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Summary

Considerations that decide producibility of a design are an important part of the design process, and
must be included in the early design stages to ensure that these designs can be realised. Not including
these considerations carries the risk of incurring additional costs and delays at later stages of product
development because of design changes, or can lead to limiting oneself to conservative design choices
to reduce the associated risk.

The current process in the industry accounts for these production considerations in design through
a manual process that is iterative and time-consuming, and hence forms a bottleneck in being able to
trade-off multiple design concepts. Attempts at accounting for these production considerations in an
automated way are associated with the limitations of either only considering the manufacturing cost,
being specific solutions that work only in certain scenarios, or being dependent on some commercial
software tools, which are not fully suitable for use in context of automation and/or at the conceptual
design stage. Additionally, the aspects of manufacturing and assembly are usually not considered at
the same time in these studies.

Therefore, this thesis aims at developing a methodology that enables the automated inclusion of
production considerations in the conceptual design process of aircraft structures, while overcoming
shortcomings of the state-of-the-art.

This has been accomplished by leveraging model-based systems engineering to develop the Man-
ufacturing Information Model, which provides a model-based approach for managing all production
information of a product system. The model consists of three subpackages, namely, the manufac-
turing model, database, and the assembly model. The manufacturing model’s main function is to
capture production related information for every component in a product. The database subpackage
supports the manufacturing model by providing it with detailed information on manufacturing methods,
materials, equipment and manufacturing sites. Finally, the assembly model makes use of the informa-
tion captured by the manufacturing model to create feasible assembly sequences that include all part
manufacturing and joining operations in the product.

The manufacturing information model was implemented in ParaPy, a knowledge-based engineering
platform, and its implementation was verified and validated by applying it to simplified use-case, whose
product was composed of a limited number of parts and joints. The implemented system was linked
to various analysis tools, such as cost, mass and compatibility, and also integrated with a model-based
requirement verification framework to manage requirements related to both design and manufactur-
ing. With these additional tools, the manufacturing information model was able to account for four
categories of production considerations: joint information, compatibility of manufacturing and design
choices, assembly sequence planning, and integration of functional parts.

The verification and validation case demonstrated the main functionalities of each subpackage of
the manufacturing information model. To test its applicability to real world cases, the model was
applied to an industrial use-case for the conceptual design of a wingbox at GKN Fokker Aerostructures.
A design of experiments study was conducted with design variables from the manufacturing model and
assembly model. The results from this study allowed for the identification of trends in the design space
of different manufacturing concepts, and to rank these concepts based on the imposed requirements,
which helped in the decision-making process. Some unapparent manufacturing concepts could also be
identified from these results.

Additionally, the effect of including production considerations on gauging a product’s viability was
analysed. The results indicate that joints and part integration have a large impact on the total mass
and total cost of the product, whereas, assembly sequence planning and compatibility analysis offer a
reduction of manual iterative steps in the design process.

Finally, the main recommendations for improving the manufacturing information model with future
work include, accounting for the effect of assembly sequence planning on other parameters in the
product model (such as the non-recurring cost & number of workers required for production), and to
fully automate the identification of feasible assembly sequences. The current implementation uses a
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limited set of rules for the latter, which when expanded, would help eliminate any manual intervention
that is required for checking assembly sequence feasibility.
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Introduction

Considerations that dictate producibility of a design are among the most important criteria that drive
selection of a concept over others. This is because a design cannot be successful if it is not possible
to manufacture it within the constraints and capabilities of the stakeholders. These production consid-
erations can be defined as, “factors from the perspective of production that have an influence on the
system design". For instance, they can include the joining method for product assembly, or ensuring
- - - compatibility between choices made for the part material,
Production consideration manufacturing method and equipment that will produce it.
These considerations can have a direct impact on the design.
For example, different joining methods (such as fasteners or
welding) have different requirements for minimum distance to
edge and corner radius, which in turn would result in different
flange widths for parts such as ribs. Similarly, if the selected
part material and manufacturing method are incompatible, the part may have to be redesigned to
ensure that the design also remains compatible with the new material or manufacturing method.

The importance of including production considerations in design can be highlighted by analysing
some problems that may arise without them. From discussion with experts at GKN Fokker Aerostruc-
tures’, a tier 1 aerostructures manufacturer, the first problem is identified of such designs being as-
sociated with a high risk. This risk can be associated with either design changes at later stages of
development to include the missing production considerations (such as accounting for correct fastener
arrangement and assembly clearances), or with the reduced fidelity of the system and analyses that
depend on it (such as cost and mass). Design changes are directly associated with higher costs and
delays, which reduce a product’s viability. Additionally, analyses on a system with lower fidelity makes
the calculated performance indicators of interest less reliable or unavailable for trade-off decisions. For
example, additional mass of joints is often estimated as a percentage of the total mass of an aircraft
structure [1]. This makes it difficult and inaccurate to trade-off two different joining methods in terms
of their mass. Lastly, these risks can be especially high for novel designs for which no prior data or
engineering experience exists.

The second problem is in part related to the first problem of high risk, as in order to mitigate this
risk, engineers tend to limit themselves to safe conservative choices [2]. This ensures producibility of
the designs, but prevents use of the best possible options which might result in better designs, for
example, by selecting a new manufacturing method or material.

Currently, two main approaches are followed to include production considerations in the conceptual
design of aircraft structures. The first is through a manual process in which a design engineer includes
aspects of production in product design by using three main sources of information. These include
1) documents, such as design for manufacturing (DFM) guidelines, and documented company best
practices; 2) discussions with manufacturing and stress engineers; and 3) their own experience. This
results in a design which will be mostly feasible to produce, though it might require some minor changes
in future. The resulting design concept is then optimised for its performance (such as structural sizing)

A factor from the perspective of

production that has an influence
on the system design.

Yttps://www.gknaerospace . com/en/about-gkn-aerospace/fokker-technologies/ (accessed 25 September 2022)
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2 1. Introduction

through multidisciplinary design analysis and optimisation (MDAO) workflows. This manual approach
represents a case from the industry as it has been identified from discussions with experts at GKN
Fokker Aerostructures. It is currently followed by them for new product development.

Although this approach works, and gives engineers complete control over each step in the process,
it has some disadvantages. Firstly, the process can be cumbersome and error-prone because of the
extensive use of documents. Secondly, as the process depends on engineer’s experience, it is possible
to overlook some design choices that may be unconventional but better. Additionally, availability of
experts cannot be relied upon, as they can leave the organisation, which can lead to project delays.
Third, discussions with manufacturing and stress engineers can be helpful, but are usually very time-
intensive. It can be deduced that these problems can lead to a bottleneck if multiple design concepts
have to be traded-off, as each would require all these manual steps to ensure its producibility before
it can be optimised for performance using MDAO. As a result, only a limited number of concepts can
be considered in the trade-off because of the limited time at the conceptual design stage, potentially
leaving out designs that may fit the requirements better.

One last disadvantage of the manual process is related to management of production related re-
quirements. Efficient management of production related requirements can be very important to avoid
added cost and delays, as these requirements can often conflict with other requirements on the system.
For example, induction welded joints may be better for the total mass of the aerostructure, but fasten-
ers may be required to fulfil certification requirements (from interviews with GKN Fokker Aerostructures
experts). Because these production considerations are not digitally modelled in the manual process,
model-based requirement management tools such as the requirement verification framework (RVF) [3],
or commercial tools such as IBM DOORS * cannot be used for their efficient management.

The second approach to include production considerations in conceptual designs is through auto-
mated methods. Various approaches that attempt to automate aspects of the manual approach can
be found in literature. However, none present a methodology that is free from some major limitation,
which has prevented their mainstream adaptation. These studies can be broadly classified into four
types based on their limitations, which are listed below:

i. Using only the associated cost as an all-encompassing factor for all production considerations [4—
6].

ii. Non-generic solutions that only work with very specific types of product designs, manufacturing
processes, materials, etc. [7—10].

iii. Methodology depends heavily on the use of some commercial software such as product lifecycle
management (PLM) tools or manufacturability analysis software that are not fully suitable for
automation and/or use at the conceptual design stage [10-12].

iv. Aspects of part manufacturing and product assembly are not considered at the same time. Some
studies that only consider manufacturing are [4, 5, 9], and those that only consider assembly
include [13-17].

In view of limitations of the current approaches, this thesis will focus on developing a methodology
that enables automated inclusion of production considerations in the conceptual design process, while
overcoming shortcomings of the state-of-the-art. To this end, the following research objective is defined
for this thesis:

To automate the inclusion of production considerations in the conceptual design of air-
craft structural components by developing an MBSE based approach to manage production
information in the system design process.

Limitations of the manual approach have been overcome through the second part of the objective;
through a model-based systems engineering (MBSE) approach to manage all production information.
MBSE is defined by the International Council on Systems Engineering (INCOSE) as, “...the formalized
application of modeling to support system requirements, design, analysis, verification and validation
activities beginning in the conceptual design phase and continuing throughout development and later
life cycle phases.” [18]. Formalisation of knowledge from documents and experience of engineers

2nttps://www.ibm.com/products/requirements-management (accessed 05 August 2022)
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would allow its systematic re-use, and its digitisa-
tion would support automated design workflows, NI REEER SRS el (115)
such as design of experiments (DOE) and MDAO
studies. Furthermore, once data related to pro-
duction considerations is made available in digital
models, model-based requirement management
tools can also be used to effectively manage pro-
duction related requirements.

On the other hand, limitations associated
with the state-of-the-art automated methods has
been addressed by (i) including production considerations other than manufacturing cost, (ii) devel-
oping the models in a way that enables them to be applicable to any component in a product, (iii)
developing the models independent of any specific software, and (iv) including aspects of both, man-
ufacturing and assembly for a product.

...the formalized application of modeling to
support system requirements, design, anal-
ysis, verification and validation activities
beginning in the conceptual design phase
and continuing throughout development and
later life cycle phases [18].

J

To help achieve the research objective, and to gauge the contribution of this research, the following
research questions have been formulated:

1. How can information related to the production considerations, along with its link to
the design, be structured in a model so that it gives an overview of the steps to
manufacture the product, and it can be used for the calculation of cost, structural
mass, production rate and requirements compliance?

2. What effect does the automated inclusion of production considerations in the concep-
tual design of a wingbox have on:

a) being able to identify feasible-to-produce design concepts:
i) that may be unapparent?

ii) that are better, when compared in terms of their cost, structural mass, pro-
duction rate, and meeting production related requirements?

b) gauging the product’s viability in terms of its cost, structural mass, production rate,
and meeting production related requirements?

1.1. Thesis Scope

A product’s design can include numerous production considerations. Therefore, to limit the scope of
this thesis, only four main categories of production considerations will be considered. These include
joints, compatibility, assembly sequence, and part integration, and are shown graphically in Figure 1.1
(sources: icons®, material selection chart?, co-bonding process [19], production consideration 3 and
4: GKN Fokker Aerostructures).

The first and second production considerations of joints and compatibility have already been briefly
discussed in the previous paragraphs. The third consideration deals with generating feasible assembly
sequence to account for product assembly. And the fourth production consideration is of part inte-
gration, as in some cases individual functional parts in the product design, such as stringers and skin
panels, can be integrated into a single part, such as a stiffened skin panel [20].

Lastly, The effect of all these production considerations would be quantified in terms of four key
parameters of interest. These include the product’s total cost, total mass, production rate, and the
requirements’ compliance.

3https://www.flaticon.com/ (accessed 10 August 2022)
http://uwu-g.eng.cam.ac.uk/125/now/mfs/tutorial/non_IE/charts.html (accessed 10 August 2022)
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Figure 1.1: Production considerations and parameters of interest within the scope of this thesis.

1.2. Thesis Outline

Chapter 1: Introduction

The current chapter introduces the main area of focus for this thesis. The need and motivation
for conducting this research is highlighted, and the research objective, questions, and scope are
defined in this chapter.

Chapter 2: State of the Art and Background Information
This chapter discusses some state-of-the-art approaches for including production considerations
in design, and provides some background information.

Chapter 3: The Manufacturing Information Model
A theoretical explanation of the main contribution of this thesis is given in this chapter.

Chapter 4: Implementation of the Manufacturing Information Model
Details of how the manufacturing information model is implemented, and what supporting soft-
ware tools are used in this thesis are given in this chapter.

Chapter 5: Verification and Validation
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Implementation of the manufacturing information model is verified and validated in this chapter
by applying it to a simple use-case.

« Chapter 6: Industrial Use-Case: Conceptual Design of a Wingbox
The manufacturing information model is applied in an updated design workflow for the conceptual
design of a wingbox to analyse its real world applicability.

¢ Chapter 7: Conclusions and Recommendations
In this chapter, conclusions are drawn from the results of the industrial use-case, and the verifi-
cation and validation case. Recommendations for future work are also provided.

e Appendix A: Glossary
A glossary of all terms defined in this report (in blue boxes) is provided in this appendix.

¢ Appendix B: ArchiMate Modelling Language Reference
A legend for the ArchiMate notation used in some of the diagrams in this report is provided in
this appendix for reference.

« Appendix C: Examples of User Inputs and Data Specifications in MIM
Some templates for specifying user inputs, and some data in the manufacturing information model
are provided in this appendix for reference.

« Appendix D: Baseline Concept Data for the Industrial Use-Case
Data for a baseline wingbox concept that was finalised at GKN Fokker Aerostructures, and is used
as a reference for the industrial use-case in this thesis, is provided in this appendix.






State of the Art and Background
Information

This chapter will discuss some state-of-the-art approaches for including production considerations in
conceptual designs, and also provide background information on some relevant topics. The first section
will give an overview of the various production considerations in design. A manual approach for in-
cluding production considerations in design that is practically followed in the industry will be discussed
in the second section. The third section will then present some cases from literature that aim at au-
tomatically accounting for production considerations in design. Finally, the fourth section will give an
overview of some graphical methods for representing the assembly sequence.

2.1. Overview of production considerations for product design

An extensive range of factors that influence product manufacturability and design have been identi-
fied in [21]. The authors of this paper define manufacturability as “... the ability to manufacture a
product to obtain the desired quality and rate of production while optimizing cost [21]". By studying
some common issues that arise when developing new products, they categorised factors that influence
manufacturability under five main types: compatibility, complexity, quality, efficiency and coupling.
These categories were referred to as “core manufacturability concepts (CMCs) [21]”, and are shown
graphically in Figure 2.1 along with their respective manufacturability factors. The reader is can refer
to their work for a description of each manufacturability factor with examples.

The goal of the authors while identifying these factors was to enable better designs, rather than
to improve the manufacturing processes. To enable feedback for design improvement, quantification
of these manufacturability factors was suggested as this would allow systematic comparisons to be
performed between designs. For this, the authors present two approaches: using manufacturability
measures and using manufacturability indices [21]. The former is a metric that uses an analysis of the
manufacturing process, whereas the latter involves an analysis of the product design variables. The
manufacturability measures were further classified into three types [21]:

e Type I: rely on estimating manufacturing cost

¢ Type II: estimate the manufacturing time (which can be easily converted to cost using labour and
machine rates)

e Type III: involve an analysis of the sequence of processes for manufacturing/assembly to identify
less efficient tasks.

Although metrics from these analyses can be very helpful, all of them suffer from a common lim-
itation; they are difficult to calculate reliably at the conceptual design stage because of a lack of
information [21]. The use of manufacturability indices was suggested by the authors to overcome this
limitation. These “indices” are directly related to product design variables, such as surface finish, tol-
erance or tool accessibility. Instead of translating these factors into cost or time, the authors suggest
directly using these factors for comparing designs. For this purpose, the factors would be quantified
into normalised scores with some relevant parameters of the designs. They present an example for

7
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quantifying tool accessibility for machined parts, which is based on identifying primary and secondary
angles of accessing part features with reference to a coordinate system [21]. A normalised accessibility
index was then calculated from the values of these angles, and used to compare two designs for tool
accessibility. The main advantage of using manufacturability indices over manufacturability measures
is that they can be much easier to calculate, and overall require less information.

Manufacturability

Quality

Material- . . Material usage Material-based

—process —Intricacy — Design flaws = — .
compatibility efficiency coupling
Configuration-

—{process — Tolerances Robustness Parts count | |Process-based
compatibility efficiency coupling
Material- . ) :

—|configuration —Symmetry L {Operations |_|Configuration-
compatibility efficiency based coupling

—|Availability — Uniformity —Standardization

—Accessibility — Variety
— Orientation
| |Ease of

handling

Figure 2.1: Manufacturability factors (in rectangles) organised under their respective core manufacturability
concepts (CMCs) (in ovals) [21]. Note: the figure has been reconstructed using the original figure in [21] for
clarity.

A different study extended the manufacturability factors in the compatibility CMC to include “material-
material compatibility” [22]. This consideration ensures that materials of the individual parts in a
product are compatible with each other. For example, a part made from carbon-epoxy composite is
incompatible with an aluminium alloy part as it would result in galvanic corrosion in the aluminium
part [22].

Although the manufacturability factors presented in [21] can be applied to aspects of product as-
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sembly as well, there are a few additional factors that are quite specific to product assembly. One of
these is assembly sequence planning, which involves coming up with a strategy to assemble the indi-
vidual parts or subassemblies in a way that is feasible, and meets the required performance in terms of
production volume or rate [13]. Many options can exist for feasible assembly sequences, and therefore
it is important to select the most optimum one as it can have a big impact on the overall efficiency of the
assembly process [13]. Additionally, if an optimum assembly sequence cannot be found for a product
definition, then changes might be required to the product design to meet the assembly requirements.
For instance, this may involve splitting the high level product components or subassemblies differently.

Some other production considerations related to product assembly include factory floor layout for the
manufacturing and assembly stations, equipment idle time, and supply chain considerations. These
were identified from discussions with experts at GKN Fokker Aerostructures. Factory floor layout is
related to assembly sequence planning as it has an effect on the time taken to transfer raw material,
parts and subassemblies between workstations, thereby affecting the production rate, and the overall
efficiency of the production process. Equipment idle time refers to the time when an equipment is
not in use, but is actually available for use. As no value is being generated during this idle time, it is
desired to minimise it as much as possible. This can again be accomplished with a suitable assembly
sequence. Lastly, supply chain considerations can also directly effect production as companies depend
on receiving raw materials, parts, and even subassemblies from various suppliers. Production problems
at the suppliers, or delays in delivery can lead to delays, and added costs, for example because of worker
idle time.

To conclude, this section gives an idea about some of the numerous production considerations that
have to be taken into account for product design. It is to be noted that the ones presented in this
section do not exhaustively cover all possible production considerations. It is possible to have many
more of these factors, and ultimately, which ones are considered in product design will depend on the
specific requirements from the product.

2.2. Manual approach for including production considerations

in conceptual design

This section will discuss specific details of the manual approach for including production considerations
in design that was introduced in chapter 1. The main steps involved in this approach have been
summarised as a process diagram in Figure 2.2. The ArchiMate notation used in this figure (and other
ArchiMate process diagrams in this report) is shown in Figure B.1. The steps in this approach have
been identified through discussions with experts at GKN Fokker Aerostructures. It represents the state-
of-the-art workflow that is followed their for the conceptual design of new products. It is to be noted
that the workflow presented in Figure 2.2 also includes prototype capabilities (such as RVF) at GKN
Fokker Aerostructures. Although these capabilities have been tested, they are not currently used in
mainstream aircraft programmes.

The production considerations and parameters of interest in the scope of this thesis are specified
in coloured text in Figure 2.2 to put them in context of the presented workflow. This shows exactly at
what step they are accounted for. The production considerations are shown in blue, and the parameters
of interest are shown in orange. They are listed below in their respective colours for reference:
Production considerations: Parameters of interest:

(1) Compatibility

(2) Assembly sequence

(3) Part integration

(4) Joints

Next, the various steps in the presented workflow will be described in more detail:
e Steps 1, 1a, 1b, 1c

The first step involves deciding the product topology, which includes deciding what parts should
exist in the product (e.g. ribs, spars, skins etc.), the type of each part (e.g. L-stringer or blade
stringer), quantity, location, and orientation of each part, and so on. After deciding the topol-
ogy, it is decided how each part will be manufactured in step 1a. This involves selecting the
material, manufacturing method, manufacturing equipment, and the site where each part will
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be manufactured. This is followed by step 1b, where compatibility between the choices made
for manufacturing each part, and the design choices made while fixing the topology is checked.
If some choices are incompatible, then changes have to made in either the design, or manu-
facturing related aspects. The back-and-forth double arrows between the steps, along with the
looped arrow indicate the iterative nature of these steps. On the other hand, step 1c also occurs
in parallel after deciding the product topology. In this step, it is checked if the selected layout
of parts will be feasible to assemble. If not, the design has to be modified to allow for it. The
four steps discussed here are all performed manually by engineers, who use three main sources
of information to make decisions. These include documents (such as design guidelines or noted
best practices), meetings with other engineers, and their own experience.
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Figure 2.2: Process diagram showing the state of the art workflow for conceptual design at GKN Fokker
Aerostructures. It includes prototype capabilities (such as RVF) at GKN Fokker that have been tested, but are not
used in mainstream aircraft programmes. Legend for the ArchiMate notation used in this figure is shown
in Figure B.1.



2.2. Manual approach 11

e Step 2
This is an automatic step that generates different product models using a knowledge-based engi-
neering (KBE) tool. For instance, these models can include a computer-aided design (CAD) model
to represent the geometry of the product, or a finite element method (FEM) model for structural
analysis. The KBE tool has been developed in-house at GKN Fokker Aerostructures using ParaPy’,
and is called as multidisciplinary modellers (MDM). More details about this tool will be discussed
in section 4.3.1.

o Step 3

This is a semi-automatic step that involves setting up and running an optimisation workflow
for structural sizing. This results in optimum values for material thicknesses for all parts in the
product. Variation in thickness at different regions in a given part can also be accounted for
as MDM supports the creation of “material zones” per part; a different value for thickness can
be defined for each such material zone. It is to be noted that the current capabilities do not
account for what joining method is used to connect parts in the structural sizing optimisation. As
a simplification, nodes are considered to be equivalent at part junctions to represent a joint. The
effect of different joining methods is only be considered in terms of different reserve factors.

o Step 4
This is an automatic step where certain parameters of interest of the product are calculated.
Namely, these parameters include the cost, mass and requirements compliance. The cost and
mass calculation is handled by MDM, whereas the requirements compliance is handled by RVF.
More details about RVF will follow in section 4.3.5.

o Steps 5a, 5b

These two manual steps are carried out at the same time. MDM does not support modelling of
joints, and therefore, properties related to them have to be manually calculated based on the part
geometry model. These properties can include the joint lengths and/or area, number of fasteners
etc., and are required to account for joints in the parameters of interest. The other step (5b)
involves accounting for integration of separate parts in the product to form a new single part
(such as an integrally stiffened skin panel). If such integrated parts are to be included in the
model, then their effect on the parameters of interest, and other parts or joints in the product
model have to be considered. For example, this can include only considering the cost & mass of
the new integrated part in the total cost & mass, and not the cost & mass of the individual parts
that are integrated. Another example is to not consider any joints between the individual parts
that are integrated. This is the reason why steps 5a and 5b must take place at the same time, as
information about part integration has to be considered to know what joints exist in the model.

* Step 6
Once joint properties are made available from the last step, they are used to (manually) calculate
the corresponding cost, mass and requirements compliance for the joints. The parameters of
interest calculated for all parts in step 4 are then be updated with these values for the joints to
give totals for the entire product. Requirement compliance is checked manually.

o Step 7
The last step involves a rough estimation of the overall production rate for the product, which is
performed manually using some spreadsheets.

In conclusion, limitations of the manual approach that were discussed in chapter 1 are only further
justified after considering the detailed steps of the process. The first step to come up with a valid
feasible-to-produce design concept is manual and iterative, and thus forms a major bottleneck in the
process. This will be especially evident if the process has to be repeated multiple times in order to
trade-off different concepts. As a result, only a limited number of concepts can be considered that
account for production at the conceptual design stage.

Yhttps://waw.parapy.nl/ (accessed 16 August 2022)
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2.3. Automated approaches for including production considera-

tions in conceptual design

This section will discuss some studies that attempt to automate the inclusion of production considera-
tions at early stages of design. The discussion will be organised in terms of the major limitations that
could be identified from these studies.

2.3.1. Accounting for production considerations only through the associated

cost

One of the most common approaches that was observed across various studies for including manu-
facturing and/or assembly factors into the design process was through their associated cost. Cost is
an important consideration, not only because it decides a product’s profitability or affordability, but
also because most other factors can be directly or indirectly linked to the cost. For example, a design
that is more complex to manufacture would usually lead to a higher cost. This would suggest that,
in theory, cost can account for other production considerations as well, and explains why it has been
the focus of many studies. Therefore, this section will discuss some studies from literature to get a
better understanding of how cost can be used to include manufacturing and assembly considerations
in design. Before moving on to the studies, a brief background on the different types of cost estimation
methods and models will be given.

Types of cost estimation methods
Three types of cost estimation methods can be identified from literature [23]:

1. Analogous
These types of cost estimation methods are based on using historical data of similar products
to estimate the cost. The differences between the old and new design can be compared, and
accounted for to some extend to get a better cost estimate.

2. Parametric
In this method, cost estimation relations (CERs) are used to directly estimate the product cost.
CERs are formulae derived from historical data of similar products, that relate cost to certain
product features, such as weight or dimensions. As an example, such a model is presented
in [6].

3. Process based / bottom-up
In these types of cost estimation methods, all steps, processes, and information about resources
used during production of a product are accounted for. This requires a lot more information
upfront compared to parametric and analogous cost estimation method. However, the main
advantage of this method is that it is more flexible to work with new products and processes, for
which historical data is not available. Examples include of some of these models [4, 24].

Lastly, it is also possible to use combinations of the above methods. For example, a combination of
parametric and process-based methods is used in [25]. Using such an approach can be useful, as
it combines advantages of both the options. Results can be obtained even when some information
required by the process-based approach is not available. Therefore, it is described as an ability to
perform calculations at different levels of fidelity in [25].

Proprietary vs. self-developed cost models

The next observation from literature is about the choice between either developing cost models ([5, 6,
247), or using commercial cost estimation software ([8, 10]) such as SEER-MFG” and aPriori. Either
choice is associated with certain advantages and disadvantages.

Self-developed cost models offer the most flexibility in terms of integrating company specific in-
formation, while also ensuring that the model will work well with existing workflows. However, these
models are commonly limited to only a few manufacturing and assembly processes, as limited resources
can be dedicated to increasing the capabilities of these models. This is one area where commercial tools
have an advantage, as they often offer extensive industry specific libraries of manufacturing models”.

2https://galorath.com/products/seer-for-manufacturing/ (accessed 20 August 2022)
3https://www.apriori.com/solutions/products/ (accessed 20 August 2022)
*https://www.apriori.com/solutions/industry/ (accessed 20 August 2022)
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Another factor is the cost associated with developing or acquiring these tools. Commercial tools will
have a recurring subscription cost associated with them. On the other hand, tools developed in house
will not have a subscription cost, but will still have some associated recurring cost to maintain the tool.
This can be a difficult choice, as now the cost of developing and maintaining these tools in-house also
has to be determined.

Another option, which might reduce the cost associated with maintaining self-developed tools, is to
use open source software, such as the open source cost tool presented in [24]. But the availability of
such specialised tools as open source software is rare, limiting users to just a few options. Additionally,
their development and maintenance cycles can be unreliable when compared to the support offered
by commercial tools, or even with the dependability of having a dedicated in-house team working on
developing these cost models.

A big advantage of in-house developed or open source cost models is that the logic behind calcula-
tions is transparent. This can be essential for understanding and making sense of the results. Though
commercial software might provide cost estimates that are very accurate in an absolute sense, they
act as blackboxes, as the inherent logic or algorithms used by them is proprietary information. This is
an important consideration while selecting the best option for use in MDAO workflows, where getting
accurate cost estimates might not be a priority, as long as the trends are correct [5, 24]. For example,
estimating cost of a design with different manufacturing processes must show the right trend for how
expensive a process is, relative to the others. Therefore, If minimising for cost, this will ensure that
the optimised design has the least cost, even if its absolute value is not accurate.

Cases from literature

Some cases from literature that account for production considerations through the associated cost will
be discussed in this section. The degree to which these approaches use design specific information in
their methods will also be analysed. This is important because if the estimated cost cannot be traced
back to design choices at the part or product level, then the results from these tools cannot be used
to improve the design.

The first study is by Gantois and Morris [5]. As a first step in their approach, the product (a wingbox
in this case) is defined with the help of a multi-model generator (MMG). Their product definition was
quite detailed, and contains information about substructures as well (such as joints, stringers, access
doors etc.). The complete product breakdown structure is shown in Figure 2.3.

Then, as a second step, each component of the defined product is analysed to make selections
for its material, manufacturing method and assembly method. For estimation of cost, they developed
two separate cost models, one for a metal structures, and one for composite materials. However,
their cost models only utilised very simple geometric parameters of the components, such as length,
area and number of features (like holes). This information was used along with a cost factor, which
was determined from different sources and internal communications from British Aerospace Airbus [5].
Additionally, the second step of defining the right material, manufacturing and assembly method is
performed completely manually, and has to be repeated for every new type of design. This can be a
slow process if multiple concepts have to quickly traded-off.

In a different study, a commercial cost estimation tool (SEER-MFG) was used instead of a self-
developed cost model [8]. Both part manufacturing and assembly costs were included, however, their
approach was not based on the use of a CAD model. Instead, they used simple parameters, such as
dimensions of the wing and the fuselage, to define an outer mould line (OML). Then, a MATLAB® based
“manufacturing translator” was used to generate information about the internal structure, such as the
size and layout of ribs and spars. Then some “rules of thumb” were used by them to estimate the
number of fasteners in each part. Finally this manufacturing data was fed to the SEER-MFG cost tool.

By limiting themselves to simple geometric parameters such as overall OML dimensions, area or
number of features, these studies miss out on geometric features, such as complexity of a curved
surface or ply ramps in composite parts, that can play an important role in estimating cost. While
these approaches can generate quick results, they do not use or allow for the definition of unique
or complex product models. This can be essential in performing effective trade-offs between design
concepts, when the differences in the designs are quite small.

These challenges have been addressed to some extent by the open-source cost estimation tool [24].
This tool uses process-based models that use data about the manufacturing process and methods,

Shttps://mathworks.com/products/matlab.html (accessed 20 August 2022)
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Figure 2.3: Product breakdown structure showing the included components in the study presented in [5].

manufacturing environment (labour and machine rates), materials, and connection method (fasteners,
bonding etc.). An initial approach towards including shape complexity was also provided, however, it
was reported that more work is required to fully support its inclusion in the analysis [24]. The cost tool
was integrated in a KBE framework for generating wing moveables [26], which is capable of producing
detailed and unique product models.

Despite its capabilities, the tool does have some limitations. It only supports a limited number of
manufacturing processes, which were mostly for composite based components. Additionally, it uses
information from an outdated database. Connections for assembly had to be manually defined by
a user, instead of using information from the connected design model. Additionally, it was reported
that for some manufacturing methods, the tool generated values that deviated by approximately 50%,
when compared to another proprietary cost estimation tool [24]. Although, absolute cost estimates
are not of primary importance for trading off different design concepts, such a big discrepancy might
suggest possible problems with the cost model for these manufacturing methods.

Overall, there have been various attempts at quantifying manufacturing and assembly considera-
tions through cost, although, for it to give meaningful results, the fidelity of the cost analysis tools will
have to be increased to consider more design specific details. The first limitation of this approach of
only using cost is that there are factors which might be more relevant to consider directly, instead of
their associated cost. For example, production rate can be an important factor for a trade-off between
design concepts if achieving a certain production rate is an important project requirement. And the
latter is often true to ensure just-in-time production, a commonly followed lean manufacturing practice
in the aerospace industry [27].

The second problem with this approach is that cost models cannot identify infeasible designs. A



2.3. Automated approaches 15

design concept can be infeasible, for example, if the selected manufacturing processes are not valid
for the corresponding type of parts or their materials.Usually, this validity is ensured manually by an
engineer while finalising details of the design concept, which is then optimised for performance. Such
a case has been presented in [5], and was also discussed in section 2.2. The importance of automating
this step is evident if multiple design concepts have to be traded-off in a limited time.

Therefore, it can be concluded that using cost as an overall metric for analysing a product from the
perspective of manufacturing or assembly might not be sufficient. Certain specialised analyses may be
required in addition to cost, for example, to ensure compatibility between manufacturing and design
choices, and assembly feasibility. Additionally, in some cases it might be useful to quantify and directly
use a manufacturing consideration as a parameter in design trade-offs, instead of translating it to cost.

2.3.2. Non-generic solutions
This section will discuss some approaches that are non-generic, and are designed to work with very
specific types of product designs, manufacturing processes, materials, and so on.

The first case is presented in [22], who builds upon the work of [21] that was discussed in sec-
tion 2.1. This study presents approaches to quantify the manufacturability factors as both manufactur-
ing measures and indices. These were then used in the preliminary design of aircraft structures using
MDAO workflows with constraints on performance, cost and manufacturability variables [7]. The link
between manufacturing and design was provided through the quantified measures and indices. A tool
was developed that can run in either analysis or optimisation mode, and allows fuselage and wingbox
products. In the analysis mode, the system can be checked for a design’s manufacturability and cost,
and then revised based on the results. Whereas, in the optimisation mode, weight of the product is
minimised.

A major limitation of their approach is that their system is not linked to a CAD model to derive the
geometrical properties of the product. All calculations and analyses are performed based on manually
defined, text based user inputs that specify the system geometry and details of its sub-components
(like ribs and spars). An excerpt from the template for such an input is shown in Figure 2.4. Without
a visual reference of the product, it can be very difficult to check the defined inputs for their validity,
and to analyse the generated results. The author mentions that a tool is being developed to extract
the required geometric inputs from a CAD geometry, but it is not clear whether the tool will also enable
visualisation of the results. Another limitation of this work is that assembly considerations are reduced
to a single “assembly complexity” factor for the whole system, and few details are provided regarding
its calculation.

Turning to a different study, a software package is presented in [9] that can automatically analyse
3D CAD models for their manufacturability. Inputs to the software are given as STL files that have the
geometry. The software is supposed to have different modules for different manufacturing processes,
such as casting, welding and machining. Only the machining module is discussed in the present work,
with the other modules being under development. The machinability of parts is analysed in terms
of four parameters: visibility, reachability, accessibility and setup complexity [9]. These are visually
represented in Figure 2.5.

A part with high visibility is explained to be one whose surface area is visible from the perspective of
a machine tool [9]. Reachability checks if the length of the tool can reach all surfaces of the model [9].
In general, it is undesirable to use longer tools, as it requires slower feed rates to maintain dimensional
conformance [9], and also carries a higher chance for tool breakage. Therefore, presence of deeper
features is penalised with a weight that is based on the surface area of the feature. Next parameter
is accessibility, which checks if the tool can reach all areas without collisions with the design features.
Lastly, setup complexity estimates the number of setups required for machining all features of a part.
A complex part with features on multiple faces would require more setups, as its orientation would
have to be changed to provide tool access [9].

The software provides feedback from these analyses in two ways. The first is as coloured graph-
ical models, that highlight areas of concern for each of the above analyses. The second result is a
normalised score for each analysis. These are also aggregated into a singular manufacturability score
for the design [9]. The availability of these numerical scores make the approach suitable for use in
context of optimisation and/or automation workflows. Different designs can also be traded-off with this
approach. Furthermore, a common concern of engineers for trusting abstract scores to judge designs
is addressed to an extent, as the coloured plots provide more information about how those scores are
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® System Definition (includes a computational model such as an FE mesh)

a. wing box
a.l to a.4 single, double, triple, or quad cell
a.5 combination (specify the number of cells in the inboard and outboard sections)

b. fuselage
b.l to b.3 fore-section, mid / wing-section, aft-section

c. horizontal tail box
c.1 to ¢.3 single, double, or triple cell

d. vertical tail box
d.1 to d.3 single, double, or triple cell

® Features Identification (assuming wing box was chosen in @)

Wing:
a. straight, swept forward, or swept back  [select onc]
b. leading-edge break(s) [0, 1, 0r 2]
c. trailing-edge break(s) [0, 1, or 2]
d. chord taper [Y or NJj
e. thickness taper [Y or N]
f. dihedral [None, Up, Down]
g. geometric twist [None, Small, Moderate, Large]
h. aerodynamic twist [None (1 airfoil), 2 airfoils, 3 airfoils]
i. control surfaces [Y or N]
flap(s) [0, 1,2, 0or 3]
aileron [Inboard, Outboard, Both]
slat(s) [0, 1,2, o0r 3]
spoiler(s) [0, 1,2, 0r 3]
j. mechanical components [Y or NJ
k. fuel tank(s) [Y or NJ

Figure 2.4: Excerpt of a template of the text based input user to define geometrical product model in [7].

related to specific design features. This is further complemented, as the logic behind the working of
the different analyses is clearly presented in their publication [9].

As for the limitations associated with this software, it is currently applicable only to machined parts,
although, more manufacturing processes such as welding and casting are planned to be added [9].
This would still limit the tool for analysing individual parts, as assembly processes would be left out.
Even manufacturing of individual parts commonly involves multiple processes, for example machining
a part after it is cast. The presented software cannot handle this analysis, as it can only consider one
process at a time [9]. This limitation has been recognised by the author, and is included as future work
in his work.

Lastly, the study presented in [8] that was discussed in section 2.3.1, can also be mentioned in this
section. To restate, their methodology had the limitation of using dimensional parameters of an OML
to mathematically estimate details of the internal structure instead of deriving these details from a CAD
model. This was followed by the use of a “manufacturing translator”, which was a script to generate
manufacturing related data to be fed to a cost tool. The use of mathematical relations to completely
define the product geometry and manufacturing related information makes their approach very specific
to certain types of products and manufacturing considerations.

To conclude, the ability to easily include new manufacturing technologies, or unconventional design
concepts in the conceptual design process can prove to be beneficial for both academia, and the
industry. It would allow the industry to stay competitive by being able to analyse the viability of,
and hence offer state-of-the-art products to their customers. And it would enable academia to inspire
confidence in highly unconventional design concepts among the industry, such as the Flying-V [28],
by being able to say something about the manufacturing feasibility of such designs in addition to their
performance benefits.

Additionally, extendability of the approach is an important consideration, especially for production
related information, as often, new manufacturing processes are developed, or added to an organisa-
tion’s capabilities. These would need to be added to the modelling and analysis capabilities of the
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Figure 3: Accessibility characteristic for Figure 4: Setup complexity characteristic for machining;

machining; a) Geometry with a tool accessibility a) Geometry requiring multiple setup orientations, b) 3D
issue, b) Color map of accessibility to facets representation of setup requirements
(c) Accessibility characteristic [9] (d) Setup complexity characteristic [9]

Figure 2.5: Graphical representation of the four machinability parameters considered in [9]. Note that the
original captions from [9] have been included in the figures.

organisation as well for an effective product development process.

2.3.3. Use of some specialised commercial tools
This section will consider the use of some specialised commercial tools to account for manufacturability
of products.

One category of such software includes manufacturing simulation tools, such as the aPriori Manu-
facturing Insights Platform®. Such tools are capable of performing detailed manufacturing analysis of
products, but often require user interaction to interpret and include results in the design. This can be
seen from steps 1, 5 and 6 in Figure 2.6.

On the other hand, there are some studies that make use of product lifecycle management (PLM)
tools to model the manufacturing systems with the product design [11, 12]. But PLM systems are not
suitable for use at the conceptual design stage, as they depend on having a coherent product topology
definition to model information effectively [29]. This is not possible at the conceptual design stage,
where significant changes can be made to the product definition frequently.

The next discussion is of the work in [10], where the authors extended the work presented in [8]

Shttps://www.apriori.com/manufacturing-insights-platform/ (accessed 20 August 2022)

7https ://vvv.apriori.com/blog/apriori-22-1-expands-manufacturing-insights-cost-savings-analysis/ (accessed
10 August 2022)
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Parts and assemblies per
job returned from integrated

Design Engineer at Workstation Designs in CAD, system
checks files in to PLM G\ >
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Cost Insight Connect

Design owner addresses
design guidance

Manufacturing insights
written to PLM

Sy B

Cost Insight — Design owner launches aP
Design S— Design via notification link
. to assess design guidance

®

clG .
Qotification S j Analysis results sent via email
notification to designh owner

Figure 2.6: Suggested workflow using the aPriori Manufacturing Insights Platform’.

(discussed in section 2.3.1). The main addition by [10] is the inclusion of production rate and pro-
cess planning analysis in addition to manufacturing cost. This was accomplished by integrating their
methodology with a commercial production planning software, Simio®. In their workflow, SEER-MFG
is first used to calculate the manufacturing process times. This information becomes an input for the
production planning model to define the process time at each station, and is complemented by some
additional user inputs, such as the number of workers, shifts, workstations etc.

An extensive use of commercial programmes enabled these authors to perform detailed analyses
at early stages of design in an automation/optimisation context. As a result, their methodology offers
various parameters that are relevant for production and economic considerations of designs, in addi-
tion to the conventional performance indicators. A complete list of these factors from [10] is shown
in Figure 2.7. The availability of these parameters enabled them to perform optimisation studies with
production based design variables and constraints. Additionally, the overall steps for assembly were
also considered in their production planning process.

Production Economics

Production rate Capital cost

Workstation utilization rate Tooling and machine cost
Component flow time Material cost

Component waiting time Labor cost

Component processing time Overhead cost
Technician utilization Return on investment
Yearly Backlog Cumulative cash flow
Excess Inventory Breakeven year

Figure 2.7: List of production and economics related parameters available in the study of [10].

Despite these benefits of these commercial software, such tools are still limited by the available
options in their databases. To work with the latest manufacturing technologies, users are dependent
on the software provider to include them in the database. Furthermore, this may even not be possible
in some cases, for example, if a company has developed a proprietary manufacturing process, and do

8https://www.simio.con/ (accessed 09 August 2022)


https://www.simio.com/

2.3. Automated approaches 19

not wish to share that information. The open source cost tool [24] is one software overcomes the last
limitation by allowing users to define their own manufacturing methods with the help of a database
that holds various manufacturing steps, which can be used to define manufacturing methods.
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2.4. Assembly sequence representation

Graphical methods are common for representing assembly sequence information as they offer an in-
tuitive way to represent this data, and they allow the modelling of necessary assembly information,
such as connections and sequence of operations [30]. This section will introduce some of the existing
methods for the graphical representation of assembly sequence. An extensive review of such methods
is presented in [30], and will be used here to introduce these topics.
As per [30], there are four main phases in assembly sequence planning, and each utilises a different
graphical representation. These phases are summarised below:
1. All possible sets of assembly sequence are obtained in the first phase. For this purpose, AND/OR
graph or directed graph representations can be used [30].

2. In the second phase, assembly sequences are chosen from the set of all possible sequences
based on the connections that exist between components. Liaison graph are commonly used for
this purpose [30].

3. The number of assembly sequences are reduced in the third phase by querying on the sequences
for the right order.

4. In the forth phase, feasible assembly sequences can be represented by a precedence graph.
Next, the different kinds of graphs introduced above will be explained.

2.4.1. AND/OR graph
This type of graph represents all possible assembly sequences into account. The nodes in this graph
represent product components, which can be a part, subassembly or the final product (after completion
of assembly). The edges represent connections between the components [30]. An example of this
graph is shown in Figure 2.8.

Final level
Level 3

Level 2

Level 1 p?

Initial level
Level0

Figure 2.8: AND/OR graph representation for the assembly of a product with four parts, represented by P, Q, R,
S. The graph represents all possible combinations of assembly sequences. Source: [30]
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2.4.2. Directed graph

This is similar to the AND/OR graph, but only one intermediate level is used to reach the final assembly
in its representation [30]. An example of this graph is shown in Figure 2.9. Groups of components are
represented by putting them in the same bracket.

PU]IRIISI
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[PIQIIRI[S] [PQRS]

'

Figure 2.9: Directed graph representation for the assembly of a product with four parts, represented by P, Q, R
S. The graph represents all possible combinations of assembly sequences. Source: [30]

4

2.4.3. Liaison diagram

A liaison is defined as, “a connection established between components [30]". In a liaison diagram,
liaisons are represented between pairs of components, to represent significant relationships in a prod-
uct [30]. Therefore, this graph also represents components as nodes, and connections between com-
ponents as edges. This graph can also be represented by a liaison matrix. An example of a liaison
graph and matrix is shown in Figure 2.10.

P Q R S
P 0 1 1 0
Q 1 0 1 0
R 1 1 0 1
S 0 0 1 0
(@) Liaison diagram for the assembly of a product with four (b) Liaison matrix for the assembly of a product with four
parts, represented by P, Q, R, S. Edges represent parts, represented by P, Q, R, S. Source: [30]

connections between the parts. Source: [30]

Figure 2.10: Liaison diagram and matrix for the assembly of a product with four parts, represented by P, Q, R,
S. Source: [30]
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2.4.4. Precedence diagram

This diagram is used to represent assembly tasks. These tasks are represented as nodes, and depen-
dencies between them are represented by lines [30]. A separate precedence diagram is created for
each subassembly in a product. An example of this diagram is shown in Figure 2.11.

Task Number

TSN E WA
ATV,

Scheduled Time

Figure 2.11: Precedence diagram for an assembly with four tasks. Source: [30]

In conclusion, this chapter presented some state-of-the-art approaches for including production con-
siderations in conceptual designs. Limitations of both the manual and the automated approaches were
identified. It can be noted that very few cases consider manufacturing and assembly at the same time,
and those that do, also have their own limitations. An overview of the various production considera-
tions in design was given, and different methods for the representation of assembly sequence were
discussed.



The Manufacturing Information
Model

The methodology proposed in this thesis for the automated inclusion of production considerations in
design is focused around a model that has been developed to manage all production related information
for a product. This model will help in formalising the information that is usually stored in documents, or
exists only with engineers as experience. This in turn will allow the effective re-use of this information
by other disciplinary models and analysis tools that are connected to the product model. This chapter
will discuss details of this newly developed model.

The overall model is referred to as the Manufacturing Information Model (MIM), and it is a package
that consists of three subpackages. These include the manufacturing model, database, and the assem-
bly model. Their Unified Modeling Language (UML) representation has been shown in Figure 3.1. Some
dependencies between the subpackages can be observed in this figure, and these will be explained in
the next sections, along with a detailed description of each subpackage.

—
Package
MIM
Manufacturing Information Model
manufacturing model - Use-->] database assembly model
A 1
e e Use--

Figure 3.1: UML diagram of the developed “manufacturing information model (MIM)” to manage production
information of products.

3.1. Manufacturing Model

The main role of the manufacturing model is to capture production related information for each com-
ponent of a product in a structured manner, and to allow its re-use in the system design process.
A better term for this product component is a product primitive, which is defined as, “a parametric
building block to define the product” [26]. Therefore, a product primitive can not only be a physical

23
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part, but it can also represent more abstract objects such as
joints, that still play an important role in defining the product.
!:or the purposes of this thesis_, t_he given definition of a.primitive A parametric building block

is further expanded, and split into two types: functional and to define the product [26].
manufactured primitives. A functional primitive is defined as, “a

constituent of a product, identified based on its specific functions

in the product”. For example, this can be a skin panel, stringer or a joint between the two. Specific
functions for each of these can be identified. Skin panels provide the necessary aerodynamic surface,
and help transfer load to the underlying structure. Stringers improve stiffness of the skin panels, which
in turn is dependent on the joint between the two.

On the other hand, a manufactured primitive is defined as, “a constituent of a product, identified
based on what object is manufactured”. Based on this, a manufactured primitive can be same as an
individual functional primitive, such as a spar or a rib. However, a manufactured primitive can also be a
composition of multiple functional and/or manufactured primitives. For example, an integrally stiffened
skin panel is manufactured as an individual part [31], but it is composed of two functional primitives;
the skin panel and the stringer.

Additionally, a functional primitive can be composed of a set of manufactured primitives, as in
the case of a built-up rib. The rib itself is the functional primitive, which in this case is composed
of a separate web and flanges (the manufactured primitives), which are joined together to make the
complete rib. These joints would classify as both functional and manufactured primitives.

Product primitive

Functional primitive Manufactured primitive

A constituent of a product, identified based A constituent of a product, identified based
on its specific functions in the product. on what object is manufactured.

The main goal behind defining manufactured primitives is to identify exactly what object will be
manufactured, as it is for these manufactured primitives that the manufacturing model is defined.
As the manufactured primitives represent the design, the manufacturing model can be directly linked
to the primitive’s design as well. And, as each manufactured primitive can be manufactured in a
unique manner, a separate manufacturing model definition is used for each primitive. This is shown
in Figure 3.2.

Manufactured primitive

J ol Je il )

stringer skin panel  stringer-skin-joint integrated-skin-stringer

has discipline

| ManufacturingModel |

~--1-{Site

1._.'-_.1._|Meth0d |
i - manufacturing
[DesignSpecifications |1 - 4 t-{Material | information
r--1-{EquipmentSet || categories
|

Figure 3.2: Relation between the manufacturing model and manufactured primitives of a product, with an
overview of the manufacturing model information categories.

Based on the discussion so far, the manufacturing model can be described in a single state-
ment as, “a disciplinary view of a manufactured primitive in a product that complements its design
specification to capture production related aspects of the primitive”. An overview of the structure
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of the manufacturing model can also
be seenin Figure 3.2. It shows that the
manufacturing model is a composition
of five class objects. These are called
as the information categories of the
manufacturing model, and are used to
capture production information in an
organised manner. Four out of the five categories capture manufacturing related information, and
hence are labelled as the “manufacutring information categories” in Figure 3.2. The fifth category is
design specifications, and it holds information that is relevant for manufacturing and has to be derived
from the manufactured primitive’s geometric design. For example, this can include the joint length for
a joint primitive, overall bounding box dimensions for a machined part, average thickness for a part,
etc.

Next, the structure of the manufacturing model will be discussed in more detail by considering an
example of a manufactured primitive, an L-stringer. The UML class diagram of this example is shown
in Figure 3.3. Note that only relevant attributes are shown for clarity. The LStringer class can be seen
on the top left, which is the manufactured primitive being considered, and represents the design of the
L-stringer. Specifications of the L-stringer’s design are based on the product’s design definition model,
which is defined below.

Manufacturing model

A disciplinary view of a manufactured primitive in a
product that complements its design specification to
capture production related aspects of the primitive.

To add the manufacturing model to

Design definition model the L-stringer, a specialisation of the base

class ManufacturingModel is created for
A product model with primitives arranged per a it (class LStringerManufacturingModel).
defined topology. It defines what primitives are Similar specialisation classes can be cre-
present in the product, and their specifications ated for each manufactured primitive in a
(e.g. dimensions, location, quantity, type etc.). product. Three things are defined differ-

ently in each manufacturing model speciali-
sation based on the manufactured primitive.
These are shown in pink text in Figure 3.3, and are explained below:

o Attribute valid_material
This is a list of materials that are suitable (hence “valid”) for the design of the manufactured
primitive, which in this case is the L-stringer.

e Attribute valid_mfg_method
This is a list of valid manufacturing methods which can be used to manufacture the manufactured
primitive.

e Class LStringerManufacturingDesignSpecs
The design specifications information category of the manufacturing model requires a specialisa-
tion to be created of the base design specifications class ManufacturingDesignSpecs for each
manufactured primitive. This is necessary as the rules to derive the design specifications in-
formation from the manufactured primitive’s design model will differ for each primitive. For
example, the reference length of a stringer maybe defined along its central guide curve, whereas
the reference length of a skin panel maybe along a particular coordinate system axis. Hence,
these primitive specific classes allow for the these differing rules. The dependency link between
LStringerManufacturingDesignSpecs and LStringer in Figure 3.3 represents derivation of the
required information from the design model.

The next four information categories deal specifically with production related data, and are hence
called as the manufacturing information categories. These are the manufacturing method, material,
equipment set, and manufacturing site categories, and are shown in purple in Figure 3.3. Unlike
the design specifications information category, these four categories only contain production related
information about the primitive. Therefore, specialisations of the category base classes do not have to
created for each manufactured primitive.
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The manufactured primitive. This class
represents the design model of the LStringer,
based on the product design definition model.

ManufacturingModel

i

LStringer < L R

! E
has discipline '

LStringerManufacturingModel

+ valid_material =[]
+ valid_mfg_method =[]

Use

r--1--1 LStringerManufacturingDesignSpecs

+ part_length
+ total_area
+ ...

]
]
]
]
[}
T
g
)
]
]
:
]
]

—f\—Extends—[> ManufacturingDesignSpecs

Use

(optional)

r---1-{ManufacturingModelMethod

+ selected_dicts_list =]

Specialisation created for
_|each manufactured primitive.

selections made with user input
or

" derived from primitive's design model

: N i
e.g.=[{"library_uid" : "mfg_method_lib", | i

+ specifications

- ---1-1ManufacturingModelMaterial

+ selected_dicts_list =[] s

r---1-1ManufacturingModelEquipmentSet

+ selected_dicts_list =[] et

ManufacturingModelSite

+ selected_dicts _list=1]

' MFGSiteMapping

"uid_list" : [ "hand_layup" ]
}
]

e.g.= [{ "library_uid" : "composites",

"uid_list" : [ "CFRP1", "CFRP2" ]
}
]

e.g.= [ { "library_uid" : "equipment",

"uid_list" : [ "handlayup_eq_set1"]
}
]

e.g.=[{"library_uid" : "mfg_site",

"uid_list" : [ "NL1_PPD" |

i--.1.{+ open_source_cost_environment

Mappings to analysis tools / other disciplinary
models. "Manufacturing environment" is the
equivalent of a manufacturing site in the open
source cost tool.

Figure 3.3: UML class diagram of the manufacturing model integrated with an L-stringer manufactured
primitive. The L-stringer primitive that represents its design is shown in yellow, whereas all other classes are
related to the manufacturing model. Manufacturing information category classes are shown in purple. Remaining
coloured attributes and classes are discussed in text. Note that the dependency links between the manufacturing
information categories (in orange) are dynamic, and can change based on user input. Refer accompanying text

for more

details.
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A brief description of each manufacturing information category is provided below:

» Class ManufacturingModelMethod
The manufacturing method category holds information about what manufacturing method will be
used to produce the primitive. This is hand layup in the considered example, which can be seen
in the blue comment on the right side. For a joint primitive, this can be an appropriate joining
method, such as bonding, or mechanical fasteners. Details about the format and name of the
corresponding attribute, selected_dicts_list, will be discussed in the paragraph that follows
after this list.

e Class ManufacturingModelMaterial
The material category holds information about the material specifications of the primitive. For
a part, this would include information about the constituent materials of the part, and for a
joint primitive, this would include material of the joint, if applicable. For example, it can be the
material(s) of a fastener system in a mechanical joint (which can include a bolt, nut, washers
etc.), or can nul1 for induction welded joints.

e Class ManufacturingModelEquipmentSet

Equipment set

A set of equipment required for the completion of all steps of a manufacturing method.

The definition of an equipment set is given in the above box. This concept has been intro-
duced because a complete manufacturing method (which can have many steps that use different
equipment) cannot be associated with just one equipment. The complete relation between a
manufacturing method, equipment set and equipment is shown as a UML diagram in Figure 3.4.
Some important aspects shown in this figure are summarised below:

— A manufacturing method can be completed using one or more equipment sets. For exam-
ple, the same manufacturing method may use slightly different equipment at two different
manufacturing sites.

— An equipment set can only be used for one manufacturing method. This is because an
equipment set is defined with a unique set of equipment that will fulfil a given manufacturing
method. It is to be noted this would in general hold true, but can technically be violated in
an unlikely scenario where two different manufacturing methods use the exact same set of
equipment. The author did not come across such an example.

— An equipment set can be associated with one or more equipment. This is possible by defi-
nition of an equipment set.

— An equipment can be associated with one or more equipment sets. For example, an auto-
clave is used in the manufacture of composite parts, and for the metal co-bonding. These
two manufacturing methods will have two different equipment sets, but autoclave will be
one of the common equipment in these equipment sets.

Manufacutring L 1 %

Method Equipment Set [@-1..*---1..%1 Equipment

Figure 3.4: UML diagram showing the relation between a manufacturing method, equipment set, and
equipment.

e Class ManufacturingModelSite
The last category is manufacturing site, which defines at what location will the manufacturing
operation take place. In a lot of cases, the manufacturing capabilities of a company are spread
across different manufacturing sites. This category accounts for that.
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Each of the manufacturing information categories has three main slots. These can be seen in
the manufacturing method category class in Figure 3.3. Note that they are not shown for the other
manufacturing information categories due to space constraints. Each of these is described below:

o Attribute selected_dicts_list

The selected_dicts_list attribute is a list of (Python') dictionaries, and holds information for
the selection made in that category. A selection is made by first selecting a library, and then
selecting certain item(s) from that library. For example, the LStringer will be manufactured with
the “hand_layup” method (item) from the “mfg_method_lib” (library). These names for the
library and the item are their unique identifiers (UIDs), that are defined in the MIM database.
More information on the database and libraries will follow in section 3.2. Furthermore, to make
selections, one dictionary is defined in the list for each library that has to be accessed. Then one
or more items from that library can be selected by adding their UIDs in the uid_1list key.

Even though multiple selections can be made using this format, they are only allowed for the
material information category. This is because multiple selections for the manufacturing method
(and hence equipment set as well) would not make sense for a given primitive. They are allowed
for material, as part and joint primitives can have multiple specifications of material per primitive.
For example, a part can have different material zones with varying thicknesses and ply stacks, and
a joint with a fastener system can have different materials for the bolt, nut and washers. Lastly,
multiple selections for manufacturing site is currently not allowed as there are some additional
consequences of such a selection, and these are not included with the scope of this thesis because
of time limitations. For example, defining the production of a part over multiple manufacturing
sites would mean that the time to transfer the part between these sites would also have to be
considered if the production rate has to be calculated. Even though multiple selections can only
be made for the material category, the selection format (list of dictionaries) has been kept the
same for all manufacturing information categories for consistency.

Lastly, there are two ways to make these selections. The first involves a direct specification by
the user, and second option derives this information from the design definition model, provided
that the required information is available. For example, if the design model already contains
information about the selected material for the primitive, then the material information category
can derive this information from the design model by using some rules. This is also shown
in Figure 3.3 through the optional dependency relations from the manufacturing information
categories to class LStringer. By using this option, duplicate or conflicting information between
the design and manufacturing model can be avoided. An example for the user input through
which these selections are made is provided in appendix C.1.

e Input

The order in which selections are made for each information category matters, as it decides what
valid options remain for the categories that follow the selection. For example, if the method is
selected first as hand layup, then only composite materials are a valid choice. Similarly, if the
material was given a higher priority, and a metal was selected, then hand layup would no longer
be a valid manufacturing method. This also applies to the equipment set and manufacturing site
information categories. Therefore, if the equipment set is to be selected after manufacturing
method and material, then the valid options for it would depend on the selected manufacturing
method and material. This has been shown with the orange dependency links in Figure 3.3. Itis
to be noted that these dependency relations between the manufacturing information categories
are dynamic, and the ones shown in this figure can change based on the order in which selections
are made.

The valid_dicts_list_from_drivers input slot holds the valid options that are available in
each manufacturing information category, based on the selections that have been made in the
categories before it. The term drivers in its name refers to it being driven by selections in other
information categories. The order of selection is controlled by user input, which is an ordered list
of UIDs that identify the manufacturing information categories. An example of a user input with
this list can be seen in appendix C.1, where the list is assigned to the info_category_order key.

Lastly, the value of valid_dicts_list_from_drivers is derived automatically with the help

ttps://www.python.org/ (accessed 29 September 2022)
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of the database subpackage. For this, values of the selected_dicts_list attributes of the cate-
gories on which a given category depends are given as an input. This is also the main dependency
of the manufacturing model on the database that was previously shown in Figure 3.1. The rules
for deriving the value for this input slot are located at a higher level than the manufacturing in-
formation categories in Figure 3.3. Hence, these rules are located in class ManufacturingModel
(or its specialisations). This allows easy access to the selected_dicts_list attributes of each
information category, and avoids any potential dependency loops between the information cate-
gories.

Finally, once the value of valid_dicts_list_from_drivers is available, it can be checked
against the selected_dicts_list attribute to ensure that the selections are valid. This ensures a
valid definition of the manufacturing model. The validity of the selections can be checked in each
information category with another attribute with a Boolean value (not shown in Figure 3.3). In
case a selection is invalid, warnings are printed in a window that indicate what incorrect selection
was made, and what the valid options are. An invalid selection can occur even if the selection
was derived from the design model, as this would just indicate that the value from the input
specification (also a user input) to the design model is not a valid selection based on the defined
dependency links between the manufacturing information categories.

e Attribute specifications

This attribute is a pointer to an object in the MIM database for the selected item(s) in each
manufacturing information category. The object to which is points contains detailed information
about the selected items. For example, for the material category, the specifications would be the
material properties. For the method category, this would include any specific details related
to the selected manufacturing method, e.g. optimum cutter radius sizes for machining. For
the manufacturing site category, some of the details include the site’s location and available
equipment at the site. Lastly, for the equipment set, the specifications would include details of
each equipment that makes up the equipment set.

The last remaining aspect shown in Figure 3.3 is mappings of selections made in the manufacturing
information categories to analysis tools and other disciplinary models connected to the product model.
This allows the manufacturing model, and these other tools to use their own UIDs for the various
options for manufacturing methods, materials, equipment and site; while establishing a mapping that
will help in accessing the right information from the manufacturing model by these other tools. An
example is shown for this in Figure 3.3 for the manufacturing site category. A separate “Mapping” class
exists for each manufacturing information category, which is a component of the category. This is the
class MFGSiteMapping in Figure 3.3. Note that this has only been shown for the manufacturing site
category in the figure to limit the figure size for clarity. The open_source_cost_environment attribute
in this mapping class holds the name of the “"manufacturing environment” that is associated with the
selected manufacturing site for the open source cost tool [24]. A manufacturing environment in the
open source tool is the equivalent of a manufacturing site in the manufacturing model.

Similarly, additional attributes can be added to the mapping class of each manufacturing information
category for other analysis tools. The values for these attributes are provided by the MIM database,
where these mappings are defined by the user.

3.2. Database

The database is a supporting subpackage in the manufacturing information model, and provides the
manufacturing model with the necessary data for its information categories, along with some methods
to access this information effectively. The structure of the database package can be seen in Figure 3.5.
It consists of a data directory that holds all relevant data files, and a libraries subpackage, that holds
methods and modules to help access information from the data files.

3.2.1. Data directory

The data directory holds all reference data that would be needed by the manufacturing information
categories of the manufacturing model. All data is stored in the JavaScript Object Notation (JSON)?
file format. This format was selected because of the following advantages:

2nttps://www. json.org/json-en.html (accessed 14 August 2022)
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database

«directory»

data libraries

Figure 3.5: Structure of the database package showing the data directory and the libraries subpackage.

e It is a human-readable format

e It is easy to modify or add information to existing files either manually or through programmed
scripts.

¢ The manufacturing information model is implemented using the Python programming language,
which would make working with JSON files straightforward, as they can be directly parsed as
Python dictionaries. More details on selecting Python as the programming language for imple-
mentation of MIM will follow in section 4.1.

Data for each manufacturing information category is grouped together in separate JSON files. There-
fore, at least four data files are required for the complete definition of the manufacturing model. It is
to be noted that any information that is specific to a product primitive is not defined in the database.
Hence, the same database can be used for different products.

A brief overview of the information stored in the data files for each manufacturing information
category is given below:

¢ Material data files
Three things are defined in the material data files. These are as follows:

The first is @ mapping between the material UIDs used in the database and the material
names used by other disciplines or analysis tools in the product model (such as cost analysis).
Details of this mapping has been previously discussed in section 3.1 with an example for the
manufacturing site.

ii. The second is a mapping to define material families. A material family is defined as, “a set of

materials grouped together for convenient reference”. An example of this is the aluminium
2000 series alloys. It can be useful to refer to material families over specific materials, when
the properties being considered do not change from one material to another in the same
category. For example, a carbon fibre part cannot be in contact with an aluminium alloy
part, as it will lead to galvanic corrosion in the aluminium part. Therefore, it is easier to
refer to the material family of all aluminium materials and carbon fibre materials to specify
this condition as a rule in the system. An example of where this rule is defined will be given
in the next point.

Material family

A set of materials grouped together for convenient reference.

The last specification in the material data file is of criteria for the material-material compati-
bility analysis. For example, this is where a criteria can be defined for the galvanic corrosion
compatibility rule discussed in the previous point.

An excerpt from a material data file with examples for the three types of material information
discussed above is available in appendix C.2.1 for reference.

The last point to note is material properties (such as related to strength) are not defined in

the material data file, and can be managed with another database of user’s choice. The material
UIDs specified in the material data files would have to reflect the corresponding names in the
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selected database. Within the scope of this research, a material database developed in-house at
GKN Fokker Aerostructures has been used for this purpose.

Manufacturing method data files

The data file for manufacturing methods consists of a listing of the available manufacturing meth-
ods, along with their specifications. The method is assigned a type, which can be either “part”
or “joint”, for part and joint manufactured primitives respectively. Valid materials for the manu-
facturing method, and mappings to identify the method in other disciplinary models or analysis
tools is also specified. An example for such an entry is provided in appendix C.2.2.

Equipment data files

The data file for equipment defines two kinds of information. The first is a list of equipment, and
the second is a list of equipment sets. Each equipment entry includes technical information about
the equipment, valid materials that the equipment can be used with, and also some other data
such as operating cost. On the other hand, each equipment set entry specifies what equipment
is included in that set and to what manufacturing method is the equipment set associated to. An
excerpt from an equipment data file is provided in appendix C.2.3.

Manufacturing site data files

These files have a list of specifications for the available manufacturing sites. Each entry includes
the location of the site, what equipment is available at the site, and a mapping to identify the site
name in other disciplinary models or analysis tools. An example of a manufacturing site entry

can be seen in appendix C.2.4.

3.2.2. Libraries subpackage

The main role of the libraries is to process and help access information stored in the data directory.
After this data is parsed, it results in a tree structure with the “library category” at the first level, one
or more libraries in each library category at the second level, which is followed by one or more items
in each library at the third level. This can be seen in Figure 3.6, which shows the tree structure in a

graphical user interface (GUI). More details
about the software used for the GUI will
be discussed in section 4.1. Based on this
structure, it is possible to have multiple li-
braries under each library category. There-
fore, data for each manufacturing informa-
tion category can be split into multiple files
for better organisation. Each such data file
would then become a library under the ap-
propriate library category.

As a part of its other functions, the li-
braries subpackage establishes valid rela-
tions between items of the information cat-
egories, and provides methods to perform
information queries to extract such data.
From the previous discussions on the man-
ufacturing model and data directory, it has
been established that the user specifies valid
items from the four manufacturing informa-
tion categories as attributes and lists in the
manufacturing model and data directory. It
must be noted that not every valid relation
between each information category is de-

~ [ libraries
w & metal_libraries
D isotropic_materials - _
[E metals «_______ N
= composite_libraries ”

s = stack_libraries
,:/','v = mfg_method_libraries __--~
- v [§ mfg_method--~""

‘ = Library categoriesﬁ :D hand_layup
p |D machining
'D rubber_forming
:D thermoplastic_foerming
|D tapas_layup
:D bonding
lD mechanical_joint
ID induction_welding
:D friction_stir_welding

v"'L_—:" equipment_libraries
v D equipment
= equipment
= equipment_sets

= mfg_site_libraries

/

------ "Libraries"
_.-fin a category

UH " AN
items'
in the library

Figure 3.6: Screenshot showing the implemented result of

the libraries subpackage.

fined by the user. From the definition of some relations, the rest can be automatically derived through
programmed rules in the libraries subpackage.

Figure 3.7 shows which relations have to be user defined, and which are derived. The four manu-
facturing information categories can be seen at the top in purple in this figure. Design is also shown
at this level, but its relations are not defined in the database, and are instead defined in the primitive
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specific manufacturing model classes. The derived relations (green) can depend on both, user
defined relations (blue or yellow), or other derived relations. But ultimately, all derived relations can
be traced back to a user defined relation.

The derived relations can be understood better with an example. Consider the “"Method” category.
If it is desired to find the valid_equipment_sets for a given method, say machining, then the libraries
subpackage would look at all available equipment set definitions in the data directory, and identify the
equipment sets that are associated with the machining manufacturing method. This is shown with a
dependency link from valid_equipment_sets under the Method category, to valid_method under the
Equipment set category. And as discussed in the previous section, “valid_method” is defined by the
user for each equipment set in the data files.

Lastly, on the basis of these established valid relations, the libraries subpackage offers methods to
access valid data for each of the manufacturing information categories, based on some given data for
the other categories. An example of such an information query method can be seen in Figure 3.8 for
the manufacturing method category. The default input for the other information categories is None.
Therefore, without inputs, these methods would return all possible items in the category for which the
query was made (so all possible manufacturing methods in this case).

def get mfg method dicts list(self,
’

, equipment set uid: str = None,
P equipment set dicts_ list: List[Dict] = None,
,,,' - mfgis%teiu%d: St.‘lf :'Nor}e, ' B
. . mfg site dicts list: List[Dict] = None,
valid manufacturing methods L7 material uid: str = None,
,,’ | - mater%alifémilyigid: sT':r = None,
, P material dicts list: List[Dict] = None,
site =NL1_PPD~ Phe mfg method dicts list to search: List[Dict] = None
material_family = alumnium_2000_series ) -> List[Dict]:

Figure 3.8: An example of an information query method in the libraries subpackage for the manufacturing
methods category.

3.3. Assembly Model

The assembly model is responsible for capturing information about the sequence of steps for manufac-
turing the complete product. The starting point for modelling this information is to identify manufac-
turing steps for the product without consideration for the sequence in which they might occur. These
steps can be identified through the manufactured primitives of a product, as each such primitive would
be manufactured, and hence, can be associated to a manufacturing step. And since a manufacturing
model is defined for each manufactured primitive, the assembly model identifies those primitives in the
product model, for which a manufacturing model exists. This is the reason for the dependency link
between the assembly and manufacturing model that was previously shown in Figure 3.1.

Although the process of identifying manufactured primitives with a manufacturing model in a product
may seem straightforward, it is not the case in reality. This is because a manufactured primitive can
be composed of multiple functional/manufactured primitives. Consider the example of an integrally
stiffened skin panel [31], which replaces a skin panel, some stringers, and the joints between the two
in a product model. There are a number of consequences of this integration:

e First, the individual part primitives that make up the integrated part, and the joints between them
would no longer be produced in reality, and hence they should not be included in the identified
manufacturing steps.

e The second consequence is for the joints that may have existed between any of the individual
parts that were integrated, and other parts in the model. These joints should be redefined so that
they exist between the new integrated part, and those other parts in the model. For example,
joints between the skin panel and ribs may exist in the product model, but in consideration of the
integrated part, these joints should now be between the integrally stiffened skin panel and ribs.
Hence, these new joints must be identified in the manufacturing steps.
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In the presented assembly model, these manufacturing steps are called as “operations”. Another
relevant term in the assembly process is the concept of an assembly station. These two terms are
defined below:

Operation Assembly station

Execution of manufacturing pro-
cess(es) that result in the ma-
terialisation of a manufactured
primitive.

A physical location where a set of manufactur-
ing operations take place, whose result (part/sub-
assemblies) is either passed on to another assembly
station, or is the final product itself.

With the definition of these two terms, the approach used to model information in the assembly
model will be discussed. In the presented research, assembly sequence information of a product would
be modelled using directed acyclic graphs (DAGS). In contrast to the approaches presented in chapter 2,
the nodes of these graphs would represent the operations, and the graph edges would represent the
order of execution of these operations. It is to be noted that an operation can be defined for both
part and joint primitives, and therefore connections between product components are also modelled
as nodes with this approach. The benefit of this approach is that the assembly sequence information is
modelled in a single type of graph, and there is no need to use the different kinds of graphs presented
in chapter 2. The feasibility of the assembly sequence can be ensured using some knowledge rules
and checks that are applied during the creation of the graph. A detailed discussion of these will follow
later.

The presented approach uses two DAGs to completely represent the assembly process information.
These are named as the operation graph and station graph, and will be discussed in detail in the next
sections.

3.3.1. The operation graph

The operation graph is defined on the right, and
a simplified example of an operation graph is
shown in Figure 3.9. In addition to the operations

Operation graph

A directed acyclic graph with nodes as man-

and their results, a product start and product end
node can be seen in this figure. These represent
the start and end of all steps for producing the

ufacturing operations and their results, and
edges representing the sequence order from
one operation to the next.

product. It can be observed that the nodes are
connected to each other with directional edges,
which represent the sequence in which these operations will be executed. The overall process starts at
the product start node, then “stringer1” and “skin_panel_1" parts are manufactured at the same time,
in parallel, at stations 1 and 2. Both of these part operations are then connected to their respective
result node. A result node represents the result of a completed operation, which in this case would be
the produced parts. The two part results are then connected to “operation: joint 1”, which leads to
“result: joint 1”. This result represents the two parts, and the joint between them.

Therefore, as one progresses through the graph, result nodes accumulate results of previous oper-
ations. Hence, the result nodes represent subassemblies in different states of progress throughout the
operation graph. Finally, the process continues on with two additional joints, and ultimately connects
to the product end node, which represents completion of the product. DAGs have been specifically
chosen to represent these graphs, as each operation node is unique, and would never point to itself,
either directly or indirectly, once the operation is complete. Therefore, a valid operation graph would
have no cycles or self loops.

The complete assembly process is represented by operation graph 3 (refer comment at top right),
which includes all operations and results. Since, by definition, an operation graph can refer to any set of
operations and their results, various other operation graphs can also be identified in operation graph 3.
The simplest of these is operation graph 1, which includes just one operation and its result. Operation
graph 2 is another valid operation graph, that has two sequential operations. Similarly, other operation
graphs can also be identified in the figure, even those that include multiple assembly stations.

Furthermore, each node and edge in a graph can store information as attributes. For an operation
node, some of these attributes include name of the assembly station where they will be executed




3.3. Assembly Model 35

and execution time of the operation. Based on this information, nodes have been grouped by dashed
orange boxes in Figure 3.9, representing at which station they are located. For a result node, important
attributes include a list of parts and joints that are accumulated in the result, and also a list of parts
and joints that are required in the result. The former is determined from the edge connections in the

(with all operations)

operation graph 3 7

Product start

Station 2

operation: part skin_panel_1

operation: joint 2

result: part skin_panel_1 result: joint 2

operation: joint 3

result: joint 3

Product end

Figure 3.9: A simplified version of the operation graph to highlight some of its key aspects. Assembly stations
are represented by the dashed orange boxes. Part and joint operation nodes are in dark/light blue, and result
nodes are shown in light maroon. The overall product start and end nodes can also be seen. Some of the
possible operation graphs are marked as 1, 2 and 3 with notes, but others can also be identified.

operation graph, but the latter is determined from the operation node that corresponds to the result
node. For example, in node “result: part stringerl”, the required_parts attribute would be stringer1,
as the result node represents the operation node “operation: part stringer1l”. Similarly, for the node
“result: joint 1”, required_parts attribute would include the parts involved in the joint operation, as
defined by the node “operation: joint 1", and the required_joints attribute would include the joint in
the operation node. The availability of these required parts and required joints attributes in the result
nodes allows for a check to ensure that connections have been modelled correctly in the operation
graph. This is accomplished by verifying that all required parts/joints at a result node are also in the
list of accumulated parts/joints.

3.3.2. The station graph

The station graph is defined on the right. It is au-
tomatically derived from the operation graph that
consists of all operations for the complete prod-
uct. To be precise, it is a quotient graph [32],
where the station nodes are derived by merging
nodes in the operation graph that belong to the
same assembly station. Figure 3.10 represents
the station graph that has been derived from op-

Station graph

A directed acyclic graph with nodes as as-
sembly stations, and edges representing the
flow of subassemblies from one station to
the next.

eration graph 3 in Figure 3.9. Each station node includes an attribute for the critical time, which is
the minimum time required for the completion of all operations at the station. Using this information,
the critical manufacturing path through the station graph can be determined. This path represents the
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Station 1 > Station 3 > Station 4
+ critical_time =1 hr + critical_time =2 hr + critical_time =1 hr
Product start
Station 2
Product end
+ critical_time =2 hr

Figure 3.10: Simplified station graph with the critical manufacturing path highlighted by red edges. The critical
path is calculated based on the critical_time attribute of each station node.

minimum time required for the complete production of the product, and therefore it is the path with
the highest total time from the product start node to the product end. Once the minimum time to
produce one product is known, the production rate can be easily calculated.

3.3.3. Integration of assembly model with a product

This section will discuss how the assembly model can be integrated with a product model. Two main
aspects are relevant to understand this: steps involved in setting up the assembly model to get the
operation and station graphs, and the final structure of the assembly model once integrated into the
product.

Steps for setting up the assembly model

O = = (@) O
1. Identify all 3. Define 4. Derive

. . 2. Define . : : 5. Derive
operations in stations with operation .
station graph

product operation seis operations graph

Figure 3.11: Process diagram showing the steps involved in setting up the assembly model.

The main steps in setting up the assembly model have been summarised as a process diagram in Fig-
ure 3.11. Each of these steps will discussed in detail below:

e Step 1
The first step to identify all operations is an automatic step, and is carried out by identifying all
manufactured primitives with a manufacturing model, while taking integrated parts into account.
This has been previously discussed in detail in the beginning of section 3.3.

Next, two main pieces of information are required for the creation of the operation and station graphs.
These are 1) relations between the operations, and 2) location of operations at assembly stations, and
have been represented by the two manual steps in Figure 3.11 in the respective order.

o Step 2

Once all operations are identified, valid relations must be defined between them, that represent
their order of execution. Because complex products such as aerostructures can include a very
large number parts and joints (which directly translate to operations), manually defining relations
between them would be very tedious and error-prone task. Their automatic definition would first
involve populating all possible relations between operations and then filtering out the feasible
sequences. This can be very challenging, as the number of relations (given by N!, where N is the
number of operations) would increase dramatically with number of operations.

The use of operation sets is proposed to overcome this challenge. The definition of an op-

eration set is given below. Operation sets are used as an aid to define relations between the
operations in the assembly operation graph in a semi-automatic way.
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Operation set

A set of operations with defined interrelations (edges), with an overall input and output
node.

An example of an operation set for the installation of 20 ribs is shown in Figure 3.12. Step 2
of Figure 3.11 involves definition of such operation sets in a semi-automatic way. Edge relations
shown Figure 3.12 do not have to be defined manually by the user, instead, they are derived
from an abstract input given by the user. This input consists of three pieces of information, and
is given in the format of a Python dictionary. These are as follows:

i. Information about what operations should be included in the operation set.

ii. Specification of a method to create relations between the operations. For example, this
method can specify that operations be carried out, “all in parallel”, “all in sequence”, or a
certain number of parallel sequences can be specified (as in Figure 3.12). Some programmed
rules are then used to parse these specifications and to create the edge relations.

iii. UIDs of the input and output nodes. These are used to connect two operation sets together
by specifying the same UIDs. For example, the output of an operation set can be connected
to the input of another operation set by specifying the same UID for both these nodes.

The user input for creating the operation set shown in Figure 3.12 is included for reference
in appendix C.3.

operation_set_1
"install 20 ribs, 3 at a time in parallel”

operation: operation:

join rib 1 join rib 2

<< input >> operation: operation: << output >>
"operation_set_1_input" join rib 6 joinrib 7 "operation_set_1_output"

operation: operation:

join rib 12 join rib 13

Figure 3.12: Example of an operation set to install 20 ribs in a product.

o Step 3

The next manual step in Figure 3.11 is to define stations with operations. In this step, the user
defines what assembly stations exist, what operations are carried out there, and the quantity of
each station (indicating duplicate stations that operate in parallel). The last quantity is useful
for assembly line balancing, as by adding duplicate stations, the critical time per shipset for the
station can be reduced [33]. This is a completely manually step, and involves another user input
as a Python dictionary. An example of such an input can be seen in appendix C.4. Note that, in
addition to assigning operations to a station by specifying operation sets, individual operations
that are not part of an operation set can also be directly assigned.

o Step 4
Once the above information is available, the operation graph can be automatically derived, which
is the next step in Figure 3.11. This is accomplished by creating a union of all operation sets
assigned at all stations. In this process, duplicate input and output nodes that were specified in
step 2 are removed, while maintaining all edge relations. This process is shown graphically with
a simple example in Figure 3.13.

The union operation results in a single input or output that is connected to both the operation
sets. Such nodes represent connections between the operation sets, and are therefore relabelled
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as connectivity nodes (shown in yellow in Figure 3.13). The union is followed by some post-
processing steps, in which these intermediate connectivity nodes are removed, and operation
nodes are directly connected to each other. This step improves readability of the resulting oper-
ation graph, as it shows relations as they would be executed in reality, from one operation to the
next. It is to be noted that the connectivity nodes are not “created” during the union process.
They are already present as input or output nodes before the union, and are just relabelled after
the union to correctly identify them for the post-processing step.

During these post-processing steps, some checks that ensure feasibility of the operation graph
are also included. The checks included within the scope of this thesis ensure the following for an
assembly sequence to be valid:

— Predecessor result nodes of all joint operation nodes have the parts that are required by the
joint operation in their accumulated results. Absence of a part would indicate that relations
have been modelled incorrectly between the operations.

— Each operation in the product is present in the operation graph exactly once. So, it must
not be missing, and must not be repeated.

— Union of the operation graphs is a DAG. For example, this condition can be violated if the
user defines input and output nodes of operation sets in a way that results in a cyclic graph
after the union.

— Both the product start and product end nodes have been defined.

<< input >> operation_set_1 << output >>
"operation_set_1_input" operation / result nodes "operation_set 1_output"

<< input >> operation_set_2 << output >>
'operation_set 1 _output” operation / result nodes "operation_set 2 output”

<<input >> operation_set_1 << connectivity >> ’
"operation_set_1_input" operation / result nodes "operation_set_1_output"
v

|
operation_set 2 << output >>
operation / result nodes "operation_set 2 output"

Figure 3.13: Union of two operation sets. Duplicate input or output nodes that were defined to connect the
operation sets are removed, and converted to single connectivity node. This is done while retaining edge
relations. Note that the rectangle shapes between the input and output nodes are placeholders for the operation
and result nodes of the operation sets. They are not shown as they are not relevant, and to keep the figure size
manageable for clarity.

o Step 5
The final step in Figure 3.11 is the automatic derivation of the station graph. This is accomplished
by creating a quotient graph from the operation graph, where nodes belonging to the same station
are merged together. This has been explained previously in section 3.3.2.

Structure of the assembly model in a product system

This section will discuss structure of the assembly model relative to a product with manufactured
primitives. A UML class diagram for the assembly model in a product is shown in Figure 3.14. Note
that only the relevant classes, and attributes within them are shown for clarity. The product is at the top,
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which is composed of one assembly model (class AssemblyModelBase), and one or more manufactured
primitives (shown by class ManufacturedPrimitive). The most important attributes in the assembly
model include the operation_graph, station_graph, and the critical_time_per_shipset. Their
calculation method has been discussed in detail in the previous sections. The assembly model itself is
composed of the class ProductOperationCollector, One or more operation sets (class OperationSet),
and one or more production stations (class ProductionStation). Class ProductOperationCollector
is responsible for the first automatic step in Figure 3.11, to identify all operations in the product,
and therefore, it is composed of one or more objects of class OperationBase. There is a one-to-one

Product ®----- T

AssemblyModelBase

+ operation_graph
+ station_graph
+ critical_time_per_shipset 1.+

l ProductOperationCollector @-1---1..*- OperationBase —1—1 ManufacturedPrimitive
- 1 -

Mass Mass

I x + manufacturing_time ’
1 . I
] f .
i-1.*%-  OperationSet Use 1 1 Analysis
' ' -1
+ operation_graph  r----'
: i ’
--1.*-  ProductionStation StationOperation - 1
1
. . . |
-t operation_graph &-1--1.7F parts_in_operation h ManufacturingModel
' + critical_time_per_shipset + parts_in_subassembly !
' ¢ I |+ manufacturing_time
: |
L i Analysis ' ﬁ
1 Analysis 1 1 L1 OpenSourceCost

Equipment-design
compatibility

—_
T
—_
'
—
s

RS S

OpenSourceCost Equipment-design | , .
1 compatibility

—_

groese = e

Figure 3.14: UML class diagram of the assembly model integrated in a product. Classes within the assembly
model subpackage are highlighted in yellow.

correlation between each OperationBase object and a manufactured primitive in the product. The
manufactured primitive can be linked to one or more analysis tools or disciplinary models, which has
been shown on the right. The OperationBase objects have a manufacturing_time attribute, whose
value is obtained from the ManufacturingModel of the manufactured primitive.

Next, the assembly model also has one or more OperationSet objects, which are created based
on the user inputs, and depend on the ProductOperationCollector to access all operation objects.
Each OperationSet also has an operation_graph attribute to represent the operation sets.

Additionally, the assembly model also has one or more ProductionStation objects. By definition,
any set of operations can be assigned to a station, and hence these represent both, part manufactur-
ing and assembly (joints) stations. An operation graph is also available at the stations, representing
the assigned operations, and relations between them. The critical_time_per_shipset attribute is
calculated on the basis of this operation graph.

Each ProductionStation is also composed of one or more StationOperation objects. These
are created based on the operations that have been assigned to the station, and therefore have a
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one-to-one association with operations under the ProductOperationCollector. The main role of
the StationOperation object is to add information that only becomes available once the overall as-
sembly sequence is known. This is the parts_in_subassembly attribute, which is derived from the
parts_in_result attributes of the result nodes in the assembly model operation graph that represents
all operations. To restate, this attribute accumulates parts from the predecessor results, and this gives
an idea of the state of subassemblies at different levels of completion.

The last point to discuss is that, based on the presented structure of the assembly model, analysis
tools can also be added to assembly model objects. This has been shown for the ProductionStation
and StationOperation objects in Figure 3.14. In addition to providing important parameters of in-
terest, there is an additional benefit of including analyses at the assembly level, as in some cases the
analysis results might change with additional information from the assembly model.

For instance, consider the equipment-design compatibility analysis in Figure 3.14. One of the checks
performed by this analysis ensures that the overall dimensions of the ManufacturedPrimitive is within
the maximum allowable dimensions of the equipment being used. Now consider a joint based manu-
factured primitive. At the ManufacturedPrimitive object, this analysis would consider just the parts
involved in that joint operation. But at the StationOperation object, this analysis would consider all
parts in the subassembly, as additional parts may have already been connected to the parts involved
in this joint. Therefore, it is possible that the equipment-design compatibility is no longer satisfied, as
the effective overall dimensions of the primitives have changed.

This concludes the discussion about the theoretical aspects of the manufacturing information model.
The next chapter will discuss some details about its implementation.



Implementation of the
Manufacturing Information Model

4.1. Software for implementing MIM

The manufacturing information model has been implemented using ParaPy', which is a KBE platform
developed in Python. The use of a KBE platform offers some specific advantages over directly using a
programming language. These have been discussed in detail in [34], but have also been summarised
below with some specific examples of their benefit for the manufacturing information model.

¢ Runtime caching: With this feature, the KBE system is able to store calculated results in mem-
ory during runtime, and makes them available for reuse when required instead of re-calculating
them again. This helps save computational resources. An example where this will be useful is
for the manufacturing time attribute in the manufacturing model. The value for this attribute is
obtained through a connected analysis tool, based on the details defined in the manufacturing
model. The manufacturing time is then accessed multiple times during the creation of the as-
sembly model, such as during creation of the Operation objects, and for the calculation of critical
station time.

« Dependency tracking: This feature is related to runtime caching, and in this, the KBE system
ensures that the cached values are always valid. In case a change is made during runtime that
renders the cached value invalid, it is removed from the cached values, and re-calculated if its
value is needed. For example, if the thickness of a part is changed in the product system, then
its manufacturing model, and hence also manufacturing time would be invalidated.

« Demand driven evaluation: With this feature, only required values in the system are calculated
when a value related to them is requested by the user. For example, if the mass of a manufactured
primitive is requested, then only the relevant properties, such as material density, and total surface
area, and thickness would be calculated and made available in the manufacturing model. Other
information, such as that related to the equipment or site will not be processed at this moment.
This again helps in saving computational resources.

Furthermore, ParaPy also offers a built-in well featured graphical user interface (GUI) for visualisation,
and verification of the results.

In addition to ParaPy, two other Python packages are used in MIM:

1. material_db
The first package is a material database, developed in-house at GKN Fokker Aerostructures. This
will be used for material properties to complement information in the database subpackage of
MIM. Note that, any other similar material properties database can also be used, as long as the
required information about material properties is provided by such a package.

Yhttps://waw.parapy.nl/ (accessed 16 August 2022)
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2. NetworkX ’
This package is used for the creation and manipulation of the various graphs in the assembly
model. This package has been selected as it offers a pure Python implementation, making it easy
to integrate with ParaPy, extensive documentation, and availability of relevant built-in features
and methods. For example, it supports calculation of the longest path through a DAG, creation
of quotient graphs, and union of graphs.

4.2, Integration of MIM with a product model

This section will give an overview of the steps that are required to integrate MIM with a product model.
These steps are shown as a process diagram in Figure 4.1. Note that since MIM has been implemented
using ParaPy, it is necessary that the product model is also based in ParaPy.

1. Prepare => 2 Inte rat|:>e 3. Ensure = 4. Create specialisations of =
Database with entries ’ 9 joint primitives class ManufacturingModel,
. Database L . .
for manufacturing - -P| existin the - Pclass ManufacturingDesignSpecs

Libraries with

method, material, the product

product model. for each manufactured

equipment, and site Add them if not. primitive in the product
7 T
2 T
Py serves |
I
|
ParaPy EE |
KBE app serves MIM |
|
serves :
[ ] v ) VI
= = 5. Create specialisations of =>
/7r Ilmpltement mteit:OdtS 6. Add class ProductOperationCollector,
fol: ;Sanzgcéﬁﬁn ztrj]; __|class productwithAssemblyModel | __|class PartOperationCollector,
assembly modelgi]n the as a superclass of the product root class JointoperationcCollector,
class class AssemblyModelBase

KBE
app for the product

Figure 4.1: Overview of the steps required for integrating MIM with a ParaPy based KBE application.

A brief description of each of the steps in Figure 4.1 is given below. Note that all steps in the
process diagram are performed manually.
o Step 1
In this step, the MIM database is prepared with information about each manufacturing information
category. This step is associated to MIM.

e Step 2
This step involves integrating the prepared database with the product model, which is shown as
“ParaPy KBE app” in Figure 4.1. The libraries subpackage provides the necessary base classes
for this.

e Step 3
The product model must have joint primitives, as they are essential to model the assembly pro-
cess. The KBE app must be updated to include joints if they are not implemented.

o Step 4
Here, specialisations of base classes in the manufacturing model are created for each identified
manufactured primitive in the product. This step is associated to the KBE app as these speciali-
sations are created there. And this step is dependent on MIM, as the base classes are provided

Zhttps://networks.org/ (accessed 16 August 2022)
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by it.

e Step 5
In this step, specialisations of base classes in the assembly model are created for the specific
product in consideration. The first three classes are related to identifying the operations from
the product model. A specialisation of class AssemblyModelBase is created to specify which
specialisation of ProductOperationCollector should be used for the product model. This step
is also associated to the product KBE app, and is dependent on MIM, just as the last step.

* Step 6
This step adds the assembly model as a component of the product model. Again, this step is
performed in the KBE app, so it is associated with that, and it gets the class to be used as the
product superclass from MIM, making the step dependent on it.

o Step 7
As discussed in chapter 3, the manufacturing and assembly model require some user inputs.
Therefore, provisions have to be made in the product KBE app to accept these inputs, and to
provide them to the product specific specialisations of the manufacturing model and assembly
model classes.

In addition to the details mentioned in the above steps, the product model must satisfy some other
requirements to work properly with MIM. These are listed below:

¢ An analysis tool must be linked to the product model that is able to calculate the process time for
each manufactured primitive. These values are required by the assembly model for the calculation
of the critical path, and the production rate. In this thesis, an open source cost tool [24] that is
able to calculate the process time and cost is used for this.

¢ The manufacturing methods specified in the MIM database must also be supported by the analysis
tool mentioned in the previous point for the process time calculation.

e A material properties database must be linked to the product model that can be used by the
MIM database, or, capabilities of the MIM database must be extended to include these material
properties. In this thesis, the material_db package mentioned in section 4.1 is used for this.

4.3. Supporting models and analysis tools used in this thesis

Certain models and analysis tools will be used in this thesis for the verification & validation of MIM’s
implementation (chapter 5), and to also apply MIM to an industrial use-case (chapter 6). This section
will introduce these tools and models.

4.3.1. MDM: Multidisciplinary Modellers

MDM is a KBE based multidisciplinary design system for developing aircraft moveable structures that
has been developed at GKN Fokker Aerostructures [26]. It is based in ParaPy, and has a generic set up
that supports the design of a variety of aerostructures such as, flaps, horizontal & vertical stabilisers,
and fixed wingboxes [26]. This design system will be used as the product model with which MIM will
be integrated in this thesis. The main reasons for its selection include:

¢ Ease of integration, as both MDM and MIM are based in ParaPy. This will also allow full use of
the KBE specific features that were discussed in section 4.1.

» MDM has a fairly generic set-up, making it suitable for the design of different kinds aerostructures.
This will help show MIM’s ability to work with such a generic system.

* MDM has an extensive integration with various analysis tools, some of which will also be used
for the use-case in this thesis. This will help in reducing implementation effort that is not directly
associated to show functionality of MIM.

e This thesis was conducted in collaboration with GKN Fokker Aerostructures, and therefore, demon-
strating integration with their systems will prove to be of practical benefit for them.
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4.3.2. CATMAC: Cost Analysis Tool for Manufacturing of Aircraft Compo-
nents

CATMAC is an open source, process-based cost estimation tool [24], developed with a focus on

aerostructures. This analysis tool will be used for the calculation of recurring cost and process time of

each manufactured primitive. The main reasons for its selection include:

e It is a process-based cost tool, and therefore is better suited to work with new types of prod-
ucts and manufacturing processes when compared to parametric cost tools. The latter use cost
estimation relations (CERs), which are derived from historical data [6].

e The tool is open-source, and is set up in a way that makes it easy to add new manufacturing
methods, materials, and manufacturing environments. Hence, it can be setup to work with even
proprietary in-house manufacturing methods.

e The tool is already integrated with MDM, and hence would not require additional implementation
effort.

4.3.3. MPM: Mass Properties Module

MPM is a ParaPy based package developed in-house at GKN Fokker Aerostructures for product mass
calculation. It will be used for the same, as mass is one of the parameters of interest within scope for
quantifying the included production considerations. The package is integrated with MDM.

4.3.4. Compatibility

Compatibility is a ParaPy based package developed by the author to support this research, and will be
used to perform a check for the product’s compatibility in some of the categories identified in [21, 22].
Each compatibility category identifies broad groups of related information that must be compared
with each other to ensure compatibility. Some examples of compatibility categories include: material-
material compatibility and equipment-design compatibility.

The actual compatibility check is then performed with one or more criteria under each category.
Compatibility criteria define the exact comparison that will take place using information from the objects
in a compatibility category. For a compatibility category to be compatible, all criteria in that category
must pass the compatibility check.

The compatibility categories and their respective criteria included in this thesis are summarised
in Table 4.1.

Table 4.1: Compatibility categories and criteria included with the scope of this research.

Compatibility category Criteria Description

Material — Method database The selected material and manufacturing
method must be compatible based on their
respective specified information in the MIM
database.

EquipmentSet — Method database The selected equipment set and manufactur-
ing method must be compatible based on their
respective specified information in the MIM
database.

Equipment — Design allowable_dimensions The bounding box dimensions of the object(s)
under consideration must be within the max-
imum allowable dimensions of all equipment
in the selected equipment set.

Material — Material galvanic_corrosion Aluminium fasteners must not be used in car-
bon fibre parts, or vice-versa, to prevent gal-
vanic corrosion in the aluminium component.

induction_welding Parts being joined using the induction welding
method must have the same matrix material.
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4.3.5. RVF: Requirement Verification Framework

RVF is a model-based requirements verification framework that can also be used for setting up op-
timisation workflows from the defined requirements [3]. It will be used for managing design and
manufacturing requirements for the use-case in this thesis as it offers an implementation to which
adding requirements from MIM would be an easy and straightforward process, without any special
modifications to either RVF or MIM.

Additionally, RVF is also implemented in ParaPy, making it easy to integrate with the other tools and
models in this thesis. Lastly, the ability to set up optimisation and DOE workflows from requirements
is a unique feature offered by RVF, and may prove to be beneficial in setting up optimisation workflows
that include production considerations with MIM.

4.3.6. Relation to production considerations and parameters of interest

This section gives an overview of which model and/or analysis tool discussed above accounts for what
production considerations and parameters of interests within scope. This information is summarised
in Table 4.2 and Table 4.3.

Table 4.2: Which model or analysis tool accounts

for which production consideration. Table 4.3: Which model or analysis tool accounts

for which quantity of interest.

Production considera- Accounted by Parameter of interest Accounted by

tion

Joint information MDM, MIM Cost CATMAC

Product compatibility Compatibility, MIM Structural mass MPM
Production rate CATMAC, MIM

Assembly sequence MIM

Requirements compliance RVF

Part integration MDM, MIM







Verification and Validation

In this chapter, implementation of MIM will be verified and validated by applying it to a product model.
Specification of the product model will be presented in the first section, which will be followed by
details of how MIM has been set up. Some requirements will also be imposed on the product to test the
functionality of RVF. Finally, the last section will discuss verification and validation of the implementation
based on the generated results.

5.1. The product model

This case will consider skin panel subassemblies of a wingbox product, with limited number of manufac-
tured primitives. These primitives are shown in Figure 5.1, and consist of two skin panel subassemblies.
One is a conventional skin panel with an L-stringer connected to it with a joint. The other is an inte-
grally stiffened skin panel, with one integrated stringer (shown in the same colour as the panel). The
integrated skin stringer is also connected to another conventional L-stringer with a joint. Only a limited
number of simple manufactured primitives are being considered in this use-case as the main goal here
is to verify implementation of the manufacturing information model.

/

L stringer 1
/ + joint 1
Integrated \
skin stringer
J L stringer 2 + joint 2

Figure 5.1: Manufactured primitives in the product model for verification and validation of MIM's
implementation.

5.2. MIM setup

As the first step, the manufacturing model for each manufactured primitive will be set up. For this, a
user input will be given in the format shown in appendix C.1 for each manufactured primitive.

47
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This input will be used to make selections for each manufacturing information category in the
manufacturing model of each manufactured primitive. These selections are summarised in Table 5.1.
A variety of manufactured primitives, manufacturing methods, materials, and equipment sets have been
chosen which will help verify the implementation across different cases. Selections for all manufacturing
information categories are made using direct user definition of the option shown in Table 5.1, except for
the material category. Selection for this category is made using the option that derives this information
from the design definition model. Note that, with the optionsin Table 5.1, the production considerations
of part integration and having different joint information are also accounted for.

Next, inputs for the assembly model can be prepared. Note that the user inputs for the manufac-
turing and assembly models are given to the product model as Python dictionaries. The product model
(MDM) was updated to handle these inputs, as described in step 7 of Figure 4.1.

Configuration of the assembly model involves specifying what stations exist, and what operations are
assigned to each station. The specified stations, operation sets assigned to them, and a description of
operation relations in the operation set is given in Table 5.2. Note that only one operation set has been
assigned to each station for simplicity. The operation set relations describe how operations are arranged
in the operation set. For instance, in the first operation set, all stringers would be manufactured in
sequentially, one after the other, starting from the stringer closest to the leading edge, and then
selecting the next stringer in the direction towards the trailing edge.

Lastly, the input and output of the operation sets have been specified in a way so that all part
manufacturing stations (the first three stations in Table 5.2) will first work in parallel, and then be
connected to the stringer installation station for the joints.

5.3. RVF setup

Integration with RVF will be verified by imposing some requirements on the product. These have been
summarised in Table 5.3.

Table 5.3: Requirements imposed on the verification and validation case.

Type ID Stakeholder Requirement text Test case

Performance R-1001 Client The skin panel subassemblies CATMAC (cost tool)
shall have a total cost of less
than $10000

Performance R-1002 Client The skin panel subassemblies MPM (mass tool)
shall have a total mass of less
than 30 kg

Performance R-1003 Client The skin panel subassemblies Assembly model

shall have a number of shipsets
per month of at least 25

Suitability R-1004 Designteam  The skin panel subassemblies Compatibility analysis
shall have passed all compatibil-
ity checks

Suitability R-1005 Designteam  The skin panel subassemblies Manufacturing model

shall have passed all manufac-
turing model validity checks

5.4. Verification and validation of results

5.4.1. Manufacturing model

The main role of the manufacturing model was to capture all information about how a primitive would
be manufactured. Therefore, the model must be able to handle different kinds of primitives in a product
definition, which can include parts, joints, and integrated parts. The simplified case includes all types of
these primitives, and the manufacturing model has been integrated in each one of them. The resulting
tree structure for each primitive is shown in Figure 5.2.



50 5. Verification and Validation

w | SKIM | side_1 | panel_1 lﬁ w E integrated_skin_stringer | side_1 | part_0
= cubtracts = integrated_parts
= panel_systems = sidel_stringer_skin_joints
D text_label_settings ~ [@] analysis
v @ analysis _ @3 integrated_skin_stringer | side_1 | pf
# fem_segmentation = integrated_skin_stringer | side_1 | p

¥ c2f model

Eﬂrf SKIN_s1p1 | zone | Skin_4_Ply
= Project Based Cost for SKIN | side|

w x rmanufacturing_model
D design_specifications

3% SKIN | side_1| panel_1 j : ,D,,%fs,methp d ;
:-': D method_mappings
: i ::: ~ D material
hand_layup h information R ""-_éEU;LEIRIDE'_I‘IEC;S_MET:EHEB
............ % method mappings .| |categories =P _

w material e A D tapas_filler_material
....... - E Source_gb_le cts_mater|a|5 ol :j.;:,- ::: . STRIN GER_S'I <15t
.................. CLSKNSRT ) 4

v equipment_set & |selections in
oot ol and layup equip set 771 7 |each
Ly Elmfaste e £ |manufacturing | s [ELNLIPPD

ML1_PPD information D site_mappings
[E site_mappings category B, compatibility
(a) Skin panel (b) Integrated-skin-stringer

W @ *leaf* zone_0 | mechanical_joint
= zone_reference_limits

‘E joint_line

hd @ *leaf” zone_0 | induction_welding [Z] joint_zone_visualization
&= zone reference limits v [@] analysis
@ joint_area Z& stringer_skin_joint | side_1 | station_3 | jein
D joint_zone_visualization =} open_source_cost_model
~ [G] analysis v x manufacturing_model
il2 stringer_skin_joint | side_1| station_5 | jein [E| design_specifications
=¥ open_source_cost_model - - v D mfg_methed
material selection

W % rmanufacturing_model D mechanical_joint

is None for [ method_mappi
. _— _mappings
D d?gn_sphec:lcatmns induction welding o D aterial
et -
vBm 3-meme . : w18 source objects materials .
D induction_welding N : D in :
............ [ method mappings Bt
P [ material multiple materials t [ washer_pin_side
= source_ohjects_materials selected for all D washer_nut_side
o aqipment <ot components of a o E]"éﬁﬁi'ﬁﬁﬁé'ﬁt'_":iéf .......................... :
D induction_welding_equip_set_1 fastener system [E hi_lite_joint_manual_equip_set_2
W D mfg_site L D mfg_site
[E NL1_PPD [ NL1_PPD
D site_mappings D site_mappings
(c) Joint 1 (induction welding) (d) Joint 2 (mechanical joint)

Figure 5.2: Integration of the manufacturing model in different types of manufactured primitives in the product
model for the verification and validation case. Screenshots show the tree structure in ParaPy GUI.

A few aspects will be highlighted next. The manufacturing model is located under the analysis node
of the tree structure, which includes all analysis tools and/or disciplinary models. The five information
categories under the manufacturing model node can also be seen. Selections in each manufacturing
information category can be seen as the first sub-node in each category. The material category has
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information for material selections for each object under the manufactured primitive. Therefore, it can
host information not just for parts, but also for integrated parts, which have more than one functional
parts (Figure 5.2 (b)), and for joints, which can also be composed of more than one objects in case of
a fastener system (Figure 5.2 (d)), or be nothing in case of an induction welded joint (Figure 5.2 (c)).

Attributes available in the design specifications information category of two of the primitives, skin
panel and joint 2, are shown in Figure 5.3. The name of the specific class used for each design
specifications can also be seen in the top right corner of each image. For the skin panel (Figure 5.3 (a)),
these specifications include dimensional properties, such as total area, average thickness, reference
length, width and height etc. On the other hand, for Joint 2 (Figure 5.3 (b)), these include the total
number of fasteners, fastener pitch, indexing hole diameter etc.

Property View Property View

Bﬁvr’ﬁsf‘: B @ [¥] [av]

Inputs Inputs

[ Attributes B Attributes
part_total_area 60156 num_fasteners_total 2
avg_thickness fastener_system_uid counter_sunk_hi_lite_fastener_system
part_volume indexing_hole_diam 24

reference_length tool_extra_percentage 0.1

reference_width interface_area_for_open_source_cost

reference_height interface_width_for_open_source_cost

934 fastener_pitch_for_opens_source_cost 31.8

(a) Skin panel design specifications (b) Joint 2 design specifications

part_perimeter 8

Figure 5.3: Design specifications information category for the skin panel and joint 2 primitive in the verification
and validation case.

Next, the important input slots and attributes for the method information category can be seen
in Figure 5.4. The selected_dicts_list attribute and valid_dicts_list_from_drivers input slot
can be seen here. Additionally, the attribute is_selection_valid is available that indicates validity of
the selection.

Property View

E? a% “ﬁ %‘_k |<ManufacturingModeIMethodroot.wing.skins.skin_panels_side_1[‘I].analysis.manufactt| E

El Inputs
info_source from_mfg_model_spec
SOUrCcE <5kinPanel root.wing.skins.skin_panels_side_1[1] at Ox1d0ea732448>
mfg_model_specification_dict {'uid": 'spec_part_mfg_hand_layup’, 'info_category_order': ['mfg_method', 'material’,
valid_dicts_list_from_drivers [{'library_uid": 'mfg_method', 'uid_list: ['hand_layup', 'machining’, ‘rubber_forming’,
B Attributes
mfg_method_config_from_mfg_model_spec | {info_source’: 'from_mfg_model_spec’, 'library_uid" 'mfg_method', 'uid": "hand_layu
mfg_method_uid hand_layup
mfg_method_specification <PPMFGMethod root.libraries.mfg_method_libranies[0].mfg_methods[0] at Ox1d0eat
selected_dicts_list [{'library_uid": 'mfg_method', 'uid_list": ['hand_layup']}]
is_selection_valid True
children <double-click to evaluate>

Figure 5.4: Important slots in the manufacturing method information category for the skin panel primitive.

Lastly, attributes in the method_mappings and site_mappings nodes of the manufacturing model
can be seen in Figure 5.5a and Figure 5.5b respectively. They contain information for referencing an
information category selection to other analysis tools. For example, the site name in the manufacturing
model is NL1_PPD, but the correct name for the open source cost tool is Netherlands_HLU_Batchl.

It can be concluded from the above discussion that the desired structure and functionality of the
manufacturing model has been achieved with this implementation. The manufacturing model is able
to capture production related information for different types of manufactured primitives. Selections in
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Property View Property View
B &= g% A | | <MFGMethodMapping B e | | | |<MFGSiteMappingroot.wing.ski
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f ethod ificati PPMFGMethod root.lib
Ta-mEnat_spechicanan : e reent mfg_site_specification <PPMFGSite root.libraries.mf

Bl Attributes

open_source_cost_method_name | 'Hand_Layup B Attributes
ame | 'Lay-up by hand open_source_cost_environment_name | 'Netherlands_HLU_Batchi
s_code | 'L children 1
(@) Mappings for the method information (b) Mappings for the site information category.

category.

Figure 5.5: Mappings of selections in method and site information categories to other analysis tools in the
system model.

each manufacturing information category can be checked for validity using the is_selection_valid
attribute. Lastly, it is able to provide mappings for the selected manufacturing method and site to other
analysis tools.

5.4.2. Database
The main function of database is to provide the manufacturing model with necessary data for its
information categories, and methods to access it. This is accomplished through the libraries subpackage
of database, whose implemented tree structure has already been shown in Figure 3.6.

To get an idea about the information stored in the data files and managed by libraries, consider the
example shown in Figure 5.6. The list of all available equipment is shown in Figure 5.6a, and Figure 5.6b
shows data associated with one such equipment ("milling centre 1”).

Property View
“ m libraries B @ v o %‘_‘» |<PPEquipmentroot.libraries.equip
= metal_libraries = Inputs
= composite_libraries data_dict {'uid": 'milling_centre_1", 'equipment_
= stack_libraries B Attributes
= mfg_method_libraries valid_material_dicts [{'library_uid': 'metals’, 'uid_list'; ['202+
v = equipment_libraries valid_material_libraries_uids ['rretals']
W D equipment valid_material_family_uids ['titanium’, 'cres’, ‘aluminium_2000_se
v = equipment equipment_specifications_dict | {'allowable_part_dimensions": {'length
D milling_centre_1 number_of workers 1
D vacuum_pump_1 scrap_rate 0.01
D autoclave 1 operating_cost_per_hour 100
D induction_welding_robot_1 worker_cost_per_hour 30
D thermacouple_1 allowable_part_dimensions_dict | {'length" {'min" 0, "max" 8000}, 'widtk
D heating_teol 1_ allowable_length_min 0

D thermoplastic_forming_press_1 allowable_length_max 8000
. allowable_width_min 0
D rubber_forming_press_1
. . allowable_width_max G000
D trimming_tool_metals_1 - -

. . . allowable_height_min 0
D trimming_tecl_composites_1

[ T S R S [P (U PR |

(@) Tree structure of the database equipment libraries. (b) Attributes available for the equipment milling_centre_1.

allowable_height_ma:x 1000

Figure 5.6: Example from the database libraries, showing the available attributes for an equipment.

Special methods to access valid selections for each of the four manufacturing information categories
of manufacturing model were also implemented in the libraries subpackage. An example of such a
method was previously shown in Figure 3.8. The result of two such queries is shown in Figure 5.7.
Query 1 shows all available manufacturing methods at the site NL1_PPD, and query 2 shows all valid
manufacturing method at the site NL1_PPD, that are valid if the primitive material belongs to the
aluminium_2000_series. A list of all such methods implemented in the libraries subpackage is as
follows:
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e get_mfg_method_dicts_list()

* get_equipment_set_dicts_list()
e get_mfg_site_dicts_list()

e get_mfg material_dicts_list()

To reiterate, these queries are made automatically in the manufacturing model to find the value of
the valid_dicts_list_from_drivers slot for each manufacturing information category, based on
selections made in the other categories. These query methods can also be used manually by a user to
explore possible options.
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Figure 5.7: Results of information queries to get valid manufacturing methods using the database libraries
subpackage. Screenshot shows the Python console window.

5.4.3. Assembly model
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Figure 5.8: Tree structures showing details of the assembly model in a product for verification and validation.

Tree structure of the assembly model integrated in the product can be seen in Figure 5.8. The

tree represents the UML diagram of the assembly model shown in Figure 3.14, with the operations
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collector, operation sets, and stations nodes. Additionally, the attributes shipsets_per_month and
production_rate_per_day are available in the property view below the tree. An expanded view of
the operations collector can be seen in Figure 5.8 (b). It can be observed that only the manufactured
primitives considered in this case (Figure 5.1) are identified as operations under the operations collector.
Nodes of all other primitives are empty (indicated by a lack of dropdown arrow symbol). This is because
the manufacturing model was only defined for the primitives considered in this case.

Operation graph for the overall assembly sequence can be seen in Figure 5.9. A legend for the
different types of nodes is available in the bottom left corner. Each edge from an operation node to a
result node also has a green label indicating the name of the manufacturing method in the operation
to get that result. A nhumber in blue can also be seen on the same edge, representing execution time
for the operation in seconds.
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Figure 5.9: Operation graph for the overall assembly sequence in the verification and validation case.
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Figure 5.10: Station graph for the verification and validation case.
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The station graph derived from the operation graph is shown in Figure 5.10. Critical time for the
completion of operations at each station is represented on the outgoing edge from the station in blue
(value is in seconds, and is shown on the edge for clarity). From this, the critical manufacturing path is
derived and is shown with red edges. From the operation and station graphs, it can be observed that the
part manufacturing operations start in parallel, with the two stringers being manufactured sequentially.
This also contributes to the critical path being through the stringer manufacturing station, as it takes
the most time. The joint operations are then carried out in sequence on the stringer installation station.

Furthermore, operation graph of the stringer installation station is shown in Figure 5.11, which
represents just the operations at that particular station. The starting nodes in this graph are the result
nodes of part operations that were executed at different stations.

station_side1_stringer_installation I part_operation_node

joint_operation_node
result_part_oper_STRINGER_s1s5st0 result_part_oper_SKIN_s1pl input_node
N output_node
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joint_oper_stringer_skify§oint__s1s3_j0_zone_0
mechanical_joint

|
19201.95

result_joint_oper_stringerskin_joint__s1s3_j0_zone_0

Figure 5.11: Operation graph for the production station station_sidel_stringer_installation in the verification
and validation case.

In conclusion, the assembly model has been properly integrated with the considered product, with all
the discussed functionality. The right operations are identified and collected by the operations collector,
operation graphs can be created at different levels (e.g. for the entire process or for a station). Finally,
the assembly operation graph can be used to derive the station graph. The critical path was correctly
identified, and production rate could be calculated from the station graph.
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5.4.4. RVE
The result of integrating the considered product system in the RVF can be seen in Figure 5.12. It shows
the requirement model next to the system model with all the requirements that were defined in Ta-
ble 5.3. The means of compliance and identified test case can also be seen under each requirement.
Finally, the compliance report was successfully auto-generated (Figure 5.13), indicating the correct
working of RVF.

w D Systern Model oo

D mdm_model
v D Requirement Maodel e

v _[E] [R-1001] total cost
S D means_of_compliance
[E] 05C_COLLECTOR
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,_‘

R D means_of_compliance

Figure 5.12: Integration of the verification and validation case product model in the RVF.
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R-1001 | total cost The skin panel subassemblies shall have a total cost True 7014.74 50.85%
of less than $10000
R-1002 | total mass The skin panel subassemblies shall have a total mass True 2166 57 78%
of less than 30 kg
R-1003 shipsets per Th.e skin panel subassemblies shall have a number of False 5338 -6.46%
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The ski | sub blies shall h d all
R-1004 | compatibility bool © Skin pane Subassemblies Shall have passed a True True
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R-1005 mfg model validity | The skin panel subassemblies shall have passed all True True

Figure 5.13: Auto-generated requirement compliance report from RVF for the verification and validation case.



Industrial Use-Case: Conceptual
Design of a Wingbox

This chapter will discuss application of the manufacturing information model to the conceptual design
of a wingbox to help assess its applicability real cases in the industry. The case will consider a product
definition based on a generic design study conducted at GKN Fokker Aerostructures.

The analysis of this use-case will be guided by the second research question. Part 2.a of the ques-
tion asks if the methodology allows identification of feasible-to-produce design concepts that may be
unapparent (part 2.a.i), and better (part 2.a.ii). These sub-questions will be answered by implement-
ing the use-case in a DOE workflow, with choices in the manufacturing and assembly model as the
design variables. Hence, this DOE study will result in different manufacturing concepts for the product.
An overview of the general steps involved in this workflow will be discussed in the first section of this
chapter. Then, sections two to six will discuss specific details of the various parameters used in the
workflow for this specific use-case.

For the identification of better designs, valid designs from the DOE study will be compared to a
baseline concept that was finalised in the study at GKN Fokker Aerostructures. The available data for
the baseline design can be referred to in appendix D.

Lastly, the industrial use-case will also help answer part 2.b of the research questions. This question
is related to analysing the effect of production considerations on gauging product viability. For this, the
parameters of interest for some of the design points from the DOE study will be compared with and
without the production considerations.

6.1. Design workflow for the automated inclusion of production

considerations in design using MIM

This section will present an updated version of the manual approach for including productions consid-
erations in design (Figure 2.2). This new workflow will show how MIM can be used to automatically
include production considerations in the conceptual design process.

The process diagram for the new workflow is shown in Figure 6.1. Similar to the process diagram
of the manual workflow, the production considerations and parameters of interest in the scope of this
thesis are specified in coloured text in the diagram to put them in context of the workflow. These are
also listed below in their respective colours for reference:

Production considerations: Parameters of interest:
(1) Compatibility
(2) Assembly sequence

(3) Part integration
(4) Joints

57
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Figure 6.1: Workflow for the automated inclusion of production considerations in conceptual designs using
MIM. Note that step 5 (structural sizing) was excluded from the scope of this thesis due to time limitations.
Material thickness values were set using some available reference values for the baseline concept (Table D.4), in
consultation with experts at GKN Fokker Aerostructures.

The steps in Figure 6.1 are explained below:

o Step 1
As in the old workflow, the process starts with a manual step to define the product topology.
Engineers use documents, meetings with other engineers, and their own experience to make
decisions. The new addition here is that joints are also included.
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Step 2

This is an automatic step that generates different product models using MDM. This is again similar
to the old workflow, but now joint and integrated part primitives are also included in these models.
The KBE tool (MDM) was extended by the author to add these capabilities. This is in accordance
with step 3 of the process to integrate MIM in a product that was shown in Figure 4.1.

Step 3

In this step, a DOE is set up with design variables from the manufacturing model of each manu-
factured primitive in the product. Therefore, these design variables control the material, manu-
facturing method, site and equipment for each primitive. The setup of the DOE involves deciding
what options should exist for each design variable, and then updating a Python script that runs
the DOE with these values. This is a manual step.

Step 4

Once the DOE script is set up, it can be executed automatically. Since it uses the manufacturing
model, this step is served by MIM. The validity of each design point in this DOE is decided
by the compatibility analysis, which performs this check based on some included criteria. The
compatibility criteria included in this thesis was previously shown in Table 4.1.

Step 5

This step is the same as in the old workflow, and it involves performing a sizing optimisation to
set material thicknesses all parts in the product. To reiterate, this is a semi-automatic step, as
the optimisation workflow has to be set up manually. The difference here is that, multiple valid
design points are available from the manufacturing model DOE. Out of the four types of design
variables in the manufacturing model DOE, only material selection has an influence on structural
sizing (considering the capabilities at GKN Fokker Aerostructures). Therefore, the sizing has to
be performed for each valid design point from the manufacturing model DOE, that has a unique
set of material design variables.

Step 6

This is an automatic step where the parameters of interest are calculated for all valid design
points (from the manufacturing model DOE). Namely, these include the total cost, total mass
and requirements compliance. The cost and mass calculation is handled by MDM, whereas the
requirements compliance is handled by RVF. This step is performed by the same Python script that
was used for the DOE, and it generates a spreadsheet as the output. Each row in this spreadsheet
is a design point, and different values are stored in each column. For example, these include the
selections made for the design variables, and the calculated results of the parameters of interest.

Step 7

In this manual step, one or more of the valid design points from the manufacturing model DOE
are selected to be further analysed for assembly. This selection can be made using the calculated
parameters of interest from the last step. For example, valid design points with the least total
cost and/or total mass can be selected by filtering the spreadsheet.

Step 8

This is also a manual step, where a DOE that considers design variables from the assembly model
is set up for each of the design points selected in step 7. Design variables from the assembly
model can include, relations between operations (sequential / parallel) at in each operation set,
inputs and outputs node values for each operation set etc. This DOE is also set up using a Python
script, where the options for each design variables are set manually.

Step 9

The assembly model DOE is executed automatically using the script, and the production rate is
calculated for each valid design point. Here, the validity of design points is based on the assembly
sequence feasibility. The included checks were previously discussed in step 4 of Figure 3.11.
Lastly, this step is dependent on MIM as it uses the assembly model. A similar spreadsheet is
also generated as an output in this step.

Step 10
Once the production rate is available for the valid design points, requirements compliance can be



60

6. Industrial Use-Case: Conceptual Design of a Wingbox

automatically checked using RVF. In case the imposed requirements are not met for any of the
valid design points, the process goes back to step 7 to select a different manufacturing model
DOE design point, and the process is repeated.

Step 11

In the last step, a final design point is selected based on the results from the assembly model
DOE. A final check for the assembly sequence feasibility has to be performed manually by the
user for the selected design. This is because, currently, the assembly model only checks for
feasibility using a limited set of criteria. However, this step can also be fully automated in future
with some additional work.

Lastly, some important aspects of the presented workflow will be highlighted:

« It is not necessary to strictly follow the presented workflow

The design workflow shown above represents the exact process that will be followed for the
industrial use-case, but it does not represent the only way of using MIM. For example, it is
not necessary to conduct a DOE study, as it can also be used for a single point design, where
engineers have an appropriate idea of what choices will be made in the manufacturing/assembly
model. These choices can then be automatically checked by MIM, and allow engineers to proceed
further with their design.

The presented workflow is sequential in nature

It can be observed that after moving ahead of a step that analyses a particular concept (design
/ manufacturing / assembly), it is not possible to account for the effect of a different choice at
the previous steps. Therefore, it is possible that a potentially good design concept is missed,
depending on what choices were made at the previous steps. For example, results from the
assembly model DOE depend on what design point is selected from the manufacturing model
DOE in step 7. This limitation of the presented workflow is recognised, but will not be dealt with
within the scope of this thesis. Recommendations for overcoming this will be provided in the last
chapter.

Step 5 for structural sizing has been skipped with the scope of this thesis

Due to time limitations, step 5 of the workflow will not be conducted. Material thickness values
for the included part primitives in the product will be set using some reference values from GKN
Fokker Aerostructures. These will remain constant for a given part and material, and are shown
in Table D.4.



6.2. Workflow setup for the use-case 61

6.2. Workflow setup for the use-case
6.2.1. Product topology (step 1)

Figure 6.2: Wingbox part primitives in the industrial Figure 6.3: Wingbox joint primitives representation in
use-case. Note: the top skin panel has been hidden for the industrial use-case.
clarity.

The part and joint primitives included in the product model of this use-case are shown in Figure 6.2
& Figure 6.3 respectively, and are listed below:

Part primitives: Joint primitives:
(1) Skin panels (quantity: 2) (i) Stringer-skin joints
(2) Stringers (quantity: 10) (ii) Rib-skin joints
(3) Ribs (quantity: 12) (iii) Spar-skin joints
(4) Spars (quantity: 2) (iv) Rib-spar joints

It is to be noted that the product topology will remain fixed in the design workflow for this use-case.
Therefore, the DOEs will only be used to explore the design space for different manufacturing and
assembly concepts. The quantity, position etc. of the part and joints primitives will remain constant.

6.2.2. Manufacturing model DOE (step 3)

The design matrix for this DOE is shown in Table 6.1. Design variables from only the material, design
and manufacturing method information categories are considered to limit the total number of design
points. Therefore, selections for the equipment set and manufacturing site information categories are
kept as constants. These constant values have been manually set by the author in the DOE script in a
way that they are always compatible with the selected manufacturing method and material. This is to
ensure that they do not have an effect on the DOE results.

Additionally, part integration is also accounted for through the integrated-skin-stringer primitive.
This primitive uses the blade stringers, and is manufactured using the Tapas layup process [20]. On
the other hand, L-stringers are used with the skin panels (with the stringer skin joints). To summarise,
these are the consequences for MIM and other analysis tools (such as cost/mass) when the “stringer”
design variable is set to a blade stringer:

o Integrated-skin-stringers primitives are considered.
¢ (Individual) stringers are not considered.

¢ (Individual) skin panels are not considered.

e Stringer skin joints are not considered.

6.2.3. Structural sizing (step 5)

This step was excluded from the scope of this thesis due to time limitations. Material thickness values
were set using some available reference values for the baseline concept (Table D.4), in consultation
with experts at GKN Fokker Aerostructures. These thickness values remain constant throughout the
design process.
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6.2.4. Assembly model DOE (step 8)

A design point from the manufacturing model DOE has to be selected for the setup of this DOE. Details
of the design point selected from the manufacturing model DOE are shown in Table 6.2. Note that,
the selection of this point will be discussed in detail in the results section, but these details have to be
considered to discuss the setup of the assembly model DOE.

Table 6.2: Details of the design point selected from the manufacturing model DOE.

Design variables Selection

Material of all part primitives CFRP

Design of stringers Blade

Manufacturing method - ribs and spars Thermoplastic forming
Manufacturing method - integrated skin stringer | Tapas layup
Manufacturing method - all joints Induction welding

Based on these details, the following stations are defined in the assembly model:
o station ribs manufacturing
e station spars manufacturing
e station integrated skin stringers manufacturing
o station rib skin joints
« station spar skin joints
o station rib spar joints

Note that, no stations are defined for the manufacturing of stringers and skin panels, or for stringer skin
joints, as these primitives will not be considered because blade stringers are present in the selected
design point.

The defined stations are kept constant in the assemble model DOE, however the arrangement of
operations at each station, and how the stations are connected to each other is varied through the
design variables. The design matrix showing this is shown in Table 6.3.

The first two rows of this table include design variables to control relations between the operations
at the stations. It can be noted that the stations have been grouped together in terms of part and
joint operations. This has been done to limit the total number of design points in consideration of the
available time.

The next section of rows in the table have design variables that define the input and output from
each station for joints. The last section of rows is for the input and output from each part manufacturing
station. It can be seen that only stations with joint operations have more than one option for these
design variables. This is again to limit the number of design points.

Since the input and output for part manufacturing stations just contain one option, they remain
constant in the DOE. From their defined value, it can be deduced that all part manufacturing stations are
executed after the product start node in parallel, and have the output node set to product_output_node.
The latter can then become an input to one or more of the joint stations.

6.2.5. RVF setup
The requirements imposed on the product in this use-case are shown in Table 6.4.
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6.3. Results and discussion

6.3.1. DOE I: manufacturing model

The DOE resulted in a spreadsheet, with each row representing a design point in the study. A portion
of this spreadsheet is shown in Figure 6.4. The long spreadsheet has been split into three parts to
improve readability. The design point index can be seen in column A of each sub-figure.

Selections made for each design variable for a given design point can be seen from columns D
to P. Note that only design variables with at least two options (refer Table 6.1) are shown, as design
variables with a single option remain constant.

The results from RVF include the requirement compliance check (True/False), and the compliance
margin in percentage for all requirements in Table 6.4, except for that on the production rate (which
will be considered in the assembly model DOE). These can be seen in Figure 6.4c. Note that a False
requirement compliance check is represented by either an explicit “False” value, or by a blank cell.

For any further discussion, design points with a False compliance check for the requirement on com-
patibility (column Y) and manufacturing model validity (column Z) would be referred to as “invalid”.
This is because these represent designs that cannot be manufactured, regardless of their cost or mass.
On the other hand, design points that satisfy both of these requirement will be referred to as “valid”.

Lastly, the total cost and total mass can be seen in columns T and U respectively. Note that these
have only been calculated for design points that are valid.
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Trends in the DOE results
Out of the total design points considered in this DOE (1536), 240 are identified as valid. These are
shown in various scatter plots in Figures 6.5, 6.6, 6.7 and 6.8.
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Figure 6.5: Scatter plot of all valid design points from the manufacturing model DOE. The requirements
imposed on the total cost and total mass are represented by horizontal and vertical red lines in the plot
respectively. All design points that satisfy these requirements are referred to as feasible, while the others are
infeasible. Eight groups of design points, each with very similar total mass can be identified. Total cost is
calculated by using CATMAC.
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Figure 6.6: Scatter plot of all valid design points from the manufacturing model DOE, labelled based on the
selected part material. The default material for all parts is CFRP, unless stated otherwise for some parts by the
legend key. The baseline design and design selected for the assembly model DOE are marked with an arrow.
Two types of markers are used for the design points (circle/triangle), based on the selection made for the
stringer design.



68 6. Industrial Use-Case: Conceptual Design of a Wingbox

120000 :
Induction welding - All Hl Fasteners - (Rib+spar)-skin
110000{ mmm Fasteners - Rib-skin Fasteners - (Spar+stringer)-skin
Il Fasteners - Spar-skin Bl Fasteners - (Stringer+rib)-skin
100000 Il Fasteners - Stringer-skin Fasteners - All
»w 90000
= Baseline concept °
S 80000/ cost non-comp‘liant PY \.‘k 7777777777777777 3 d .
I Cost liant $
g 70000 ost complian e o ', Veg &
[t [ ] £ VIII.
v ' 0 ve S VII.
60000 v ®e Y Yvov
Yo v : v v V. g 8
50000 Vy i IV. v o @ o L-stringers
I. vy Il i ' T © v Blade stringers
40000 2 =
185 190 195 200 205 210 215 220 225 230

Total mass [kg]

Figure 6.7: Scatter plot of all valid design points from the manufacturing model DOE, labelled based on the
selected manufacturing method for joints. The default joining method is induction welding, unless stated
otherwise for some joints by the legend key. It can be observed that the joining method is closely related to the
identified eight mass groups.
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Figure 6.8: Scatter plot of all valid design points from the manufacturing model DOE, labelled based on the
selected manufacturing method for parts. The default part manufacturing method is hand layup, unless stated
otherwise for some parts by the legend key. No correlation between the part manufacturing method and mass

groups can be observed. A relation between the part manufacturing method and total cost can be observed

within each mass group. Note that not all possible combinations of selections are shown in the legend due
limitation of space. These missing combinations are shown together with the legend key “Other”. T.P. =
Thermoplastic; M/c = Machining.

In all scatter plots, horizontal and vertical red lines mark the boundary of requirement compliance
for the total cost and total mass. All design points that satisfy these requirements are referred to as
feasible, while the others are infeasible. The first scatter plot (Figure 6.5) shows all valid design points,
and marks them as feasible and infeasible. The second plot (Figure 6.6) marks all valid design points
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based on the selected part material. The third plot (Figure 6.7) marks all valid design points based on
the joining method. And the last plot (Figure 6.8) marks all valid design points based on the selected
part manufacturing method. The baseline design, and the selected design for the assembly DOE (to
be discussed later) are also marked with arrows in the last three scatter plots. Furthermore, two types
of markers are used for the design points (circle/triangle) in these plots, based on the selection made
for the stringer design (L or blade).

Some trends that can be observed in the scatter plots are discussed below:

e The eight "mass groups”

Eight groups of design points (labelled I. through VIII. in the plots) with very similar total mass
can be observed in the scatter plots. The existence of these groups can be explained based on the
selections for part material (Figure 6.6) and joining method (Figure 6.7) for the design points. It
can be observed that these two plots have similar coloured nodes in the mass groups, indicating
a relation between these choices and the mass groups. This relation is especially strong based
on the selected joining method, as nodes of almost uniform colour can be observed in each mass
group in Figure 6.7.

The “jump” from one mass group to the next can also be explained using Figure 6.7. The
first mass group has the least mass, and has all induction welded joints (therefore no additional
mass). The mass jumps to group II when fasteners are introduced for either rib-skin or spar-skin
joints. When fasteners are used for both of these joints, the total mass moves to group III. The
next group has fasteners for all stringer-skin joints. These joints lead to a higher mass than the
previous joints because of the long joint length of stringers, combined with their large quantity
(10) in the product model. This leads to a larger quantity of fasteners. A similar pattern can be
followed for the rest of the groups.

Another interesting observation is that the baseline concept (which has all fastener based
joints), falls in group V, instead of group VI or VIII, which have design points with all fastener
based joints. This indicates that the factor that was used to account for the joint mass in the
baseline concept (10% of total wing mass table D.1) may not be sufficient.

« Effect of part integration
The effect of part integration on the total cost and mass can be observed in the scatter plots. For
example, consider mass group I. In this group, the part materials and joining methods are the
same for all design points. All part materials are CFRP, and all joints use induction welding. Now
consider the two green design points in this mass group in Figure 6.8. These have total costs
approximately equal to $50000 and $68000, and in both, all parts are manufactured using the
hand layup method.

But still, a difference in the total cost can be observed between these design points. The
only difference between these two design points is that the one with the lower cost has blade
stringers, whereas the other one has L-stringers. The specification of blade stringers means that
they have been integrated with the skin panels, and therefore, there is no cost associated with
the manufacturing of stringers or stringer-skin joints. This explains the cost difference between
these two design points.

¢ Correlation between total cost and part manufacturing method in each mass group
Although there is no correlation between mass and the part manufacturing method, a relation
between the latter and total cost can be observed. For example, it can be observed that in most of
the mass group in Figure 6.8, the hand layup method is the most expensive, while thermoplastic
forming is usually one of the cheapest options. Design points with machined parts can also be
found closer to the least expensive options.

« Correlation between total cost and total mass
A correlation between the total cost and mass can be observed from Figure 6.5. The total cost
increases or decreases with a similar change in the total mass. This is in contrast to the expected
relation between these two parameters. For example, the use of composite materials may offer
a lower mass, but these can cost more as they are more complex to work with, require tooling
etc., in comparison to metallic parts. Some possible reasons for the observed trend in the scatter
plots are:
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— Non-recurring cost associated with the manufacturing methods is not considered as it is
not supported by CATMAC. Therefore, the cost is limited to that of the materials, labour
and machine usage. Manufacturing methods like the Tapas layup can require extensive
tooling [20]. Therefore, not considering these aspects can give an inaccurate estimate for
the actual cost.

— The cost model is not accurate (for the recurring cost). This aspect has been noted in [24]
as well.

Selection of a design point for assembly model DOE

As per step 7 of Figure 6.1, one or more design points from the manufacturing model DOE have to be
selected, for analysis in the assembly DOE. For this, the manufacturing model DOE result spreadsheet
was filtered to only keep design points that comply with all requirements. These are the design points
that are valid and feasible. The rows were then sorted to bring in the ascending order of the total cost
and total mass, bringing designs with the lowest values for these to the top of the spreadsheet. The
top 8 design points in this spreadsheet are shown in Figure 6.9.

Different groups of design points with identical values for total mass and cost can be observed next
in this figure. These have been highlighted in green light and purple colours. The total mass is the
same for all of them as their part materials and manufacturing methods for joints remain constant.

It can be observed that the total cost varies from one colour group to the next, but remains identical
in the group. This is because selection of blade stringers indicate that no separate stringer parts exist
in the product as they have been integrated with the skin panels. Therefore, selections made for the
design variables stringer-skin joints and manufacturing method of stringers becomes irrelevant in these
cases, resulting in identical cost within the group.

The total cost changes from one group to the next because of a change in the manufacturing method
of another primitive in the product. Going from the green group to purple, the manufacturing method
of spars changes from thermoplastic forming to hand layup (highlighted in dark purple in Figure 6.9a).

Based on the above discussion, the design point with index = 271 is selected for the assembly
model DOE, as it offers the least values for the total cost and total mass. It is highlighted in dark green
in Figure 6.9. Note that any design point from the light green group could have been selected, as they
are equivalent designs. The point 271 has been selected in particular, as it has a uniform selection for
the part and joints manufacturing methods. This point is also marked in all scatter plots with an arrow
in orange colour. Some key characteristics of this design point are that stringers have been integrated
with the skin panels, all joints to the skins use induction welding, all parts materials are composites,
and the ribs & spars are manufactured using thermoplastic forming.
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6.3.2. DOE II: assembly model

Results from the assembly model DOE were also captured in a spreadsheet, and Figure 6.10 shows
an excerpt from the same. Columns C to J show selections for the design variables, and columns
R to AG capture results for each design point execution. Blank cells in columns R to Z indicate an
invalid definition of the assembly model based on the set of design variables. The corresponding error
message generated in the model is captured in column AG. Therefore, valid design points can be
identified in this spreadsheet by filtering out the rows with an error. Furthermore, designs that comply
with the requirement on the production rate can be identified by applying a filter on column Y.

|- |oper_relation_part_station - | oper_relation_joint_station.| input_rib_skin_joints -| output_rib_skin_joints .| input_spar_skin_joints -|
40 sequential sequential parts_output_node rib_skin_joints_output parts_output_node
53 sequential sequential parts_output_node rib_skin_joints_output rib_skin_joints_output
58 sequential sequential parts_output_node rib_skin_joints_output rib_skin_joints_output
63 sequential sequential parts_output_node rib_skin_joints_output rib_spar_joints_output
75 sequential sequential spar_skin_joints_output product_end parts_output_node
929 sequential sequential spar_skin_joints_output product_end rib_spar_joints_output

(@) Asembly model DOE result spreadsheet - Part 1

output_spar_skin_joints |-|

40 product_end spar_skin_joints_output product_end InvalidAssembl'
53 product_end spar_skin_joints_output rib_spar_joints_output InvalidAssembl'
58 spar_skin_joints_output spar_skin_joints_output product_end 3.434730773 FALSE -50.932
63 product_end rib_skin_joints_output rib_spar_joints_output 3.434730773 FALSE -50.932
75 product_end rib_skin_joints_output rib_spar_joints_output InvalidAssembl'
99 product_end rib_skin_joints_output rib_spar_joints_output InvalidAssembl'

(b) Asembly model DOE result spreadsheet - Part 2

Figure 6.10: Screenshots of assemble model DOE results. The two sub-figures show a single design point, with
the design point index shown in column A.

oper_relation_part_station . | oper_relation_joint_station-| input_rib_skin_joints .| output_rib_skin_joints .| input_spar_skin_joints -|
751  all_parallel all_parallel spar_skin_joints_output product_end rib_spar_joints_output

841  all_parallel all_parallel rib_spar_joints_output rib_skin_joints_output rib_skin_joints_output

332 sequential all_parallel spar_skin_joints_output rib_skin_joints_output parts_output_node
371 sequential all_parallel rib_spar_joints_output product_end parts_output_node

sequential all_parallel parts_output_node rib_skin_joints_output rib_skin_joints_output

319 sequential all_parallel spar_skin_joints_output product_end rib_spar_joints_output

409  sequential all_parallel rib_spar_joints_output rib_skin_joints_output rib_skin_joints_output
(a) Part 1

output_spar_skin_j -| input_rib_spar_joints |.| output_rib_spar_joints |- |shipsets_per_mo -|req_shipsets_per_x| req_margi
751  spar_skin_joints_output parts_output_node rib_spar_joints_output 23.93263407 TRUE 241.895

23.93263407 TRUE 241.895

841 product_end parts_output_node rib_spar_joints_output

332  spar_skin_joints_output rib_skin_joints_output product_end 9.575182545 TRUE 36.788
9.575182545 TRUE 36.788

371  spar_skin_joints_output spar_skin_joints_output rib_spar_joints_output

spar_skin_joints_output spar_skin_joints_output product_end 9.401496115
319  spar_skin_joints_output parts_output_node rib_spar_joints_output 9.401496115 TRUE 34.307
409  product_end parts_output_node rib_spar_joints_output 9.401496115 TRUE 34.307
(b) Part 2

Figure 6.11: Selected design point from the assembly model DOE (index 274 - in white text).



6.3. Results and discussion 73

The spreadsheet was then filtered to only keep results with a valid assembly model, that also
pass the imposed requirement on shipsets per month. The result is shown in Figure 6.11. Design
points with identical production rate are highlighted with the same colour, and these include the green,
purple, orange and blue groups. The reason behind identical production rate becomes clear from the
station graphs. For example, consider the station graphs of design points in the green group, 751
and 841, shown in Figure 6.12 and Figure 6.13 respectively. The only difference in these graphs is
the arrangement of the rib-skin and spar-skin joints stations. Since these stations lie on the same
sequence, their order does not affect the critical manufacturing path, and hence the production rate is
identical. The same reason holds for all other design points with identical production rates.
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Figure 6.12: Station graph of design point 751 in the assembly model DOE.
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Figure 6.13: Station graph of design point 841 in the assembly model DOE.
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Next, it must be noted that the filtered design points in Figure 6.11 may still represent infeasible
assembly sequences, as currently, only a limited number of feasibility checks are performed by the
assembly model (discussed in step 4 of fig. 3.11). Therefore, the final result will need to be verified
by the user. Consider the station graphs of design points 751 and 841 again. By analysing the station
arrangement it can be observed that both of these are infeasible, as the rib-spar joints are executed
first, which is followed by either rib-skin or spar-skin joints. This second step will not be possible with
skins on both sides, as it would lead to closure of the box section of the wing, making it impossible to
remove the tooling used in the induction welding process.

Figure 6.14: Operation graph of design point 706 in  Figure 6.15: Operation graph of design point 274 in
the assembly model DOE. The reader is suggested to  the assembly model DOE. The reader is suggested to
zoom-in in the digital version of this report. zoom-in in the digital version of this report.

1

Figure 6.16: Operation graph of design point 706 in  Figure 6.17: Operation graph of design point 274 in
the assembly model DOE. Zoom level 1. the assembly model DOE. Zoom level 1.

product start

partﬁoper’B s0g0r0

thermoplastic_forming

23187.4

result_part_gper_RIB| sOg0r0

part_oper_integrat@@skin_stringer_s2p0 part_oper_integrat@@skin_stringer_s1pC

Figure 6.18: Operation graph of design point 706 in  Figure 6.19: Operation graph of design point 274 in
the assembly model DOE. Zoom level 2. the assembly model DOE. Zoom level 2.

Similarly, on checking the remaining design points, the feasible design points in Figure 6.11 include
706, 711 (dark purple), and 274, 279 (dark blue). One design point from each pair can be selected,
as each has the same production rate. Consider the points 706, and 274. These design points only
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differ in the design variable that defines operation relations for part manufacturing stations (column C
in Figure 6.11). This difference can be visually observed in the design point’s operation graphs, shown
in Figure 6.14 and Figure 6.15.

Although it is not possible to read these graphs in the printed version of this report, a clear difference
in the arrangement of operations from the top (product start node) to the bottom (product end node)
can be observed for the two. For design point 706, all part operations occur in parallel after the product
start node, whereas, for 274, part operations occur in sequence for each part category. Zoomed-in
versions of these graphs showing the top portion at two levels of zoom are also shown in figures 6.16
and 6.18 for design point 706, and in figures 6.17 and 6.19 for design point 274.

Finally, a selection can be made for the best design point between 706 and 274. The one with
the higher production rate, and therefore higher requirement compliance margin may seem to be the
obvious choice at first. But if just-in-time manufacturing is important for the client, then a compliance
margin close to zero may be more desirable. Therefore, design point 274 is selected as the one that
best satisfies the imposed requirements from this study.

Lastly, it should be noted that in case no valid design points that meet the imposed requirement
could be found in this DOE, a different design point from the manufacturing model DOE would have
to be selected, and the process repeated. The process can also be repeated to analyse the assembly
process of a different manufacturing model design point, but the analysis will just be limited to one
manufacturing model design point in this thesis due to time limitations.

6.3.3. Identification of unapparent designs - research question 2.a.i

Some unapparent design points can be identified in the manufacturing model DOE results from the
scatter plot based on part material (Figure 6.6). In general, it is expected that design points with parts
made from composite materials would lie towards the left side of the plot, while the aluminium parts
are towards the right. This holds true for the spars, as all design points with spar material as aluminium
are only present in mass groups V, VI, VII and VIII.

But the same is not true for ribs, as several design points can be identified with aluminium ribs (in
blue) that lie in mass groups II and III. Between the blue points of mass groups II and III, some orange
(all composite) points can be seen. This means the toal wing mass of the blue points (with aluminium
ribs) in masss group II is less than the total mass of some design points that have all composite parts.

Additionally, because induction welding cannot be used with metal parts, the ribs in these design
points would be connected using mechanical fasteners. The latter is associated another penalty on the
total wing mass compared to induction welding. Even then the total mass of these design points is lower
than those that have composite parts. Therefore, the design points with metal ribs in mass groups II
and III are found to be unapparent. This was verified with experts at GKN Fokker Aerostructures.

The reason behind the lower mass of these design points can be explained by comparing two design
points, one “unapparent” blue design point from group II., and one “ordinary” orange design point from
mass group III. Circular design points will be chosen for this comparison (an arbitrary choice), which
represent L-stringers. One of the unapparent design points has an index 939. The index of an ordinary
design point in group III is 256.

First, it must be established that the total mass of composite ribs is actually less than the total
mass of aluminium ribs, based on their selected thicknesses. This value can be derived from MDM. The
total mass for aluminium ribs is 16.41kg, and that of CFRP ribs is 15.28kg. Therefore, the unapparent
design point does not have a lower mass just because of a variation in thickness and material.

By considering Figure 6.7, it can be observed that the unapparent design points in group II have
fastener based joints only for rib-skin. Whereas, all design points in group III have fastener based
joints for rib-skin and spar-skin. This is the main reason behind these unapparent design’s lower mass.
These unapparent designs have induction welding as the joining method for spar-skin, which makes
them lighter compared to other designs.

Lastly, no unapparent designs were found from the assembly model DOE.

6.3.4. Identification of better designs - research question 2.a.ii

Designs that are “better” in terms of cost or mass can be identified using the scatter plots from the
manufacturing model DOE. The baseline concept has been marked in figures 6.6, 6.7 and 6.8 with a
purple arrow. This baseline concept falls in mass group V, and is right next to the total cost compliance
boundary.



76 6. Industrial Use-Case: Conceptual Design of a Wingbox

No specific region for “better” designs has been marked in these scatter plots. This is because,
depending on the needs of the stakeholders, designs can be identified that may have a lower total
cost, and/or lower or higher total mass, compared to the baseline. It may be that the design that is
closest to the requirement of maximum total mass fits the needs of the stakeholders better, while still
being compliant. This would mean that a design with a higher mass is selected.

The scatter plots, along with the spreadsheet, provide users the necessary tools to understand
trends in the design space, and to rank designs based on their needs. This allows identification of
designs that may be “best” for them, relative to the baseline concept.

Lastly, due to the unavailability of baseline data for assembly sequence or production rate, a com-
parison cannot be made with the results from the assembly model DOE.

6.3.5. Effect of production considerations on gauging product viability - re-
search question 2.b

Part integration
To see how part integrated affects parameters of a product, two baseline cases with different types
of joints will be compared to a case where parts have been integrated. For this analysis, it is consid-
ered that the material of all parts is CFRP, and they are manufactured using the hand layup method.
Additionally, only L-stringers are considered, and mechanical rib-spar joints are always included in the
analysis. Only total cost and mass are considered as they are the only relevant parameters of interested
available within the scope.

Figure 6.20 shows the total mass and cost of three product definitions. There are two baseline
cases, that each include L-stringers, skin panels and a joint between the two in the product definition.
A case where the stringers and skin panels are integrated into a single part is also included in the plot.

< ~T% o)
0.5% Baseline 1: MechanicaHoinfb
~U.0 7/
70000
aseline 2: Induction welding
li 20 ducti Idi
EGSOOO*
2 ~30%
© 60000 ~24%
i
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.Case: Part integration V
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Total mass [kg]

Figure 6.20: Effect of accounting for part integration in a product on the total cost and mass.

There is a considerable difference between both the total cost and mass of the case with part
integration and baseline 1 with mechanical joints. On the other hand, the difference between part
integration and induction welding is mostly limited to cost, as the induction welding process does
contribute to the total mass of the product. The slight difference between the total mass of these
cases can be attributed to the additional flange area of L-stringers in the induction welding case. With
part integration, blade stringers are directly integrated with the skin in the layup process.

Overall, the integrated part costs approximately 24% less than the induction welded case, and
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30% less compared to mechanical joints. The total mass for the integrated part is 0.5% and 7%
less compared to induction welding and mechanical joints respectively. Except for the small mass
difference between the integrated part and induction welded parts, the presented differences are not
small enough to neglect this production considerations in the design process. Without them, engineers
cannot be confident if their designs would meet the set requirements on these parameters.

Joints

The effect of joints on the product will be checked by analysing the contribution of joints to the available
parameters (total cost and mass). For this, design points with different types of joining methods will
be selected from the manufacturing model DOE, and the contribution of joints to the total cost and
mass will be analysed. This is shown in Table 6.5.

Note that each row represents one design point. The default joining method is induction welding,
unless stated otherwise for some joints in the first column. All design points have part material as
CFRP, have L-stringers, and always include mechanical rib-spar joints.

It can be observed that the contribution of joints to the total mass and joints increases as more
fastener based joints are used in the product. Their contribution to the total cost is especially high,
reaching almost 50% for the case with all fasteners. Whereas, their contribution to the total mass
varies between 0.44% to 8.41%, depending on how many joints use fasteners. The large contribution
of joints to the total cost indicates the importance of modelling them accurately, instead of relying on
approximate factors that estimate their contribution.

As for the contribution to the total mass, the table shows that, again, it is important to consider
the exact specification of the different joining methods. This is important to accurately calculate the
total mass of the product, as their contribution can vary a lot based on the selected joining method.
For example, a broad factor of 5 to 10% is suggested in [1] to account for joints. Though a lot of the
cases in Table 6.5 fall in this range, using such approximations can lead to overly conservative, or risky
assessments of the total mass.

Assembly sequence and compatibility
Lastly, the effect of compatibility and assembly sequence will be discussed qualitatively only, as no
related parameters of interest would be available if they are excluded from the design.

Not including assembly sequence would mean that no insights about the steps to manufacture the
product will be available. Feasibility of product assembly would also have to be analysed completely
manually, as shown by step 1c in Figure 2.2. Additionally, parameters related to assembly, such as
the production rate will not be available automatically in the design process. Similarly, not including
compatibility analysis would mean that the related engineering rules would have to be manually included
by the engineers to ensure validity of their designs (through the iterative steps 1b and 1cin Figure 2.2).

Overall, not automatically accounting for assembly sequence and compatibility can lead to bottle-
necks in the design process at the conceptual design stage, as these steps then have to be completed
manually in an iterative process. Thus, the number of options that can be explored get severely limited.



6. Industrial Use-Case: Conceptual Design of a Wingbox

78

'8 G8/T €CTIT S6°9% v£°0S05€ 9/°959%/ IV - Siauaised

209 &4 1890¢ 9T'SP | W4VA4S €6'85€¢/ upis-(qu-+19buls) - siauaised

92'9 66°CT 8¢°£0¢ 0S'bE 0£°£18S¢ Sb'/E8PL || ums-(19bulis+ieds) - siausised

65'S 0T'TT €/°86T 90'TH L9°TTE6T 00'86€TL upjs-(Jeds+qry) - siousised

SL€ 85/ 96°T0¢ e [8'6TSET 79'6€S2L upjs-1abuls - siausised

we ¥C'9 [8°€6T 90°6¢ £0°0800¢ 8/°66069 upjs-leds - sisuaiseq

v6'C 89'S TE°€6T GS 0P €8°4104C SC°17999 upjs-qry - sisua3sed

bb'0 £8°0 94"88T 799 61°C8LLT ¥6°10899 IV - bulpjam uononpug

[2%] ssew [6] ssew [6x] [%%] 1s00 [$]13s00 juiod ubisap
sjulof |ejol | syuiof  |ejol | ssew  |ejol | sjulof  [ejol | syulof  [ejol | [$]3s0d |ejol | pejddles ul poyjdw Buuior

*uwiNjod 3514 3y}

Ul SJUIof SWOS 10} SSIMIBLI0 Paiels ssajun ‘Buipjam uonanpul si poyiaw Bujuiof 3nejep ayl ‘papnppul sheme ale sjulof Jeds-qu |eajueydaw pue ‘siabulils-] aney ‘¥4 se
[eualew Med aaey syuiod ubisap ||y spoyaw buiuiof yuatayip yam suiod ubisap awos 1oy ‘suiof Jo uoingIIuod MOYS 0} SSew |e10} pue 3s0d |e30] Jo dnmyjealg :§'9 ajqel



6.3. Results and discussion 79

6.3.6. Addressing limitations of the state-of-the-art
This section will discuss how limitations identified for the state-of-the-art approaches in chapter 2 are
addressed by MIM. This is discussed per limitation below:

* Bottlenecks in the manual approach

The main problematic steps of the design workflow in Figure 2.2 are related to coming up with a
valid starting point for the design (steps 1a, 1b, 1c), and to manually account for joints and part
integration (steps 5a, 5b, 6). Both of these problems are addressed by MIM. A large set of valid
design points were generated from the manufacturing model DOE. The manual and iterative of
steps (1a, 1b, 1c) in the old workflow were removed with the use of compatibility analysis, and
the assembly model, that automatically take these considerations into account. Lastly, joints and
part integration were accounted for by updating the KBE tool’s capabilities.

¢ Accounting for production considerations only through associated cost [4—6]
This limitation has been overcome by successfully including parameters other than the manufac-
turing cost using MIM. Namely, these parameters are the mass, production rate, and require-
ments compliance.

¢ Non-generic solutions [7-10]

Successful integration of MIM has been shown with a variety of product primitives in the verifi-
cation and validation case, and the industrial use-case. Since MIM works with a KBE tool, there
is a direct link to CAD geometry, and the methodology is not limited to the definition of specific
products that are defined using just some parametric rules. Furthermore, the MIM database can
be easily extended to include more options for the manufacturing methods, materials, site, and
equipment. Lastly, MIM can be integrated with other ParaPy based KBE tools to work with entirely
different products by following the steps shown in Figure 4.1. However, it should be noted that
these steps have not been verified on a use-case.

¢ Methodology depends heavily on the use of some commercial software that don’t
support automation, or are unsuitable for conceptual design [10-12]
No commercial analysis tools have been used in this thesis. Mass is calculated using an in-house
tool at GKN Fokker Aerostructures (MPM), cost is calculated using an open source cost estimation
tool (CATMAC) which can be easily extended to include new manufacturing methods, and the
compatibility analysis and assembly model for production rate are ParaPy based tools that have
been developed by the author.

¢ Manufacturing and assembly are not considered in the same study [5, 9, 13, 14]
Aspects of both manufacturing and assembly have been considered in this thesis through the
manufacturing and assembly models respectively.






Conclusions and Recommendations

Considerations that decide producibility of a design form an important part of the design process, and
must be included in the early stages of design to ensure that these designs can be produced within
the set requirements. A methodology to capture these production considerations in a model, and to
automatically include them in the conceptual design process has been presented in this thesis. It
manages to automate the manual iterative steps in the state-of-the-art design process. The following
conclusions can be drawn from this work:

« The MIM provides a generic structure to capture and organise production related in-
formation in a product system

— It has been seen from the verification and validation case, and from the industrial use-case,
that the manufacturing model can be defined for a variety of product primitives, including
parts, joints and integrated parts, without making any changes to its generic structure. The
five information categories are able to capture all production related information regardless
of the type of primitive, while maintaining a link to the primitive’s design model.

— The manufacturing model is not limited by what selections can be made in each information
category, as any (new) material, manufacturing method, site or equipment can be included,
as long as a corresponding entry is also added in the MIM database for the same.

— The assembly model can also work with different types of product primitives. This is be-
cause the assembly model primarily depends on the manufacturing model, and the product
definition model to collect all relevant primitives as manufacturing operations for assembly
sequence planning.

» The manufacturing model allows for clear identification of manufactured primitives
in a product model
A manufacturing model is only defined for manufactured primitives in a product. Therefore, both
functional and manufactured primitives can co-exist in the same product without any confusion
about their respective roles.

+ The manufacturing model offers a single source for accessing production related in-
formation for each manufactured primitive
This information may be used for different purposes, such as for user reference to understand
how a primitive will be manufactured, or by an analysis tool. Having a single source for this re-
lated information ensures that the correct, and most updated information is being accessed. The
following software tools and models were successfully tested with MIM in this thesis: CATMAC
(cost), MPM (mass), compatibility analysis, RVF (requirements).

¢ The definition of a manufacturing model object can be highly automated, or com-
pletely manual, based on user requirements
The information categories can be filled through automated methods that derive information from
the design definition model, or they can be user defined. This ensures flexibility for different use-
cases. For example, automated methods may be preferred in a DOE or optimisation study, but
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manual entries may be preferred when trying to implement a new concept for the first time, or
for a single point design.

¢ The station and operation graphs from the assembly model together provide infor-

mation about the steps involved in the complete production of a product in a concise
format

These graphs also have information about what subassemblies exist at different stages of the
assembly process through the node attributes in these graphs.

¢ The use of operation sets offer a good balance between the automated definition of

operation relations, and user control over the assembly sequence
The definition of an operation set is independent of the product topology (although, it is specific
to a given product model / KBE tool). Therefore, there is no need to redefine them when the
product’s design definition model is changed, for example, when changing the quantity of a
primitive, their location, or removing them altogether from the model etc.

¢ The MIM allows for identification of trends, and to rank different manufacturing con-

cepts based on the imposed requirements, which helps in making decisions

— Results from the DOE provided data in a format that allowed quick comparisons, and iden-
tification of trends.

— This allowed for the identification of some designs were unapparent, or better (when com-
pared to a baseline). This shows the methodology’s potential to find anomalies in the design
space, and to allow a further investigation of such designs by users.

— It is important to look at such unusual design points, as they might be a better fit in some
cases. For example, by knowing that the mass penalty of using metal ribs is not that high,
engineers can decide to include them in the product, if the overall requirement on the total
mass is still satisfied. This is because there can be some advantages associated with parts
made from metals, over composite materials. For instance, metal parts usually require less
specialised equipment and processes, and therefore may be easier to outsource to external
companies.

* The methodology shows the importance of including production considerations on
gauging product viability
A large quantitative effect of joints and part integration could be seen on the total cost and mass,
whereas, assembly sequence planning and compatibility analysis offer a reduction of manual
iterative steps in the design process. Without accounting for these production considerations to
a high level of detail, engineers cannot rely on the estimated parameters of interest for making
decisions. Accounting for these considerations with high level factors, such as a percentage of the
total cost/mass, does not offer the level of detail required to make decisions confidently because
of the large uncertainty associated with these values.

Several areas for improvement of the capabilities developed in this thesis can be identified. These are
listed below as recommendations for future work:

« Improve readability of the assembly operation graph
The operation graph for the overall assembly process is difficult to interpret because of its large
size, and the presence of a lot of relations. A possible way to improve its readability is by using
specialised graph visualisation software, such as Gephi', that offer a variety of features to ease
visualisation of large, complex graphs.

« Account for the effect of assembly sequence on other parameters in the product model

— The assembly model rightly calculates high production rates when operations are executed
in parallel, but the effect of such parallel execution of operations is not accounted for at
other places in the product system. For example, with more parallel operations, the fixed
cost associated with equipment, and factory floor area would also increase, but the cost tool
considered in this thesis can only account for the recurring cost.

Ihttps://gephi.org/ (accessed 22 August 2022)
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— Additionally, how many operations can be executed in parallel also depends on the num-
ber of available workers in the company. Currently, the total number of required workers
is not calculated from the assembly sequence, and therefore this also cannot be verified.
However, all the information to perform such a calculation is available in the assembly and
manufacturing models, and therefore can be implemented in the future.

¢ Fully automate the identification of feasible assembly sequences

— Currently, limited checks that ensure assembly sequence feasibility are implemented, and
therefore some user intervention is required as a last step to verify feasibility of the generated
assembly sequence. A possible solution for this can be through user-configurable KBE rules,
that become a part of the assembly model input configuration. These rules would essentially
provide information to perform additional checks on the assembly sequence. They would
have to be user-configurable, as they would depend on the product system in consideration.
For example, one such criteria that was discussed in the industrial use-case was the inability
to remove induction weld tooling if the wing “box"” is closed. Therefore, these configurable
rules should allow for the definition of a rule that checks for this condition if induction welded
joints are used, but the condition is ignored with other joining methods, such as mechanical
fasteners.

— Additionally, it can be beneficial to include the infeasible design identified by these config-
urable rules in the final results, as it is possible that engineers might come up with new
ways to make the infeasible assembly sequences “feasible”, with some new techniques or
technologies. This can be useful, for example, if an assembly sequence is infeasible, but
has a very desirable production rate.

« Study the applicability of the methodology to more complex products

Currently, the methodology has only been applied to a single use-case. Its application to different
products, possibly with more primitives, and a wider range of design variables, will be helpful in
analysing its applicability to such cases. Even though the new methodology automates a lot
of aspects of the state-of-the-art design workflow, there are still some things that have to be
manually set up or configured by the user. By applying it to more complex cases, its ability to
handle such cases can be analysed, which will also possibly lead to identification of more areas
for improvement.

¢ Use MIM in MDAO workflows

Currently, the MIM has only been implemented in a sequential design process, where choices for
different disciplines, such as design, manufacturing and assembly are fixed at different steps in
the process, before moving on to the next. This has the limitation of possibly missing out on good
designs because of the choices made at the previous steps. A solution to overcome this is to use
MIM in MDAO workflows, where different disciplines in the system are considered together to
optimise the whole system. However, this might require development of some new techniques to
account for major changes in the optimisation problem due to choices made in MIM. For example,
part integration can lead to an entirely different set of primitives in the product.

« Improve capabilities of CATMAC

— A limitation of this cost analysis tool is that it does not allow for dynamic definition of man-
ufacturing environments as a part of its input. A manufacturing environment in CATMAC is
equivalent to a manufacturing site in the manufacturing model. With its current capabilities,
the same manufacturing environment is applied to all primitives in a product, and it can-
not be passed as an input for the cost tool dynamically for each primitive in the product.
Therefore, manufacturing / assembly at different locations cannot be accounted for.

— Additionally, the batch size is defined in the manufacturing environment of CATMAC. There-
fore, it is also not possible to consider different batch sizes for different primitives. In this
thesis, the batch size was set to a constant value of 1 for all manufactured primitives. After
dynamic definition of either the manufacturing environment or batch size is allowed, further
work would be required to properly include its effect in the assembly model.

— Non-recurring cost should be included. The manufacturing model DOE results indicate that
designs with integrated skin stringers made using the TAPAS-layup method, or designs with
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induction welded joints are the best in terms of both cost and mass. But in reality these
manufacturing methods require a lot of specialised tooling compared to the hand-layup
method or mechanical joints. The cost of this tooling has been neglected in the current
analysis, as CATMAC can only considers the recurring cost.

¢ Use RVF to setup design workflows from the requirements
MIM was successfully integrated with RVF in this thesis for the verification of requirements, that
also included test cases from the included production considerations. But the full capabilities RVF
were not exploited, as it can also be used to create optimisation and DOE workflows automatically
from the imposed requirements. Therefore, this is recommended as future work.

* Improve compatibility analysis
Only a few compatibility categories and criteria were implemented within the scope of this the-
sis as a proof of concept, but many more can be possibly included in the future. The current
implementation of this analysis has all the necessary base classes for such an extension.



Glossary

Note: All definitions without a reference are formulated by the author.

1.

10.

11.

Production consideration
A factor from the perspective of production that has an influence on the system design.

Model-Based Systems Engineering (MBSE)
...the formalized application of modeling to support system requirements, design, analysis, verifi-
cation and validation activities beginning in the conceptual design phase and continuing through-
out development and later life cycle phases [18].

. Product primitive

A parametric building block to define the product [26].

Functional primitive
A constituent of a product, identified based on its specific functions in the product.

. Manufactured primitive

A constituent of a product, identified based on what object is manufactured.

. Manufacturing model

A disciplinary view of a manufactured primitive in a product that complements its design specifi-
cation to capture production related aspects of the primitive.

. Design definition model

A product model with primitives arranged per a defined topology. It defines what primitives are
present in the product, and their specifications (e.g. dimensions, location, quantity, type etc.

. Equipment set

A set of equipment required for the completion of all steps of a manufacturing method.

. Material family

A set of materials grouped together for convenient reference.

Operation
Execution of manufacturing process(es) that result in the materialisation of a manufactured prim-
itive.

Assembly station

A physical location where a set of manufacturing operations take place, whose result (part/sub-
assemblies) is either passed on to another assembly station, or is the final product itself.
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12. Operation graph
A directed acyclic graph with nodes as manufacturing operations and their results, and edges
representing the sequence order from one operation to the next.

13. Station graph
A directed acyclic graph with nodes as assembly stations, and edges representing the flow of
subassemblies from one station to the next.

14. Operation set

A set of operations with defined interrelations (edges), with an overall input and output node.



ArchiMate Modelling Language
Reference

A legend describing the ArchiMate modelling language' notation used in this report is shown in Fig-
ure B.1

ArchiMate Legend

= (@)

Manual / semi- Automaticstep | 20— =———=————-— ¥ sequential step
automatic step

serves———> dependency
Tool

associated with .
association

Note =

associated to / from

Figure B.1: Legend describing the ArchiMate modelling language notation used in this report.

lhttps://pubs.opengroup.org/architecture/archimate3-doc/toc.html (accessed 24 September 2022)
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Examples of User Inputs and Data
Specifications in MIM

C.1. User input to define manufacturing model for a manufac-
tured primitive

manufacturing_model_input = {
"uid": "mfg_model_spec_example",

"info_category_order": ["mfg_method",
"material",
"equipment_set",
"mfg_site"

1,

"mfg_method": {"info_source": "from_mfg_model_spec",
"library_uid": "mfg_method",
"uid": "hand_layup",

3,
"material": {"info_source": "from_definition_model"
1},
"mfg_site": {"info_source": "from_mfg model_spec",
"library_uid": "mfg_site",
"uid": "NL1_PPD",
1,
"equipment_set": {"info_source": "from_mfg_model_spec",
"library_uid": "equipment",
"uid": "hand_layup_equip_set_1",
},
"manufacturing_time": {"method": "from_catmac"
}
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C.2. MIM database file content examples
C.2.1. Material data file

{

"material_mappings": {

"disciplines": {
"open_source_cost": [
{
"cost_model _material": "AL_2024",
"material_uid_list": ["2024_T42", "2024_T46"]

},
{
"cost_model_material": "AL_7075",
"material_uid_list": ["7075_T7351", "7075_T73"]
}
]
},
"material_families": [
{
"material_family_uid": "aluminium_7000_series",

"material_selection": [{"library_uid": "metals", "uid_list": ["7075_T6",
"7075_T65"]1}]

},
{
"material_family_uid": "carbon_pps",
"material_selection": [{"library_uid": "carbon_pps", "uid_list": ["CPPS_1",
"CPPS_2"]1}]
}
]
},
"material_material_compatibility": [
{
"criteria_uid": "galvanic_corrosion",

"criteria_config": {
"method": "by_mfg _method_uid",
"method_config": {"mfg_method_uid": "mechanical_joint"},

"interface_types": ["part_joint_interface"]
},
"compatibility_type": "incompatible",
"valid_material_pairs": [
{
"group_1_materials": [
{

"method": "by_material_family_uid",
"uid_list": ["aluminium_2000_series", "aluminium_7000_series"]

}
1,
"group_2_materials": [
{
"method": "by_material_family_uid",
"uid_list": ["carbon_pekk", "carbon_pps"]
}



C.2. MIM database file content examples

C.2.2. Manufacturing method data entry

{
"uid": "machining",
Iltypell . llpart n s
"method_specifications": {
"cutter_radius": [6, 8],
"tightest_tolerance": le-2
s

"valid_material": [

{"method": "by_library_uid", "uid_list": ["metals"]}

1,
"mappings": {
"open_source_cost": "Machining",
"project_based_cost": {
"name": "Machining",
"process_code": "M"
X
}
1,

C.2.3. Equipment set data file

{
"equipment": [
{
"uid": "milling_centre_1",
"equipment_specifications": {
"allowable_part_dimensions": {
"length": {"min": 0, "max": 8000},
"width": {"min": 0, "max": 6000},
"height": {"min": O, "max": 1000}
},
"number_of_workers": 1,
"supported_dof": "5",
"tightest_tolerance": le-3,
"valid_cutter_radius": [4, 6, 8, 10, 12],
"valid_material": [
{"method": "by_library_uid", "uid_list":
]
1},
"scrap_rate": 0.01,
"operating_cost_per_hour": 100,
"worker_cost_per_hour": 30
}
1,

"equipment_sets": [

["metals"]}
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{
"uid": "milled_machining_part_equip_set_1",
"mfg_method": {"library_uid": "mfg_method", "mfg method_uid": "machining"},
"equipment_uids": [
"milling_centre_1",
"deburring_tool_manual_edge_1"
]
}

]
}

C.2.4. Manufacturing site data entry

{

"uid": "NL2_HGV",

"location": "Hoogeveen",

"equipment_config": [{"library_uid": "equipment", "equipment_list": []}],
"equipment_set_config": [

{
"library_uid": "equipment",
"equipment_set_list": [
{"uid": "hand_layup_equipment_set_1", "quantity": 2},
{"uid": "hi_lite_joint_manual_equipment_set_1", "quantity": 2},
{"uid": "hi_lite_joint_automated_equipment_set_1", "quantity": 2},
{"uid": "tapas_layup_equip_set_1", "quantity": 1}
]
}
1,
"worker_cost_per_hour": 30,
"mappings": {
"open_source_cost": "Netherlands_HLU_Batchl"
}

3

C.3. User input for operation set definition

operation_set_1 = {
"uid": "operation_set_1",

"operation_selection": [
{"type" . "joint" ,

"primitive_name": "rib_skin_joints",
"config": {"method": "all"}
}
1,
"operation_relations": {"method": "by_parallel_Sequences",
"config": {"number_of_sequences": 3,
"sequence_order": "root_to_tip"
}
1},

"input_node_uid": "operation_set_1_input",



C.4. User input for assembly station definition
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"output_node_uid": "operation_set_1_output"

C.4. User input for assembly station definition

station_rib_installation = {
"uid": "station_rib_installation",

"operation_assignment": [
{"method": "by_operation_set_uid_list",
"uid_list": ["operation_set_1"]

1,

{"method": "by_operation_uid",
"config_list": [

{"uid": "operation_rib_skin_joint_21",
"input_node_uid": "output_oper_set_stringers_installation_uid",
"output_node_uid": "product_end_uid"
},
]
},

1,

"number_of_stations": 1,







Baseline Concept Data for the
Industrial Use-Case

Table D.1: Parameters of interest for the baseline concept finalised at GKN Fokker Aerostructures.

Parameter Value
Total cost $75008
Total mass 208.48 kg @

@ Only the total mass of parts was available for the baseline concept,
which is equal to 187.63 kg. The total wingbox mass was estimated
by considering that the joints account for 10% [1] of the total wing

mass.

Table D.2: Requirements imposed on the baseline concept finalised at GKN Fokker Aerostructures.

Parameter Requirement text
Total cost The wingbox shall have a total cost of less than $76000

Total mass  The wingbox shall have a total mass of less than 215 kg
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Table D.3: Manufacturing details of product primitives in the baseline concept finalised at GKN Fokker

Aerostructures.
Primitive Manufacturing method Material
Skin panels Hand layup CFRP @
Stringers Hand layup CFRP
Ribs Press forming CFRP
Spars Hand layup CFRP
Stringer-skin joints  Mechanical joint CRESP /Ti¢
Rib-skin joints Mechanical joint CRES / Ti
Spar-skin joints Mechanical joint CRES / Ti
Rib-spar joints Mechanical joint CRES / Ti

a8 CFRP: carbon-fibre-reinforced polymer
b CRES: corrosion-resistant steel
¢ Ti: Titanium

Table D.4: Reference material thickness values for part primitives for the baseline concept at GKN Fokker
Aerostructures. Note that the average thickness is shown due to the presence of material zones of varying
thicknesses on each part.

Primitive Material Average thickness [mm]
Skin panels CFRP @ 3.35
Stringers CFRP 2.48
Ribs CFRP 2.48
Ribs Aluminium 7075 1.50
Spars CFRP 1.84
Spars Aluminium 7075 2.10

@ CFRP: carbon-fibre-reinforced polymer
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