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Abstract
Purpose - In today’s globalized marketplace, businesses of all kinds experience a
constant change in customer needs and demands. For a company to stay competitive,
it is essential to have flexible production systems, which allow for rapid production
changes and ensure that new products are effectively and quickly introduced into the
factory. Before a new product, or a change in product specifications, is introduced
into the production system, two main areas must be carefully evaluated, i.e., the
identification of the critical features of the product and the identification of suit-
able machines to perform the required machining operations. The main aim of the
project is the development of a model based on the evaluation of those two areas for
identifying the critical parameters that have a direct effect on resource allocation at
GKN Aerospace.
Methodology - A triangulation of methods was used. A literature review was con-
ducted to get an overview of the research area. Quantitative and qualitative data
were retrieved from GKN Aerospace and analyzed to comprehensively investigate
the area of study.
Findings - The products and machines of interest were assessed for identifying the
critical parameters that have a direct impact on resource allocation. These results
were then used to analyze the associations between product features and machine
capabilities to develop a model that can help in implementing effective resource al-
location strategies at GKN Aerospace. Specifically, two products and about forty
machines were used to test the model. Recommendations were also provided on how
to improve and make the implementation of the association model more effective and
responsive.
Limitations - The research was limited to only the machines capable of performing
certain cutting operations (turning, milling and drilling) and to only three products.
The project does not include any software development to automate the association
procedure between product features and machine capabilities. Moreover, due to the
inaccuracy of some data (which in some cases were generalized for the purpose of
running the model), the results of the association matrices may not be accurate.
Furthermore, due to time constraints and lack of data, the model could only be
tested for two of the three products studied.

Keywords: resource allocation, production system, product features, machine ca-
pabilities, aerospace, standardization, geometry assurance, statistical quality con-
trol, sustainability.
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1
Introduction

In the following chapter, the background of this project and the project itself are
described. The project's research questions, purpose, objectives and delimitation are
also included.

1.1 Background

In today's globalized marketplace, businesses of all kinds experience a constant
change in customer needs and demands. For a company to stay competitive, it is es-
sential to have �exible production systems, which allow for rapid production changes
and ensure that new products are e�ectively and quickly introduced into the factory
(AlGeddawy & ElMaraghy, 2010). Before a new product, or a change in product
speci�cations, is introduced into the production system, two main areas must be
carefully evaluated, i.e., the identi�cation of the critical features of the product and
the identi�cation of the machines suitable for performing the machining operations
required for that product (Fotedar et al., 2019). Nonetheless, a separate study of
these two areas is not su�cient to guarantee a satisfactory result of the production
system. The two areas need to be analyzed in relation to each other (AlGeddawy
& ElMaraghy, 2010). Based on the assessment of the relationship between product
features and machine capabilities, e�cient production plans can be identi�ed, suit-
able for e�ectively managing changes in production.

In general, the aerospace industry presents a large variety of products, but with
low production volumes (Fotedar et al., 2019). This has forced production systems
to make use of existing resources more systematically, so that their allocation en-
sures to meet the future demand and new requirements (Fotedar et al., 2019). The
introduction of a new product is closely related to the production system and its
capability to withstand changes and to the ability to e�ectively allocate resources
(Fotedar et al., 2020).

1.2 GKN Aerospace

GKN Aerospace Engine Systems in Trollhättan (Sweden) is part of GKN Aerospace,
a leading global supplier of aircraft components such as jet engines, aircraft struc-
tures, cabin windows, cabling, and other speci�c products. The company has a
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presence in 41 manufacturing locations in 13 countries around the world (GKN
Aerospace 1, 2021). In Trollhättan, GKN Aerospace develops and manufactures
aircraft engines, advanced components for the turbine and compressor sections of
the engine and space rockets (GKN Aerospace 2, 2021).

1.2.1 Resource allocation at GKN Aerospace

Tactical resource allocation is a comprehensive approach aimed at identifying which
production processes need to be developed over the medium- to long-term plan-
ning horizon. GKN Aerospace encounters di�culties in allocating manufacturing
resources in a balanced and e�ective way due to the following reasons (Fotedar et
al., 2019):

ˆ The organization of their work environment in functional oriented shops, which
are notoriously �xed and in�exible con�gurations.

ˆ High-quality standards to comply with, mainly requested by GKN Aerospace's
customers. Even slight deviations from the tolerance range result in immediate
production stops and rework.

ˆ Shared resources among multiple products/parts.
ˆ Complex and time-consuming process planning when it comes to introducing

new products into the factory.
ˆ Low volumes, many product variants and uncertain demand.

The result is a high-capacity load on the most capable machines (preferred as they
minimize the total time that products require to be machined) and a very low-
capacity load on less capable resources (Fotedar et al., 2019). This generates pro-
found imbalances between machines, long queues, increased lead times and conse-
quently high costs (Fotedar et al., 2019).

GKN Aerospace, as the whole aerospace industry, manufactures an enormous amount
of product variants, with di�erent design and mechanical speci�cations. Further-
more, the company has a large number of resources to select from. As a result, when
it is necessary to introduce new products into their production system, selecting the
right resources is an intricate operation (Fotedar et al., 2019). Hence, it is crucial
to understand how product features and machine capabilities relate to each other
and how this relationship can be used to e�ectively allocate resources. Furthermore,
since frequent changes in production are common, an approach to e�ectively address
this need should also be implemented (AlGeddawy & ElMaraghy, 2010).

1.2.2 Sustainability at GKN Aerospace

At GKN Aerospace, sustainability is a core commitment (GKN Aerospace 3, 2021).
They de�ne their approach to sustainability as �doing the right thing � by our peo-
ple, as a business, and in our world. This means acting in a safe, ethical manner
in everything we do� (p. 1). The social dimension of sustainability is met by de-
veloping policies for inclusion in the workplace. GKN Aerospace promotes a safe
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environment, respecting the rights and diversities of the workforce (GKN Aerospace
3, 2021). Regarding the economic dimension of sustainability, GKN Aerospace aims
to create constant development for each stakeholder involved, from the workforce
to suppliers and all business partners (GKN Aerospace 3, 2021). The purpose is
to �win in business but do so fairly� (p. 1). From the environmental perspective
of sustainability, GKN Aerospace aims to reduce the impact of the manufacturing
processes, by optimizing the design of the products and reducing their weight (con-
sequently reducing fuel consumption) (GKN Aerospace 3, 2021).

1.3 Research questions (RQs)

For a comprehensive understanding of the research area, three research questions
(RQs) were addressed.

RQ1 - What are the factors that control the assignment of a product to a machine?
How is it determined that a machine is technically capable of performing a certain
operation?

RQ2 - How should the most appropriate machines (with respect to optimized re-
source allocation) be selected to perform a certain operation on a given product?

RQ3 - What additional technical information needs to be evaluated to carry out the
allocations?

1.4 Purpose

The primary purpose of the project is to examine both the given products and ma-
chines for identifying the critical parameters that have a direct e�ect on resource
allocation. Resource allocation means developing structured and strategic plans to
optimize the use of available resources (machines, workforce, etc.) to achieve bal-
anced load levels in the factory (Fotedar et al., in press). After identifying the criti-
cal characteristics of both products and machines, the study proceeds analyzing the
relationship between these two dimensions to develop e�ective resource allocation
strategies. The main result includes matrices that represent the association between
product features and machine capabilities that are speci�c to each operation. This
result will assist GKN Aerospace to immediately compare both dimensions (product
features and machine capabilities) and facilitate resource allocation decisions. Cut-
ting operations represent the main contributor to GKN Aerospace's lead time, and,
for this reason, they are the machining operations of main interest for this project
(Fotedar et al., 2020).

With this framework, identifying the best resource allocation when it comes to
changes or introduction of new products in production becomes straight and im-
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mediate. By adding additional factors (relating to quality, tolerances, time, costs,
etc.) to the model, the assessment of resource allocation is further enriched with
additional levels of detail.

1.5 Objectives

Two di�erent objectives were framed, i.e., business and project objectives. The busi-
ness objective aims to describe the middle- and long-term results that the project
intends to deliver and often corresponds to the desired expectations of the company.
It was identi�ed by analyzing the stakeholders involved and their expectations for the
project. The project objective aims to describe short-term results that the project
intends to create and deliver.

1.5.1 Business objective

Facilitate GKN Aerospace's production system to be more �exible through e�ective
resource allocation, in order to promptly and e�ectively handle changes in produc-
tion, e.g., the introduction of new products into the factory.

1.5.2 Project objective

Deliver GKN Aerospace a method that can be used for establishing the relationship
between product features and machine capabilities for a given set of machining op-
erations.

1.6 Delimitations

The boundaries of this project are twofold, concerning both machines and products.
On the machine's side, although for a complete and reliable picture it would be
necessary to evaluate all the machines available in the factory, this could not be
pursued due to time constraints. Hence, only machines capable of performing a
few cutting operations, namely turning, milling and drilling, were evaluated. Ma-
chining processes other than cutting operations, e.g., welding, heat treatment, etc.,
are excluded. On the product's side, a similar limitation was placed, i.e., only three
products that GKN Aerospace currently manufactures were evaluated to identify the
product features on which to base the study. Furthermore, due to the unavailability
of data, the functioning of the approach was tested only on two out of three products.

Other limitations concerned some technical aspects. The project does not include
any mathematical optimization model or algorithm for the tactical allocation of
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machines to speci�c products. Only the study's approach and its operating mecha-
nism are presented. No software was developed to automate the functioning of the
approach. No plan to standardize the process used to carry out the approach was
developed.

1.7 Thesis outline

An outline of the thesis is provided to guide the reader through this report. After
the �Introduction� chapter, where the background of the study is described, the
literature study is presented. The report continues with a brief description of the
basic functioning of the jet engine, to facilitate the reader understanding of sub-
sequent results. Thereafter, an explanation of the methods used is provided. The
last part of the report concerns the results and their discussion, followed by a short
conclusion, which summarizes the most relevant parts of the study.
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Literature review

This chapter presents the literature study, aimed at expanding the background knowl-
edge on the research area

2.1 Production systems

Suh et al. (1998) de�ne a production system as �the arrangement and operation of el-
ements (machines, tools, material, people and information) to produce a value-added
physical, informational or service product whose success and cost is characterized
by the measurable parameters of the system design� (p. 628). Production systems
are structured con�gurations that deliver products or services, complying with de-
�ned standards and within certain limits (Najid et al., 2020). In the manufacturing
environment, production systems are a set of resources (humans, machines, tools,
materials, information, etc.) deputy to transform raw materials into �nal products
(Najid et al., 2020).

2.1.1 Changes in production

Nowadays, there is a rapid change in customer requirements and market demand.
The products' life cycle is getting shorter. As a consequence, to counter this trend,
the life span of production systems is required to last longer, in order to use the
same production system for many product generations (AlGeddawy & ElMaraghy,
2010). Therefore, in order to accommodate fast changes in production, production
systems and their capabilities are required to be more �exible and adaptable (El-
Maraghy et al., 2005). The adaptability of production systems should be maximized
to make sure that the existing capabilities can be fully utilized by satisfying the re-
quirements for new products, before implementing new resources into the production
system (AlGeddawy & ElMaraghy, 2010). Product designers are also under pressure
to maximize the usage of existing machines before new capabilities are introduced
into the production system (AlGeddawy & ElMaraghy, 2010). During the last few
decades, the manufacturing sector is experiencing a rapid introduction of new mate-
rials and technologies (ElMaraghy et al., 2012). As a consequence, as ElMaraghy et
al. (2012) state, �there is a clear need for innovative product design and manufactur-
ing approaches to ensure competitiveness, responsiveness, and sustainability� (p. 2).
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There are two basic ways to handle product variations and changes in production:
physical and logical change management (AlGeddawy & ElMaraghy, 2010). Phys-
ical adaptation concerns the physical relocation, resetting, recon�guration, addi-
tion/removal or replacement of manufacturing resources within the production sys-
tem (AlGeddawy & ElMaraghy, 2010; ElMaraghy et al., 2005). This leads to high
environmental and economic impact and increases the production system's complex-
ity (ElMaraghy et al., 2005). Logical adaptation, on the other hand, helps to handle
product changes by recon�guring, rerouting, rescheduling, replanning, reprogram-
ming and classifying products into product categories (or product families) within
which they share the same technical features (ElMaraghy, 2005; AlGeddawy & El-
Maraghy, 2010). Logical change management, therefore, does not involve physical
changes within the production system, thus avoiding the negative consequences that
characterize physical adaptation. However, both physical and logical change man-
agement adapt production systems from a unilateral perspective, i.e., the product
(AlGeddawy & ElMaraghy, 2010). Hence, to obtain e�ective adaptation, a bilateral
perspective needs to be implemented. Therefore, not only product features must be
evaluated, but they need to be combined with the analysis of manufacturing resource
capabilities (AlGeddawy & ElMaraghy, 2010). This will be further investigated in
Section 2.3.

2.1.2 Production system evolution

To stay competitive in today's unpredictable and rapidly changing market, compa-
nies need to adapt their production systems to react to this volatility (Najid et al.,
2020). This has always been the case since the �rst industrial revolution started
in the 18th century, when the switch from craft to mass production took place.
Retracing history, production systems have continued to change, right up to mass
customization, ending with personalized production (Najid et al., 2020). Figure 2.1
shows this evolution by assessing two parameters, the ones that are more a�ected
by the shifts between production systems, i.e., product variety (on the x-axis) and
product volume per product variant (on the y-axis) (Najid et al., 2020).
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Figure 2.1: The evolution of production systems (Najid et al., 2020)

2.1.3 Production system complexity

The production system's complexity is one of the causes of its ine�ectiveness to
manage changes (Kim, 1999). A production system may manufacture hundreds of
products, made of several part types, and may consist of equally numerous machines,
which might fail when it is least expected (Kim, 1999). Due to the requirements for
new production systems to be �exible and adaptable to e�ectively handle changes
in production, they are required to process a larger amount of information than be-
fore, thus signi�cantly increasing their structural and operational complexity (Kuz-
gunkaya & ElMaraghy, 2006). Kuzgunkaya and ElMaraghy (2006) propose a metric
to classify the complexity of production systems. The model aims at selecting the
production system categorized as less complex, but which still strictly comply with
the requirements. As the number of machines and the products to be manufactured
increases, the complexity of such manufacturing systems increases accordingly (Kuz-
gunkaya & ElMaraghy, 2006). The complexity is mainly due to the high number of
allocation options, determined by several associations between machines and product
features. This huge number of associations leads to a large amount of information
to analyze, hence increasing exponentially the system's complexity (Kuzgunkaya &
ElMaraghy, 2006). Complex production systems allow handling and processing of
large and varied amounts of information compared to limited and �xed production
systems (ElMaraghy et al., 2005). However, if on one hand complex production
systems help to quickly and e�ectively predict their behaviour when unexpected
changes occur or new products are introduced in production, on the other hand,
this whole complex amount of information is di�cult to interpret (ElMaraghy et
al., 2005). Therefore, to make a production system work, complexity must be mea-
sured, categorized and treated with approaches aimed at managing it (Kim, 1999).
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In this regard, ElMaraghy et al. (2005) suggest the use of a mathematical model to
synthesize this information and ensure smoother management of complexity.

ElMaraghy et al. (2005) state that manufacturing complexity is made of three
elements that need to be analyzed:

ˆ The product complexity takes into consideration the product features.
ˆ The process complexity focuses on the manufacturing operations.
ˆ The operational complexity analyzes the combination of the product and man-

ufacturing process.

The analysis of these three elements allows for obtaining a comprehensive under-
standing of the production system's complexity. However, it's important to notice
that, although complex manufacturing systems allow adaptability and �exibility,
they are expensive solutions (ElMaraghy et al., 2005). The impact of complexity on
costs should not be underestimated when implementing, running, and maintaining
such production systems (ElMaraghy et al., 2005).

2.1.4 Flexibility and recon�gurability in production

Recon�gurable Manufacturing System (RMS) and Flexible Manufacturing System
(FMS) are solutions to quickly respond to changes in production and make the
production system �exible and adaptable (ElMaraghy, 2005). ElMaraghy (2005)
compares the two systems, highlighting their di�erent approaches to �exibility.

2.1.4.1 Recon�gurable Manufacturing System (RMS)

Kuzgunkaya and ElMaraghy (2006) suggest implementing RMS to meet the contin-
uously changing requirements of new production systems. The main aspect of the
RMS would be to reduce the lead time when introducing new products, and also
increase the recon�guration speed of the existing system (ElMaraghy, 2005). RMS
automatically adapts to the production environment by redesigning its hardware
and software capabilities according to the changing requirements (Kuzgunkaya &
ElMaraghy, 2006). These systems use concepts such as modularity and scalabil-
ity to achieve a satisfactory degree of �exibility in the production system (Koren,
2020). RMS allows customizable and variable �exibility for unknown production
variations in a signi�cantly shorter time frame than FMS, without keeping the pro-
duction system's capacity and capabilities �xed (ElMaraghy, 2005). It represents
a cost-e�ective means to forecast and meet future demand in the current volatile
global market (Koren, 2020). Recon�guration alternatives are limitless, therefore
a model that ensures the selection of the least complex and expensive solution is
needed (Kuzgunkaya & ElMaraghy, 2006). This is also the reason why a mathemat-
ical model to synthesize this information is recommended (ElMaraghy et al., 2005).
The key characteristics for a RMS are summarized in Table 2.1 (Mehrabi et al.,
2000).
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Table 2.1: RMS's key characteristics (Mehrabi et al., 2000)

Key characteristic Detail
Modularity The production system and its components are designed

to be modular.
Integrability The production system and its components are designed

to be easily integrated when changes in technology oc-
cur.

Convertibility The production system and its components are designed
to be easily adapted when changes in production occur.

Diagnosability The production system and its components are designed
to be reactive to quality problems that may occur.

Customization The production system and its components are designed
to be �exible in meeting di�erent customer's require-
ments.

2.1.4.2 Flexible Manufacturing System (FMS)

One of the reasons for the inception of the FMS was due to the demand for small
lot sizes of several products (AlGeddawy & ElMaraghy, 2010). The main di�erence
with RMS is the type of �exibility that can be achieved. First of all, FMS does not
allow a customizable �exibility. Therefore, the achievable �exibility is somehow gen-
eral, not speci�cally designed for the given production system. Secondly, FMS does
not allow �exibility for unknown products. Only well-known products can bene�t
from this type of �exibility (ElMaraghy, 2005). The cost is another major di�erence
between the two systems. In order to be able to handle the production of a variety
of products at the same time, FMS requires a high capital investment. (ElMaraghy,
2005).

2.1.5 Measuring �exibility

Without a doubt, in today's evolving manufacturing environment, �exibility is an
essential requirement. However, �exibility is an elusive concept, di�cult to pre-
cisely de�ne and categorize (Fotsoh et al., 2020). Rogalski and Wicaksono (2012)
demonstrate that there are no methods in place to categorize and estimate �exibil-
ity in production systems. As a consequence, it is not easy to understand whether
a production system lacks �exibility or not and assess the required degree of �ex-
ibility that a production system should have (Rogalski & Wicaksono, 2012). The
ecoFLEX methodology allows for a global evaluation of �exibility, by evaluating the
production system on multiple levels and di�erentiating between di�erent industrial
sectors. The ecoFLEX method can be used through software, which helps identify
the current weaknesses related to the �exibility of the production system, categorize
and then reduce them (Rogalski & Wicaksono, 2012).
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2.2 Key Characteristics (KCs)

Identifying and keeping track of all product and machine characteristics is an unre-
alizable e�ort (Dantan et al., 2008). From the product side, controlling thousands
of features is not materially feasible; for the machines, it is a useless e�ort trying
to control all the processes. Only the product features and machine capabilities
that directly a�ect the overall results to a greater extent, whose variation generates
signi�cant problems (decreased quality, performance, safety and increased costs),
must be taken into consideration. These critical characteristics are de�ned as Key
Characteristics (KCs) and are presented for both the products and machines in the
next section (Dantan et al., 2008).

Nowadays, the adoption of new production processes and technologies has expo-
nentially expanded the manufacturing approaches of the aerospace industry. As a
consequence, a standardized and methodical procedure, aimed at evaluating each
possible manufacturing approach (and the resulting variations), must be put in
place. Basing the evaluation of the outcome of each of these approaches on KCs is
an e�ective way to make this process systematic and reliable (Madrid et al., 2016).

2.2.1 Key Product Features (KPFs)

In today's highly competitive market, the three main pillars that companies are
demanded to base their production on are low costs, high quality and short lead
times. To pursue this, Key Product Features (KPFs) need to be identi�ed and
selected (Tang et al., 2014). KPFs represent a set of product/part characteristics
whose variation leads to severe consequences on the product's function, quality and
cost (Dantan et al., 2008). Features can have di�erent meanings in di�erent con-
texts. In the design context, feature can be e.g., a notch section; in manufacturing,
it can be e.g., a hole or plane; during the inspection, it can be e.g., a reference point
for inspection (Peng et al., 2017). Tang et al. (2014) argue that the process of
identifying KPFs is much more di�cult for complex sectors, such as aerospace, due
to the usual product complexity and large varieties. The identi�cation and selection
of KPFs ensure high-quality standards for the �nal product (making it possible to
carefully analyze quality indexes, e.g., tolerances, geometry, failure rates, etc.) and
allow an optimized use of the manufacturing resources (Tang et al., 2014). In order
to make the identi�cation of KPFs reliable, Tang et al. (2014) propose a top-down
approach to decompose them. This model presupposes that KPFs have di�erent
importance; indeed, they can be divided into levels according to their impact on
the �nal result. Top-level KPFs are the top of the hierarchical three of KPFs and
concern essential features, such as customer requirements and manufacturing re-
quirements. Starting from the top-level KPFs, the three is decomposed in several
sub-levels, until it reaches levels that cannot be divided further (Tang et al., 2014).

Product categorization into family products is the way to proceed to ensure the
mapping of the common KPFs and then allocate the right resource. The identi�ca-
tion of a common product value stream is a good starting point. Products that are
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part of the same value stream share similar design and technical features (Fotedar et
al., 2019). This also has a practical twist when it comes to quality controls (e.g., tol-
erances, failure rate, scrap rate, etc.) on machines manufacturing similar products.
Quality controls represent an important prerequisite in the aerospace sector since
any type of non-conformance leads the production to stop (Fotedar et al., 2019).
This also allows studying the feasibility of the allocation of a new product to an
existing machine. After identifying the value stream, a list of machining operations
is prepared (Fotedar et al., 2019).

2.2.1.1 Product families

Products are complex and made of several di�erent parts, with di�erent speci�ca-
tions, designs and functionalities (Whitney, 2006). A method to systematize them is
thus required. In some market segments, such as the aerospace sector, the large prod-
uct diversity might cause problems when it comes to e�ciently and cost-e�ectively
handling manufacturing processes (Agard & Kusiak, 2004). The ability to properly
group products into families is crucial to adequately and smoothly manage the pro-
duction system (Abdi & Labib, 2004). In such a scenario, Agard and Kusiak (2004)
propose to introduce a certain degree of standardization in the production system
by dividing products into product families. This approach ensures production pro-
cesses to easily manage manufacturing diversity, with the advantage of lowering
costs. Ham et al. (1985) de�ne product family as a group of products that presents
analogies from design, technology and manufacturing processes perspectives. Agard
and Kusiak (2004) describe a three-step methodology to design a product family
(Figure 2.2). The �rst step aims at identifying customer requirements. A detailed
analysis of the functional requirements that the product is expected to deliver, ac-
cording to the customers' point of view, is carried out. The second step, based on the
analysis of the customer requirements performed at the �rst step, aims at designing
the functional structure for the product family. The last step aims at developing the
technical structure allowing the production of the products belonging to the product
family identi�ed (Agard & Kusiak, 2004).
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Figure 2.2: The three-steps methodology to design a product family (Agard &
Kusiak, 2004)

2.2.1.1.1 RMS and product families A requirement to make sure a RMS
works e�ectively is that products are categorized into families, to ensure the al-
location of the right manufacturing resources (Abdi & Labib, 2004). Xiao-bo et
al. (2000) demonstrate the close link between RMS and product families, i.e., each
product family represents a speci�c con�guration of the RMS. In addition, RMS
allows for accommodating the introduction of new products into product families,
within certain limits (Abdi & Labib, 2004). Overall, grouping products into fam-
ilies is a prerequisite that allows RMS to successfully handle product variants, as
products are categorized according to their features and manufacturing requirements
(Abdi & Labib, 2004). There are several rules on which to base the categorization
of products into families, e.g., based on design, functional requirements, technology,
machines, materials, process similarities, etc. (Abdi & Labib, 2004).

2.2.1.1.2 Datum Flow Chain (DFC) The Datum Flow Chain (DFC) is a
diagram intended to illustrate the relationship between the parts that make up a
product. This process ensures that all the parts are assembled in the right place,
with the right dimensional tolerance (Whitney, 2006). Whitney (2006) states that
�the DFC serves �rst to locate the key parts with respect to each other� (p. 4). As
a consequence, the DFC translates into a quality requirement for the �nal product.
However, before building a DFC, it is suggested to build a KPF �ow-down diagram,
showing a breakdown of all the parts that make up the �nal product and their hi-
erarchical assembly order (Whitney, 2006).
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2.2.1.2 Categorization of product features

There are many approaches in the literature to categorize product features. The
most adopted is the one created by AlGeddawy and ElMaraghy (2011) and embraced
by Kou and Xi (2018), which propose a categorization of KPF into six groups, con-
taining 12 parameters in total. They are listed in Table 2.2.

Table 2.2: Product features according to AlGeddawy and ElMaraghy (2011)

Part feature Feature state
Dimensionality Rail

Cube
Shape Rectangular cross section

Nonrectangular
Compound block

Rotational features Do not exist
Exist

Machined surfaces One direction
Stepped surfaces from one direction
More directions

Special surfaces No features
Keyways or grooves
Complex surfaces

Auxiliary holes Do not exist
Exist

2.2.1.3 Standardization of product features

One of the biggest limitations to the quick and cost-e�ective design of parts/products
and to the management of their variation, is the lack of standardization (Landahl
et al., 2020). The standardization of, and then the capability of quickly and eco-
nomically reuse, physical components and intangible design elements (i.e., functions
and technologies) is the way to solve this problem (Landahl et al., 2020). Landahl
et al. (2020) de�ne it as a product platform and state that it �is supported by
the aim of product family design, modularization and the decomposition of product
architecture� (p. 4). Meyer and Lehnerd (1997) de�ne a product platform as �a
set of common components, modules, or parts from which a stream of derivative
products can be e�ciently created and launched� (p.7). However, if on one hand
product platforms represent an economic solution to reuse physical parts and com-
ponents, on the other hand they o�er low �exibility when changes in production
occur (Landahl et al., 2020). Therefore, Landahl et al. (2020) propose to look at
the problem from another perspective, i.e., combining product and production plat-
forms to be able to �nd optimized solutions when variations in production occur.
The integration of both product and production platforms is de�ned by Landahl
(2018) as co-platforming. Co-platforming helps the connection of design and pro-
duction, required to handle variations and changes in production (Landahl, 2018).
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Another limitation to the establishment of a standardized and integrated production
system is the lack of standardized information (Al-wswasi & Ivanov, 2019). When
it comes to product data, it is pretty common in production that each depart-
ment adopts its own standard (Al-wswasi & Ivanov, 2019). Part features identi�ed
with a Computer-Aided Design (CAD) software, showing the geometrical and di-
mensional features of the product, are incompatible with the data identi�ed with
a Computer-Aided Process Planning (CAPP) software, showing the manufacturing
characteristics; they are also both incompatible with Computer-Aided Manufactur-
ing (CAM) data (Al-wswasi & Ivanov, 2019). As a consequence, their integration
is di�cult, simply because they use di�erent standards to categorize data. This, of
course, severely hampers the information �owing smoothly within the factory, thus
a�ecting the quick launch of products into the market (Al-wswasi & Ivanov, 2019).

2.2.1.3.1 Automatic Feature Recognition (AFR) As described in the pre-
vious section, the main problem in production standardization lies in the di�cult
integration of product design, which is based on the assessment of geometrical and
topological data (relationships of the features (Albert, 2001)), and process plan-
ning, which is based on the assessment of manufacturing resources (Al-wswasi &
Ivanov, 2019). The conversion from product design information into manufacturing
information is a complex, time-consuming and expensive operation (Al-wswasi &
Ivanov, 2019). In the current industrial environment, there is a need for tools that
can automatically identify product features. Fortunately, there is a strong techno-
logical e�ort aiming at easing the integration of these two production dimensions
(Albert, 2001). Al-wswasi and Ivanov (2019) propose an Automatic Feature Recog-
nition (AFR) approach, aimed at bridging the gap between the data from these
three product dimensions and implement a shared standard between CAD, ACAPP
(which is an updated version of CAPP) and CAM. The AFR approach derives the
basic geometric information from the CAD model, e.g., holes, slots, pockets, bosses,
�llets, etc.; it then converts it into manufacturing features for the CAPP, which
�nally converts this information for the CAM software (Al-wswasi & Ivanov, 2019).
AFR, and the further allocation of corresponding machining operations and routes
stored in a database, leads to higher productivity and reduction of bottlenecks in
the production �ow. The database consists of all machining parameters, e.g., speed,
angle, feed, tool, type of material to be machined and optimal machining routes
(Albert, 2001). Albert (2001) also demonstrates another bene�cial e�ect of the au-
tomation of feature recognition, i.e., cost estimations can be automated too, and
they can become quicker and more precise. The same is true from the customer
perspective, i.e., price quotations can be automated, and they can become quicker
and more precise too (Albert, 2001).

2.2.1.3.2 STandard for the Exchange of Product data (STEP) All share-
holders involved in a speci�c product realization need to continuously exchange and
share their data and information (Lipman & Lubell, 2015). Di�erent departments
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within the same company use di�erent software (with di�erent proprietary formats)
to process data. This hampers a smooth information exchange and requires contin-
uous data translations, which is expensive in terms of time and costs (Hunten et
al., 2013). Lipman and Lubell (2015) claim that �data exchange standards de�ne
an agreed-upon syntax and structure of 3D modelling constructs and annotations
for tolerances and dimensions so that all participants in the manufacturing supply
chain can understand each other's models� (p. 14). The STandard for the Exchange
of Product data (STEP) is an international standard (ISO 10303) that allows data
compatibility through the whole manufacturing system and during the entire prod-
uct life cycle, ensuring a standard representation for dimensional information and
tolerances (Feeney et al., 2015). Albert (2001) de�ne STEP as �the grand interna-
tional e�ort to alleviate the obstacles to the exchange of data� (p. 1). STEP is based
on a set of data de�ned as Product and Manufacturing Information (PMI), which
covers both geometric features and manufacturing dimensions (Lipman & Lubell,
2015). STEP makes the interaction of these two production dimensions possible, by
creating neutral �les readable by all software (Albert, 2001). The machining oper-
ations (including speci�c working steps and routes) performable on Computerized
Numerical Control (CNC) machines are speci�ed by an extension of the STEP stan-
dard, called STEP NC (Albert, 2001). This is, in practice, how the link between the
two production dimensions takes place. For example, the company OPEN MIND
Technologies AG developed the hyperMILL CAM system, which aims to accelerate
Numerical Control (NC) programming. hyperMILL allows the selection of the de-
sign features that are crucial for the machining operations on the product. These
features are automatically identi�ed by the system and the associated machining in-
formation is automatically generated (OPEN MIND Technologies AG, 2021). STEP
�les are convenient because they contain both geometrical data, such as �vertices,
edges, curves, surfaces, and relations� (Al-wswasi & Ivanov, 2019, p. 262), and non-
geometrical data, such as �materials, view, general note, witness line, leader, and
associativity entities� (Al-wswasi & Ivanov, 2019, p. 262). Hunten et al. (2013)
describe the �protection against the obsolescence of proprietary formats� (p. 1215)
as another advantage of using an open standard as STEP. The main limitation of
using a STEP for an AFR approach is the limited ability to identify new features, for
instance when new products are introduced into the factory (Al-wswasi & Ivanov,
2019).

2.2.1.3.3 Quality Information Framework (QIF) Quality Information Frame-
work (QIF) is another CAD standard that allows, as STEP does, the interaction
between product design and machining information (QIF Standards, 2021). The
QIF was developed by the Digital Metrology Standards Consortium (DMSC), it
was approved by the International Organization for Standardization (ISO) in Au-
gust 2020 and published as ISO Standard ISO 23952:2020 (QIF Standards, 2021).
QIF is also approved by the American National Standards Institute (ANSI) (QIF
Standards, 2021). DMSC (2018) de�nes QIF as �an integrated set of information
models which enable the e�ective exchange of metrology data throughout the entire
manufacturing quality measurement process � from product design to inspection
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planning to execution to analysis and reporting� (p. xxv). DMSC (2018) explains
that the QIF measurement process consists of �ve steps:

1. De�nition of the product
2. Identi�cation of measurement requirements
3. De�nition of the measurement process
4. Execution of the measurement process
5. Analysis of the measured data

2.2.1.3.4 Smart Interactive Automatic Feature Recognition (SI-AFR)
To overcome the limitations of using STEP �les, Al-wswasi and Ivanov (2019) pro-
pose an upgrade of the AFR approach, the smart interactive AFR (SI-AFR). The
SI-AFR is made of two parts:

ˆ Recognition of prede�ned features - This section aims at identifying the exist-
ing part features and saving in a database all the data retrieved.

ˆ Interactive feature recognition - This section can be activated when new prod-
ucts/parts are introduced into the production system. As a result, the new
part features are identi�ed and the data is stored in the same database as
for the previous section. In this way, new part/product features are added
to the prede�ned feature set identi�ed through the �recognition of predicted
features� section (Al-wswasi & Ivanov, 2019).

Due to the capability of SI-AFR to recognize already existing and new part/product
features, the approach is considered to be reliable and complete. However, even if
the SI-AFR system can overcome the main issue of AFR systems (not consider-
ing new part/product features), it still presents the problem of not being able to
recognize all the geometrical features, e.g., freeform surfaces cannot be identi�ed
(Al-wswasi & Ivanov, 2019).

2.2.2 Key Machine Capabilities (KMCs)

The right selection of machining parameters is a crucial choice in all machining
operations in the industry. It makes it possible to fully exploit the equipment uti-
lization and reduce all types of wastes, from scrap rate to machining costs (Peng
et al., 2015). This is the reason why machine capabilities need to be identi�ed and
categorized. Dantan et al. (2008) de�ne Key Machine Capabilities (KMCs) as the
machine characteristics, parameters, �xtures and equipment which substantially in-
�uence the �nal result on the products to be machined. Gologlu (2004) looks at
machine capabilities from a di�erent perspective. He identi�es machine capabilities
(including their geometries, dimensions, tolerances and �xturing systems) as con-
straints of manufacturing operations. Deleryd (1996), instead, de�nes capability as
�the ability of a process to produce products according to speci�ed requirements�
(p.6). Of course, this de�nition embraces a wide set of concepts, depending on the
context. In the case of machine capability, it refers to the ability to machine most of
the products within speci�ed tolerances (Larsson, 2002). In detail, Larsson (2002)
de�nes machine capability as the ability to manufacture a speci�c product feature
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�with no e�ect from the environment and changes in time, e.g., temperature changes
and tool wear� (p. 25).

2.2.2.1 Categorization of machine capabilities

AlGeddawy and ElMaraghy (2011) propose a categorization, then adopted by Kou
and Xi (2018), of KMCs into six groups, containing 11 parameters in total. They
are listed in Table 2.3.

Table 2.3: Machine capabilities according to AlGeddawy and ElMaraghy (2011)

Machine capability Capability state
Structure Horizontal

Vertical
Axes of motion 3 axes

4 axes
5 axes

No. of machining heads One
Two

Turning spindle No turning spindle
Turning spindle

Turret/Tool magazine None
Exists

Control Manual
CNC

In 2001, the ISO proposed the standard for �mechanical product de�nition for pro-
cess planning using machining features�, aimed at de�ning a standard for machining
characteristics (Peng et al., 2015). This is, however, a more general classi�cation
that takes into consideration di�erent information, not all directly related to ma-
chine capabilities, but that indirectly a�ect them (Peng et al., 2015). According to
this approach, the machining features comprise �ve groups:

ˆ Part feature
ˆ Geometric information
ˆ Material information
ˆ Precision information
ˆ Manufacturing resources information

The structure of this approach is shown in detail in Figure 2.3.
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Figure 2.3: The structure of machining features (Peng et al., 2015)

2.2.2.2 Optimal sequencing of machining operations

Categorizing machines according to their KMCs is not enough. In order to ob-
tain smooth and e�ective machining processes, machining operations (and sub-
operations) sequencing is a crucial activity that must be strategically planned. The
optimal sequencing of machining operations aims at reducing changeover and lead
time, hence making the production system handle a variety of products in a lean and
optimized way (Azab & Gomaa, 2012). An optimization process, aimed at sequenc-
ing machining operations, just based on pre-de�ned product families, does not meet
the requirements for a continuously evolving production system (Azab & Gomaa,
2012). Azab and Gomaa (2012) propose a mathematical model which, based on
advanced algorithms that automatically adapts to changes in the manufacturing en-
vironment, creates an optimal operations sequencing. The result is the minimization
of the time lost between two subsequent machining operations (or sub-operations),
thus reducing wasted time (Azab & Gomaa, 2012).

2.2.2.3 Relationship between machine capabilities and RMS

There is a close relationship between RMS and the use of KMCs (Asghar et al.,
2018). Asghar et al. (2018) claim that de�ning KMCs during the product design
stage and reusing them during the recon�guration phase (e.g., in case of production
changeovers) lead to reduction of costs and increase in productivity. The aim of the
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Asghar et al. (2018) research is to evaluate the occasions when the recon�guration
of the production system is actually required and how to accomplish recon�gura-
bility with the minimum amount of machine capabilities. The method used to do
so is somehow complex and requires mathematical algorithms to obtain optimum
machine capabilities. Apart from the complexity issue, this method helps the re-
con�guration of production systems in the case of market uncertainties, performing
production operations with optimized machine capabilities (Asghar et al., 2018).

2.3 Relationship between product features and
machine capabilities

Nowadays, with the ever-changing market and its vulnerability, both products and
production systems face frequent changes and variations (Kashkoush & ElMaraghy,
2017). Product life cycles are becoming shorter and shorter, as are the life cycles of
production systems (AlGeddawy & ElMaraghy, 2012). To counteract this tendency,
it is becoming more and more important to quickly and economically adapt machine
capabilities to the request for new product features. It is, therefore, crucial to gain
knowledge about current or old products on one side, and about the corresponding
production system and its capabilities on the other side. In this way, correlations
between new products introduced in production and the current production system
can be easily found. The result is fast adaptability of the production system and its
capabilities to the new product speci�cations (Kashkoush & ElMaraghy, 2017).

In Section 2.1, the limitation of handling changes in production from just the prod-
uct perspective was examined. It was stated that, in order to e�ectively manage
adaptation, a bilateral perspective, both from the product and manufacturing re-
sources, should be implemented (AlGeddawy & ElMaraghy, 2010). It is therefore
clear that, due to last decades' manufacturing challenges, a joint design and devel-
opment of products and manufacturing resources need to be implemented (Michaelis
& Johannesson, 2012). Kou and Xi (2018) state that �a strong association exists
between the design of products and the machine capabilities of their manufacturing�
(p. 1).

2.3.1 Models found in literature

Many models aimed to combine product features and manufacturing resource ca-
pabilities can be found in literature. Some of them are presented in the following
sections.
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2.3.1.1 Manufacturing co-evolution model from AlGeddawy and ElMaraghy
(2010)

The manufacturing co-evolution model derives from cladistics, a typical method of
biology that categorizes animal or plant species according to measurable character-
istics that they have in common (Baldwin et al., 2012; AlGeddawy & ElMaraghy,
2010). By translating this model to manufacturing environments, it demonstrates
that, in a production system, the product features and machines capabilities cannot
be disjoined from each other (AlGeddawy & ElMaraghy, 2010). This is what actu-
ally co-evolution means in biology, i.e., when two or more di�erent species a�ect the
evolution processes of each other (AlGeddawy & ElMaraghy, 2012). AlGeddawy
and ElMaraghy's (2010) study shows that �a product change leads to a reactive
change in the manufacturing capabilities and vice versa, where the magnitude of
the change reaction is proportional to that of the original change� (p. 2). The
comparison between product features and machine capabilities is done using cladis-
tics. The similarities found thanks to this categorization are of interest for the
co-evolution model (AlGeddawy & ElMaraghy, 2010). The model is based on clado-
grams, diagrams showing cladistic relationships between species (Baldwin et al.,
2012). Cladograms are generated for both product features and machine capabil-
ities. The manufacturing co-evolution model, then, �nds the best match between
the two sides cladograms (so called �tree reconciliation technique�), as shown in
Figure 2.4 (AlGeddawy & ElMaraghy, 2010). Kashkoush and ElMaraghy (2017)
demonstrate that �corresponding branches of systems and products trees provide
relationships between manufacturing capabilities and product features� (p. 1033).

Figure 2.4: Trees reconciliation and cladograms comparison (AlGeddawy & El-
Maraghy, 2012)

When well established and properly developed, the manufacturing co-evolution
model is capable to predict the future behaviour of the production systems in relation
to new products, which can be manufactured with the available machine capabilities
(AlGeddawy & ElMaraghy, 2012).
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2.3.1.2 Tactical resource allocation model from Fotedar et al. (2019)

Fotedar et al. (2019) present a model, the tactical resource planning, aimed at help-
ing to reduce imbalances and uncertainties in production systems. It is also meant
to help track the routing of products within the production system and provide
guidance to select optimal machines (Fotedar et al., in press). The model makes the
production system quickly adaptable to changes in production and reduces capacity
imbalances. The study by Fotedar et al. (in press) shows the issues encountered
at GKN Aerospace when it comes to balancing the machine's capacity level. The
tactical resource allocation model aims at solving these problems and �nding new
routes (rerouting �exibility) to avoid that only certain machines are loaded, thus
becoming bottlenecks (Fotedar et al., in press). The reason for these capacity issues
at GKN Aerospace is that machines are all shared and capable of multiple machin-
ing operations. As a result, feasible allocations are numerous and complex (Fotedar
et al., in press). This is why Fotedar et al. (in press) propose to solve the problem
with the support of mathematical optimization algorithms.

There is a crucial di�erence between tactical resource allocation and short-term
resource allocation. They are both part of the logical adaptation described by
AlGeddawy and ElMaraghy (2010), but they operate on a di�erent time frame.
Short-term resource allocation generally takes place in conjunction with scheduling
and production planning operations, while tactical resource allocation takes place
during the development phase of the production process. When the development
phase of the production process is completed, the tactical resource allocation takes
over (Fotedar et al., 2019). The tactical resource allocation model aims to e�ectively
allocate products to resources, mainly when there are changes or the introduction of
new products into the existing production system is crucial (Fotedar et al., 2019).

The main drawback of the tactical resource allocation model, which in many cases
prevents its use, is its computational complexity. The model ends up with a too
large number of solutions that needs to be analyzed to �nd the most suitable one
(Fotedar et al., 2019). Fotedar et al. (2019) propose to solve this issue by using a
mathematical optimization theory, helping to reduce the number of suitable solu-
tions, evaluate them and �nd the optimal solution in a reasonable time frame. This
mathematical model is discussed in more detail in Section 2.3.1.3.

2.3.1.3 Mathematical model from Fotedar et al. (2020)

When the manufacturing resource pool is very large, thus making it impossible
to assess all machines, a mathematical model can be implemented to make sure
to �nd the optimal allocation in a reasonable time frame (Fotedar et al., 2020).
The mathematical model presented by Fotedar et al. (2020) focuses on capacity
management, ensuring to have the right amount of capacity at the right time and
at the right machine. The simpli�ed model structure consists of two parts:

ˆ Constraints represent the delimitations in which the optimal solution must lie.
ˆ Objective functions are the target that the optimal solution should achieve
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from the decision makers' perspective.
The mathematical model results in keeping the capacity load on machines within
a speci�ed range. This is possible by qualifying new machines to perform a given
machining operation (Fotedar et al., 2020).

2.3.1.4 Platform-based co-development model from Michaelis and Jo-
hannesson (2012)

According to Michaelis and Johannesson (2012), products and production systems
(hence manufacturing resources) need to be designed, developed and modi�ed closely
together until they are satisfactorily aligned to each other. The model presented by
Michaelis and Johannesson (2012) is platform-based, meaning that a system aimed
at designing and developing a structure to handle variations and changes is in place
(Michaelis & Johannesson, 2012). Four main setups of the co-development model
are possible:

ˆ Dedicated co-development - No platform approaches are in place, neither for
the development of the product nor for the development of the manufacturing
system. Just one �nal solution, which matches one product solution with
one manufacturing system solution, is feasible for this setup (Michaelis &
Johannesson, 2012).

Figure 2.5: Dedicated co-development (Michaelis & Johannesson, 2012)

ˆ Product-platform-based co-development - This setup presents a platform ap-
proach for product development. As a consequence, there is a range of opti-
mal solutions that includes several products (within certain limits). On the
other hand, the manufacturing system presents just one solution. Several �nal
solutions, which match with the range of product solutions with the one man-
ufacturing system solution, can be found (Michaelis & Johannesson, 2012).
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Figure 2.6: Product-platform-based co-development (Michaelis & Johannesson,
2012)

ˆ Manufacturing-platform-based co-development - In this case, a platform ap-
proach for the manufacturing system development is in place, but not for the
product development. This setup provides a range of optimal solutions that
include several manufacturing systems (within certain limits). On the other
hand, the product development presents just one solution. Several �nal solu-
tions, which match the range of manufacturing systems solutions with the one
product solution, can be found (Michaelis & Johannesson, 2012).

Figure 2.7: Manufacturing-platform-based co-development (Michaelis & Johan-
nesson, 2012)

ˆ Platform-based co-development - Two platform approaches exist, both for
product and manufacturing system development. Several �nal solutions exist,
thus allowing for multiple alignments between products and manufacturing
systems (Michaelis & Johannesson, 2012).
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Figure 2.8: Platform-based co-development (Michaelis & Johannesson, 2012)

The four setups, of course, represent extreme cases for the co-development model.
Within them, there is a range of possibilities to be explored (Michaelis & Johannes-
son, 2012).

2.3.1.5 Integer programming model from Kashkoush and ElMaraghy
(2017)

This knowledge-based discovery model collects historical data and patterns concern-
ing the associations between manufacturing system capabilities and product features
and uses this information to design and develop the manufacturing capabilities when
it comes to introducing new products (with new features) in the factory. This reduces
manufacturing lead times and allows for faster product development and e�ective
production system recon�guration. To �nd correlations between product features
and machine capabilities, the model uses an algorithm known asassociation rule dis-
covery(Figure 2.9), which identi�es associations between data collected from current
or old products and machines. This data concerning correlations between machine
capabilities and product features is eventually used to determine new associations
in production (Kashkoush & ElMaraghy, 2017).
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Figure 2.9: Association rule discovery problem (Kashkoush & ElMaraghy, 2017)

This model is complete because it employs constraints to ensure that the right corre-
spondence between machine capabilities and product features is found and to avoid
that machine capabilities that are mutually exclusive or redundant are related to
each other with the same product feature (Kashkoush & ElMaraghy, 2017).

The Kashkoush and ElMaraghy' research (2017) applies the model to a case study,
describing the steps involved. The �rst step is the categorization of the input data for
both the manufacturing capabilities and product features. The case study concerns
seven milling machines. Both manufacturing capabilities and product features data
are categorized according to the AlGeddawy and ElMaraghy (2011) method. They
are presented respectively in Figure 2.10 and Figure 2.11.
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Figure 2.10: Case study: manufacturing capabilities (Kashkoush & ElMaraghy,
2017)

Figure 2.11: Case study: product features (Kashkoush & ElMaraghy, 2017)

The aim of the model is, of course, to associate these two dimensions. The asso-
ciation matrix from the AlGeddawy and ElMaraghy (2011) case study is shown in
Figure 2.12.
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Figure 2.12: Case study: association matrix (Kashkoush & ElMaraghy, 2017)

AlGeddawy and ElMaraghy's (2011) propose also another way to visualize the as-
sociation between machine capabilities and product features (Figure 2.13). Each
product feature is listed along with its respective machine capability. This method
is especially useful when new products (with new product features) need to be im-
plemented in production, signi�cantly reducing the time required to develop the
product (Kashkoush & ElMaraghy, 2017).

Figure 2.13: Case study: manufacturing capabilities associated with each feature
(Kashkoush & ElMaraghy, 2017)
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Compared to most of the methods discussed in the previous sections, the inte-
ger programming model is simple, easy to implement and automate (Kashkoush &
ElMaraghy, 2017). It is simpler than the cladistic model, it does not generate re-
dundant results that need to be discarded through further steps, and requires less
implementation and development e�orts (AlGeddawy & ElMaraghy, 2010; Kashk-
oush & ElMaraghy, 2017).

2.3.1.6 Information model from Dantan et al. (2008)

Dantan et al. (2008) propose an information model which collects data on KPFs,
KMCs and their interrelations. The model (Figure 2.14) consists of four steps:

1. The �rst step involves the evaluation of customer functional requirements and
the identi�cation of the functional characteristics.

2. The second step concerns the technical functional analysis of the product de-
�ned in the previous phase. The product structure, its functionalities and
constraints are carefully analyzed.

3. During the third step, the product is broken down into parts and the KPFs
are identi�ed. In this phase, the tolerances, material, geometry, dimension are
speci�ed.

4. The last step involves the decision of optimal manufacturing processes, thus
the selection of optimal machines according to the speci�cations determined
with the previous steps.

Figure 2.14: Information model (Dantan et al., 2008)
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2.4 Quality analysis

Geometrical variations are inevitable problems in manufacturing, even if manufac-
turing processes and measurement techniques have reached a high level of reliability
(Hallmann et al., 2020). Phadke (1989) claims that the causes of variation in man-
ufacturing processes can be categorised into three types:

ˆ External or noise factors, which are concerned with the environment of the
machining process.

ˆ If multiple parts are subjected to machining during the same time interval.
ˆ Deterioration of machine tools.

For products made of several parts, when the �nal product is assembled, the vari-
ation propagates and grows exponentially (Lööf et al., 2007). Therefore, accurate
tolerance allocation on each part is of crucial importance. Generally, the outcomes
of geometrical variations are non-compliant quality standards, functionality imper-
fections and high costs, e.g., rework, repair, adjustment and scrap costs (Hallmann
et al., 2020). This is the reason why tolerances for each product feature must be
carefully speci�ed, so that geometrical and quality standards are met, ensuring that
geometry variations fall within a speci�c variation range in respect to the nomi-
nal value (Hallmann et al., 2020). Tolerance is the speci�cation that de�nes the
maximum geometric variation allowed (Wärmefjord et al., 2020). However, tradi-
tional tolerance allocation methods are often time consuming and expensive, due to
their unmethodical and ununi�ed approaches (Hallmann et al., 2020). In order to
allocate tolerances in a more systematic way, which takes into consideration both
geometrical variations and costs, Hallmann et al. (2020) propose the adoption of a
mathematical optimization approach, consisting of optimization techniques aimed
at balancing the two main con�icting objectives when it comes to tolerances, i.e.,
costs (possibly reduce them as much as possible) and quality (possibly increase it
as much as possible). Hallmann et al. (2020) de�ne tolerance optimization as an
approach aiming at achieving �an optimal tolerance allocation by selecting a set
of tolerance values while the tolerance speci�cation is �xed� (p. 4862). In addi-
tion, to achieve an optimal tolerance allocation, tolerance-cost optimization takes
also into consideration the cost dimension (Hallmann et al., 2020). The need of a
tolerance-cost optimization approach is motivated by the frequent habit of allocat-
ing tolerances only based on the product functionality, thus ignoring the impact of
costs. This determines high quality standards, but at the expense of very high costs
(Hallmann et al., 2020). A sweet spot between the two dimensions must be found
(Figure 2.15).
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Figure 2.15: Sweet spot between tolerance and cost (Hallmann et al., 2020)

The starting point when it comes to tolerance allocation is the identi�cation of the
critical characteristics of the product, the KPFs presented in Section 2.2.1 (Hallmann
et al., 2020). The ful�llment, in terms of variation control, of the set of all KPFs
ensures the compliance with the product requirements. Each quality requirement is
expressed as design information, i.e., geometrical requirement, and translated into
KPFs. Then, locating points are assigned to improve robustness (Söderberg et al.,
2016). Afterwards, tolerance types are speci�ed for each KPF and values (ranges of
deviation from target values) are assigned to them. Nevertheless, the correct iden-
ti�cation and proper tolerance allocation to KPFs is a complex task that requires
an advanced product and process experience (Hallmann et al., 2020).

2.4.1 The aerospace sector

In the aerospace sector, quality is the main critical concern. High quality and safety
standards are demanded, hence manufacturing variations must fall within a very nar-
row margin (Madrid et al., 2016). Fabrication, the process of welding small parts
together to create large and complex products, is the current trend for machine
processes in the aerospace industry. To reduce the weight of the engine compo-
nents, fabrication processes are used more than large castings and forgings. The
main drawback of using this process lies in the exponential increase in the sources
of variation (Madrid et al., 2016).

2.4.2 Geometry assurance and locating schemes

Geometry assurance refers to all the methods and actions aimed at ensuring that
products fall within certain tolerance ranges and that the negative e�ects of geo-
metric variations are reduced (Söderberg et al., 2016). Wärmefjord et al. (2014)
assert that an e�ective method to reduce the negative e�ect of geometry variations
is the accurate and robust de�nition of locating schemes. Wärmefjord et al. (2014)
de�ne locating schemes as the set of physical locators that ��xate parts in space
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during manufacturing and joining operations and control how variation propagates
in the assembly� (p. 1401). The aim of locating schemes is to block a part/prod-
uct in the space by locking its degrees of freedom (Söderberg et al., 2016). For a
rigid part/product, the locating scheme is designed by assigning six points, which
in turn lock the part/product's six degrees of freedom. When it comes to non-
rigid parts/products, this number must be increased by locating supplementary
points (Wärmefjord et al., 2014). In this case, Computer Aided Tolerancing (CAT)
software can be used to handle increased complexity (Söderberg et al., 2016). To
avoid including additional geometry variations, it is suggested to not change locat-
ing scheme during the three main production phases, i.e., manufacturing, inspection
and assembly (Söderberg et al., 2016). In practice, the locating points are made to
coincide with speci�c KPFs, e.g., holes, slots, etc. (Wärmefjord et al., 2014). The
robustness of the locating scheme, which in turn ensures the minimization of geom-
etry variation and secures functionality, can be enhanced by spreading the locating
points in the largest possible area (Söderberg et al., 2016).

Fixturing strategies have a signi�cant and direct e�ect on geometrical variation
(Wärmefjord et al., 2014). Fixtures are important holding devices that ensure that
the correct position and orientation of the workpiece is maintained during machin-
ing operations (Fan & Kumar, 2010). Therefore, errors in the layout of �xturing
devices directly a�ect the overall machining errors on the workpiece (Vishnupriyan
et al., 2010). It is important to make sure that the layout of �xturing elements is
optimized and be aware that di�erent �xturing strategies result in di�erent tolerance
outcomes (Wärmefjord et al., 2014).

In the context of Industry 4.0, and through the new tools brought by the digital
revolution, Wärmefjord et al. (2020) propose the implementation of digital twins to
optimize and manage geometrical variations in production. The success of the im-
plementation of digital twins for geometry assurance is shown by the Wärmefjord et
al. (2020) research, which demonstrates a reduction of more than 50% of geometric
variations for the assembly operations. The main drawback to the implementation
of digital twins for variation management is the current di�culty of updating and
sharing 3D models (Wärmefjord et al., 2020). One way to overcome this problem is
to use neutral �les, such as the STEP standard presented in Section 2.2.1.3.2.

2.4.2.1 Uncoupled and coupled positioning of features

An essential di�erence when it comes to controlling the position of KPFs must be
made between uncoupled and coupled positioning. Figure 2.16 shows the di�erence
in the case of hole positioning. With the uncoupled method, the position of each hole
refers to the same reference position (in this case the left side of the part). With the
coupled method, the position of each hole refers to the position of the other holes.
The latter approach exponentially increases the propagation of geometric variation.
Therefore, the uncoupled method is preferred (Wärmefjord et al., 2014).
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Figure 2.16: Uncoupled (a) and coupled (b) positioning of features (Wärmefjord
et al., 2014)

2.4.3 Machining accuracy

Weck (1984) claims that machining accuracy is reliant on the four characteristics
listed in Table 2.4.

Table 2.4: Machining accuracy characteristics (Weck, 1984)

Characteristic Detail
Temperature in�uence The geometric dimensions of both the workpiece and the

machine tool alter when temperature varies during time.
Geometry and kinematic This category comprises the relative motions between

the workpiece and machine tool. Geometric involves
variations, inaccuracies and errors that occur when po-
sitioning machine capabilities, e.g. axes, �xtures, etc.
Kinematic involves variations, inaccuracies and errors
that occur when moving machine components, e.g., spin-
dle motion, to perform machining operations.

Static sti�ness It represents the strength of a machine to static loads,
e.g., gravity, cutting forces, etc., before accuracy is com-
promised.

Dynamic sti�ness It represents the strength of a machine to dynamic loads,
i.e., vibrations, before accuracy is compromised.

2.4.4 Statistical quality control

Statistical methods can be used to monitor and ensure compliance with quality stan-
dards.

2.4.4.1 Process capability indexes

Process capability is a statistical approach that provides numerical measures to ana-
lyze the outcome of a process with regards to certain speci�cation limits (Mottonen
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et al., 2008). It is de�ned as the ability of a process to perform machining opera-
tions within a certain tolerance range, under the in�uence of changes and variations
(Larsson, 2002). The process capability index Cp is de�ned as:

Cp =
USL � LSL

6�

Where USL is the Upper Speci�cation Limit, LSL is the Lower Speci�cation Limit
and � is the process standard deviation (Larsson, 2002). Cp is the basic version of
the process capability index. There are several variants of it widely used today. One
of them is the corrected process capability index Cpk, which derives from Cp, but
takes into account how the process deviates from the USL or LSL only. Cpk uses
the process mean, without considering the whole range of speci�cation but half of
it (Bottani et al., 2021).

Cpk = min
�
�
�
�
USL � �

3�
;
� � LSL

3�

�
�
�
�

Where � is the process mean (Larsson, 2002).

Capability analysis through Cp and Cpk indices provides deep knowledge of the
state of the production system and its changes (Katikar & Shinde, 2012). The
main constraint when applying these indices concerns the statistical distribution to
which they refer. Cp and Cpk indices are valid and can be fully utilized only if
the population of data values is normally distributed and the process is statistically
controlled, i.e., the process variation is symmetrical (Mottonen et al., 2008). When
the process distribution is not normal, methods to transform the data values from
a non-uniform distribution into a normal distribution can be used (Larsson, 2002).
This ensures the applicability of Cp and Cpk indices even in cases where the process
distribution is not normal.

2.4.4.2 Process capability values

As a rule of thumb, the higher the value of the process capability, the better the
process performance is (Larsson, 2002). A process is considered capable when the
process capability index is greater than 1 (Bottani et al., 2021). Nonetheless, a
value of 1.33 is generally considered to be the minimum requirement of acceptance.
Values below 1 are categorized as not acceptable, because compliance with toler-
ances is not guaranteed (Larsson, 2002). In any case, the process capability value is
strictly dependent on the value of the two speci�cation limits, as can be seen from
the formula below:

Cp =
USL � LSL

6�

When the tolerance requirement is not strict, the value of the numerator of the Cp
formula increases, therefore the Cp value increases accordingly (Larsson, 2002).
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By referring to the process capability index, the quality condition of the process can
be classi�ed as shown in Table 2.5 (Katikar & Shinde, 2012).

Table 2.5: Quality condition in relation to the Cp value (Katikar & Shinde, 2012)

Quality condition Cp value
Inadequate Cp < 1.00
Capable 1.00 � Cp � 1.33
Satisfactory 1.33 � Cp � 1.50
Excellent 1.50 � Cp � 2.00
Super Cp > 2.00

2.5 Cost analysis

In today's global market, ensuring high quality, reducing lead times and estimating
costs are requirements that guarantee the success of companies. The high pressure
for cost reduction has given even more importance to cost analysis (Roy et al., 2011).
The assessment and estimation of costs are crucial activities to ensure the calcula-
tion of the aggregated cost of a product/service produced by a speci�c production
system. However, not only the costs directly related to the product must be taken
into consideration, but also the factors that a�ect the cost of the entire production
system, such as costs to support production operations (Windmark & Andersson,
2015).

There exist several approaches to evaluate the costs of production systems. Cooper
and Kaplan (1988) propose an activity-based costing model, which considers as
product costs all the activities that contribute to the product realization. Cooper
and Kaplan (1988) separate product costs into:

ˆ Logistics
ˆ Production
ˆ Marketing and sales
ˆ Distribution
ˆ Service
ˆ Technology
ˆ Financial administration
ˆ Information resources
ˆ General administration

Aderoba (1997) proposes a revisiting of the activity-based costing model, based
on a more general classi�cation of activities. In this case, the model classi�es the
activities into the following categories:

ˆ Machine-based production
ˆ Labor-intensive production
ˆ Technical services
ˆ Administrative services
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When carrying out the cost analysis, for some industry sectors such as the aerospace
industry, the amount of tied-up capital plays a very relevant role (Windmark &
Andersson, 2018). Windmark and Andersson (2018) propose a model according
to which the �nal production cost is calculated by combining all the individual
costs that occur when value is added to the product. To take into account all
the value adding elements, Windmark and Andersson (2018) propose the model
depicted in Figure 2.17. According to this approach, the cost analysis starts just
after the material is stored in the company warehouse and ends with the storage of
the material produced and waiting to be shipped (Windmark & Andersson, 2018).

Figure 2.17: Cost elements (Windmark & Andersson, 2018)

Roy et al. (2011) propose a comprehensive approach to evaluate costs, based on
three dimensions (Figure 2.18):

1. The �rst dimension represents the cost for raw materials.
2. The second dimension is the value-adding operations performed by manufac-

turing resources (both machines and humans).
3. The last dimension identi�es all the other costs determined by the other ac-

tivities not included in the previous categories.

Roy et al. (2011) stress the importance of the data and information gathering
process for this approach, as �a credible cost estimate is formulated by selecting
the appropriate cost information from a vast store of knowledge and information
resources� (p. 697).

Figure 2.18: Cost elements (Roy et al., 2011)
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2.6 Sustainability

The Brundtland Commission, alias the World Commission on Environment and
Development (WCED), de�nes sustainability as �development that meets the needs
of the present generation without compromising the ability of future generations to
meet their needs� (Thomsen, 2013, p. 2358). This de�nition must be adapted to the
manufacturing environment. UMass Lowell (2021), the University of Massachusetts
Lowell, de�nes sustainable production as �the creation of goods and services using
processes and systems that are:

ˆ Non-polluting
ˆ Conserving of energy and natural resources
ˆ Economically viable
ˆ Safe and healthful for workers, communities, and consumers
ˆ Socially and creatively rewarding for all working people� (p. 1).

Nowadays, due to frequent changes in production, product life cycles are becoming
shorter. Consequently, the life cycle of production systems is shortened accord-
ingly. This new trend requires adapting such production systems and ensuring that
all manufacturing capabilities of the current production system are fully utilized
before introducing new ones. This means accurate evaluation and utilization of ex-
isting manufacturing capabilities before introducing new resources. This translates
into a durable environmental and economic sustainable bene�t, by optimizing the
utilization of the existing production system and managing to produce more and
better (AlGeddawy & ElMaraghy, 2012). Nowadays, reducing energy consumption
and carbon footprint are a necessity in the manufacturing environment (Battaïa et
al., 2020). Wang and Li (2013) show that industry is the main energy consumer
among all business sectors, hence the one that pollutes the most. The design and
development of production systems need to be reconceived. Globally, something
is changing, for example many manufacturing companies are starting to rely more
on renewable energies. However, renewable energies open to supply problems due
to their unreliable characteristics. Therefore, from the energy supply perspective,
production systems need to be designed in a �exible way, e.g., by using smart grids
where in the event of a sudden lack of an energy resource, it is possible to switch on
another resource that coexists on the same grid (Battaïa et al., 2020).

2.6.1 The Triple Bottom Line (TBL)

To ensure a comprehensive evaluation, sustainability needs to be assessed from three
perspectives. Not just the traditional economic pro�t that companies generate
should be assessed, but also the impact that they generate both on the environ-
ment and on society. This broad approach to sustainability is commonly de�ned as
Triple Bottom Line (TBL) (Figure 2.19) (Lewis & Slack, 2017). Lewis and Slack
(2017) de�ne sustainable business from the TBL approach as �the one that creates
an acceptable pro�t for its owners, but minimises the damage to the environment
and enhances the existence of the people with whom it has contact. In other words,
it balances economic, environmental and societal interests� (p. 51).
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Figure 2.19: Triple Bottom Line (TBL) (SAI, 2021)

Even in the manufacturing environment, sustainability needs to be evaluated from
these three perspectives:

ˆ Environmental sustainability in manufacturing means reducing the use of nat-
ural resources and energy consumption, increasing the material recycling, re-
ducing pollution and harmful emissions, reducing transportation activities and
all non-value adding operations, thus reducing the environmental impact (Bat-
taïa et al., 2020; Lewis & Slack, 2017).

ˆ Economic sustainability in manufacturing lies in creating pro�t for everyone
and ensuring constant development and competitiveness (Battaïa et al., 2020).

ˆ Social sustainability in manufacturing means boosting social development, re-
ducing social di�erences and improving working conditions, e.g., through the
introduction of new means to lighten hard jobs, reducing alienating works and
making dangerous jobs safer (Battaïa et al., 2020; Lewis & Slack, 2017).

2.6.2 Sustainability in the aerospace industry

Nowadays, in the aerospace industry, the reduction of CO2 emissions is of primary
importance (Madrid et al., 2016). Many areas contribute to this challenge: ma-
terial science, manufacturing processes, design technologies, etc. (Vallhagen et al.,
2013). Weight reduction is the primary medium that can be used to pursue this
purpose (Madrid et al., 2016). Moreover, new manufacturing approaches can play
a central role to meet this challenge. For instance, by adopting fabrication (i.e.,
assembling sub-components together) instead of the well-known casting or forging
methods, a signi�cant reduction in engine weight can be achieved (Vallhagen et al.,
2013). Compared to casting and forging, fabrication ensures larger design possibili-
ties, optimizing geometries and eventually weight (Madrid et al., 2016). Sustainable
assessments are becoming more and more popular among companies to evaluate
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their programs time to time, in order to check if they are aligned towards sustain-
able goals (Strömberg & Ramchandran, 2014).

2.6.3 Relationship between �exibility and energy consump-
tion

The manufacturing industry is recognized as one of the most energy-consuming sec-
tors. Energy consumption negatively a�ects not only the environmental impact,
but also the economic sustainability, as energy has been shown to be the highest
cost of the manufacturing process and one of the highest costs (together with the
transportation cost) in the entire life cycle of the product (Storck, 2012). Storck
(2012) demonstrates how �exible production systems improve the speed of the en-
tire manufacturing process, reducing queues and lead times, thus reducing energy
consumption. There is a close connection between product variants, production sys-
tem's �exibility and energy consumption. Large product variety leads to an increase
in energy consumption because set-up and lead times increase exponentially. How-
ever, the more �exible the production system, the lower the energy consumption.
The reason is that, when having a �exible production system, short set-up times
allow faster and more e�ective production changes, guaranteeing high production
capacity (Storck, 2012). As a consequence, the use of queues and bu�ers is drasti-
cally reduced.

2.6.4 RMS and sustainability

RMS discussed in Section 2.1.4.1 is a successful approach to manage variations and
changes in production, keeping high quality standards and moderate cost (Najid et
al., 2020). However, this is not all. RMS represents a solution for the implementa-
tion of sustainable production systems, aimed at optimizing lead time and reducing
energy consumption. The RMS nature of adaptability, recon�gurability and scala-
bility allows to quickly switch and select the most appropriate, and expectedly the
most sustainable and e�cient, energy con�guration (Battaïa et al., 2020). RMS and
sustainability are tightly related to each other. The RMS's main objective is the
optimization of resource usage, which is a concept that directly a�ects environmen-
tal and economic sustainability (Battaïa et al., 2020). An interesting implication
for sustainability discussed by Battaïa et al. (2020) is the disposal of the RMS at
their end of life. The intrinsic nature of modularity of RMS allows it to reuse some
modules (or parts) of the production system, or to recycle the materials used for it
(Battaïa et al., 2020). It becomes a sort of circular economy, where some modules of
the production system are reused or recycled, hence reducing waste and consump-
tion of new materials and natural resources. Figure 2.20 shows the possible options
for the end-of-life treatment of a RMS.
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Figure 2.20: Possible options for disposal of the RMSs at the end of their life cycle
(Battaïa et al., 2020)
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3
The jet engine

This chapter presents the basic functioning of a jet engine. The information was
collected from both literature and qualitative data. The text and �gures without ref-
erences come from interviews and GKN Aerospace internal documents.

3.1 The basic functioning

The products of interest for this project are the Turbine Exhaust Case (TEC), Low-
Pressure Turbine (LPT) case and Intermediate Compressor Case (ICC), all part of
the jet engine. To properly understand their basic functioning, a simple description
of the principles of a jet engine needs to be provided. The jet engine generates thrust
in accordance with Newton's third law of motion, demonstrating that every action
produces a reaction equal in force and opposite in direction.

Commercial jet engines are divided into two types, based on the number of shafts
present:

ˆ Two-shafted engines, where one shaft connects the Low-Pressure Compressor
(LPC) and Low-Pressure Turbine (LPT), and the other connects the High-
Pressure Compressor (HPC) and High-Pressure Turbine (HPT) (Nytomt &
Persson, 2002).

ˆ Three-shafted engines, which have two shafts as discussed above, plus an ad-
ditional shaft connecting the Intermediate-Pressure Compressor (IPC) and
Intermediate-Pressure Turbine (IPT) (Nytomt & Persson, 2002).

The information that follows is based on the two-shafted jet engine.

The functioning principle of a jet engine consists of four main steps (Figure 3.1):
1. The air intake is an opening placed in front of the engine that allows the air

at ambient pressure to enter the LPC.
2. During the compression stage, the air at ambient pressure is compressed to a

desired pressure. The compressor is made of a number of stages. Each stage
is made of a vane that rotates and a vane that remains stationary. When
compressing a �uid, its pressure, hence the temperature, increases. The energy
needed to compress the air is obtained from the LPT (connected to the LPC).

3. The combustion takes place by mixing the compressed air with the fuel in the
combustion chamber.

4. The compressed air temperature increases continuously, leading to volume
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