global-local sensitivity
analysis requires an ad-hoc formulation.
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Thanks to the fact that the sensitivity analysis considers local constraints and design
variables as well, the optimizer can then take advantage of the additional freedom provided
by the local design space, while at the same time ensuring the feasibility of the local design.
Furthermore, by computing the sensitivities of active constraints only, the impact on the
overall computational cost is limited.

3.5. Seamless integration of software tools

As indicated in Sec. 2.5, there is a need to improve the integration of the software
packages used in the design evaluation process by automating data generation and transfer
between these packages. In the work carried out during the OptiMACS project, implemen-
tation of this automation has been focused on the structural interface between wings and
fuselage. Several bottlenecks in the data transfer process have been identified and addressed
in this work, such as i) definition of structural interfaces; ii) definition of wing cut-out;
iii) automated assignment of sizing variables and constraints; iv) automated processing for
flight conditions and load cases; and v) automated generation of aero-structural coupling
input. The structural interfaces are categorised as discrete and continuous [120], where for
the discrete structural interface, attributes are defined for joint position, stiffness, material
properties and thickness of the joint elements. For the continuous structural interface, refer-
ences for the connecting structures are created as well as a reinforcement structure such as a
cruciform, triform or buttstrap. Furthermore, a new cut out element, defined by ribs, spars,
and /or relative coordinates, has been created and used to define a patch on one side of the
wing skin with different material properties or stringer definition. Moreover, a method for
automatic assignment of sizing variables based on information recorded from choices made
by engineers has been developed and implemented as a Python program. Similarly, a tool for
automated reading of the the information from the design file and conversion of the parame-
ters required by the optimizer has been implemented. Finally, to allow for coupling between
the structural and aerodynamic model, the tool for automatic generation of coupling input
has also been developed.

The developed interfaces, highlighted in blue boxes in Fig. 13, have resulted in a stream-
lined process giving a significant reduction of the time taken from an average of two months
to approximately an hour (for a large airframe design with over 10° DOF, about 8 x 10*
sizing variables and 2 x 10° constraints in the FEM structural model). A large proportion
of the time needed for current automated evaluation is attributed to the sizing optimization
in Lagrange, followed by the generation of the structural model. With this automation,
it greatly improves the overall efficiency for airframe design evaluation and opens up the
possibility of MDO for the airframe design.

4. OptiMACS contributions to the efficient and optimal design of airframe struc-
tures — case studies

4.1. More efficient stacking sequence optimization for aircraft structures

The two-stage optimization process presented in 3.1 has been applied to the wing covers
of OptiMALE, an industrial-scale demonstrator shown in Fig. 2. The aircraft is modelled

26



818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

5 Automated > C D\is & " Translator > © D\t[ & ¢
aa} = onstraints = = onstraints

i Abﬂgnment DefOpt format Defopt Lagrange format

1

1

1
Airframe Model Generator Structural
Design = =3 Model T - - - - -

CPACS format Descartes Nastran format
T T

1
1
i
G Aero-Struct > Coupling ;( Optimizer r=
i Coupling Data L Lagrange %
i
1
1

1 5 ’
i e > Aero. Model —-)[ Aero. Solver }—) Ae‘;&O'DI\;;del =

[ = e ]

1

[ 1

s Automated _»| Flight Config | _ . . . i Optimized
Processing & Load Cases Design

~ pre-processing

Figure 13: The improved workflow of an airframe design performance evaluation.

using a coarse Global FE model (GFEM) consisting of 1D and 2D structural elements. The
model is subjected to 19 static load cases which have been preselected from a complete flight
envelope covering different operating altitudes, Mach numbers and load factors. In this work,
only the wing of the aircraft is studied and therefore the wing skins, spars, stringers and
ribs are represented using a total of approximately 3000 design variables. Besides strength
and buckling constraints, manufacturing constraints are also applied to the skin of the
wing. More specifically, blending and maximum ply drop constraints are applied between
neighbouring laminates. This leads to a total of more than 570,000 constraints.

The outer part of the wing of the aircraft is detachable due to storage requirements
which leads to a total of 4 sub-components, 2 for each of the upper and lower parts of
the wing skin. The patches on the upper and lower skin of the wing which can be seen
in Figs. 14a and 14b have been chosen manually, using more, smaller patches towards the
root of the wing where the thickness gradients are expected to be steeper. A total of 134
patches have been used in this study. Concerning the number of generic layers used to
model the stiffness properties of the structure, a maximum of 32 generic layers resulting
in 12 design variables due to symmetry and balance requirements have been used for the
thickest regions of the wing covers. For the thinnest, outer parts of the wing, 8 generic layers
leading to 3 design variables for each patch have been chosen to model the properties of the
structure. Modelling each patch with an appropriate number of generic layers depending on
the expected thickness is of high importance, because an inadequate generic stack can lead
to an erroneous continuous stiffness outcome, which in turn cannot be matched during the
discrete optimization stage resulting to violation of physical constraints in the structure. For
example, using significantly more generic layers than the actual thickness of the patch, offers
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a large design freedom which cannot be matched in the discrete stage. On the other hand,
when two neighbouring patches are modelled with a different number of generic layers, the
blending constraint cannot be formulated precisely on a layer to layer basis but is rather
inexactly applied to the total number of layers per orientation [85]. This can in turn also
lead to continuous results that cannot be precisely matched in the second stage. Therefore,
the number of neighbouring patch interfaces where a different generic stack is used must also
be kept to a minimum. The gradient-based optimization converges to a continuous thickness
distribution of the skins of the wing which results to a mass of 226.8 kg.

The total, continuous thickness of each patch is rounded up to an integer number of dis-
crete layers, while maintaining the number of each individual fibre orientation [0, 90, £45]
above a safety threshold to assist with the satisfaction of strength constraints in the dis-
cretized structure. The discrete optimization is performed using the decomposition technique
mentioned in Sec. 3.1. Small physical constraint violations were observed after evaluating
the discretized solution with Lagrange. For the skins of the wing, the minimum Reserve
Factor (RF) observed for strength was 0.99. The RF is the ratio of the allowable over the
applicable load, so a RF' < 1 indicates a constraint violation. Slightly bigger violations were
observed for the buckling constraints of the spar webs and stringers, namely a minimum
RF of 0.93 and 0.90 respectively. These components were not discretized and the reason
for the constraint violations is load redistribution due to the discretization of the wing skin
laminates which attracted more loads in some areas. One solution to the constraint vio-
lations of the discretized structure is to increase the design factor on the Finite Element
Model and perform the two stages of the optimization again. However, this process is time
consuming and would also end up increasing the weight of the structure quite significantly
due to multiple components of the wing being unnecessarily overdimensioned. Instead, since
only very minor constraint violations were observed for the wing skins which were the parts
of the structure to be discretized, the first stage of the optimization was performed again
while keeping these discrete laminates constant during the optimization. Instead, the design
variables for the spar webs and stringers, which were not discretized, were all active. This
led to the fulfilment of all structural constraints on the wing for both the spar webs and
stringers, but also the wing skins. The mass penalty during this corrective process was only
3 kg with the discretized wing skin being 235.1 kg showing only a 3.7% increase compared
to the original continuous result.

Even though the contributions of the work performed on the stacking sequence opti-
mization towards the overall detailed sizing capabilities of Lagrange cannot be explicitly
quantified, they can be divided in two categories. First of all, the introduction of the second
stage of the optimization automates the retrieval of good quality solutions satisfying a wide
range of guidelines. Since this task used to involve a lot of manual effort and re-iterations,
the sizing process has become more time efficient. Secondly, the introduction of composite
constraints in the first stage of the optimization, bridges the information gap between the
two optimization stages leading to minor constraint violations after the discretization of the
structure which would otherwise need to be resolved by introducing large design factors.
Besides forcing the entire two-stage process to be repeated again, these design factors would
also lead to over-dimensioning of entire components, leading to a significantly higher mass
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Figure 14: Thickness distribution for the final, discrete laminates of the OptiMALE demonstrator aircraft.

4.2. Integration of detailed failure models within the MDO for accurate and efficient damage-
resilient aircraft design

This section presents examples of application of the failure methods introduced in Sec. 3.2.
In the next subsection, extended omni strain failure envelopes are correlated with experi-
mental data from the literature in order to validate their predictions for composite laminates.
Then, the following subsection presents a case study of the “hot spot” identification method.

4.2.1. Validation of extended omni strain failure theory

The failure theory outlined in Sec. 3.2.1 was developed to generate fast and safe predic-
tions of failure for FRP laminates. Herein, to assess the performance of this failure theory,
extended omni strain failure envelopes are tested against experimental evidence. Further-
more, the obtained failure envelopes are compared with the omni strain failure envelope
based on Tsai-Wu failure theory, to study the strengths and limitations of the proposed
extension.

In particular, a validation study of the predicting capability of the extended omni strain
failure concept was performed using experimental results from the first and second World-
Wide Failure Exercise (WWFE) [121, 122]. Firstly, several test cases from the WWFE-I,
involving multidirectional laminates under biaxial loads, were selected. Among these test
cases, two are shown in Fig. 15, where omni FPF/LPF envelopes, obtained using the 3D
invariant-based failure theory and Tsai-Wu, are correlated against experimental data for a
AS4/3501-6 [90/£45/0]s laminate (Fig. 15a) and a E-glass/LY556/HT907/DY063 [£30/90]s
laminate (Fig. 15b).

An excellent agreement can be observed for the 2D test data when considering omni LPF
envelopes, except for the compression-compression quadrant where the predictions overes-
timate the laminate strength under biaxial compression. These less accurate predictions
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are justified by a reported buckling occurred in those specimens, leading to a premature
failure in both laminates [122]. The biaxial test cases provide also a clear indication on the
huge benefits in using a LPF approach instead of FPF predictions. The larger domain when
using LPF predictions allows to reduce conservatism in a remarkable way, without incurring
additional computational time. These benefits can be exploited immediately from the con-
ceptual design stage of composite aerostructures, since the presented tool is invariant with
respect to the laminate layup. The beneficial impact of this approach on the composites
industry, where the consolidated practice in early design stage is to use FPF theories, such
as maximum strain or Tsai-Wu criteria, can be significant.

It can be noted that a good correlation with these experimental data was already achieved
by competing failure theories involved in the WWFE (such as the criteria developed by Puck
and Schiirmann) [122]. However, the unique feature of the omni strain failure concept (for
both theories) is that laminate failure predictions require only the material properties ex-
tracted from the UD material. Despite the two omni strain failure envelopes provide similar
failure prediction for biaxial test cases, the added value brought by the proposed envelopes
can be still highlighted when analysing glass-fibre composites, whose LPF is governed by
different failure modes (as shown in [94]); LPF of CFRP laminates, on the other hand, is
always governed by fibre failure, as confirmed by this analysis.
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(a) [90/£45/0]s AS4/3501-6 carbon/epoxy. (b) [£30/90]s E-glass/LY556/HT907/DY063.

Figure 15: Omni FPF/LPF envelopes versus experimental results from WWFE-I for a [+30/90]s E-
glass/LY556/HT907/DY063 laminate and a [90/+45/0]s AS4/3501-6 carbon/epoxy laminate.

Then, a triaxial test case for laminate failure from the WWFE-II was considered. The
few available experimental results show the evolution of the transverse compressive strength
092 with through-thickness stress o33 (where o11=033) of a glass/epoxy angle-ply laminate
(£35°). Using the mechanical properties of E-glass/MY750/HY750/DY063 in the out-of-
plane direction from [123], a 3D omni LPF surface was generated and correlated with the
failure loci. Additionally, to assess the conservatism of the proposed 3D omni LPF surface,
a laminate LPF surface obtained superposing only ply failure surfaces of the relevant orien-
tations (£35°) and the same failure model, was included in this study. The correlation of
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these surfaces with experimental data, presented in Fig. 16, shows that the laminate LPF
envelope allows to reduce the conservatism of 3D omni LPF surfaces in the case of angle-
ply laminates. However, the omni LPF envelopes define, in a physically-based setting, a
safe approach for laminate failure prediction that is independent of the particular stacking
sequence, thus can be applied to any laminate of a given material system. This can be
better assessed in Fig. 17, where the relevant sections of these failure surfaces are compared
with experimental data. In this figure, the omni strain LPF envelope based on Tsai-Wu
failure theory are also included, showing that the design space is considerably reduced in
the first and third quadrant, as a result of the effect of the out-of-plane stress, accounted in
the omni LPF surfaces. This means that the influence of the out-of-plane stress cannot be
neglected to properly capture laminate failure under hydrostatic pressure and to obtain safe
LPF predictions under general 3D stress states.
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(a) 3D omni LPF surface. (b) 3D [+35]s LPF surface.

Figure 16: 3D omni LPF (a) and [£35]s laminate LPF (b) surfaces versus experimental results from WWFE-
IT for a [£35]s E-glass/MY750 epoxy laminate.

4.2.2. Example of application of the detailed failure model

An example of application of the “hot spot” identification method, as described in
Sec. 3.2.2, is shown in Fig. 18. In this case, the hot-spot failure analysis is applied to an
aeronautical reinforced panel, targeting the identification of the critical locations for damage
onset in the runout region. For the discretization of the structure under analysis, first-order
solid elements are preferred over shell elements, because only the first ones can account for
components of the full set of the stress tensor, playing a crucial role in the runout region,
where a change of load path takes place.

Since the results show that the onset of damage in the skin region close to the runout is
triggered by fibre kinking, a detailed model of that area was built to perform local failure
analysis and study the fibre kinking onset and broadening. In this way, the evolution of
damage due to fibre kinking can be studied up to collapse. However, in general, a material
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Figure 17: Correlation of 3D omni LPF, 3D laminate LPF and omni LPF based on Tsai-Wu with experi-
mental data from WWFE-IT for a [+35]s E-glass/MY750 epoxy laminate.

model representing the initiation and propagation of all failure modes can be also imple-
mented. In this way, the mechanical response of the reinforced panel up to final collapse
can be predicted more accurately, but a full model involves higher computational costs.

Additionally, in those areas where delamination or debonding is predicted to take place,
cohesive elements can be introduced in the FE-model to accurately predict the onset and
propagation of these phenomena. As an example, in Fig. 19, the delamination growth in
a open-hole laminate is shown by highlighting the cohesive elements with different colours:
in green the ones partially damaged (with a damage variable between 0.10 and 0.99), in
blue the ones where damage is in its early stage (with a damage variable between 0.001
and 0.10) and in red the ones severely damaged (with a damage variable greater than 0.99).
The elements that are not damaged take an initial colour which has been set as white. The
damage variable of the cohesive elements is calculated from the evolution law implemented
in Abaqus and proposed in [124].

As a remark, OptiMACS research on failure models allowed mainly to deliver two novel
contributions: i) the development of a fast tool to predict laminate LPF under general 3D
stress states through the concept of omni LPF envelopes and ii) an extended composite
material model to account for the effect of out-of-plane stress components in the initiation
and broadening of fiber kinking.

4.3. Manufacturing distortions

The CHILE and the viscoelastic material models presented in 3.3 were applied to predict
PID of L-shape composite structures. A thermo-chemo-mechanical simulation approach was
employed in this case and tool part interaction was also investigated regarding its effect on
simulation results. By performing an extensive numerical investigation on these structures
it was found that the fixed boundary condition produces the minimum distortion (spring-in
angle), whereas the free-standing boundary conditions the maximum expected distortions
(spring-in angle). The tool part interaction predictions lie in between the values predicted
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Figure 18: Illustration of the local analysis strategy to capture failure with detailed damage models.
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Figure 19: Prediction of delamination growth for a quasi-isotropic open-hole laminate, by using a damage
variable for cohesive elements (transparency level: 50%).

by the fixed and free-standing boundary conditions for most of the cases studied. Fig. 20
depicts a comparison of the distortion predicted by employing different boundary conditions
for the case of an L-shape structure having a stacking sequence representative of an aerospace
frame.
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Figure 20: Distortions in mm of a L-shape composite structure at the end of the curing cycle using the
CHILE material model with the use of fixed (left), tool-part interaction (middle) and free-standing (right)
boundary conditions.

The CHILE and the viscoelastic material models were also applied to predict PID of
an aerospace test frame of industrial size (Fig. 21). Even if this frame is only intended for
research purposes, it has many common features with flying frames used in aircraft fuselages
as the one depicted in Fig. 2 for the case of OptiMALE. To simplify the analysis, in this case
study a chemo-mechanical simulation approach was adopted by assuming a homogeneous
temperature field across the part at every time step, which is a product of manufacturing
experience.

By comparing the predictions of the two material modes with the 3D scanned shape of
the frame, it was found that the viscoelastic material model could predict more accurately
the shape distortion of the part compared to the CHILE material model which was found
to overestimate in magnitude the distortion of the frame [70, 125]. Consequently, in the
context of the OptiMACS project, viscoelastic material models are proposed to predict
shape distortions of aerospace thermoset composite parts when the maximum prediction
accuracy is sought. However, taken into account the increased material characterization
effort and cost needed by viscoelastic material models to run, along with their increased
calculation time due to the calculation and storage in memory of state variables, the CHILE
material model is regarded to be a good compromise between cost and performance.

Regardless of the material model chosen to predict PID of the frame (CHILE or vis-
coelastic), the use of the simulation framework developed in OptiMACS (Fig. 9), enabled
the prediction of a complex distortion field (Fig. 21). This could not be predicted by simple
analytical equations or manufacturing experience, usually employed in the shop floor.

Finally, Fig. 22 depicts a tool part interaction simulation that was performed by em-
ploying an aluminium mould and a cure dependent CoF of a U-shape composite structure.
It was found that the aluminium mould compresses the composite part at the end of the
cool down phase (end of curing cycle) due to the great difference of CTE of the aluminium
and composite structure, showing that tool part interaction plays an important role in this
application.
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Figure 21: Industrial test frame (left). The expected distortions of the frame with the use of the CHILE
material model (right).

4.4. Global-local MDO

The procedure for global-local MDO presented in Sec. 3.4 can be applied to the weight
minimization of a model like the wingbox represented in Fig. 23.

The rectangular area highlighted in red represents a local structure modelled in a separate
FE-model. The entire structure is optimized by modifying 159 design variables, representing
the thicknesses of shell elements and cross sectional area of bar elements. Of these 159
design variables, one is used to design the local model while instead 158 parametrize the
global model. Strength constraints are applied to both the global and the local model. By
applying the monolithic approach presented in Sec. 3.4, it is possible to obtain the optimized
thickness distribution of the structure, while satisfying both global and local constraints.

Fig. 24 shows a comparison between a reference thickness distribution and the global-
local optimal thickness distribution obtained for the same static analysis subcase. Fig. 24a
shows the optimal thickness distribution obtained without the application of a global-local
strategy and using a single coarse model, which does not capture in detail the local geometry.
Using a separate refined local model and the global-local strategy presented in Sec. 3.4, the
obtained optimal thickness distribution is the one shown in Fig. 24b.

Analogously, Fig. 25 shows the same comparison for an aeroelastic analysis subcase.

The global-local analysis of each subcase is solved by condensing the local model, solving
the global model by adding the local contributions and solving the local one with the global
solution as a boundary condition. The sensitivities are computed with the global-local
methodology described in Sec. 3.4.

In both cases, the obtained thickness distributions are different and, in particular, the
optimal local model design is thicker in order to satisfy the local constraints, while accom-
modating the cut-out.

The reference approach was based on a fixed and unconstrained coarse representation of
the local geometry, in order to contain the computational cost of the procedure, and was
not guaranteed to yield a locally feasible final design. In contrast, the presented global-local
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Figure 22: Distortions of a U-shape composite structure at the end of the curing cycle using the CHILE
material model (cm).

Figure 23: Global-local modelling of a wingbox.

143 approach effectively minimizes the structural weight, while ensuring that all constraints are
s not violated, including those defined over the locally refined model. Thus, the approach
s effectively minimizes the chance that an update of global design will be needed.
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Figure 24: Comparison of optimal thickness distributions for a static analysis subcase: without (left) and
with (right) application of local refinement and global-local strategy.
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Figure 25: Comparison of optimal thickness distributions for an aeroelastic analysis subcase: without (left)
and with (right) application of local refinement and global-local strategy.
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5. Concluding remarks and anticipated future developments

Some of the major industrial challenges to achieve optimal structural designs are hereby
discussed. The need for accurately capturing the performance characteristics of each design
candidate early in the preliminary, or even in the conceptual stage has provided motivation
and impulse towards new MDO technologies. Emphasis is particularly given on the op-
portunities and challenges arising through the employment of composite materials. Recent
developments in the aeronautical sector are globally oriented towards capturing more detail
of the structural product within the MDO loop at minimum or no additional computational
cost.

In this manuscript we discuss the challenges and potential impact of the following specific
structural disciplines which are under intense development within the modern aeronautical
industry. The contribution of the OptiMACS project towards these contemporary challenges
is also exhibited with concrete case studies also provided.

e The optimal design of large laminated structures with intense thickness variations over
their surface is associated with a number of challenges due to the mixed discrete and
continuous nature of the problem. Hence, in the place of a traditional design develop-
ment process, two-stage optimization approaches are becoming more popular within
the aeronautical sector. Such approaches are hereby discussed. It is demonstrated
that a two-stage optimization process has the potential to lead to solutions satisfying
all required structural constraints for a lower component mass.

e Accounting for structural resilience against damage accumulation early in the design
process is another major challenge for the next generation of MDO processes. Inclusion
of more accurate failure criteria is expected to enable lighter designs through relaxation
of safety factors as well as inclusion of phenomena such as reversible local buckling. The
manuscript discusses the application challenges and development of global-local failure
methodologies. As a case-study representative for the aeronautical sector, extended
omni-strain failure envelopes are correlated with experimental data from the literature
in order to validate their predictions for composite multi-directional laminates, while
the hot-spot failure identification method is employed to predict the most critical
areas and failure modes in a reinforced panel, addressing then the critical regions with
detailed damage models.

e Addressing the presence of process induced distortions is another major challenge when
composite materials are to be implemented in the design. This is mainly due to their
peculiarities related to resin chemical shrinkage, tool part interaction, temperature
gradients and stress relaxation amongst other factors. The computational challenge of
considering these manufacturing parameters in the design process of moulds, having a
optimized shape, in order to achieve a “First Time Right” approach in the manufac-
turing of composite structures, was also discussed in the manuscript.

e The integration of local structural complexities within the MDO procedure generally
comes with added computational burden. It is however critical for accounting the
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impact of such complexities on the airframe design and avoiding an extremely conser-
vative, sub-optimal design due to lack of this local information. In this manuscript a
global-local analysis strategy is discussed, based on Guyan condensation of the local
information and subsequent solution of the global and local models. A global-local sen-
sitivity analysis, combined with an active set optimization strategy, allows to account
for local constraint violations at an acceptable computational cost.

e The seamless integration of software tools is another major challenge especially when
an integrated multiscale framework is to be implemented able to exchange informa-
tion between the preliminary and conceptual design stages. We hereby discussed chal-
lenges related to structural interface definitions, assignment of sizing variables and
constraints, automated processing for flight conditions and load cases, as well as au-
tomation of the aero-structural coupling.

Future work in the aeronautical MDO sector is expected to rely on an increased level of
detail during preliminary sizing of a structural model and complete quantitative evaluation
of its performance with a limited computational cost. For instance, research is currently
working to account for inspectability and manufacturability aspects in the MDO process,
which is found to play a crucial role in the lifecycle of an aircraft. Pushing MDO within
the conceptual design stage will be challenging for structural engineers over the next few
years; it is however certainly the global vision over decades to come. Such an advancement
will effectively erase any solid boundaries between the conceptual and preliminary stages,
eventually unifying the design optimization process. Multidisciplinary developments in the
fronts of more efficient physics models, metamodelling (efficient surrogate predictions in or-
der to radically reduce design evaluation times), parallel computing and FE model reduction
schemes are all very welcome in order to synergistically achieve the above vision.
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