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I NTRODUCTION

With the demand for air transportation set to double by 2040 [1], companies need to stay competitive by opti-
mizing the aircraft design process. Multidisciplinary Design Analysis and Optimization (MDAO) has emerged
as a key strategy, facilitating effective analysis and optimization of complex design systems [2]. While multi-
ple aspects of design have already been included in optimisation studies, a notable gap exists in evaluating
designs based on their manufacturability.

Although manufacturing information is available, it is often not documented ef�ciently, hampering manu-
facturability considerations integration in the design process [3]. This hinders the ability to perform early
estimations of manufacturing time and costs [4], leading to an inef�cient work process [5].

This thesis project aims to integrate manufacturing considerations into an MDAO work�ow, to aid in early
identi�cation of potential production issues caused by the product design. For this, a new methodology is im-
plemented and tested, consisting of making the MDAO work�ow dynamic, hence able to adapt its structure
based on the current optimisation point. Therefore, the main research objective for this thesis is to inves-
tigate the possibility and impact of implementing manufacturing considerations in the design process,
at early design stages, via the integration of multiple manufacturing techniques into a dynamic MDAO
work�ow .

This report is structured in three main parts. Part I of the report consists of the scienti�c paper which
discusses the methodology for product manufacturability assessment and dynamic work�ow formulation.
The described methodology is implemented on a wing rib design case to investigate the impact of integrat-
ing manufacturing considerations in design optimisation studies, and the dynamic MDAO work�ow perfor-
mance when compared to static systems. Part II of the report presents the Literature Review that was per-
formed to support the thesis project and was previously graded under the AE4020 course. Finally, Part III
of the report includes additional supporting work: an expanded methodology behind the wing rib module
structural calculations and additional explanations of the machining module veri�cation.
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1
I NTRODUCTION

1.1. BACKGROUND
In the current, fast-paced world, it is a crucial necessity to improve the cost- and time-effectiveness of the
aircraft design process. The ultimate goal is to reduce the time needed to introduce new products, design im-
provements and innovations to the market. Multidisciplinary Design Analysis and Optimisation (MDAO), is
one strategy that has attracted attention as it, in theory, permits the effective study and optimisation of large
complex design systems where several interrelated disciplines are involved. Furthermore, the use of MDAO
frameworks renders the whole process easily repeatable, enabling engineers to conduct detailed con�gura-
tion comparisons in a shorter amount of time than it currently takes [2, 6]. Being in development for more
than three decades, the process is still not widely adopted although many improvements to the method-
ology and formulation have been made enabling the formulation of vast and complex MDAO frameworks
[7].

In the spirit of innovation and constant will to improve the procedures within the industry, a new challenge
has appeared. Over the time of designing and building aircraft and their subsystems, a signi�cant amount
of manufacturing information has been accumulated and is familiar to experts in the �eld. However, this
information is often inadequately documented making it challenging to integrate it into the product design
process [3]. Furthermore, due to limited knowledge about the design production process, at early design
stages, manufacturing cost and time estimations are dif�cult [4]. Therefore, the design production sub-
ject is only considered in later design stages [8]. These issues are often addressed by involving manufac-
turing experts and designers in early product development discussions and critical reviews. Unfortunately,
this process lacks formal structure, and there are no effective methods to enable designers to systematically
leverage the knowledge of manufacturing experts during the design process using a model-based approach
[5, 8, 9].

This is where the potential synergy between MDAO systems and the desire to improve the design procedures
with respect to manufacturing appears. Including manufacturing considerations into an MDAO work�ow
can provide various advantages, and make the process more in line with the Design-for-Manufacturability
(DFM) approach [3, 4] to designing products. It can enable designers and engineers to create products that
are not only functional but also ef�cient and cost-effective by taking manufacturing requirements into ac-
count alongside other design objectives right from the conceptual design phase. Firstly, introducing DFM
into a multidisciplinary design optimization work�ow can help reduce the time and expenses associated
with design iterations. By including manufacturing requirements early on in the design process, designers
can identify and address potential manufacturing challenges before prototypes/�nal products are built [3, 5].
This can help to minimize costly redesigns while also shortening the time-to-market. Not only that, but the
absence of redesign and/or remedial corrections of design �aws (from a manufacturability perspective) will
have an impact on the overall quality and ef�ciency of the end-product. Often, the changes made to the
design to make it manufacturable result in an increased weight of the structure meaning that it could in ef-
fect be sub-optimal to another design that was perhaps dismissed during the conceptual/preliminary design
phases [10]. Next, an important aspect that must not be overlooked in today's world is that the inclusion
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28 1. INTRODUCTION

of DFM in an MDAO work�ow can lead to more sustainable designs. By optimizing the design for ef�cient
and cost-effective production, it is possible to reduce waste, energy consumption, and emissions through-
out product creation, leading to a more sustainable design process with a lower environmental footprint.
Together, all these measures will increase the competitiveness of the overall product on the market due to
the higher cost-effectiveness of the design and its better sustainability. Therefore, it is of crucial importance
for both academia and industry to work towards automated solutions that include DFM aspects within their
design processes, such as the MDAO work�ows.

Several challenges are, nevertheless, present in the industry that slow down the process of DFM adoption.
One of the challenges to solve observed by El Souri et al. [3] was that the aerospace industry is that the design
and production does not take place under the "same roof". Effectively companies tend to do the design in-
house, and outsource the production to external parties, making the knowledge management more complex.
Furthermore, the management of digital information is sometimes inef�cient, hindering the mechanism of
identifying the root cause of manufacturing defects and capturing this knowledge. Additionally, organisa-
tional factors such as lack of formalised information storage and communication procedures may obstruct
the process of systematic knowledge feedback from manufacturing teams to engineering ones [3]. Lastly,
these reporting activities may not be often perceived as a priority in the fast-paced manufacturing indus-
try.

1.2. DEFAINE PROJECT
This thesis enters in the context of a new multinational collaboration project DEFAINE (Design Exploration
Framework based on AI for froNt-loaded Engineering), an overview of which is given in Figure 1.1. Sponsored
by ITEA4, the DEFAINE initiative aims to "deliver an advanced design exploration framework which reduces
recurring design costs and lead times for design updates" 1, by January 2024.

Figure 1.1: DEFAINE project overview [11]

With the rising demand for air transportation that is expected to soar by as much as 50% by 2035 [11], it is
key for companies to ensure their competitiveness in the market. The key developments that will be tar-
geted to construct the powerful large-scale design exploration, data analysis, and framework enhanced with
integrated machine learning and AI algorithms are:

1. A Knowledge-Based Engineering (KBE) methodology development to effectively capture knowledge
and enhance design automation solutions, allowing for �exibility and adjustment throughout a design
study.

2. A systematic method for automatically (re)formulating multidisciplinary design optimisation work-
�ows.

3. Implementation of an intelligent, scalable, and cost-effective computing infrastructure that leverages
virtualization and containerization technology.

1https://www.defaine.eu/ (Accessed on 13/03/2023)
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4. A methodology that combines automated data analysis techniques and machine learning algorithms
to analyze extensive design data sets, enabling the identi�cation of trends and relationships, and facil-
itating knowledge discovery.

The aforementioned four innovations, combined, should result in a potential reduction of recurring costs
in aircraft systems by 10% while reducing by 50% the lead time for design updates. The thesis will directly
contribute to the DEFAINE project by examining the possibility of developing an MDAO tool that incorporates
a manufacturing discipline to ensure the manufacturability aspect of the generated designs. If successful, it
will directly contribute to point #1 (and potentially #2) by improving the feasibility of the automated design
solutions.

1.3. RESEARCHOBJECTIVE ANDRESEARCHQUESTIONS
De�ning a clear research objective is crucial for the success of any thesis study. After reviewing the back-
ground information and motivation, the main research objective to guide the research has been identi�ed:

To investigate the possibility and impact of implementing manufacturing considerations at early design
stages via the integration of multiple manufacturing techniques into the MDAO work�ows using a wing

rib as a case study

This objective can further be developed into separate research questions to tailor the research even further.
These are de�ned as follows:

1. How can the manufacturability of a design be assessed and/or directly insured during the design pro-
cess?

2. What should be the guidelines for design parameterisation to ensure compliance with manufacturing
methods requirements?

3. How does the work process and design quality change when manufacturing is considered at the start,
rather than at subsequent design phases?

Another important aspect of the research will be to develop and use a new type of MDAO work�ow, the dy-
namic MDAO work�ow. As it is expected that various manufacturing techniques will impose different re-
quirements on the system con�guration and components, it is necessary to enable the optimisation system
to adapt based on the current design point, which is what a dynamic MDAO system should be. Therefore, it
will be interesting to answer an additional question as part of this research:

4. What are the advantages and disadvantages between static and dynamic work�ows when applied on
a rib design including manufacturing?

This Literature Study report aims to conduct a �rst assessment of the current state-of-the-art practices with
respect to the topic of MDAO, production methods and design practices for achieving manufacturability.
First, Chapter 2 will present the advancements with respect to the optimisation work�ows and how these can
be optimally constructed. It will also expand upon the adopted structure and tools that will be used during
the thesis. Next, Chapter 3 will provide a review of the current production methods employed in the industry
and the use of different materials that could be investigated during this thesis project. As mentioned in the
research objective, the study will be done using the design of an aircraft wing rib as a test case, hence the
focus of the Production Methods chapter will be on manufacturing methods for ribs. Chapter 4 will then out-
line some design principles related to design parameterisation and wing rib design practices. Based on the
literature study observations, a research plan will be presented in Chapter 5. Lastly, Chapter 6 will summarise
the main conclusions, touch upon the limitations of the current study as well as provide general recommen-
dations.



2
MDAO W ORKFLOWS

This chapter will present the standard MDAO systems and their development (Section 2.1), and how the said
system formulation and execution has been improved with new advancements (Section 2.2). Additionally,
Section 2.3 will touch upon the motivation behind going towards dynamic work�ows, and challenges that
the latter introduces. Lastly, an overview of the entire system will be shown in Section 2.4.

2.1. STANDARD MDAO W ORKFLOWS& I SSUES
Taking roots more than 30 years ago, MDAO has been an encouraging design method, bringing together mul-
tiple disciplines such as aerodynamics, structures, propulsion and many more, for optimizing complex en-
gineering systems. The idea behind this is clear; improve the ef�ciency of the product designs as well as the
overall design process, making it smarter and increasing the rapidity of conceptual investigations and design
variations in a given time frame. Since then, much development in this domain has occurred, although no
real industrial application for a complete aircraft design has been made [7].

The �rst generation of work�ows consisted of highly integrated applications, where all the disciplines and
the optimiser were placed together with direct interfaces. Additionally, such systems were monolithic and
would mostly be operated by a single specialist [2, 7]. Effective coupling techniques are typically used during
implementation to capture how speci�c design parameters affect the entire system. Due to improvements in
discipline solvers and breakthroughs in optimisation techniques, these procedures are computationally ef�-
cient in terms of running time [2]. These advancements have shortened the design system's operational time,
allowing it to provide optimal solutions to engineers faster. However, this type of monolithic architecture also
comes with some disadvantages. Firstly, such systems typically lack �exibility when it comes to exchanging or
updating the integrated disciplines/modules in order to adjust the system towards investigating novel con�g-
urations. Secondly, once a system is built, it requires a lot of effort to scale it up, for instance, if new modules
are desired to be included, as it will require a major system recon�guration. Therefore, the �rst-generation
MDAO were mostly employed in studies which involved conceptual design investigations that make use of
simplistic models, and in physics-based optimisations with very few disciplines [2].

The second generation of work�ows are distinguished by the distribution of analysis capabilities on spe-
cialised computational facilities, which are called by a centralised design and optimisation process [2]. This
newer generation of work�ows offers the necessary �exibility to exchange or update the design modules,
without causing a complete system recon�guration, and optimises the computing facilities to the needs of
each individual module. In these environments, separate teams can be responsible for individual disciplinary
modules while one team performs the role of process integration and central optimisation set-up. This al-
lowed to exploit the bene�ts of distributed computational capabilities and for multiple teams to collaborate.
Furthermore, to automate the exchange of data between disciplines, CAD and geometric product models
were used, which led to the creation of Knowledge-Based Engineering (KBE) systems such as ParaPy 1 to fa-
cilitate and support such interactions.

1https://parapy.nl/ (Accessed on 06/05/2023)
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2.2. IMPROVED FORMULATION AND EXECUTION M ETHODOLOGIES 31

Generally, from a holistic perspective, an MDAO project can be split into three main phases [7] (see Fig-
ure 2.1);

1. Setup Phase: Creation of a tool repository that contains all the required tools and disciplines

2. Operation Phase: De�nition of the MDAO problem that needs to be solved, selection of the architecture
based on the desired strategy, and implementation of said strategy as an executable work�ow.

3. Solution Phase: Execution of the MDAO work�ow, adjustment of the architecture (if necessary), and
acquisition of a converged (optimal) solution.

Figure 2.1: Overview of �ve stages of an MDAO system [7]

A major issue with most MDAO frameworks is the time it takes to assemble them. Flager and Haymaker [6]
demonstrated that with MDAO systems it takes more time to reach the �rst design iteration. For instance,
during a design study of a hypersonic vehicle by Boeing, engineers took 14 weeks to obtain an initial design
using an MDAO implementation methodology, compared to the 6 weeks it would take them using a more
traditional approach. Similar conclusions were also observed for other MDAO projects [12] where 60 to 80%
of the project duration would be taken for the work�ow construction. Both studies, however, show that sig-
ni�cant ef�ciency bene�ts, when compared to more conventional methodologies of obtaining designs, are
obtained once the formulated MDAO application is used for future iterations, hence justifying the initial time
investment. In the same study by Boeing, it took engineers only 1.5 hours to get a second design iteration,
compared to the 4 weeks it would take them before [6].
This problem is accentuated with the increasing number of disciplines, as the complexity of interconnecting
the tools, selecting the best problem formulation, which design variables to be varied by the users and the
optimiser grows exponentially [7, 13]. Furthermore, due to the high level of system complexity, there is a risk
of a reduced ability to ensure each individual discipline operates consistently and as expected, as there is less
direct supervision from engineers over the processes within them [7]. Hence, additional effort must be put in
to identify and verify the observed trends to ensure that obtained results are reliable and can be used to make
design decisions.

Another issue regarding older MDAO environments, relevant to both generations, is the dif�culty in scaling
up and recon�guring a preexisting MDAO system [2, 7]. This limitation hampers designers from exploring
new insights gained from initial analyses, incorporating new/modi�ed design requirements, or incorporat-
ing additional design capabilities into the existing automated design process. This is especially important
for novel design exploration studies as the required structure might need frequent changes at early stages
[7].

Lastly, at each stage, additional concerns due to intellectual property, tool availability and licensing can in-
troduce unexpected technical, managerial and legal challenges, rendering the creation of complex MDAO
systems a highly complicated task [7].

2.2. I MPROVED FORMULATION AND EXECUTION M ETHODOLOGIES
The number of projects involving automated multidisciplinary design optimisation frameworks is increas-
ing and it is neither smart nor ef�cient to develop project-speci�c, monolithic, solutions starting from the
ground up every time. Therefore, much effort was put during the last decades to improve the methodologies
behind formulating and executing MDAO work�ows, among others with international collaborative projects
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like IDEaliSM 2, AGILE [2], AGILE 4.03 or DEFAINE.

2.2.1. AGILE PARADIGM
In 2015, a new innovative project was started, under the umbrella of the European Commission's Horizon
20204 research and innovation funding program, named Aircraft 3rd Generation MDAO for Innovative Col-
laboration of Heterogeneous Teams of Expertsor AGILE. The goal was to develop a 3 rd generation MDAO col-
laborative environment specialising on conceptual aircraft designs, and address some of the aforementioned
issues of older MDAO frameworks (see Figure 2.2). In particular, the target was to improve the formulation
and integration time, provide architecture recon�guration ability, facilitate collaboration between heteroge-
neous teams, and enhance the system's global overview. Together, the measures lead to a 40%-time reduction
for setup and solving of an MDAO problem [14].

Figure 2.2: Conceptual Overview of the AGILE Paradigm [7]

The project proposed a new methodological approach to create MDAO work�ows under the name of AGILE
Paradigm [7, 14]. The success of the project rested on two main pillars: the Knowledge Architecture (KA)
and the Collaborative Architecture (CA). While the CA part serves as an enabler for MDAO work�ows to be
deployed and executed over a distributed network, advancing collaboration, the KA establishes a structured
methodology to formulate, con�gure and adjust fully de�ned MDAO systems. Furthermore, as part of the KA
work, multiple tools were developed to facilitate the entire process, and some of them will be discussed in the
following subsections. Since the thesis will be performed by a singular student, no collaborative network is
required. Therefore, the KA is the main point of interest for this literature study.

One of the key layers of the Knowledge Architecture is a more structured and formalised MDAO development
process. The AGILE paradigm de�nes �ve key stages of composing an MDAO system [7], which can be seen
in Figure 2.3:

2https://itea4.org/project/idealism.html (Accessed on 30/04/2023)
3https://www.agile4.eu (Accessed on 01/06/2023)
4https://research-and-innovation.ec.europa.eu/funding/funding-opportunities/funding-programmes-and-open-calls/
horizon-2020_en (Accessed on 06/05/2023)
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• Stage 1: De�ne design case and requirements.Information and requirements are gathered regarding the
product, the MDAO system, and the design competences.

• Stage 2: Specify a complete and consistent product model and design competences.The design resources
are veri�ed, validated, and connected to shared data schema.

• Stage 3: Formulate design optimization problem and solution strategy. Based on the requirements and
design resources identi�ed in the previous steps, the automated design process is formalized, preparing
it for execution.

• Stage 4: Implement and verify collaborative work�ow. The formulated architecture and design of the
MDAO work�ow are translated into an executable work�ow to be later used by process execution plat-
forms.

• Stage 5: Execute collaborative work�ow, select design solution(s) and/or go back to an earlier step for
recon�guration. The MDAO work�ow is being run, generating the results. Based on the latter, the
system can be recon�gured to adjust for potential new requirements.

Figure 2.3: Five Stages of AGILE development process [14]

To increase the MDAO design automation, for some of these stages, new tools were used/developed and are
displayed next to each stage in Figure 2.3. Some of these, relevant to this thesis, will be discussed in the follow-
ing subsections. Furthermore, the other layers of KA stipulate that in order for the MDAO system to be more
ef�cient, the design and analysis tools must share a common data-schema to streamline the communication
between the disciplines. These will be discussed in Subsection 2.2.5.

2.2.2. RMM
As stated previously, one of the �rst key steps in any MDAO project is to gather all the requirements from the
stakeholders of the said project. These have a great impact on how a study will be carried out and its objec-
tives, and ensuring requirement compliance throughout the design process is vital for the project's success.
An innovation brought to improve the requirement's management and compliance supervision was the de-
velopment of the Requirements Management Module (RMM) [15]. It is a Model-Based Systems Engineering
(MBSE) tool that ought to go away from document-based requirements. It has two main goals; automatic
requirement compliance veri�cation and the ability to compose MDAO systems and subsystems based on
the speci�ed requirements. Hereby, it aimed to ensure the design and optimisation process is requirements-
driven.

First, the requirements have to be de�ned in a standardised way using patterns, as illustrated in Figure 2.4.
Currently, this process is done through an Excel Sheet, as the one shown in Figure 2.5, however this can
change in the future and other software could be employed for that task. Various roles are assigned at later
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Figure 2.4: Requirements pattern (optional �elds are between brackets) [15]

stages to the requirements using RMM [15], depending on the desired role the requirement should ful�l; de-
sign variable, design variable bound, input parameter, constraint, objective, and quantity of interest.

The RMM creates a requirements database that acts as one single source of truth for the system. These re-
quirements are transformed into one graph with nodes representing the various system elements (such as
the tools or disciplines) and edges showing how these elements are interconnected. The graph can be vi-
sualised and interacted with through the yEd 5 tool. This allows for the parties of interest to inspect how a
given work�ow was generated based on the provided demands, hence leading to an improved traceability of
the system. However, the real game-changing feature of the RMM tool is that using this graph, in combina-
tion with the KADMOS tool (Subsection 2.2.3), it has the capacity to formulate the entire MDAO work�ow
architecture, ready for being executed.

Figure 2.5: RMM Interface

Essentially, RMM automates the de�nition of the work�ow based on requirements and facilitates architec-
tural changes if requirements change. This feature will be extremely useful for this study as each production
method that will be included in the MDAO system has a set of unique requirements that can require ma-
jor changes in the parametrisation/design variables/bounds/constraints. Therefore, the RMM will be used
to generate production work�ows, which will then be integrated into the main work�ow in the form of sub-
work�ows. This process can happen seamlessly in the background during the optimisation, and won't require
human interaction. Additionally, as mentioned earlier, the tool can also generate a compliance report to show
to what extent the obtained design matches the requirements imposed at the very beginning of the project
by the stakeholders and engineers.

5https://www.yworks.com/products/yed (Accessed 25/04/2023)
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2.2.3. KADMOS
One of the software tools developed within the AGILE framework, to support the aforementioned AGILE
Paradigm , was the KADMOS (Knowledge-and graph-based Agile Design for Multidisciplinary Optimization
System) open-source Python package. Inspired by the work of Pate et al. [13], KADMOS is an improved digital
implementation of the novel graph-based methodological approach to enhance the process of formulation
and integration of large MDAO work�ows [16] as it has the capability to rapidly assemble, analyze, adjust, and
recon�gure the latter.

The methodology employed by the tool follows several steps. First, KADMOS starts by analysing the repos-
itory of tools, and based on it generates a Repository Connectivity Graph (RCG) displaying the tools (func-
tions), their inputs and outputs as well as potential connection issues (as shown in Figure 2.6). Then, it trans-
forms that graph into a Fundamental Problem Graph (FPG) which is a study-tailored RCG, containing only
the tools and variables necessary to formulate and solve the given MDAO problem, removing all redundan-
cies. The user(s) can then indicate the desired solution strategy among the ones supported by KADMOS (for
example multidisciplinary convergence study, DOE, MDF, IDF) [16]. Finally, from FPG KAMDOS derives the
two main graphs, the data graph (MDG) and the process graph (MPG), together describing the whole system.
The former shows the interactions between variables and functions while the latter focuses on the execu-
tion order of the functions (see Figure 2.7). Together, they can be combined into a single eXtended Design
Structure Matrix (XDSM), describing the whole system and making it ready for being executed [11, 16].

Figure 2.6: Example of RCG [16] Figure 2.7: Illustration of Data and Process Graphs [11]

Overall, KADMOS can reduce the whole formalization process by 50% or more compared to setting up the
work�ow manually, regardless of the number and complexity of the tools involved, even when the latter have
to be adapted to function with common product data schema such as CPACS [16]. The time and cost bene�ts
increase even further when taking into account the �exibility of KADMOS to modify the MDAO architecture
within minutes (for instance, going from DOE to MDF) or if additional design variables need to be integrated.
Furthermore, the MDAO architecture can be easily visualised using the co-developed VISTOMS tool, which
enables interactive visualisation of XDSM diagrams [17].

2.2.4. PIDO TOOLS
The Process Integration and Design Optimization (PIDO) programs are software packages designed to per-
form multi-domain system design and optimisation. It can facilitate Design of Experiments (DOE) or MDAO
studies and allows to create and execute a work�ow once a desired MDAO architecture is selected [11], using
the aforementioned KADMOS for instance. Among multiple available tools, for the purpose of this thesis re-
search, the Optimus 6 program provided by Noesis is most likely to be used. The software can be interacted
with through the tool's interactive user interface, as shown in Figure 2.8. However, during this thesis project,
effort will be made to automate as many actions as possible to minimise the number of required GUI inter-
actions. This will be performed using a CMDOWS work�ow data-schema importer, written in Python. With
this python package, that is currently still in creation, a CMDOWS �le will be automatically translated into
an executable Optimus work�ow. This importer will have to also contain the information on the algorithm
that must be employed for the MDAO study. For a global optimisation, the Self-Adaptive-Evolution algorithm

6https://www.noesissolutions.com/our-products/optimus (Accessed on 03/05/2023)
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is used [18]. Optimus also allows to conduct multi-objective optimisations which could be useful if, for in-
stance, the best trade-off between cost and weight has to be obtained [18].

Figure 2.8: Optimus program [18]

Other comparable software do exist such as the open-source Remote Component Environment 7 (RCE) tool
developed by DLR that was also previously used at TU Delft for research [14], or the OpenMDAO 8 which
was used in previous thesis studies like [11]. However, both of these software have their own disadvan-
tages.

Starting with RCE, it was found to be signi�cantly slower in MDAO work�ow executions compared to Open-
MDAO while providing identical results [19]. On the other hand, the Python-based tool OpenMDAO is more
restrictive compared to Optimus. It does not offer the �exibility, for instance, to alter the variable vector sizes
or to modify and change the number of variables that interact between the disciplines. Also, additional con-
straints are applied on the format of the variables (some must be �oats and can't be strings). Furthermore,
there are additional uncertainties that are always present when using an open-source software package (sup-
port, maintenance, the addition of new/required features, etc.). Therefore, it was chosen to go with the Opti-
mus commercial software package as Noesis provides several free education licenses to the FPP department,
and has shown willingness and desire to collaborate and facilitate the development of novel features that
might be required for the academic studies carried out at TU Delft.

2.2.5. STANDARDISED DATA EXCHANGE SCHEMAS
With the growth of international MDAO collaborations, such as the IDEaliSM or AGILE aircraft design ini-
tiatives, the variety of programs involved in said projects has greatly increased, leading to more interactions
between heterogeneous disciplines within a single MDAO system. While in smaller projects building unique
connections between the different MDAO elements might not be too time-consuming, it becomes a problem
for larger systems where a multitude of tools and disciplines are interacting with one another, and creating
individualised links for each element would require too many efforts. A common data exchange model is
therefore required to reduce the number of interfaces and facilitate decentralised and inter-team collabora-
tion [20]. In fact, utilising a centralised data interface, as shown in Figure 2.9, can reduce the total amount of
links from N (N ¡ 1) to just 2 N [20], with N representing the number of tools.

One example of such central data exchange schema, used within the aerospace industry, is the Common
Parametric Aircraft Con�guration Schema, otherwise known as CPACS 9 [20]. It is a data de�nition and ex-

7https://rcenvironment.de/ (Accessed on 03/05/2023)
8https://openmdao.org/ (Accessed on 03/05/2023)
9https://github.com/DLR-SL/CPACS/releases (Accessed on 01/06/2023)
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Figure 2.9: Project Speci�c vs Centralised Interface Architectures [20]

change format standardized for the air transportation industry, with the purpose of enabling engineers to
exchange information between different tools, enabling multidisciplinary and multi-�delity design in dis-
tributed environments. The schema is designed to describe the characteristics of different aircraft types,
rotorcraft, engines, �eets, and missions, as well as climate impact, in a structured, hierarchical manner [20].
It captures not only product information but also tool-speci�c and process-speci�c data (such as the DOE
design space and state parameters), which can assist in setting up work�ows for analysis modules [20]. A
great advantage of the central model approach of CPACS is that it helps in reducing the number of interfaces
required between the various work�ow elements. Essentially, it provides a hierarchical structure to store all
the important data useful for the preliminary aircraft design while, crucially, serving as one common data
model for multiple analysis tools to communicate with each other. While CPACS XML (eXtensible Markup
Language) schema might not directly be used in this thesis study due to the limited scope of the latter, some
of its hierarchical structure and descriptions might serve as a basis for the rib model development.

A more useful data schema, in the context of the current thesis, is the Common MDO Work�ow Schema,
or CMDOWS [21]. It is a new format for storing and exchanging work�ow data between different applica-
tions within a given MDAO system, and this capability is enabled, similarly to CPACS, via the use of a neutral
XML-based data representation. Developed under the AGILE, this XML-based schema was devised in order
to achieve two goals: to facilitate the integration of the various MDAO support applications in the MDAO
environment, as shown in Figure 2.11, and to allow the storage of an MDAO system architecture at different
stages of its creation [14].

Figure 2.10: CMDOWS Structure [21] Figure 2.11: CMDOWS role as a central data schema, linking various MDAO
applications [14]
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As explained in Subsection 2.2.3, KADMOS generates a graph-based MDAO system work�ow formulation.
Next, it transforms the graph into a CMDOWS output �le [22], with the generalised structure shown in Fig-
ure 2.10. The disciplines in CMDOWS are depicted in terms of inputs and outputs connections, with the
relationships between the tools speci�ed [21]. The �rst bene�t of CMDOWS is that it facilitates the process of
MDAO work�ow translation from an in-executable into an executable work�ow by acting as a bridge between
the KADMOS and various process integration and design optimization tools (Subsection 2.2.4). Furthermore,
it can not only store fully complete work�ows but also the repository of competences (Stage 2 of the AGILE
paradigm) [7] making it a very diverse and valuable tool at multiple stages of MDAO creation process.

The AGILE project has shown that at all stages of MDAO work�ow formulation, CMDOWS provided the re-
quired support capabilities [21]. This standardised format for interactions and storage of information also
aids in accelerating the process of MDAO work�ow creation, hence reducing overall setup and recon�gura-
tion time. This time reduction was estimated to be around 10-20% [21]. CMDOWS is also constructed in a
relatively straightforward way resulting in very short (2-3 days) familiarisation time [21].

As mentioned already, CMDOWS is already compatible with tools such as KADMOS or VISTOMS (Subsec-
tion 2.2.3), which will be used during this study, and a plug-in is currently in development for the OPTIMUS
PIDO software.

2.3. DYNAMIC WORKFLOWS
The current generation of MDAO work�ows, such as the ones described in the Section 2.1 and Section 2.2, can
be called static work�ows meaning that the design variables, optimisation objective, and constraints imposed
on the design space and disciplines, as well as the structure of the system remain constant throughout an
optimisation cycle.

Dynamic MDAO systems enable work�ow parameters modi�cation throughout the optimisation process,
based on the current design point. In other words, within a given iteration, a dynamic MDAO environment
enables the system architecture to be modi�ed in real-time, in contrast to the rigidity of static MDAO systems.
This novel approach is crucial for the thesis' study success as depending on the selected production method
that is being evaluated, the requirements imposed on the design and system architecture will be different,
leading to a change of the work�ow structure as is illustrated in Figure 2.12. This signi�es that the over-
all work�ow has to be made in a way allowing for �exibility and adaptability on the �y, with a large degree
of process automation. The aforementioned RMM tool will be used for that purpose, in combination with
KADMOS. Overall, the dynamic MDAO method could make design optimisation studies more ef�cient and
successful since it permits the study of a larger design space and the discovery of novel, potentially superior
designs.

Figure 2.12: Dynamic Work�ow XDSM example [23]

As it is a novel system concept, no literature could be found on the structure, composition and development
methodology for Dynamic MDAO work�ows, as well as its performance in concrete design studies. Therefore,
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this thesis study in combination with the active work of an FPP team at TU Delft will be a �rst major investi-
gation into the viability of such optimisation architectures. Nevertheless, some hypotheses on the expected
behaviour and performance of the new architecture, compared to a more 'traditional' static MDAO system,
could already be made and are elaborated in Table 2.1.

Table 2.1: Assumed Dynamic Work�ow Advantages and Disadvantages

Effect Reasoning

Advantages New Architectures and Studies Dynamic MDAO systems may allow to conduct studies that would not have
been possible before. For instance, projects requiring an optimisation be-
tween various disciplines within an optimisation that would involve an ar-
chitectural change like within the simultaneous design of a product and
production process as described by Bruggeman and La Rocca [23].

Greater Design Space and Flexibility Work�ow can accommodate system changes during the optimization pro-
cess, which allows for the exploration of a broader design space and the
identi�cation of more ef�cient designs that may not have been discovered
otherwise.

Disadvantages System Complexity More sophisticated optimization algorithms and simulation tools are nec-
essary, as well as the formulation dif�culty of constraints and variables in-
creases

Number of Iterations At a given iteration step, more evaluations will have to be performed (ex:
different manufacturing methods).

Computational Time As the number of iterations might be higher, the computational time might
increase as well. Furthermore, a larger design space also increases the
number of possible variations the optimiser can explore.

2.4. ENTIRE SYSTEM OVERVIEW
Section 2.2 and Section 2.3 illustrated some of the improvements and development directions in the path to
automate and improve MDAO systems. The results of these innovations, combined together, can be seen
through the creation of a so-called Design and Engineering Engine (DEE) framework [23]. Leveraging the use
of MBSE requirements management, automated work�ow formulation and execution tools, standardised
data storage and sharing, and knowledge-base engineering platforms, it establishes a conceptual methodol-
ogy for setting up optimised MDAO systems. An overview of a DEE can be seen in Figure 2.13.

Essentially, the �ve steps highlighted in Subsection 2.2.1 can now be performed using the newly developed
tools together, aiding in the formulation and execution of MDAO work�ows. Therefore, an overview of the
thesis' program structure and interactions between the different elements within the work�ow as well as the
connecting elements can be seen in Figure 2.14. The Figure 2.14 should only be regarded as a preliminary
mapping of the MDAO system from a software point of view.




	List of Figures
	List of Tables
	Nomenclature
	Introduction
	I Scientific Paper
	II Literature Study
	Introduction
	Background
	DEFAINE Project
	Research Objective and Research Questions

	MDAO Workflows
	Standard MDAO Workflows & Issues
	Improved Formulation and Execution Methodologies
	AGILE Paradigm
	RMM
	KADMOS
	PIDO Tools
	Standardised Data Exchange Schemas

	Dynamic Workflows
	Entire System Overview
	Important Considerations


	Production Methods
	Metals
	Metal Alloy Selection
	Metal Production Processes

	Composites
	Composite Selection
	Composite Production Processes

	Performance Analysis & Trade-Off
	Important Considerations

	Design Manufacturability
	Rib Design Considerations
	Machined Ribs
	Composite Ribs

	Manufacturability Assessment Tools
	Machining Manufacturability
	Composite Manufacturability
	MIM

	Rib Model Implementation
	Important Considerations

	Research Plan
	Conclusion

	III Supporting Work
	Rib Calculations
	Machining Module Verification
	Bibliography




