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Abstract 

This thesis is a continuation of design automation studies within research projects 
financed by VINNOVA (the Swedish Governmental Agency for Innovation 
Systems) and Knowledge foundation that contributed to the development of 
producibility assessment system at a global aerospace products supplier, GKN 
Aerospace Sweden. A case study was carried at the company on Turbine Rear 
Structure (TRS) component design of a jet engine with the main objective to 
evaluate weld producibility assessment tools and to demonstrate system’s 
performance in multi-disciplinary design environment. The context of this thesis 
is a set-based product design development where several studies, i.e. thermal, 
structural, aerodynamic etc. are carried concurrently to gather knowledge between 
their parameter relations. The thesis contributes to the goal of fully integrated 
producibility assessment in multi-disciplinary studies to support product 
development process. 

The problems encountered during the thesis execution involved systematic 
analysis setup to extract and verify CAD geometry data, assessment of 
meaningfulness of producibility indicators, development of semi-automated data 
post-processing module and relating product design to its manufacturing aspects. 
Commercial and in-house developed software were used extensively to 
demonstrate the results of the system with the help of continuous company 
support to mitigate indispensable bottlenecks along the way. 

The work has led to systematic improvements, determined assessment limitations 
and most relevant weld producibility aspects. Collected feedback to evaluate 
prepared demonstrator showed promising results to support product design 
decisions considering both performance and producibility. 
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1 Introduction 

Aerospace industry product development is highly complex and takes a long time 
to realize. Consequently, there is a need to speed up development processes and 
shorten production lead times, which makes aerospace industry embody more 
automotive type characteristics. Increasing demands and necessity to reduce 
product development and manufacturing time puts high stress on those segments. 
One of the companies experiencing such effect is a major aircraft engine 
components supplier GKN Aerospace with product portfolio ranging from civil 
to military aircrafts. Among others its products can be found, e.g. on planes like 
Boeing 787 “Dreamliner” [1]. 

The company recognizes that substantial part of components’ development 
complexity rises from the multi-disciplinary studies where different engineering 
fields come into place and must be evaluated concurrently due to their parameters’ 
inter-dependency. For example, the most aerodynamic solution may be difficult or 
even impossible to manufacture with tools available at the time. How does one 
decide on the most suitable design is a trade-off which should be assessed with 
various multi-variable optimization techniques. To address the situation, Research 
& Technology (R&T) department at GKN Aerospace Sweden has introduced a 
system called EWB or Engineering Workbench. It seeks to integrate different 
modules like structural, thermal, aerodynamic, geometrical analyses and evaluate 
them concurrently. This system is executed on several component variants which 
are parametrically created from a single CAD base-line model, following design of 
experiment principles. 

Obtained data allows the user to explore the design space instead of initially 
settling on a single design concept. Such set-based engineering approach allows 
more optimum design selection and provides valuable knowledge between 
different parameters’ relation determining the design. However, EWB is still under 
development and new modules have to be developed and introduced. 

It is known that depending on the industry the biggest part of committed costs 
occurring throughout the whole product life cycle originate from production. 
Nevertheless, the highest cost influential decisions are made during the early 
stages of product development [2]. Consequently, the most straightforward way to 
tackle these cost drivers is to address them concurrently. Recognizing this 
situation, GKN Aerospace has expressed desire for producibility assessment to be 
integrated into their EWB. Here, the company aims to address manufacturability 
related issues in the early development stages of product design this way 
preventing higher incurred manufacturing costs or re-design loop-backs. 
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The most recent works within the researched topic are within partially developed 
Weld Producibility Assessment System. Heikkinen & Müller, 2015 [3] described 
how such system should be structurally integrated allowing robustness and 
flexibility and Max Jacobson, 2016 [4] further developed the system which allows 
the user to extract geometrical data from CAD models considering several 
producibility metrics. In the context of this thesis weld producibility assessment 
system is also referred to as simply producibility assessment system (PAS). Latter 
available system still lacks various metric definitions and, although developed with 
the aim to maintain flexibility and robustness, has not been formally validated on 
other component welds aside from the ones that it was designed on. 

This master thesis addresses PAS with a focus to evaluate its current performance 
on a different group of design cases and to develop a semi-automated data post-
processing tool for easier results interpretation and visualization. The main aim of 
the thesis is to evaluate producibility assessment indicators through demonstration 
of the system in action with actual data. This is achieved by working on the 
already attainable geometry metrics and using them to communicate producibility 
in the context of other EWB disciplines. 

It is important to establish a clear distinction between design geometry metrics 
and its producibility indicators up front. Geometry metrics are not interpreted in 
the context of producibility, e.g. length of an edge is a raw geometry metric 
whereas total weld length is a producibility indicator. The difference can be in the 
manner of interpretation as well as complexity of calculation where an indicator 
can be composed of several geometry metrics. For instance, weld reachability is 
defined in terms of such geometry characteristics as angle and distance discussed 
in the chapters below. Therefore producibility indicators are measurable variables 
of a product design associated to its producibility. 

1.1 Background 

This thesis is a continuation of the previously carried and ongoing research at the 
aerospace company. The research is quite broad and is generally focused on 
automation in product development processes. The studies cover design platform 
concept for Engineering to Order (ETO) businesses [5] and automated 
producibility assessment within such platforms by the example of weld 
producibility assessment system investigating different manufacturability metrics 
and system’s implementation [6-7].  

The thesis can be defined with Design Research and Methodology (DRM) 
framework, which was developed by Blessing and Chakrabarti, 2009 [8]. DRM is 
used for extensive research scope allowing to measure impact of the carried 
studies. In the broader research context, this thesis stands in a prescriptive study 
phase of the DRM which consists of four methodological stages (Fig.1). Here the 
research has already been established, descriptive study performed with success 
criteria defined and impact model partially completed. It is further explained how 
the thesis fits theoretical framework of DRM in section 3.1. 
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Figure 1 Project’s scope (selected) within Design Research process framework [8] 

Initial studies investigated 4 case companies, one of which is in an aerospace field, 
and concluded that there is a need for integrated producibility assessment 
platform. The platform was expected to mitigate problems in later product 
development and visualize effects of changed requirements and their fluctuations 
[5]. Consequently, as part of the broader ongoing researches this thesis is focused 
to address the latter expressed needs and contribute to the general study. 

1.1.1 GKN Aerospace 

Globally GKN Group employs 55 000 people, out of which 17 000 belong to the 
Aerospace division, and has operations in more than 30 countries. Besides 
Aerospace, the company also has divisions in Driveline, Land systems and Powder 
metallurgy [9].  

It is worth mentioning that out of all new large commercial aircrafts 100% have 
components produced by GKN Aerospace. The company cooperates with several 
field businesses such as Rolls-Royce, General Electric, Boeing and others [10]. 
With a wide portfolio in civil and military usage components, the company places 
high standards on quality delivered and continuously ensures maintenance of their 
products, which is so essential in the aerospace industry.  

This project is carried in the division’s headquarters in Trollhättan, Sweden. 
Previously the affiliate was known as Volvo Aero but after being bought in 2012 
was renamed to GKN Aerospace. Today the company has the broadest engine 
product portfolio with key segments in intermediate, turbine exhaust, 
compressor/diffuser cases and other parts. Some of the main technological 
processes include advanced machining and automation capabilities, high speed 
machining, surface and heat treatment, electron beam, laser, tungsten inert gas, 
plasma and resistance welding [11]. 



Introduction 

8 

1.1.2 Computer Aided Design environment 

In its products’ development, the R&T department employs a heavy use of 
Siemens NX software, which is a high-end capability CAD/CAM/CAE integrated 
software with design automation orientated language extensions like Knowledge 
Fusion (KF) and Journal. 

KF is defined as an object orientated language which lets engineering knowledge 
to be added to the tasks by creating rules executed in the software [12]. 

Journal is a way that NX user sessions can be automated because it has an option 
for the activity to be recorded as a macro in another programming language like 
Visual Basic (VB). It allows to expand and customize the activity based on the 
user needs. 

Weld producibility assessment system uses both KF to prepare design cases for 
specific data extraction and journal to run the whole process in a non-interactive 
background mode and to store collected data in an excel file. However, there is an 
option for the analysis to be run in an opened NX user interface for easier task 
tracking, which comes in handy when script execution errors have to be fixed. 

This thesis work led to significant exposure to the commercial and in-house 
developed software during which some familiarization had to be acquired to 
successfully execute the work. 

1.1.3 Engineering Workbench 

Product development process at GKN is highly affected by the Set-Based 
Concurrent Engineering (SBCE) methodology which gave rise to the in-house 
developed platform called Engineering Workbench or EWB. This tool is used to 
improve product development process in design space exploration by integrating 
thermal, structural, aerodynamic and geometrical studies. 

The key characteristic of EWB is that it gathers all the design and performance 
parameters from separate modules and allows carrying parametric CAE studies. 
The detailed EWB process is quite complex but broken into main parts can be 
described in just several sequential steps leading to the results (Fig. 2). Here, a 
correct CAD baseline model is prepared tagged for parametric analysis. Then 
using Design of Experiment (DoE) it is planned which model parameters should 
be varied and how to sufficiently represent design space. DoE assigns parameters, 
e.g. number of assembly building blocks, edge lengths, face thicknesses etc. Based 
on DoE, several CAD-models or Design Cases (DCs) are automatically generated. 
At this point all DCs are automatically analyzed in multi-disciplinary context for 
thermal, structural, aerodynamic and other results. Gathered data is used in the 
data post-processing step, after which parameter responses can be investigated to 
narrow design space for optimum solution. 

Collected results are helpful in building knowledge on parameters’ influence 
across various disciplines allowing product performance predictions and 
supporting further design development. 
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Figure 2 Principal structure of parametric environment [13] 

1.1.4 Weld producibility assessment system 

Since the main object of this thesis work is weld producibility assessment system, 
it is important to understand how it is structured and executed. Although the 
system has been continuously under development at GKN Aerospace by several 
contributors this section mostly refers to the recent thesis work of Jacobson M., 
2016 [4]. 

Weld producibility assessment system is designed utilizing product development 
principles to increase robustness and flexibility. Here the latter two terms simply 
imply that the system has to be able to handle different analysis objects or models 
and at the same time be flexible enough to be built on and thus further elaborated. 
The system is structured in a modular way which provides a clear systematic 
architecture and traceability. It follows a sequential process with no unnecessary 
dependencies letting the user to modify one part of the system without the need 
to go and update the others (Fig. 3). 

 

Figure 3 General system architecture of weld producibility assessment [4] 
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Assessment definition includes weld methods and process plan definitions in 
excel files. They were established with intent to only provide analysis framework 
and are not fully defined or updated to be used in an ongoing EWB studies. 
Anyhow, if fully realized, these definitions would expand analysis knowledge base 
and help determine the most preferential production methods and processes for a 
specific design. 

The key property of the assessment module is selection of CAD features to be 
analyzed. A single DC is opened in NX interface and specific attributes are 
selected with the help of internal KF applications (Fig. 4). The attributes are 
simply selectable model edges which are regarded as weld edges. Surfaces 
surrounding the weld edge are constraints and have to be selected in order to 
correctly evaluate reachability data of the weld. This enables a sort of reachability 
metric estimation by providing information about weld edge surroundings such as 
nearest collisions restricting the welding mechanism. These features are then 
automatically sent to the excel file and additionally grouped to define how they are 
welded together. 

 

Figure 4 Model feature example 

Collect CAD data is the second process part which uses assessment definition 
input for CAD data extraction. Here, previously mentioned features’ file is 
updated with CAD data through the script which opens each DC, applies specific 
KF rules and extracts metrics like length, curvature, material ID, thickness, 
reachability angle and distance. Not all the data is directly available in the NX 
application and therefore it must be derived by automatically implemented model 
manipulations, which are the major cause of time extensive process. To simplify 
the work, no new files are generated at this point as necessary data is retrieved and 
stored directly into the same input file, which can then be used for data analysis 
directly. 

Weld edge attribute 

Constraining surfaces 
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Data evaluation is the final part of weld producibility assessment system where it 
is processed by a python script to structure and evaluate it against process plans 
and weld methods defined in the initial part. Established form of evaluation 
output provides a complete summary of all features for the entire set of DCs with 
some of the data expression handles, i.e. summation, max/min values, number of 
occurrences etc. 

Current state of the system raises several requirements for its successful execution 
stated in the previous research findings [4], i.e. 

1. Strict naming convention – feature names are crucial for the system to 
differentiate between features and identify if an attribute is a weld. 

2. Feature sustainability – it is important to make sure that the evaluated 
features are maintained in the geometry.  

1.1.5 Turbine Rear Structure 

Turbine Rear Structure (TRS), Turbine Exhaust Case (TEC) and Turbine Rear 
Frame (TRF) are all the names referring to a rear end static component of the jet 
engine (Fig.5). It supports low-pressure shaft and redirects exhaust flow from low 
pressure turbine to the exit nozzle [14]. This structural part is used as a case study 
object for producibility assessment because its complexity better corresponds to 
the development level of the producibility system. However, it is recognized that a 
fully developed automated producibility assessment platform should be able to 
maintain robustness for a wider range of structural components than just TRS. 

 

Figure 5 Turbine Rear Structure (highlighted) [15] 

The benefit of TRS as a case study object also lies in its concept which is driven 
by manufacturing and purchasing rather than product functionality. Nevertheless, 
it still does not diminish structural requirements to withstand thermal, structural 
loads as well as to be light and aerodynamic for fuel efficiency [14, 15]. 

Low pressure turbine 

Low pressure 
shaft 
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The parts used to assemble TRS are cast, forged or formed from sheet metal. 
Before the parts are welded together some machining operations are carried in 
preparation for the assembly and afterwards to deliver with the right geometric 
tolerances [15]. Finished structures are carefully inspected using various methods 
focusing on weld seam quality and other features. 

1.2 Purpose and research questions 

The object of this study is producibility assessment and how its multi-disciplinary 
analysis can be improved with manufacturability aspects for the proposed set of 
DCs. The project is performed at the aerospace company and therefore executed 
in the existing environment of that company where multi-disciplinary analysis 
system is represented by EWB and weld producibility assessment system is under 
development. Although implications of this research may be discussed outside the 
case of execution but the research questions formulated are in the context of 
models and tools provided by GKN Aerospace Sweden. 

Weld producibility assessment system is under-developed and therefore not yet 
integrated into EWB. Some functionalities are finished but they are not formally 
validated. Assessment definitions require extensive investigation to accurately 
determine and define welding process in terms of time and costs. However, such 
accurate assessments are outside the scope of the thesis. Therefore, the first 
research question is focused on the data that is already attainable in the system and 
is formulated as such: 

How can CAD model data be used for weld producibility assessment in a meaningful way? 

Multi-disciplinary studies are performed to observe potential design trade-offs 
between different parameters. Similarly, it would beneficial to be able to evaluate 
all producibility indicators and determine their impact on production. Then, one 
would be able to know what to focus on to improve producibility and by how 
much in a quantifiable manner:  

What are the most influential producibility indicators and how do they compare? 

To conclude any design with an overall producibility evaluation, there must be a 
way to express different indicators into a unified measurement. For the business, 
such ultimate measurements are time and costs, which are difficult to accurately 
predict and acquire. Here, general process plans are investigated to see if the 
influence of different indicators could be determined and used to find a unified 
form of assessment: 

How can producibility indicators be summarized to a single form of measure? 

1.3 Delimitations 

The work is largely based on already available but underdeveloped weld 
producibility assessment system which requires specific expertise in the 
programming languages and software used. Consequently, the project in no way 
aims to implement a robust system but only tries to work within author’s 
capabilities and support provided by the R&T department to simply demonstrate 
performance of the system for the case object study. 
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The scope of the project is rather large and includes input not only from design 
but also from production specialists. Here, multiple aspects in production 
processes are reviewed but not thoroughly investigated and had to be represented 
in the system with subjective assumptions based on discussions with company 
specialists. Therefore, resultant data does not show definitive assessment of the 
case study object but rather allows to see what the data could look like and what 
conclusions could be made. 

1.4 Outline 

The thesis introduces several relevant concepts in its theoretical background to 
better understand where the project stems from. Then a big focus is put on 
methodology and its selection followed by implementation. Afterwards, the results 
are shown and discussed along with methodology. Lastly, conclusions are drawn 
based on established research questions and suggestions for future work are made. 
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2 Theoretical background 

This section explains theoretical background of the thesis. It introduces and 
discusses several relevant definitions and concepts which were also addressed by 
the preceding works of the project. 

2.1 Knowledge-Based Engineering 

To fully grasp the essence of this thesis research environment, several design 
engineering concepts need to be re-stated and further discussed. It is explained 
how traditional design engineering differs from Design Automation (DA) below. 

Conventionally, a typical design engineering process involves moving from stages 
of preliminary towards detailed CAD model, which is finalized to meet objective 
criteria stated in the beginning of product conceptualization phase. Such 
traditional process can be facilitated with an innovative approach in computer-
aided engineering known as Knowledge Based Engineering (KBE).  KBE is 
defined as: “…a method which captures product and process-based data and helps in building 
a virtual prototype in a system <…> for building a geometric model along with downstream 
processes such as material selection for static and dynamic analysis, and manufacturing capability 
enabling design automation.” [16].  

KBE allows design automation to take place by storing and retrieving design 
related data. The data can be used to automatically generate new models avoiding 
repetitive design tasks. Realistically, such concept implementation and use requires 
substantial support of computer based solution principles. Artificial Intelligence 
(AI) structures can be utilized, which are further theoretically discussed in 
Heikkinnen & Müller, 2015 [3] preceding project work. Nevertheless, well 
implemented knowledge-based systems should not be difficult to modify as the 
knowledge stored within is defined explicitly [17]. Therefore, one could, to some 
extent, work with the system without extensive knowledge of the programming 
language used. That is why some system manipulations and amendments were 
performed in the execution of this thesis. 

Here it is important to understand that KBE, as stated by Rocca, 2012 [18]: 

 Automates repetitive and non-creative tasks. 

 Supports multi-disciplinary design optimization in all design process 
phases. 

2.2 Set-Based Concurrent Engineering 

It can easily be shown that product development involving several different 
objectives in its realization can become a very complex task, especially when 
parameters defining those objectives are not directly correlated. How does one 
then must undergo a development process? 
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Set-Based Concurrent Engineering (SBCE) is an engineering methodology with 
the potential to be applied not only in the development but in business activities 
in general because it seeks to address different process tasks in parallel or at the 
same time. So by reducing sequential work this concept results in reduced lead 
times and, consequently, costs. 

The problem related to sequential development process is very well represented in 
the Figure 6, a. Here, the impact on the product life-cycle costs as early as in the 
concept development stage is shown to have the biggest influence as the 
information about the product in those early stages is mostly lacking. Initial poor 
judgment can cause re-design loop-backs which drive the costs even higher. In the 
sequential process, up to several stages may have to be repeated if they end up in 
that re-design loop. Latter situation is named as “over the wall engineering”. One 
must consider multiple product development stages concurrently to avoid re-
design issues, e.g. manufacturing is addressed as early as in the conceptual studies. 
This, of course, is no re-design proof method as development is always an 
iterative process but the number of changes, time and costs can be significantly 
reduced (Fig. 6, b). 

 
Figure 6 Engineering decision making impact and concurrent engineering 

benefit [19] 

Another aspect of SBCE allowing the processes to be worked on concurrently is a 
set-based approach. Contrary to the point-based approach, where only single or 
few Design Cases (DCs) are considered, set-based concept involves exploring a 
wide design space. The number of infeasible solutions is reduced only as 
exploration of design space continues. Most importantly, all the design cases are a 
valuable source for the previously presented knowledge base system, where their 
information is stored. This allows going back to them and using the obtained 
knowledge to look for relations of different parameters. Exploration of the design 
space lets developers find a more optimum solution and reduce loop-backs since 
alternative DCs can be selected without significant development efforts at any 
stage. Subsequently, SBCE studies have shown reduction in probability of design 
iterations [15]. 
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2.3 Design of Experiment 

Design of Experiment or DoE is a statistical method to define performance of a 
system by looking for correlation between input and output variables [20]. This 
method is the most general approach that one can employ to evaluate a system as 
it looks at it from a “black-box” perspective. It means that no assumptions are 
initially made and the system is regarded as unknown. It is acknowledged that the 
system is subjected to factors and can give an output when acted upon by an input 
(Fig. 7). Varying a set of input parameters, system’s behavior can be constructed 
and mathematical response surfaces can be plotted. 

 

Figure 7 Formal definition of DoE [20] 

In the most common scientific sense, the experiments are carried out by selecting 
one single variable while fixing the rest. Then, with enough certainty, observed 
response could be concluded to be a direct outcome of that variable. 
Nevertheless, multi-variable analysis is common in the DoE which then has to 
employ mathematical statistical models to vary those sets of parameters. In fact 
the increased variation in the design of computer experiments is an objective as it 
covers a wider design space and explores it by evenly spreading parameters across 
it [3]. 

Without resorting to extensive mathematical explanations of DoE distribution, the 
key take away of this chapter is to grasp the intent of the concept. It plays an 
important role in SBCE and is directly used to generate series of design case 
models by applying DoE on a single parametric base-line CAD model. 

2.4 Manufacturability Assessment System 

Manufacturability Assessment System or MAS is a system of tools which allows 
predicting or evaluating how manufacturable is a specific product design. Such 
system is exactly what is desired to be integrated into product development 
process.  
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Despite rather intuitive definition, it is important to clarify the distinction between 
the terms manufacturability and producibility. Vallhagen J. et al. 2013 in his 
research about producibility and manufacturability methodologies for the 
development of aerospace engine components said that manufacturability is used 
in the context of producibility. There is a clear distinction between the two terms. 
Producibility holds a strong link to product functions and performance, whereas 
manufacturability only focuses on product manufacturing trying to make it easier 
with less regard to product performance [21]. 

Therefore, MAS can be a system on its own as a subset of a broader producibility 
assessment system, where product performance and other characteristics are 
considered together with manufacturability. It is also concluded that in an 
aerospace context product functionality is so critical that there is a strong 
performance bias [10] which means that manufacturability tends to fall into a 
category of secondary influential factors. This by no means suggests that it could 
be neglected as it still is a valuable support to optimize objective design.  

MAS usually employs such tools as Design for Manufacturing (DFM) and Design 
for Assembly (DFA). The concepts solely seek to design the product in a way to 
improve its manufacturing by reducing the number of assembly parts and 
modeling the product to allow more preferential manufacturing techniques. In the 
context of high end technology engine components, tools like DFM and DFA 
may be more limited due to functionality based product design constraints. 

It would be best if CAD/CAM systems supported MAS as much as possible 
which would allow highly automated assessment process. Some modern computer 
modeling software already have built-in systems with enough flexibility for a user 
to create, customize and apply DFM rules to their design cases and extract 
relevant data. The data can be directly used as an assessment or joined with 
externally available techniques and pre-established knowledge base to analyze it. 
For example, information like material type, sheet thickness, minimum corner 
radius shapes and dimensions of holes could be extracted from the models. Then 
this information is used as inputs to the MAS. Generated outputs can be redesign 
suggestions, selection of processes and materials, process sequencing setups, 
planning setups and even foreseeable production costs and times [22]. Here, 
production costs and times would be ultimate complex indicators obtained from 
collective geometry metrics used as inputs. Intermediate indicators can be post-
processed by MAS to define not just the overall influence on the costs or time but 
on parts of production too, e.g. inspectability. 

The challenge is that manufacturability metrics and their effect must be well 
internally defined which requires sufficient knowledge of the involved 
manufacturing processes. To succeed, developers and production specialists have 
to cooperate. Afterwards, the knowledge base can be created which contains all 
the necessary manufacturing rules and figures. It is also important to recognize 
that MAS must be constantly updated to stay current with the changing 
manufacturing processes. 
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2.5 Production costs and time modeling 

The ultimate objective in producibility assessment for business is defining product 
prototypes in terms of process time and costs. This is a very challenging objective 
involving a lot of controllable and uncontrollable factors. Here the most relevant 
aspects of welding assessment are reviewed. 

It is found by Miller D.K. (2004) that when it comes to welding costs, there is a 
number of factors that could be considered, e.g. [23] time for joint preparation; 
time to prepare the material for welding (blasting, removal of oils, etc.); time for 
assembly; cost of electrodes; cost of shielding materials; cost of electric power etc. 

There are three basic approaches to estimate welding costs, i.e. costs per unit, 
length or weight. The approach can be chosen based on the manufacturing type. 
Unit method applies for pieces moving through a workstation, length is used for 
estimating long continuous welds and weight method works for significant 
volumes of weld material deposition. 

Pabolu V. et al. (2016) [6] investigates welding manufacturability of TRS and 
chooses price per weld length approach to model the costs. The calculations are 
made based on chosen weld method, joint filler material, length of weld, number 
of welds and the average weld speed. Used modeling approach is relatively 
detailed and tries to express weld length costs in terms of fixed costs, i.e. 
equipment, installation, maintenance etc. and variable costs, i.e. manpower, 
electricity, filler material etc. Such costs modeling method assumes fixed and 
variable costs to be constituents of the total costs expressed per weld length unit. 

However, given discussed weld length approach does not explicitly define the 
most impactful design aspect affecting the costs. One could not decide that the 
most effective way to reduce costs is a weld length reduction simply because they 
are expressed per unit of length. Latter assumption is one dimensional and 
overlooks complexity of the estimations where product design changes for the 
same weld length can carry immense hardly predictable manufacturing effect. 
Therefore, discussed estimation method does not allow costs and production time 
optimization because indicators of highest influence are not identified. Here, 
product design must be considered in relation to manufacturing to establish valid 
impact evaluation. 

 

Reviewed theory explained the importance of design automation, the benefits of 
set versus point-based design and a way to explore design space relying on DoE. 
Such analysis approach can be implemented into MAS which includes different 
design cases as input data, knowledge-base as analysis module and output. The 
challenges associated to resultant system’s indicators, i.e. costs and time modeling 
were discussed considering preceding works of the project. It was emphasized that 
the quality of MAS and its indicators depends on well defined relation between 
product design and its manufacturing aspects. 
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3 Method and implementation 

This chapter is focused on method selection and implementation plan to execute 
the thesis. Two general methods used in the preceding works within the topic are 
described and compared to set the preference.  

3.1 Design Research Methodology 

As mentioned in the section 1.1, producibility assessment development follows 
Design Research Methodology (DRM) established by Blessing and Chakrabarti, 
2009 [8]. The method aims to clarify research objective by introducing concrete 
success criteria. Here it is analyzed what are the main factors preventing successful 
research and how can they be worked on to achieve success. 

It has been mentioned that this thesis work is a sub-part of a broader DRM scope 
consisting of four main executable steps. Several previous works leading up to this 
thesis used DRM as the main method for their smaller scope research showing 
that the method can be applied on different scalability levels. Below it is briefly 
summarized what is the essence of the method to fully grasp the context of this 
thesis. Later it is argued whether the same DRM should be applied here. 

The goal of DRM is built on three major questions, i.e. “what is meant by 
successful product, how is a successful product created, how can the chances of 
being successful be improved?” [24]. Such fundamental approach allows to define 
research objective, factors affecting research success and how obtained knowledge 
can be used to create design support to determine whether its application leads to 
successful results. The same characteristics are embedded into methodology 
structure composed of four part described below. 

Research clarification 

It is important to begin with research clarification as the first DRM step is to 
define success and introduce measurable criteria. This is a fundamental element of 
the method identifying the aim of the research, focusing upcoming studies to find 
what is preventing success, developing support aimed at addressing the most 
influential factors and allowing its evaluation. 

In the broader project scope that this thesis contributes to, it is desired to 
introduce a functioning producibility assessment system into multi-disciplinary 
set-based concurrent engineering studies. Some relevant success criteria that are 
impacted by this thesis are reflected in previously carried case studies by Elgh F. et 
al., 2016 [5]: 

 Time spent in project - measured in time 

 Support the designer - measured by designers’ assessment 

 Lower number of errors - measured by number of changes in series 
production 
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Descriptive study I 

In the first descriptive study it is necessary to increase knowledge and 
understanding of a design determining the most influential factors affecting 
established measurable criteria. This creates basis for the design support to be 
developed on. 

At GKN, the first descriptive study knowledge has already been gathered by 
mentioned producibility assessment system research and development 
contributors. Some of it is available in their publications but additional 
information was collected from company staff assisting this thesis work. 

Prescriptive study 

Prescriptive study uses results of the descriptive study to develop an impact model 
which describes improved situation, systematically develops support and evaluates 
it. Here it was not required to develop a fully functional and complete impact 
model design. It only had to be enough to evaluate support with respect to 
previously established success criteria. Therefore, prescriptive study is usually a 
type of demonstrator or prototype which can later assist in a more complete 
development of the system. 

Producibility assessment system is the impact model and, although under-
developed, it is the main working object of the thesis. The project is set in the 
prescriptive study phase of DRM which activities according to Blessing L., 2004 
[25] can be summarized as such: 

 Impact model or theory development. 

 Systematic support development. 

 Support evaluation with respect to its in-built functionality, consistency, 
etc. 

The thesis contributes to all three summary points because it is aimed to assess the 
current impact model required by the study, implies systematic changes to collect 
relevant producibility assessment data and supports evaluation of the system as a 
whole by evaluating used indicators obtained from it.  

Descriptive study II 

The final study of DRM is focused to evaluate and validate the outcome of the 
prescriptive study and looks at it from a study purpose point of view. This can 
lead to some qualitative and quantitative results as established measurable factors 
should be evaluated. 
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Method feasibility for the study 

DRM is known to be a good fit general approach method when it comes to 
determining which research to conduct and conclude it with specific measurable 
criteria evaluation. However, DRM process suggests method application to find 
and research innovative solutions when the working environment is not well 
known and requires lots of information collection. As many research methods, 
DRM is an iterative process during which different studies may be re-evaluated 
and considered concurrently. The method seems to be scalable if several impact 
models are determined in the study and considered separately. For example, if the 
PAS was to be complemented with other assessment tools besides weld 
producibility, they could be researched individually. Nevertheless, Goldkuhl G., 
2013 based on other scholars’ publications, reviewed that DRM operates on a 
general level. He noted that the impact model design, although pursued on a 
specific problem, is later abstracted to a class of problems [26]. 

On the other hand, this thesis is focused on PAS and attempts to at least partially 
introduce it to the multi-disciplinary design studies. No new complete system was 
developed and only the most indispensable amendments were made in the existing 
system to allow the study. 

DRM is very much focused on the technological view of a developed IT artifact 
and has little attention on how it is shaped by organizational context [27]. This 
property is conflicting with the research objective where systematic development 
was only a consequence to approach producibility indicators evaluation. 

Consequently, DRM method was not employed in the study as most of the 
required information is readily available for the defined research objectives 
yielding Descriptive Study I rather irrelevant, if DRM was to be applied. The most 
influential factors prohibiting the study are linked to the available weld 
producibility assessment system and were solved internally without extensive 
discussion in this thesis. 

3.2 Action Research 

Methodology employed in the thesis is Action Research (AR) which is concerned 
about improvement through action [28]. The method is better recognized in social 
sciences but was applied by Pabolu V. 2015 [6] in weldability analysis system 
development who chose the method over DRM as well. Nevertheless, AR can be 
employed in both quantitative or qualitative researches and focuses on local 
practices without overlooking its contribution to the general study [25]. The 
method is iterative and involves repetitive reflection on action cycles to verify if 
produced results or study refinements are needed. AR is a process by which 
change and understanding can be pursued at the same time [29]. Therefore, it was 
a sufficient approach for the study as it was not clearly known which indicators 
and in what form were to be analyzed due to potential delimitations imposed by 
the system. 
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Action Research was also discussed in the research methods literature review by 
Runeson et. al. 2009, who discussed AR application in software engineering 
stating that the method can be used in combination with case studies to better 
determine pre-and post-research impact [30]. Finally, AR is simply preferable due 
to its relevance to the project underlined in method definition: "the AR approach … 
is particularly appropriate for solving problems for which past research has provided, at least a 
starting point and for the time being, a reasonably accepted scientific model supported by evidence. 
AR can then test the evidence against the model, refine it, or improve on it" [31]. 

Above exactly corresponds to the project scope as some previous research has 
already been made. It was important to focus on the output of the system 
available evaluating its robustness through a case study and in turn doing some 
possible and necessary refinements imposed on the system. 

Finally, the key characteristic shared both by the method and the project is active 
researcher and clients or participants collaboration which allows bringing together 
general theories and situated, practical knowledge [32]. The participants in this 
case are company specialists closely related to investigated issues. 

 

Figure 8 Action research cycle 

Although typical AR steps consist just of four parts, i.e. plan, action, results and 
reflection (Fig.8), they can be detailed and split into six method execution steps [6, 
33]: 

1. Identifying the problem(s). 

2. Analyzing the problem(s) and determining some relevant casual factors. 

3. Formulating tentative ideas about the crucial factors. 

4. Gathering and interpreting data to sharpen these ideas and to develop 
action hypotheses. 

5. Formulating action(s). 

6. Evaluating the results of the action(s). 

These AR method steps were adapted to the study of the thesis and their 
implementation is elaborated next. 
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3.3 Application of research method and implementation 

In this section previously discussed and selected research method is detailed for 
implementation. The process following methodological Action Research steps is 
clarified explaining how the project was carried all the way to the evaluation of the 
results. 

3.3.1 Problems identification 

Having reviewed previous works in producibility assessment system’s 
development, it was recognized that this research also deals with the same topics, 
i.e. robustness, flexibility and assessment meaningfulness. To make the solution 
impactful, problems related to producibility assessment had to be detailed and 
understood. This aided not only as a research guiding tool but allowed to get back 
to the issues stated to evaluate project success. 

Relevant problems were identified by the work supervision at GKN: 

 Current state of producibility assessment system is not known. 

 Some obtained data is incorrect and systematic problems are yet to be 
solved. 

 Although a framework is established, data post-processing needs further 
development. 

 It is not clear what types of producibility aspects are relevant in the 
production. 

 It is not completely known how or in what form producibility assessment 
geometry metrics can be translated into meaningful indicators and 
introduced to multi-disciplinary design studies. 

 More producibility assessment indicators are to be obtained and it is not 
known what implication they pose on the system. 

 It is not clear how producibility indicators could be used to assess weld 
process plans and their preliminary time and costs. 

3.3.2 Analysis of problems and relevant factors 

Previously gathered project based problems were analyzed to determine relevant 
work execution factors. 

The issues seemed to involve extensive work within the system testing it and 
working with data. This is because it was initially recognized that systematic errors 
had to be found and worked out to even make the study feasible. Clearly, ability to 
handle the system and knowledge about its way of execution was imperative to 
study success. Consequently, latter requirement yielded some factors to be hardly 
controllable, i.e. if the error found is not completely amendable to the best of 
author’s capabilities. 
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The next focus area to allow project execution was data post-processing. For a 
completely realized system, a robust automated post-processing module was 
required. Here, many things had to be considered because post-processing would 
be integrated in the weld producibility assessment system. Automation of this 
module was highly preferable even for the limited case of this study as several 
cycles of data extraction had to be performed. This could be very time consuming 
if each data post-processing attempt was to be done manually. Therefore, post-
processing structure, data input and readability for automated analysis were 
considered. 

The problems seemed to be linked. For example, more producibility indicators 
needed to be identified but their implementation may have posed changes to the 
preceding parts of the system like data extraction or post-processing. Therefore, it 
was important to tackle the tasks concurrently and receive feedback continuously. 
Production input was used to concentrate on indicators’ relevance and data 
visualization. It was important to establish clear mutual understanding between 
production and product development to really address the key metrics translatable 
into meaningful indicators. 

Based on identified problems, it became clear that the study with the main goal to 
evaluate performance and impact of the producibility assessment system is multi-
objective. The key factors of the study are initial study setup, system’s 
modifiability, data input, post-processing structure, indicators and their relevance. 

3.3.3 Tentative ideas for execution 

Once the problems were gathered and analyzed, it was possible to state ideas for 
project execution. The focal points of the study implementation are revealed 
below. 

Current state analysis and setup 

To perform current state analysis, a close practical familiarization with the weld 
producibility assessment system was required. It was first observed how the 
system performs on the simplified design cases like the ones it had been 
developed and tested on in the previous works. Then obtained metrics, i.e. length, 
material ID, curvature, reachability distance and angle were carefully evaluated for 
the welds of the case study object. 

Case study models were TRS CAD assembly DCs used to evaluate several 
different weld groups. Obtained metrics were evaluated and encountered 
problems preventing execution were identified. Necessary modifications to the 
system were made to verify that resulting metrics are correct. 

The outcome of the study setup was to identify any points of concern in later 
studies and possibly improve system’s performance. This was realized by adapting 
the system to handle TRS models. As a result, application of the system could be 
expanded and its robustness increased. 
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Post-processing development 

Post-processing is an extension of weld producibility assessment system which 
takes resultant geometry data from the system and reconfigures it into meaningful 
data for producibility. It was certain that this module may have required additional 
input as indicators are usually based on production definitions, which have to be 
obtained as well. It was not intended to develop a fully functioning system so the 
way that post-processing is linked to other data sources may not follow systematic 
design practices used in the previous works. 

Nevertheless, post-processing was fed with data several times during this study so 
process automation was preferred to speed up iterations and minimize manual 
data handling. Here, the success of post-processing development was mostly 
dependent on the software selection and capability to work with it. 

Well-developed post-processing module should speed up data preparation for 
results visualization and integration with overall multi-disciplinary design data, 
which is later used to investigate parameter relations. 

Production input 

The project was evaluated based on the feedback from production and 
development specialists regarding demonstrated results of the system. Therefore, 
it was useful to rely on the same people to steer the project into the right 
direction.  

Production input was required several times during post-processing development 
stage. This is because potential indicators were formulated first and then proposed 
and discussed with the production. The feedback was used to exclude or modify 
indicators gathering additional information. The communication was carried 
during project status updates to collect feedback. 

This step had an effect both on system’s setup to do modifications for additional 
data retrieval, and post-processing module to adjust data handling. 

Preliminary project execution plan 

Above execution ideas were summarized and presented in a preliminary project 
realization plan (Fig.9). Some aspects of action research methodology were already 
taking shape since production input may be regarded as a reflective part of the 
project requiring several research iteration cycles. 

To sum up, some familiarization in current system’s state evaluation was obtained 
to move on to the case study setup where all imperative systematic amendments 
were made to proceed with the project. Then, post-processing module 
development started, intermediate results were collected and refined with 
production input. Lastly, results were presented and evaluated to determine the 
impact of the study. Execution steps and final data evaluation are described next. 
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Figure 9 Preliminary project execution flow 

3.3.4 Gathering and interpreting data to establish first action plan 

It was first necessary to start working with the weld producibility assessment 
system to gain practical familiarization and evaluate its current state. That is why 
the title of this section implies preparation for the study leading up to the actions 
taken to achieve the research objective.  

Design cases studied 

The focus in this research step is already mentioned TRS (Fig.10) component of a 
jet engine. Case study models from the previous EWB analysis were provided. 
They follow pre-defined DoE setup for 29 DCs with varying model parameters.  
Once the assessment took place, these variations had to be reflected by the weld 
producibility geometry metrics. 

TRS is a welded assembly of different structural parts. Each available DC consists 
of: 

 MNT – 3 mounting sections 

 MRT – 2 mounting transition sections 

 REG – remaining number of regular sections 

Sections can also be interchangeably referred to as struts, vanes and sectors. MRT 
indicates how and where TRS is mounted to the other engine components. These 
sections are therefore sturdier than the others. MRT is a transition section 
between MNT and REG. Consequently, faces of MRT are thinner than MNT but 
thicker than REG. 
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Figure 10 Turbine Rear Structure (TRS) single DC 

While MNT, MRT section number is always the same for the DCs, REG section 
number is varied. Another variation parameter related to struts is their lean angle. 
In the case study there are multiple TRS models with different combinations of 
section numbers varying from 10 to 16 and lean angle increasing from 0 to 40 
degrees (Fig.11). 

Assessment study was prepared with the help of project supervision at the 
company selecting weld edges of interest, i.e. Outer Case (OC) edges separating 
the sections, HUB welds enclosed in the air flow cavity and flange rings 
supporting cylindrical structure from both sides. 

 

Figure 11 Structural variation across DCs (DC7 – left, DC18) 

However, not everything is reflected by the DoE and CAD models for various 
DCs. To maintain stiffness for the DCs with 13 or fewer struts, additional welds 
are introduced. In fact, between each section an additional plate is welded in to 
stiffen the structure. Consequently, it was recognized that different production 
rules may come into place based on study setup and these rules too have to be 
accounted for in the weld producibility assessment data. 

 

 

Sectors no: 10 
Lean angle: 0

o
 

Sectors no: 16 
Lean angle: 40

o
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Validation and errors traceability 

There are two main sources of errors in weld producibility assessment, i.e. model 
and/or the system itself. Therefore, data validation for the weld producibility 
assessment system was performed in two ways: 

 Checked manually in the NX application – reveals system errors. 

 Looking for inconsistencies throughout all data – reveals model errors. 

Manual checking in the NX application was done employing built-in measurement 
tools, e.g. edge length, curvature analysis etc. If compared data agrees, it could be 
concluded that the system assesses CAD model correctly. Otherwise errors may 
be found in analysis setup or within execution scripts of the system. 

Manual data validation is highly supported by knowledge gathered in the previous 
part where design case study models were discussed. Since it was known how the 
structure is varied, consistencies for some of the different weld groups could be 
assumed.  For example, OC welds have the same length, therefore, it was 
sufficient to only check one metric value per DC and look for changes in 
equivalent weld groups. If inconsistencies were found, then they could indicate a 
model related error. 

Such validation approach addressed previous development project of the system 
where the importance of correctly setup CAD models is emphasized. 

Amendment of the system 

Perhaps the most important part of the case study was not just to evaluate the 
system but to gain knowledge on how it works. Running into systematic errors 
and attempting to amend them increased understanding about the system and 
how it is executed by scripts programmed in VBA, KF and python. It was 
recognized that modifications to the system are most certainly needed to make the 
study feasible. Consequently, knowledge and ability to work within it was essential 
for successful system’s extension and data post-processing. Therefore, to speed up 
the process, all imperative amendments were performed with the help of 
department support. 

3.3.5 Formulating actions 

Action cycle 1: Data post-processing 

The most important task after successful systematic setup was the post-processing 
of the obtained results. At this point enough knowledge was available based on 
previously gathered information to handle data and establish meaningful 
indicators. 

To maintain systematic integrity, post-processing had to be an extension of the 
weld producibility assessment analysis module. For mere demonstration of the 
system, it was only enough to apply simple data handling tools in excel. Since TRS 
baseline model always includes the same main weld groups, templates for their 
evaluations were prepared. The system had to be able to operate on two output 
levels, i.e. separate and overall weld evaluation of the DCs. 
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Additional inputs for the system were considered too because geometric CAD 
model data alone cannot fully define producibility assessment. It was discussed 
previously that EWB is interconnected where several disciplines depend on one 
another. If producibility assessment gets integrated as an equivalent module, then 
it too may have to consider inputs from other disciplines. All additional data such 
as relevant rules not reflected in the CAD data were regarded as inputs as well 
(Fig.12). The last part of established data post-processing was process plans where 
preliminary time and costs are intended to be defined for different welding 
methods. Investigation of the process plans is further explained in the 3rd action 
cycle. 

System inputs:
1) Metrics
2) Definitions
3) Rules

Data handling

Overall evaluation:
1) Total weld length
2) Weld count
...

Separate weld groups:
1) OC welds:
1.1) Total weld length
1.2) Weld count
2) HUB welds:
...

Process plans
1) Weld Method A
Time, Costs
2) Weld Method B
...

 

Figure 12 Data post-processing 

Post-processing implementation is a cyclic process where system’s development 
and testing requires several iterations. Such system is also prone to continuous 
changes due to varying range of manufacturing inputs and their values. 
Subsequently, a semi-automatic data post-processing module solution was 
approached admitting that a full automation would be a wasteful and tedious task 
before the impact of the system is even demonstrated and evaluated. 

Action cycle 2: Investigating process plans 

The next implementation step required in the post-processing module was process 
plans analysis to determine manufacturing resourcefulness. Here, resourcefulness 
implies some sort of unified assessment criteria considering that definitive 
manufacturing time and costs are not attainable within the scope of this research. 
Process plan’s module is a part of the assessment definition within the weld 
producibility assessment system and includes different weld methods (Table 1). 
Only incomplete framework was available without sufficient manufacturing 
consideration to establish measurement rules. Therefore, process plans were 
investigated in attempt to: 

 Expand process plans analyzing TRS manufacturing. 

 Find and demonstrate preliminary time, costs or other unified measure 
based on available metrics for this study. 
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Considering cost modeling limitations of Pabolu V. 2016 [6] discussed in section 
2.5, where he tries to evaluate all fixed and variable costs to express them for weld 
length, a different approach was taken. Instead of approximating production costs 
in terms of fixed and variable inputs, it was tried to find out what additional 
manufacturing resourcefulness comes from design changes. The intention was to 
relate product design to its manufacturing implications through available metrics 
and indicators. Therefore, production platform documentation for a sample 10 
sectors TRS model was used with foreseen production times estimated. The data 
was discussed with a process engineer during meetings and production floor visits. 

Table 1: Process plan template for different weld methods 
 

Indicators 

1 

2 

… 

n 

Methods Laser Beam 
Weld 

Tungsten Inert 
Gas Weld 

Plasma 
Weld 

Electron Beam 
Weld 

Process 
plans 

Tackweld Tackweld Tackweld Tackweld 

Machining Machining Machining Machining 

Inspection Inspection Inspection Inspection 

… … … … 

Time … … … … 

Costs … … … … 

Once the list of process plans was expanded, each operation was considered with 
respect to its manufacturing impact and involved producibility metrics, i.e. length, 
thickness, curvature, material ID, reachability angle, reachability distance. Such 
analysis allowed capturing more process items to be added and possibly rules for 
their assessment. 

Action cycle 3: Metrics and indicators visualization 

It was not sure that CAD model assessment metrics would lead to an increase of 
captured indicators. However, it was sufficient that these metrics and indicators 
could be used to rank DCs within their categories. Afterwards, extreme cases 
could be depicted depending on their max/min values, e.g. long weld length DCs 
were less preferable then shorter weld length DCs based on that single evaluation 
category. 

Once data meaningfulness was realized, it was possible to visualize and interpret 
it. This could be achieved using different tools. Most conventional and known to 
the majority of employees is MS Excel where tabular data can be quickly graphed 
on chosen chart types. The company also uses powerful optimization tool 
software - modeFRONTIER for multi-objective and multi-disciplinary 
optimization. For the case study this software was utilized to plot response 
surfaces of gathered geometry data to be assessed because several interpolation 
and extrapolation options are available within it. 

 

 

 

 



Method and implementation  

31 

Action cycle 4: Response demonstration of producibility assessment 
indicators 

After data post-processing and visualization was possible, demonstration of 
producibility assessment indicators could be prepared. All design cases were 
summarized and their data fed to the overall EWB multi-disciplinary analysis 
summary table. Here, results demonstration of potential system in action is called 
a demonstrator. 

Following EWB structure, producibility assessment data is supposed to be 
introduced as an additional discipline with its indicators to the multi-disciplinary 
results table (Table 2). Selected indicators were used to reflect both overall and 
separate evaluations from the data post-processing. This allowed analysis to take 
place on overall and separate producibility assessment level. 

Table 2: General EWB results table outline 

To determine how data interact with each other, a correlation matrix was created. 
Correlation matrix is a table which header rows and column consist of all 
investigated inputs and outputs and their correlation is evaluated by the cell values 
in the table. Only the most relevant data from other disciplines was taken to 
observe its response. Correlating and other parameters of interest were visualized 
and discussed. 

3.3.6 Evaluation of actions’ results 

It would have been a too extensive research to figure out how proposed working 
system affected design during a full development life cycle and gather quantitative 
data like reduced number of re-design loops or generated savings. However, a 
well-developed demonstrator of the system’s performance could be used as a 
reflection of the actual system in action. Therefore, this evaluation was focused on 
company specialists involved in development and manufacturing to determine 
what is their view on the results presented. Used questionnaire can be found in 
Appendix A. 

Finally, to verify overall thesis success, identified problems laid out in the 
beginning of the methodology implementation (sec. 3.3.1) were discussed as well. 
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Producibility 

Indicator 1 Indicator 2 … 

1 16 … … … 

2 16 … … … 

… … … … … 

29 16 … … … 

Min … … … 

Max … … … 
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4 Findings and analysis 

This chapter concisely presents findings and analysis of the research whereas its 
evaluation and discussion is presented separately in the following chapter. Here, 
covered topics include assessment setup, producibility metrics and indicators, 
developed data post-processing analysis, investigation of the process plans and 
results demonstration. 

4.1 Assessment setup 

During the setup of the system for TRS producibility assessment, available CAD 
model metrics had to be verified. This revealed several systematic obstacles and 
confirmed initially stated requirements for the system’s performance. 

It was found that each CAD model contains edges of two types, i.e. 

 Single edges – one edge identifies separation between two faces to be 
welded, e.g. vanes (Fig.13, red) 

 Double edges – two identical edges shared by two faces which are 
associated to them respectively, e.g. outer case (OC) edges (Fig.13, blue). In 
the figure one group of MNT edges belongs to the left section and the 
other to the right. 

It became clear that assembly models usually have such edge types. Single edges 
are simply added on the face to identify potential weld. Double edges are not 
explicit and come from the way the model is built, e.g. separate OC sections used 
as CAD building blocks. The system is not able to distinguish between the types 
and gives two times higher values for length data when working with double 
edges. This was not fully resolved systematically and had to be taken into account 
during post-processing. 

 

Figure 13 Edge weld type examples (red-single edge, blue-double edges) 

Single edges 

Double edges 
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A single OC weld (Fig.13, blue) in the CAD model is represented by several edges 
along that weld having distinct names. All these edges were grouped under a single 
weld group name to signify that the two OC sections are welded together in one 
stroke. Consequently, the whole model is essentially defined by groups of welds 
needed to assemble it. The option of grouping them was not responding and had 
to be amended systematically to allow the study. 

The main errors determined for CAD geometry data included curvature, 
reachability angle, and reachability distance. Curvature was improved by amending 
problems related to double edges and evaluation precision. Reachability data was 
found to have fundamental problems limiting its application therefore a new 
indicator was proposed. Verification summary is shown in the Table 3. 

Used method of verification also revealed several CAD model related problems. 
The most essential for the study is related to incorrectly set feature names due to 
which not all edges could be assessed. Since the features are named automatically, 
the feature naming script was adjusted. Also, for most design cases HUB weld 
discontinuities were detected. Thus, their weld lengths had to be collected 
manually. 

Table 3: CAD metrics verification 

Metrics Verification 1 Change Verification 2 Change Verification 3 

Length NOK 

Fixed CAD 
feature 

naming script 

NOK 
No – adjusted in 
post-processing 

OK 

Curvature NOK NOK Script change OK 

Thickness NOK OK  OK 

Reachability 
distance 

NOK NOK 
New indicator 
implemented 

OK - partially 

Reachability 
angle 

NOK NOK 
New indicator 
implemented 

OK - partially 

Material ID NOK OK  OK 

 

4.2 Analysed geometry metrics and indicators 

CAD geometry metrics were verified therefore it was possible to start establishing 
producibility indicators. After discussions with project supervision and production 
specialists, the significance of the following list of geometry metrics and indicators 
was elaborated. 

4.2.1 Weld Length 

Length predicts the amount of welding needed. Despite being one of the most 
straightforward ways to approach costs and time estimation if the associated 
welding speed is known, the metric is related to multiple operations, i.e. tack 
welding, inspection, weld class finish etc. 

Length metric can be used not only to define the total welding amount but also to 
track model geometry changes and reflect DoE setup. Other disciplines like 
aerodynamic calculations imply geometric changes on the CAD model. Single 
section length of the OC weld is observed to decrease linearly with an increasing 
number of sections (Fig.14) 
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Figure 14 Single OC weld length response to the number of sectors 

4.2.2 The number of welds 

Starts/stops count is obtained from the number of group welds per model where 
one group always has a beginning and an end point. Therefore, this indicator can 
also be defined as simply the number of welds. 

During a welding procedure, welding tool begins its operation at initial or start 
point of the weld from which it transitions over the welded edges and stops at the 
final point of the weld where the tool is retracted. The problem is that these initial 
and final points can easily be overheated which leads to weld damages such as 
holes. To avoid this, additional weld extension sheet plates are added offsetting 
weld start and end points. Consequently, associated weld damages now occur on 
extension sheets which are mechanically removed from component so that it 
would be left with continuous weld only. For the OC welds, it is also common 
that instead of using additional extension sheets, the component is made a bit 
wider so that these damages could simply be milled off. 

Flange welds, however, cannot be fixed by taking away material because the weld 
is circular. Here, as the weld progresses, it goes over its starting point and stops 
ahead. Going over initial welding point allows reheating that area and fixing the 
damage while the end point is fixed similarly but in some manual ways which take 
time. 

Therefore, start/stops count or the number of welds as an indicator is significant 
because it is related to weld treatment operations. 

Both OC and flange type welds are illustrated in Figure 15. 

 

Figure 15 OC (left) and Flange (right) welding 
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4.2.3 Curvature 

Curvature has the potential to assess the difficulty of edges welded. It was found 
to be most relevant for the generally higher curvature value features like struts 
(Fig.16). Here, the difficulty is related to automated welding motion setup and 
quality execution. High curvature edges lead to increased weld head acceleration 
rates due to the change in welding direction. Although, the metric is not directly 
used in manufacturing but its impact is recognized. 

 

Figure 16 Single edge strut maximum curvature 

Curvature in struts’ geometry is related to air flow and many structural design 
alternatives can be considered to maintain aerodynamic performance. Later 
presented parameter correlation matrix will show that other parameters can affect 
curvature. Therefore, producibility can be optimized for favorable curvature 
values changing other design inputs. 

It was noted that curvature relevance for the case of TRS could be diminished if 
the component involving difficult welds is cast as a whole piece instead of welded 
together. For the TRS such alternative would solve related issues but other 
problems may arise related to the change in manufacturing methods. 

4.2.4 Thickness variance 

There are many variables related to thickness variation such as machining 
operations to level welded surfaces and weld susceptibility to distortion. 
Discussions about this issue concluded that thicknesses uniformity is a general 
desirable for the producibility of any weld. Therefore, thickness variance was 
proposed as the key indicator to evaluate weld uniformity. This single indicator 
allows general weld quality and difficulty prediction. The variance is also 
supported with absolute thickness data which can potentially be used to calculate 
milling operations to establish smooth transition between welded faces. 

For thickness variance values above 0, maximum and minimum thicknesses of 
welded features are of interest. These values determine how parts to be welded 
should be milled for required transition and if milling is even feasible for such 
thicknesses (Fig.17). 

Thickness variance works by describing thickness uniformity along a single weld 
group. The indicator is compiled knowing all the thicknesses associated with one 
weld group (Fig.18). A mathematical variance is calculated for those thicknesses 
signifying how much weld thicknesses deviate from their mean value: 

Strut lower 
edge 
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Here, x the thickness of one welded segment, µ is the mean of all welded 

segments, N is the number of welded segments within a single weld group and σ
2
 

is the thickness variance of the investigates single weld group. 

 

Figure 17 Thickness transition between welded faces 

 

Figure 18 Single weld group and associated thicknesses 

To extract thickness variance, a specific output string had to be implemented in 
the system. This data output example can be found in Figure 18. Each OC weld 
group is usually divided into named categories, i.e. rear, mid and front. According 
to these naming conventions, thickness values can easily be read in the data string. 
However, to obtain single variance indicator value, this string is handled in the 
post-processing module. 

Thickness variance for the most severe weld group was graphed across the whole 
range of DCs (Fig.19). If thickness variance definitions are proven to be practical 
and employed by the production, a threshold value could be assigned to determine 
cases of increased severity or even unfeasibility to manufacture. 
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Figure 19 Sever thickness variance (weld - REG/REG) 

Finally, the same thickness value string was used to find minimum and maximum 
thicknesses for each weld. In addition to already mentioned thickness relevance, 
these values are also required to determine feasible weld methods based on 
specified weld penetration depths. 

4.2.5 Minimum accessibility 

It was found that reachability metrics are not valid for enclosed weld assessment 
when a weld resides in a cavity constrained from all directions (Fig.20). That is 
because while estimating reachability, a normal direction to the weld is checked 
first and then the angle of that normal is changed until the first intersection with a 
constraining surface is detected. When a weld is constrained from above, the 
system finds intersection normal to the weld for which reachability angle is 0. 
Consequently, any other constraining surface points are not even considered. 

  

Figure 20 Enclosed weld representation 
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The issue could be resolved in two ways, i.e. if minimum feasible reachability 
distance and angle values were known and provided to the system. Then the 
system could tell if the given conditions are satisfied for any DC. The second and 
probably more flexible solution is to store all reachability points for every DC in 
some database. Then solutions for different weld head definitions in terms of 
distance and angle could be checked. This way it determined which weld heads are 
applicable for the production. 

It was also found that to define the use of specific weld heads reachability angle 
and distance values may not be enough. Figure 21 shows how the geometry of the 
weld could be critical for the feasibility due to potential collisions with the tool. 
What is more, welding tool must be parallel to the weld at the welding point. This 
can impose movement on the tool which may increase the risk of collisions. 
Therefore, reachability should be regarded in all directions surrounding the weld 
and weld should stay within secure range of curvatures. 

 

 

        

 

 

 

 

Figure 21 Welding head collision representation 

Instead, a minimum accessibility indicator was proposed to at least visualize 
geometry changes which influence reachability. Minimum accessibility looks for 
constraints surrounding the weld. Relatively small angle values are omitted to 
prevent 0 reachability distance for intersections at the weld itself. The indicator 
also shows an associated reachability angle value. Consequently, the point of 
nearest intersection with a constraint can be identified in a polar coordinate 
system where weld point is the point of origin (Fig. 20). 

4.2.6 Material ID 

Material identification is a specific number associated with faces in the group 
weld. It could be used to consider additional welding time related to different 
materials in a sense of their fabrication, e.g. two parts are welded together one of 
which is cast and another is forged. In this case, there is a weld quality risk which 
may lead to reworking repairs. The number of different material welds can be 
identified in during data post-processing and the effect on welding time predicted. 

4.3 Data Post-processing 

Data post-processing was implemented in excel utilizing VB functionality (Fig.22). 
This allowed creating a semi-automatic solution with a basic user interface. 

Weld head 

Weld point 

Tool collision 
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Two inputs are introduced in the examined cases that are resulting files from the 
CAD geometry analysis and DoE setup. In the post-processing, a link with DoE 
file allows to automatically pull section numbers for each DC. For example, if OC 
weld length for one section is known and the total number of sections or struts is 
imported from DoE, then their multiplication is an overall length of OC welds in 
the model. Latter is just one example on how post-processing inputs could be 
used. 

 

Figure 22 Semi-automated post-processing interface 

Appendix B represents post-processing data for one of the weld groups, i.e. 
mounting section (MNT) welded with mounting transition section (MRT). The 
table shows how imported result file data is organized in post-processing excel 
sheet before actual data-processing takes place. 

Since the data for all analyzed weld groups is available in the described form, it is 
easy to manipulate it in excel and create separate weld assessment templates. 
Appendices C, D show relevant separate weld group evaluations. Separate 
evaluations are already processed data tables considering all necessary inputs from 
the analyzed CAD geometry data, DoE for different section numbers and added 
production rules. 

Imports post-processing 
inputs from DoE setup 

Imports and processes 
CAD geometry data 

Processes just thickness 
data 
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The production rules are additional inputs which are not reflected in the DoE or 
CAD model itself. For instance, it was already mentioned in method 
implementation that if the number of sections for TRS is too small, the sections 
must be extended to maintain overall model size. Such design of fewer sectors is 
not as stiff and to compensate for the stiffness loss, additional plate is welded in 
between each sector.  The stiffness is maintained but weld length increases. 
Therefore, if the production rule states that for all DCs with 13 or fewer sections 
an additional plate is welded between each section, then this rule can be described 
utilizing excel functionality. Here an ‘IF statement’ is used to include rule 
definition and adjust total weld length of OC welds (Fig.23). 

 

Figure 23 Production rules assessment (OC example) 

Overall assessment table with process plan analysis inputs is shown in Appendix 
E. Here, unlike in separate evaluations of weld groups, product design is 
considered as a whole. Only extreme values in each indicator category are 
registered for every DC. This assessment table is highly customizable and can be 
adjusted to show to which weld groups the values correspond. For instance, next 
to the thickness variance entry there may be a cell automatically identifying the 
weld group of highest severity. 

4.4 Process plans 

Time and costs of mere welding procedure were found to be insignificant in 
comparison to the number of operations required to manufacture them. This was 
concluded realizing that welding time and costs of deposited filler material are 
completely overwhelmed by the resources it takes to prepare and carry each 
operation. After discussions with process engineers, production platform 
documentation review and observing manufacturing process in action, it was 
decided to pursue design driven manufacturing time based on only the two most 
impactful indicators, i.e. number of welds and their length. 
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Weld method selection 

Weld method selection is determined by application feasibility and preference. 
Feasibility mostly depends on the plate thickness alone as different methods have 
different material penetration depths. TIG and laser beam methods are the two 
most preferential methods and have the minimum feasible penetration to handle 
TRS. Although other methods have higher applicability due to wider material 
penetration ranges, they are less preferred for TRS manufacturing. This is related 
to welding costs, quality, setup complexity and production capacity. For the 
specific TRS case study, it was found that TIG and Laser beam welding methods 
are enough to produce all the welds. 

TIG weld method produces a wider seam than laser beam which allows it to cover 
slight geometrical variation. This is one aspect of weld method prioritization but 
quantifying its application is complicated because identically designed parts are not 
always so in reality. When it comes to TRS manufacturing the whole sequence of 
geometry variation propagation needs to be addressed. It involves machining, tack 
and welding operations for both sub-assemblies and the final product assembly 
[34]. 

The distinction between different weld methods lies in several variables one which 
is maintenance costs. Laser method tends to be more expensive because it 
involves longer maintenance time to replace lenses in the equipment while TIG 
does not have that. 

Here, in the data post-processing phase, weld methods are rated as applicability 
percentages of every design. This allows telling how much of welding could be 
performed with one or the other welding method (Appendix E). This value can 
then be used as a multiplier for specific manufacturing definitions regarding each 
method. 

Process plan operations 

Fabrication can be described by a set of process plan items which are influenced 
by several parameters. Relatively detailed list of operations was taken from the 
production platform documentation available at the company for a sample 10 
sector TRS manufacturing. Used data summarizes main operations that belong to 
the weld assembly where sectors are already available and the TRS needs to be 
welded together. It does not reflect processes taking place after weld assembly 
where the structure is further detailed and inspected. Only variable weld assembly 
process times are shown which were assumed to be dependent on general design 
indicators. Here heat treatment and other operation times are not included as they 
are standard and fixed for different TRS structures (Table 4). 

 

 

 

 

 



Findings and analysis  

42 

Table 4: Weld assembly for TRS 

Main 
operations 

Operation 
description

1
 

Time
2
, t 

Indicators, 
n 

Weighting 
coeff.

3
, k 

Hourly indicator 
rates, (t*k)/n 

Sectors 
(MNT/REG) 

Total fabrication t0 - - hours/sector 

Weld Assy. for 10 sector TEC 

Tack 
welding 

Positioning and tack 
welding the parts prior 

to actual welding 
t1 

No. of parts 0.7 hours/part 

Weld length 0.2 hours/meter 

Welding 

Setup for welding, 
included time is 

generalized for all 
weld methods and TRS 

welds 

t2 

No. of parts 0.3 hours/part 

Weld length 0.15 hours/meter 

Machining 

Flanges prep, welds 
salvage repair, 

alignment, deburring, 
cleaning etc. 

t3 
No. of 
welds 

0.8 hours/weld 

Weld class 
finish 

High class welds 
deburring to increase 

weld life 
- 

Class welds 
length 

- hours/meter 

Inspection 
Final X-ray, final 

inspection 
t4 Weld length 0.8 hours/meter 

Heat 
treatment 

Stress relief due to 
welding for 

superalloyed materials 
- - - - 

Other 
FPI complete part, 

CMM 
- - - - 

1
 Operation description is reduced only to the influenced operation 

2
 Production platform documentation of 10 sector TRS product design is not disclosed and used values are scaled 

3
 Weighting coefficients assigned subjectively to define indicator influence 

The reasoning for indicators comes from operation descriptions. Here it was 
attempted to capture only the most influential indicators affecting process times. 
Weighting coefficients or multipliers were subjectively assigned to determine their 
impact. Remaining coefficient portion that is not covered by any of the indicators 
in an operation is assumed to be inherent constant operation execution. 

TRS manufacturing process begins with sub-parts manufacturing. Producibility of 
each sector design depends on strut welds curvature, thicknesses and accessibility. 
Just as for the main TRS assembly, sectors also go through several operations. 
They are tack welded, milled to create a smooth transition between welded parts 
and thoroughly inspected. Sub-parts may be purchased or manufactured in-house. 
Here, sub-parts manufacturing is not detailed and only general time for single 
sector manufacturing is taken from the documentation. 

When required sectors are produced the TRS weld assembly takes place. All edge 
welds are always tack welded first. This operation is needed to reduce the risk of 
distortion caused by transverse shrinkage. Distortion related defects can be caused 
by relatively long welds across thin parts. However, more variables determine 
distortion risk for which special simulations are performed. Tack welding 
operation may be skipped if distortion assessment was included into multi-
disciplinary studies. 



Findings and analysis  

43 

Welding operation was found to be a timely process, although welding alone is 
automated. Apparently, this operation is almost completely design independent 
because most of the time is consumed in preparation for the manufacturing. 

Machining for TRS weld assembly was used to describe multiple actions taking 
place. It includes the whole sequence of flanges preparation and welds salvage due 
to start and end point damages already explained in section 4.2.2. Flange salvage 
repairs are assigned to fixed time while other repairs completely depend on the 
number of axial welds performed. 

One significant operation assessment related to machining was pointed out by the 
production. When a weld is made, its cross-section profile is not even. High 
enough curvature values in the profile affect weld life and need to be evened out. 
Such finished weld treatment is not always required and depends on its weld class. 
The weld class is usually assigned based on required performance of that product 
area which is determined by fatigue and other analyses. It is noted in the design 
guidelines that high-class welds should be avoided. Anyhow, deburring process 
time for such welds depends on weld length. 

Inspection is certain for all welds. Different quality check methods can be applied 
and are highly dependent on product design. To establish preliminary assessment, 
production platform data was used in a simplified manner where the time of 
inspection is assumed to be mostly dependent on weld length. 

Heat treatment was found to be completely dependent on the material. If nickel 
super-alloy is used, final heat treatment must be performed to relieve the stresses 
induced during welding. For TRS, heat treatment always applies and its 
operational time is regarded as fixed. 

For other operations, time dependency on other metrics was ignored. This part is 
a compilation of different activities i.e. cleaning, measuring etc. 

Design driven weld assembly time 

Hourly rates of derived indicators were summarized to predict design driven 
assembly time (Fig.24). This time is based on subjective weighting coefficients and 
a single product type production platform documentation. Therefore, it cannot be 
concluded that the total manufacturing time of any assessed design equals to the 
design driven manufacturing variable and fixed times added. Design driven weld 
assembly time was estimated based on variable times t1, t2, t3, t4 and the total weld 
assembly manufacturing time was estimated considering the time to produce the 
sectors t0. 

 
Figure 24 Hourly production indicator rates 
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4.5 Results demonstration 

CAD model geometry metrics and indicators were reviewed considering their 
relevance to process plans. Available data was used to complete post-processing 
output in the form of separate weld group evaluations and overall assessment. In 
this section, final demonstration of the results was prepared taking some data 
multi-disciplinary studies’ database to create parameters’ correlation matrix and 
visualize cases of interest. 

Correlation matrix can be observed in Appendix F where structural mass was 
assessed. Here, the number of sectors and their lean angle of vanes are analysis 
inputs and all the other indicators resulting from post-processing are analysis 
outputs. 

Compiled matrix indicated expected relations, e.g. between the number of sectors 
and total weld length. However, the correlation is not as strong as one would 
expect due to the production rule to maintain design stiffness by additional welds. 
The rule causes non-linear weld length response which does not necessarily 
increase with an increasing number of sections. The rule where the number of OC 
welds is doubled for 13 or fewer sectors is visualized in the Figure 25. Here, it is 
also shown how different additional weld rules would affect the total OC weld 
length. 

 

Figure 25 Demonstrating the effect of additional plates based on the number of 
vanes 

The correlation matrix points out that maximum curvature for different DCs is 
mostly dependent on the inputs, i.e. the number of sections and the lean angle of 
vanes (Fig.26). It could be argued that lean angle and the number of sections 
influence aerodynamic characteristics which are addressed by the geometrical 
shape of the struts. 
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Figure 26 Struts curvature response to the no. of sections 

Similarly, proposed accessibility indicator for HUB welds is correlated with the 
number of vanes and their lean angle (Fig.27). It was recognized that higher 
numbers of sections reduce accessibility of the HUB welds for all lean angle 
groups because it creates a more compacted TRS model. Meanwhile, increasing 
lean angles indicate slight reduction in accessibility. 

It was determined that the reduction of lean angle is both favorable for 
accessibility and curvature improvement. Minimum or no lean angle solution 
seems to be rational producibility aspect. 

 

Figure 27 HUB welds accessibility response to the no. of sections 

It is already known that preliminary added manufacturing time is mostly based on 
the number of welds and their length. Due to application of the production rule, 
no strong correlation was found between the number of sectors and design driven 
manufacturing time. However, it can be recognized that total manufacturing time 
is affected by the production rule to increase the stiffness by additional plates. 
Here, manufacturing time curve for increasing number of sectors is not 
completely linear in response to the increased number or welds (Fig.28). 
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Figure 28 Overall weld assembly time and the number of welds 

Weld method coverage was calculated as percentage of total design length which 
can be welded with prioritized welding method. It was assessed in the correlation 
matrix as well. Thickness variance indicator was determined to be able to identify 
which specific weld must be addressed to increase weld method applicability. Here 
it was found that REG and HUB weld thicknesses have the highest influence on 
weld method coverage according to the established DoE. 

Analyzed response surfaces revealed that structural mass decreases with the 
increasing number of sectors. Since TRS diameter is maintained, such unintuitive 
change in mass with additional structural components is explained by reduction in 
structural width. Here OC and HUB single weld lengths were plotted together 
with mass response (Fig.29). It was also observed that structural mass curves shift 
up with an increase in lean angle of the struts. The difference is relatively small 
and accounts for additional material corresponding to the higher lean angles. The 
figure also shows all analyzed combinations of vane lean angle and the number of 
sectors with their respective percentage changes in mass. 

 

Figure 29 The effect the number of sectors and vane lean angle has on TRS width 
and mass 
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According to already visualized data, it was shown that 0o vane lean angle is a 
mutually favorable option for mass, curvature and accessibility. Objective design 
performance always strives for maximum reduction in mass. Here, design driven 
weld assembly time was visualized on the same graph as mass to show what 
implications different number of sectors could have on the production and 
product performance (Fig.30). One should note that here the assembly time does 
not reflect manufacturing of separate sectors to emphasize the effect on TRS weld 
assembly time alone. 

Assuming that 10 sector TRS design is the benchmark solution, it was compared 
with 13 and 16 sector designs and their indicator trade-offs were registered in the 
Table 5. It was revealed that 13 sector solutions increase manufacturing time the 
most due to additional plates to stiffen the structure. However, 16 sector solutions 
increase assembly time by mere 0.79% and reduce product mass by 7.79%. 

 

Figure 30 TRF mass and design driven weld assembly time (individual sector 
production not reflected) 

Table 5: 0o lean angle design solution trade-offs (10 sector TRS as baseline) 

Sectors 
Design driven weld 

assembly time 
Curvature Accessibility TRF mass 

10 31.80 - 1.527 - 75.8 - - 

13 38.82 22.08% 1.422 -6.91% 60.5 -20.16% -3.76% 

16 32.05 0.79% 1.302 -14.73% 49.4 -34.77% -7.79% 

Note: Highlighted cells with green-positive and red-negative trade-offs in comparison to 10 TRS design 

4.6 Evaluation 

To address the company perspective regarding established demonstration of weld 
producibility assessment system, a short questionnaire was filled out. The answers 
were rated on a numbered scale from 1 to 5 indicating the level of respondents’ 
agreement who had to motivate their answers as well (Appendix A). 
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A small group of 4 specialists with mixed background were chosen as respondents 
to get a more rounded type of evaluation. The group consisted of a Design 
Engineer, Process Engineer and two Method Development specialists, whereas 
one is working closely with EWB and the second one is dealing with product 
sustainability. 

Each question is focused on 4 categories regarding demonstrated results that ask if 
they are understandable, relevant, beneficial and applicable. Overall, results 
indicate positive feedback that presented data was understood and has potential to 
improve current processes (Fig.31). 

 

Figure 31 Questionnaire results for weld producibility system evaluation 

Evaluation of 3 categories regarding data understandability, relevance and benefit 
were very consistent throughout all respondent while it was not fully agreed on 
the forth question regarding data application. Here, only a method development 
specialist who works closely with multi-disciplinary studies rated indicator 
applicability the highest and other specialists remained indifferent. 

Elaborated answers revealed that presented results are understandable but it is not 
clear how they should be used and may not be met with such ease without initial 
experience. 

It is noted that the key benefit which may support designer to a higher level lies in 
systems capability to find and confirm relationships between design and 
manufacturing aspects. Although, the system is good at comparing different 
design solutions, final producibility studies still need to be performed to ensure 
manufacturing robustness. 

Lastly, it is expressed that the data works well with sector numbers as inputs of 
the analyzed TRS study but other components may not be equivalent with 
different materials, geometries etc. 
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and Method Development 

Understandable 

Relevant 

Beneficial 

Applicable 
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5 Discussion and conclusions 

This section seeks to evaluate and discuss thesis success. Here, used 
implementation method was critically reviewed. All findings were discussed and 
weighted against internal problems identified by the company which were 
presented in the beginning of method implementation. 

Finally, the project is concluded getting back to the research questions and 
prospects for future work are reviewed. 

5.1 Discussion of method 

Used Action Research method is based on iterative study approach where all 
implementation cycles are linked and refined concurrently. The method was found 
to be most effective considering the knowledge scarcity to application case and 
difficulty to predict its implementation steps. Focusing on problems’ identification 
and analysis first, it allowed to develop solution orientated actions and established 
a point of reference for research success evaluation. Implementation advantages 
through cyclic actions were very noticeable as different study approach had been 
considered initially and changed based on its fulfillment. This was due to high 
complexity of the problems which were continuously understood through 
actionable efforts. 

Although, the method is focused on action a lot of time and efforts were 
consumed in data gathering and interpretation stage. This of course is mostly 
related to inherent complexity of the problems and limited expertise to handle the 
system. However, with internal support, it was possible to overcome the most 
imperative bottlenecks at least partially. Initial steep learning curve resulted in 
higher capability to work on the issues independently. It was recognized that data 
post-processing could be implemented in data analysis module using python script 
but decision to go with more familiar VB in excel environment lead to its own 
benefits. Here, enough knowledge was obtained to implement a semi-automated 
data post-processing tool and further refine data evaluation templates. 

Initially, it was clear that the focus of implementation is data post-processing 
module. This action cycle is where all other actions meet. As different geometry 
metrics were investigated, post-processing module was being developed. Adapted 
cyclic project execution improved the study through several focused reflections 
from the production. Once implementation framework was established, it was 
possible to complement it with additional data and process plans. 

It was difficult to predict the scope of the research following AR methodology. 
While the efforts are focused on identified problems, the solution can become 
very extensive and even superficial if aimed to address all the problems. 
Unfortunately, this is only better revealed later into the study. For instance, 
process plans were found to be very under developed and too broad to achieve 
desired impact demonstration. Subsequently, the process plans could only reflect a 
hypothetical impact. Since all action cycles are interdependent, this had a carry-
over effect limiting data post-processing fulfillment. 
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Finally, correlation matrix was found to be a straightforward approach to get the 
‘big picture’ for all metrics used. It showed that producibility integration into 
multi-disciplinary studies is no more complicated than having the right data. The 
difficulty lies in accessing the most meaningful data. 

5.2 Discussion of findings 

To have a more focused discussion, the findings are discussed with respect to 
identified problems in section 3.3.1 and regarding collected feedback towards 
results.  

Findings discussion regarding identified problems 

The performed case study revealed that weld producibility assessment system is 
capable of handling different CAD. Robustness of the system can still be criticized 
as different edge types are not recognized and therefore initially presented results 
must be adjusted. Nevertheless, systematic modifications are relatively easy 
implementable if sufficient programming expertise is available. 

Although geometry metrics were eventually verified, their translation into 
meaningful indicators is limited. Arguably, at least two new indicators resulted 
from this study, i.e. minimum accessibility, and thickness variance. 

Minimum accessibility is just a modification of reachability to describe geometrical 
changes around the weld. It cannot be directly used as a substitute for reachability 
because it is not complete enough to define weld tool application. Reachability 
calculations were found to be very time intensive and not applicable to enclosed 
welds. 

Thickness variance indicator has meaning in a general assumption that more 
uniform thickness parts are easier to weld with sufficient quality. Production 
specialists voice the risk of severe thickness variations but defining the effect of 
this figure is hard due to other contributing factors. 

Data post-processing automation facilitated the work but is clearly limited to pre-
defined templates which had to be standardized for a specific case study. Since 
other studies may focus on different analysis where, e.g. the number of sectors is 
no longer relevant as an input, the same templates will not hold. Therefore, data 
post-processing automation for robust use is another challenge which should be 
pursued much later into the development of the producibility assessment system. 

It was found that the task of weld method selection can be solved in combination 
of three extractable geometry data, i.e. thickness, reachability and curvature. 
Thickness can immediately define weld method application based on specified 
method penetration depths. If systematically improved, reachability data should 
collect and store all access points along the weld as an angle and distance which 
could then be used to select possible weld tools defined separately. The curvature 
could simply be used as a threshold value to keep the reachability volume 
consistent along the weld. The task in its completion would also have to address 
geometry variation propagation to see if selected method produces wide enough 
weld seam to cover possible variation. 
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The least available knowledge underlies in producibility metrics relation to 
manufacturing processes. After discussions with the company process engineers 
and seeing the manufacturing process in action, it was understood that gathering 
process plan definitions is not straightforward. This is because not all presented 
metrics and indicators are employed in manufacturing and measuring their effect 
would require separate investigation. 

Discussions and production platform analysis also revealed that the biggest 
portion of manufacturing is design independent operations with improvable 
uptime. However, the key design aspects defining manufacturing resourcefulness 
are length, the number of welds and parts. This was concluded observing that 
each interface includes several of the same operations. Nevertheless, quantifying 
the effect on these operations is difficult. For example, design cases of the same 
number of parts may have different mounting operations. Therefore, input from 
production experts and manufacturing capability definitions are not separable 
from early product development stages. 

It was possible to demonstrate rough estimates of design driven manufacturing 
time. However, the approach involved subjectively assigned weighting 
coefficients. Such approach showed that 16 sector TRS with 0o vane lean angle is 
based option for shortest assembly time and highest reduction in mass. This, 
however, does not reflect production of separate sectors. All advantages related to 
increased number of sectors would have to be weighed against their 
manufacturing or purchasing costs. 

Findings discussion regarding collected feedback 

Although respondents claimed to understand the results, their motivations and 
spoken arguments indicated different expectations. People who work closer to 
manufacturing and not really within multi-disciplinary analysis studies expected 
tools to automate their product development support. While the system ultimately 
aims at introducing higher level of producibility expertize, it is simply not mature 
enough to perform on that level. 

Specialists who work within multi-disciplinary studies better understood the 
potential of demonstrated parameters but missed a more complete demonstration 
on the multi-disciplinary level. Since multi-disciplinary optimization was not 
attempted, producibility aspects may not have been stated clear enough. 

5.3 Conclusions 

This section restates and discusses research questions raised in the section 1.2. 
Conclusions are based on the overall research findings and gained insight 
collaborating with company support as in the preceding implementation steps. 

How can already extractable CAD model data be used for weld producibility assessment in a 
meaningful way? 
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It is not difficult to predict the objective of each assessment category. For 
example, a better design for producibility is the one with smaller curvatures, 
higher accessibility, shorter weld length etc. It must be visible that any considered 
assessment category is relevant for the production. In fact, it was shown that 
rather than trying to relate available data to process plans, it should first be 
investigated what is most relevant to the manufacturing process instead. Here, it 
was found that the number of welds is one of the most influential indicators and 
not explicitly defined in the system. 

Once it is known that the data is relevant, producibility indicators can be formed. 
The meaningfulness of an indicator depends on its ability to communicate and 
predict the effect on producibility. Meanwhile, the accuracy of the predicted effect 
highly relies on known producibility definitions. Therefore, an indicator is more 
meaningful the more quantifiable or measurable it is. This can then, for example, 
provide information on what operations are affected by additional assembly parts 
and how much. 

What are the most influential producibility indicators and how do they compare? 

Producibility indicators cannot be compared but their affect can. Based on 
production platform data with operational times and their analysis it was 
determined that weld length, the number of welds and assembly parts are the main 
indicators impacting production time. According to the approach of evaluation 
discussed in the 3rd research question their impact is rather subjective. It is unlikely 
that the same evaluations could be kept for different components because the list 
of operations would change. 

The comparison between other data like curvature, thickness variance, and weld 
reachability was not established because their production affect is not readily 
available in a measurable way. It was found out that these indicators could not be 
used to measure production directly like weld length in the case of production 
platform data, but they can be used to make design and production related 
decisions. 

For example, a combination of specific values of curvature, thicknesses, 
reachability etc. may not only be a threshold for production feasibility but also 
help to make decisions on different weld method and tools selection. If this 
effects production time than the importance of weld length may also change. 
Therefore, indicators are not fundamentally comparable because they have a 
combined affect in the context of decision making which can even change the 
balance of relative significance between already discussed weld length, the number 
of welds or assembly parts. 

How can producibility indicators be summarized to a single form of measure? 

Evaluating indicators within the same units of measure is not straightforward. 
Unfortunately, without focused observation and analysis it was impossible to 
accurately conclude that, e.g. a unit of weld length is equivalent to a unit of welds 
regarding their comparative impact on producibility. 
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Still, indicators’ effect on production time can somewhat be assessed which allows 
to at least express them into the same units of measure. The problem is that in the 
project such assessment using available production platform data with operational 
times is very preliminary and relies on subjective weights. 

The contribution that each indicator has on the timed operations can be 
considered basing assumptions on process understanding and knowledge but it is 
subjective. Fortunately, the approach does not immediately conclude that one 
indicator is more substantial for all operations but looks at each operation 
separately which amounts to additive effect. Finally, this effect could simply be an 
expression of total production hours per weld length unit, hours per welds etc. 

In conclusion, to account for all producibility indicators, costs are inevitable. 
While weld length, the number of welds and the number of assembly parts can 
help to evaluate production time, other indicators, i.e. reachability, curvature and 
material can be relied on to make production and design decisions. These 
decisions may be selections of production method, material etc. which may have a 
more direct influence on costs than production time. 

5.4 Future work 

Objective study success was determined through discussions with manufacturing 
and design specialists. Results concluded that a big step was taken towards 
successful producibility integration into multi-disciplinary studies. Showed data 
was found to be rational but its meaningfulness was arguable due to insufficient 
manufacturing assessment.  

It is evident that a continuation of the project should focus on further 
development of the system which would accommodate discussed indicators. 
Essentially, it was revealed that producibility assessment indicators can be used in 
multi-disciplinary environment. Since this thesis involved a production screening 
type of approach to determine most relevant design aspects, more focused work 
needs to be carried to address them individually. 

Costs modeling 

As it was concluded by the 3rd research question, to address all producibility 
indicators their full affect on costs must be captured. Here, a more detailed and 
desirably robust approach needs to be developed towards production time 
estimation. This can be attempted through more cases of investigation and 
development of evaluation templates. 

More methods need to be developed to employ indicators like reachability, 
curvature and material ID to address more production time unrelated costs. This 
can come down to costs of different welding methods, material selection etc. 
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Weld method and tools application 

It was recognized that reachability for the welds of different designs requires 
separate input from the welding engineers according to whom multiple re-design 
efforts are made. The project identified criteria which could be used to implement 
a rather accurate way of assessment for welding method and tools application 
utilizing thickness, reachability, curvature data and geometry variation assessment. 

Thickness data – provides information for initial application of different weld 
methods based on their specified weld penetration depths. 

Reachability – collects angle and distance to multiple points surrounding 
investigated weld with assigned precision. 

Curvature – governs volumetric reachability changes along the weld to reduce the 
risk of hitting the tool because its welding nozzle must continuously stay 
perpendicular to the weld line at the weld point even when it is on a curved path. 

Geometry variation propagation – separate study having a relatively extensive 
scope to assess possible geometry variation between welded parts to make sure 
that it is covered by the weld seam produced with selected method. 

Available reachability values for weld tools would be defined and then used to 
make a selection which satisfies all collected reachability data for investigated 
welding volume (Fig.32). 

The drawback is that currently reachability assessment is a timely process and the 
analysis would highly rely on alternative systematic implementation. 

 

Figure 32 Welding volume representation 
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9.1 Appendix A: Questionnaire for weld producibility system 
evaluation at GKN 
 

Questionnaire for weld producibility assessment system evaluation at GKN: 
Below there is a list of statements. Specify how you think they could be met if such proposed 
system is actually implemented in your business. (The text in italics explains what is and is 
not covered by the statement). Please write down your motivation for each choice. Use the 
other side of the paper if more space is needed. 

 

Proposed system is relevant to calculation engineer/designer/automation/formalization of 
product development knowledge 
 

1. Results of the system are understandable and presented in a convenient way. 

 1  2  3  4  5 

Totally disagree Totally agree 
 

Motivation:____________________________________________________
___________________________________________________________ 
 

2. Presented results are relevant. 

 1  2  3  4  5 

Totally disagree Totally agree 
 

Motivation:____________________________________________________
___________________________________________________________ 
 
 

Among other things the proposed system aims to support the designer in search of existing 
solutions,  
 

3. The system will support the designer to a higher level. 

 1  2  3  4  5 

Totally disagree Totally agree 
 

Motivation:____________________________________________________
___________________________________________________________ 
 
 

The system is intended to maintain robustness towards all manufactured components. 
Therefore, presented indicators and metrics for producibility assessment have to be generic 
and relevant to different engine system parts in order to assess them as well. 

4. Demonstrated indicators are applicable to other structural components besides TRS. 

 1  2  3  4  5 

Totally disagree Totally agree 
 

Motivation:____________________________________________________
___________________________________________________________ 
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9.2 Appendix B: Single weld group data (MNT/MRT – reachability excluded) 
 

 
 

Length 

 

Curvature  Material ID  Thickness 

DesignCases Sections MNT/MRT 

 

MNT/MRT  MNT/MRT  MNT/MRT 

1 16 336.6592 
 

0.07673  [1002.0, 1001.0]  [[3.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 3.0]] 

2 16 359.3763 
 

0.069447  [1002.0, 1001.0]  [[6.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 6.0]] 

3 10 419.9768 
 

0.085671  [1002.0, 1001.0]  [[3.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 3.0]] 

4 16 352.3609 
 

0.07673  [1002.0, 1001.0]  [[6.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 6.0]] 

5 10 448.715 
 

0.085697  [1002.0, 1001.0]  [[3.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 3.0]] 

6 16 354.4997 
 

0.054777  [1002.0, 1001.0]  [[6.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 6.0]] 

7 10 477.1955  0.085674  [1002.0, 1001.0]  [[6.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 6.0]] 

8 10 456.9355  0.085674  [1002.0, 1001.0]  [[3.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 3.0]] 

9 16 370.6652  0.07673  [1002.0, 1001.0]  [[6.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 6.0]] 

10 10 462.1802  0.085671  [1002.0, 1001.0]  [[6.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 6.0]] 

11 13 410.714  0.051137  [1002.0, 1001.0]  [[3.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 3.0]] 

12 16 362.2235  0.069447  [1002.0, 1001.0]  [[6.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 6.0]] 

13 10 465.7048  0.085671  [1002.0, 1001.0]  [[6.0, [4.0, 5.0]], [4.0, 5.0, 5.0, 5.0], [[4.0, 5.0], 6.0]] 

14 10 466.9838  0.085671  [1002.0, 1001.0]  [[6.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 6.0]] 

15 16 367.4317  0.069447  [1002.0, 1001.0]  [[3.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 3.0]] 

16 16 339.9512  0.07673  [1002.0, 1001.0]  [[3.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 3.0]] 

17 16 365.2781  0.07673  [1002.0, 1001.0]  [[3.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 3.0]] 

18 16 360.2941  0.07673  [1002.0, 1001.0]  [[4.5, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 4.5]] 

19 10 443.5783  0.085674  [1002.0, 1001.0]  [[3.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 3.0]] 

20 10 433.7737  0.085674  [1002.0, 1001.0]  [[6.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 6.0]] 

21 13 414.2571  0.051137  [1002.0, 1001.0]  [[4.5, [4.0, 5.0]], [4.0, 5.0, 5.0, 5.0], [[4.0, 5.0], 4.5]] 

22 10 455.3408  0.085674  [1002.0, 1001.0]  [[6.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 6.0]] 

23 10 445.3333  0.085674  [1002.0, 1001.0]  [[4.5, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 4.5]] 

24 13 421.3126  0.051137  [1002.0, 1001.0]  [[6.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 6.0]] 

25 16 364.5369  0.069447  [1002.0, 1001.0]  [[3.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 3.0]] 

26 10 434.6886  0.085671  [1002.0, 1001.0]  [[3.0, [5.0, 6.0]], [5.0, 6.0, 6.0, 6.0], [[5.0, 6.0], 3.0]] 

27 16 356.4125  0.069447  [1002.0, 1001.0]  [[6.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 6.0]] 

28 10 426.3671  0.085671  [1002.0, 1001.0]  [[3.0, [3.0, 4.0]], [3.0, 4.0, 4.0, 4.0], [[3.0, 4.0], 3.0]] 

29 16 341.4609  0.069447  [1002.0, 1001.0]  [[3.0, [4.0, 5.0]], [4.0, 5.0, 5.0, 5.0], [[4.0, 5.0], 3.0]] 
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9.3 Appendix C: Separate weld groups assessment 1 
 

DCs 

OC weld lengths HUB weld lengths Flange weld lengths 

Single sec. weld Weld no. Total (Adjusted) Single sec. weld Total Single sec. front Total Front Single sec. rear Total Rear 

1 168.3296 16 2710.82 173.7236 2734.659 188.66 3018.56 189.03 3024.48 

2 179.6882 16 2972.415 175.5181 2695.354 188.66 3018.56 189.03 3024.48 

3 209.9884 20 4337.631 220.9469 2137.676 303.66 3018.56 300.45 3024.48 

4 176.1805 16 2904.915 167.3103 2836.063 188.66 3018.56 189.03 3024.48 

5 224.3575 20 4400.471 215.7494 2117.552 303.66 3018.56 300.45 3024.48 

6 177.2499 16 3002.018 171.3256 2794.322 188.66 3018.56 189.03 3024.48 

7 238.5977 20 4596.662 216.3362 2197.862 303.66 3018.56 300.45 3024.48 

8 228.4678 20 4646.215 221.8101 2289.506 303.66 3018.56 300.45 3024.48 

9 185.3326 16 3017.005 174.7734 2719.308 188.66 3018.56 189.03 3024.48 

10 231.0901 20 4485.494 207.8003 2100.062 303.66 3018.56 300.45 3024.48 

11 205.357 26 5154.255 202.9705 2654.659 232.89 3018.56 231.58 3024.48 

12 181.1118 16 2968.57 172.3062 2608.995 188.66 3018.56 189.03 3024.48 

13 232.8524 20 4424.132 213.5577 2165.16 303.66 3018.56 300.45 3024.48 

14 233.4919 20 4476.411 210.1037 2136.439 303.66 3018.56 300.45 3024.48 

15 183.7159 16 2813.037 172.4738 2569.01 188.66 3018.56 189.03 3024.48 

16 169.9756 16 2721.876 169.303 2826.875 188.66 3018.56 189.03 3024.48 

17 182.639 16 2795.183 167.3396 2761.369 188.66 3018.56 189.03 3024.48 

18 180.147 16 2816.76 175.8326 2706.142 188.66 3018.56 189.03 3024.48 

19 221.7892 20 4581.435 201.6851 2172.187 303.66 3018.56 300.45 3024.48 

20 216.8869 20 4527.04 208.1544 2244.312 303.66 3018.56 300.45 3024.48 

21 207.1286 26 5479.603 195.4096 2665.87 232.89 3018.56 231.58 3024.48 

22 227.6704 20 4432.123 220.4736 2101.467 303.66 3018.56 300.45 3024.48 

23 222.6667 20 4311.604 212.5564 2168.914 303.66 3018.56 300.45 3024.48 

24 210.6563 26 5664.742 202.163 2530.074 232.89 3018.56 231.58 3024.48 

25 182.2684 16 2824.582 168.3537 2668.74 188.66 3018.56 189.03 3024.48 

26 217.3443 20 4448.049 212.1004 2097.121 303.66 3018.56 300.45 3024.48 

27 178.2063 16 2948.723 174.0308 2727.49 188.66 3018.56 189.03 3024.48 

28 213.1835 20 4800.492 212.1972 2231.57 303.66 3018.56 300.45 3024.48 

29 170.7305 16 2738.07 181.8811 2637.721 188.66 3018.56 189.03 3024.48 
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9.4 Appendix D: Separate weld groups assessment 2 
 

DCs 

OC thickness variance HUB accessibility Minimum thickness (all weld groups) 

MNT/MNT MNT/MRT MRT/REG REG/REG Accessibility Vane lean angle Vanes MNT/MNT MNT/MRT MRT/REG REG/REG FF RF 

1 2.142857 1.433333 1.982143 0.3 38.732661 40 16 3 3 2 2 3 3 

2 0.952381 1.211111 1.553571 1.2 49.481326 0 16 4 3 3 4 6 6 

3 2.142857 1.433333 1.982143 0.3 53.326321 40 10 3 3 2 2 3 3 

4 0 0.233333 0.696429 1.2 38.732661 40 16 6 5 4 4 6 6 

5 2.142857 1.433333 0.696429 0.3 69.388442 20 10 3 3 3 3 3 3 

6 0.952381 1.211111 2.839286 4.8 42.543091 20 16 4 3 2 2 6 6 

7 0 0.233333 3.267857 4.8 75.852695 0 10 6 5 2 2 6 6 

8 0.238095 0.277778 0.267857 0.3 75.852695 0 10 3 3 3 3 3 3 

9 0 0.233333 3.267857 4.8 38.732661 40 16 6 5 2 2 6 6 

10 0.952381 1.211111 1.553571 1.2 53.326321 40 10 4 3 3 4 6 6 

11 0.238095 0.277778 0.267857 0.3 60.562207 0 13 3 3 2 2 3 3 

12 0 0.233333 0.696429 1.2 49.481326 0 16 6 5 4 4 6 6 

13 0.238095 0.544444 2.785714 4.8 53.326321 40 10 5 4 2 2 6 6 

14 0.952381 1.211111 2.7 2.7 53.326321 40 10 4 3 3 3 6 6 

15 2.142857 1.433333 1.982143 0.3 49.481326 0 16 3 3 2 2 3 3 

16 0.238095 0.277778 0.267857 0.3 38.732661 40 16 3 3 3 3 3 3 

17 0.238095 0.277778 0.267857 0.3 38.732661 40 16 3 3 3 3 3 3 

18 0.059524 0.344444 1.071429 1.875 38.732661 40 16 4 3 2 2 4.5 4.5 

19 0.238095 0.277778 0.267857 0.3 75.852695 0 10 3 3 2 2 3 3 

20 0.952381 1.211111 1.553571 1.2 75.852695 0 10 4 3 3 4 6 6 

21 0.059524 0.211111 0.428571 0.675 55.215358 20 13 4.5 4 3 3 4.5 4.5 

22 0 0.233333 3.267857 4.8 75.852695 0 10 6 5 2 2 6 6 

23 0.535714 0.433333 0.214286 0.075 75.852695 0 10 4.5 4.5 4 4 4.5 4.5 

24 0 0.233333 0.696429 1.2 50.161348 40 13 6 5 4 4 6 6 

25 2.142857 1.433333 1.071429 0 49.481326 0 16 3 3 3 3 3 3 

26 2.142857 1.433333 0.696429 0.3 53.326321 40 10 3 3 3 3 3 3 

27 0.952381 1.211111 2.839286 4.8 49.481326 0 16 4 3 2 2 6 6 

28 0.238095 0.277778 0.267857 0.3 53.326321 40 10 3 3 2 2 3 3 

29 0.952381 0.677778 0.3 0.3 49.481326 0 16 3 3 3 3 3 3 
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9.5 Appendix E: Overall design assessment 
 

Overall assessment Weld method application 

DC Sectors Length, mm 
Starts & stops 

count 

Max thickness 
variance 

Weld Max curvature Weld accessibility, mm 
Weld assy 

time 
TIG weld Laser weld 

1 16 11488.52 66 2.142857143 MNT/MNT 1.59254 38.732661 32.05 68% 32% 

2 16 11710.81 66 1.553571429 MRT/REG 1.302759 49.481326 32.05 0% 100% 

3 10 12518.35 62 2.142857143 MNT/MNT 1.92754 53.326321 31.80 89% 11% 

4 16 11784.02 66 1.2 REG/REG 1.59254 38.732661 32.05 0% 100% 

5 10 12561.06 62 2.142857143 MNT/MNT 1.50846 69.388442 31.80 48% 52% 

6 16 11839.38 66 4.8 REG/REG 1.41732 42.543091 32.05 0% 100% 

7 10 12837.56 62 4.8 REG/REG 1.527792 75.852695 31.80 0% 100% 

8 10 12978.76 62 0.3 REG/REG 1.527792 75.852695 31.80 48% 52% 

9 16 11779.35 66 4.8 REG/REG 1.59254 38.732661 32.05 0% 100% 

10 10 12628.6 62 1.553571429 MRT/REG 1.92754 53.326321 31.80 0% 100% 

11 13 13851.95 80 0.3 REG/REG 1.422227 60.562207 38.82 94% 6% 

12 16 11620.61 66 1.2 REG/REG 1.302759 49.481326 32.05 0% 100% 

13 10 12632.33 62 4.8 REG/REG 1.92754 53.326321 31.80 0% 100% 

14 10 12655.89 62 2.7 MRT/REG 2.100415 53.326321 31.80 0% 100% 

15 16 11425.09 66 2.142857143 MNT/MNT 1.302759 49.481326 32.05 68% 32% 

16 16 11591.79 66 0.3 REG/REG 1.59254 38.732661 32.05 53% 47% 

17 16 11599.59 66 0.3 REG/REG 1.59254 38.732661 32.05 76% 24% 

18 16 11565.94 66 1.875 REG/REG 1.59254 38.732661 32.05 0% 100% 

19 10 12796.66 62 0.3 REG/REG 1.527792 75.852695 31.80 76% 24% 

20 10 12814.39 62 1.553571429 MRT/REG 1.527792 75.852695 31.80 0% 100% 

21 13 14188.51 80 0.675 REG/REG 1.569439 55.215358 38.82 18% 82% 

22 10 12576.63 62 4.8 REG/REG 1.527792 75.852695 31.80 0% 100% 

23 10 12523.56 62 0.535714286 MNT/MNT 1.527792 75.852695 31.80 17% 83% 

24 13 14237.86 80 1.2 REG/REG 1.812094 50.161348 38.82 0% 100% 

25 16 11536.36 66 2.142857143 MNT/MNT 1.302757 49.481326 32.05 91% 9% 

26 10 12588.21 62 2.142857143 MNT/MNT 1.92754 53.326321 31.80 65% 35% 

27 16 11719.25 66 4.8 REG/REG 1.302757 49.481326 32.05 0% 100% 

28 10 13075.1 62 0.3 REG/REG 2.100415 53.326321 31.80 93% 7% 

29 16 11418.83 66 0.952380952 MNT/MNT 1.302759 49.481326 32.05 76% 24% 
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9.6 Appendix F: Correlation matrix 
 

  Number_of_vanes Vane_lean_angle TH1_ TH2_ TH3_ TH4_ TH5_ TH6_ TRF_mass Length_total 

Number_of_vanes 1                   
Vane_lean_angle 0 1 

     
  

  TH1_ 0 0 1 
    

  
  TH2_ 0 0 0 1 

   
  

  TH3_ 0 0 0 0 1 
  

  
  TH4_ 0 0 0 0 0 1 

 
  

  TH5_ 0 0 0 0 0 0 1   
  TH6_ 0 0 0 0 0 0 0 1     

TRF_mass -0.282 0.076 0.423 0.132 0.745 0.078 0.033 0.368 1   
Length_total -0.675 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.231 1 
StartStop_count 0.362 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -0.051 0.443 
Curvature_max -0.587 0.753 -0.076 0.036 -0.049 -0.022 0.036 0.090 0.186 0.408 
TH_MNT_MNT 0.000 0.000 0.285 -0.428 0.000 0.000 0.000 0.000 0.020 -0.208 
TH_MNT_MRT 0.000 0.000 0.082 -0.123 0.000 0.000 0.000 0.000 -0.033 -0.239 
TH_MRT_REG -0.023 0.023 0.163 0.592 -0.566 0.023 -0.029 0.029 -0.266 -0.197 
TH_REG_REG 0.000 0.000 0.000 0.727 -0.485 0.000 0.000 0.000 -0.246 -0.118 
TH_HUB 0.042 0.000 -0.042 0.573 -0.042 0.573 -0.042 0.000 0.018 -0.203 
Accessibility_HUB -0.771 -0.594 0.036 0.000 0.036 0.036 0.000 0.000 0.220 0.534 
Weld_Assy_Time -0.586 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.210 0.993 
OC_width -0.997 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.285 0.726 
HUB_width -0.996 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.287 0.737 
 

 StartStop_
count 

Curv_
max TH_MNT_MNT TH_MNT_MRT TH_MRT_REG TH_REG_REG TH_HUB 

Access_
HUB Weld_Assy_Time OC_width HUB_width 

TRF_mass                       
Length_total 

          
  

StartStop_count 1 
         

  
Curvature_max -0.201 1 

        
  

TH_MNT_MNT -0.262 -0.027 1 
       

  
TH_MNT_MRT -0.302 0.001 0.924 1 

      
  

TH_MRT_REG -0.277 0.053 0.083 0.274 1 
     

  
TH_REG_REG -0.148 0.006 -0.333 -0.115 0.854 1 

    
  

TH_HUB -0.205 -0.095 -0.182 0.012 0.461 0.480 1 
   

  
Accessibility_HUB -0.261 -0.040 -0.079 -0.100 -0.029 -0.003 0.043 1 

  
  

Weld_Assy_Time 0.543 0.355 -0.228 -0.262 -0.219 -0.129 -0.216 0.468 1 
 

  
OC_width -0.295 0.586 -0.020 -0.023 0.003 -0.011 -0.059 0.771 0.643 1   
HUB_width -0.279 0.592 -0.025 -0.028 -0.002 -0.014 -0.063 0.765 0.655 1.000 1 
 

 


