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Abstract

The spare part industry in aerospace is highly demanding. For conventional
manufacturing technologies it is difficult to meet these requirements. In contrast to that, the
design freedom of Additive Manufacturing enables the production of complex and lightweight
parts. The lack of experience with this technology hampers the decision where Additive
Manufacturing can be economically applied. The cost drivers have to be newly evaluated and
holistically investigated. Supply chain advantages have to be considered during the decision
process, too. Therefore, aerospace characteristics are analyzed within the paper and a
methodology based on Multi Attribute Decision Making (MADM) is introduced. To do so, the
cost appraisal for Additive Manufacturing has to be detailed. Additionally, changes in the
supply chain have to be identified and quantified. Quality criteria have to be taken into account
as well. In the end it is shown how these influence factors can be combined to create a decision
support.

Introduction

The aerospace industry is characterized by a high economic pressure through the fierce
global competition and high value assets. It is further driven by a constant growth of the industry
but decreasing earnings [Boeil5]. Therefore, the airlines have to maximize the availability of
their fleet in order to increase the aircraft’s operation time [PwC11] [Lanz1l]. In order to
achieve this a regular maintenance is mandatory. This is one of the reasons why expenses for
maintenance are one of the major cost drivers in aerospace besides costs for fuel [Mens13a].
For achieving a cost reduction for both aspects the prime manufacturers need to apply new
technologies to get to more efficient part designs which offer enhanced reliability and durability
but also a lower part design. Both aspects can be improved by Additive Manufacturing (AM)
[DRK15]. The flexibility of this technology enables a lightweight design for aerospace parts
and - due to the layer based production and the concurrent complexity-for-free - an economic
manufacturing [Gebh13]. Furthermore, it is possible to get to more efficient part designs which
leads to enhanced reliability and durability. Hence, maintenance costs decrease as parts can be
optimized for their function rather for their producibility. Consequently, parts will fail less and
a lower part weight will reduce the fuel consumption and decrease the operating costs [DRK15]
[Grun15].

In all, the potential for AM in aerospace is high and can help the industry to decrease not only
the operation costs but also to become more environmentally friendly [GEKW12]. Still, the
technology is not integrated in current processes [DeKol14]. Companies often lack experience
with this new technology. This is why a methodology and tool is required that supports the
decision whether it is economically reasonable to apply the technology for a certain repair or
production case or it can help to compare the benefits of an optimized design to the conventional
one. This is especially important as AM should not be limited to the production costs but
requires a broader approach to assess all benefits, for example a shorter supply chain through a
production close to the point of use and a life cycle analysis [DeKo15] [LIMKZ13]. Therefore,
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a decision support is required that helps companies to choose the most cost-efficient technology
for a certain use case.

Decision Alternatives

In order to develop a decision support, the decisions that can be made have to be known.
Therefore, the general, operational procedures of MRO provider have to be taken as a basis. If
a defect part is inspected at the workshop and classified as not repairable, a new one has to be
ordered from the OEM. If a repair is possible it has to be assessed which resources in terms of
material, tools and personnel are required. If an economic repair solution can be found, a work
order is started. If not, it is checked whether the part can be stored to repair it at a later point of
time or whether the repair can be outsourced [Mens13b]. The decision support in this paper
focuses on the selection between three alternatives:

» in-house repair applying AM
= production of a conventional milling part
= the acquisition of a new part

The Decision Component is positioned in the operative field of a MRO company. It focuses on
the examination of the defect part and the decision which path to choose. Therefore, the aim is
to develop a concept to calculate a cost-efficient repair. The concept supports the decision
process as a standardized instrument to assess the costs of the decision alternatives and to save
time and costs during this process.

| N
o —

Figure 1: Decisions to take during the MRO procedure [Mens11]

Figure 1 combines the previously described decisions to take with the usual repair procedure.
If a defect component is identified in an aircraft it gets dismounted from the aircraft and a work
order is created. It is then sent to the MRO workshop for further assessment of the defect. There,
the first inspection determines whether a repair is at all possible with the available technologies
or whether it has to be scrapped and newly purchased from the OEM. If this is passed then the
component gets cleaned and tested in detail. When the actual defect part has been detected the
final decision has to be made which technology should be applied. This process is supported
by the Decision Component which determines the cost-efficient repair solution. Its operational
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decisions are illustrated in Figure 2. The repair is then started and afterwards the component is
assembled again. A functional test assesses that the component is fully functional so that the
approval can be issued. Afterwards, the component is ready to be installed in an aircraft again.
[Mens11]

Operational decisions:

Scrap the part e Maintain the part
In-house manufacture of new part In-house maintenance
Procurement of new part Outsourcing of maintenance task

Figure 2: Operational decisions for a defect part

Key Assumptions for the Use Case of the Decision Component

In aerospace, Additive Manufacturing is currently not a standard technology. In order

to reproduce a use case for the Decision Component some assumptions have to be made. First
of all, it is assumed that for this technology qualified processes exist. They are implemented in
the Component Maintenance Manual (CMM) or at least can be included by EASA Part 21/J
Design Organizations without major difficulties [EASA21A-J-001][Hins12]. It is further
assumed that the required quality for a certain part or repair process can be achieved with AM.
Otherwise it would not make sense to choose the technology for a comparison with
conventional technologies as quality is a key factor in aerospace.
It has to be stated that the Decision Component does not contain a direct functionality to assess
the break-even point of a part redesign. Nevertheless, the Decision Component is able to
compare and quantify ecological potential that arises through an optimized design during the
product life cycle.

Decision Support Fundamentals

Companies are facing an intense competition in their market driven by the globalization;
and the scarcity of resources pushes them to an adaption of their processes [AbRell]
[WBM11]. A transformation is required that leads to the integration of new technologies and
processes in order to gain a competitive advantage and to offer innovative solutions to their
customers. Therefore, decisions have to be taken which are influenced by various factors from
the market and the company’s environment. To be able to consider multiple factors at the same
time in such decisions, tools have to be available that support this process. Especially in
aerospace, where the life cycle is particularly long (up to 65 years, 25 years of operation time
for every aircraft and 20 to 40 years of sale time), decisions have a far-reaching impact with
high economic and technological risks [SGF+08]. A thorough and rational decision making
process is mandatory. The immense time and cost pressure requires airlines to maximize the
availability of their fleet to compete with their competitors. Therefore, a holistic approach is
necessary that reveals possible savings and includes procurement, production and logistics. An
economic efficient production technology with high productivity, time, cost and quality
orientation has to be chosen. Additive Manufacturing has already been identified as a promising
influence factor for the aerospace industry with its focus on short-lead times, resource
efficiency and lightweight design opportunities. It enables the improvement of companies’
specific added value.
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Terminology

Almost every action leads to a decision problem that can be solved quite simple for
trivial problems but can also become very complex with many influence factors and requires
supporting tools for getting to a rational solution. At an entrepreneurial level, either strategic or
operational, the decision making is an extensive research field. This is driven by the fact that
wrong decisions can have fatal impacts on the business success. The decision maker is
interested in an optimal action alternative with the support of a decision support to handle the
complex situation. If there is no optimal solution the tool should determine the most efficient
alternative with regard to the given requirements and restrictions. Problems can arise through
uncertainty, missing information or excessive effort.

The underlying decision theory is divided into descriptive and prescriptive theories. The first
one deals with the question how decisions are made while the prescriptive theory focuses on
the process of finding a solution in order to achieve a high degree of fulfillment [Laux07]. For
solving decision problems it is usually necessary to identify the influencing parameters and to
include them in the model. They are split into the areas “decision rule” and “decision field”.
The decision field can be further characterized by the action alternatives, which reflect the
number of possible choices, by the boundary conditions, which describe the environment, and
by the consequences, that define the effects of the occurring impacts of the decision variables.
For the decision rule, which determines the target system, two further topics can be consulted:
the optimization criterion as a leading command variable to evaluate the criteria and the
preferences which allow for the weighting as a transparent evaluation scheme of subjective
assessment. [EWL10]

Most target systems pursue more than one objective so that the decision making is located in
the field of the Multi Attribute Decision Making (MADM). The structuring of relevant factors
is required to map the rising complexity caused by the multitude of aims. This allows for a
processing by IT systems. The MADM process driven procedure exhibits different phases. It
starts with the problem identification and is followed by the subsequent problem structuring as
the basis for the development phase which leads to the modeling as the third step. Thereupon,
the decision making can begin which generates a proposal for solution and overall finishes the
selection phase. [BeSt02]

In the course of classifying the present multi attribute decision problem the following
assignment can be found on the basis of the prescriptive approach: The problem structure is
characterized by a semi structured specification, the decision is made under certainty due to its
operative character and the target system is, as described earlier, multiple. A discrete solution
space with a finite number of action alternatives is therefore necessary to solve the problem.
When transferring the described aspects to the existing use case, the following model in Figure
3 can be composed.
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Figure 3: Approach for the decision model on the basis of the relevant criteria

Multi Attribute Decision Analysis

There are many different MADM approaches that are characterized by different
procedures. The cost-utility analysis for example uses a pairwise comparison by an explicit
scale to determine the advantageous choice. Outranking models also use pairwise comparisons
but they use strict and weak preference values for that. This is beneficial for the existing
problem in the MRO industry as the decision support has to compare logistics and production
optimizations which exhibit very different characteristics and impacts which makes it difficult
to compare each. There is an infinite number of indifference shapes that has to be expected for
the criteria evaluation in this process and requires a highly flexible manageability of the
methodology. Nevertheless, the complexity should be on a low level in order to decrease the
training effort for new users and increase the usability [GRS10]. The methodology
PROMETHEE defines preference functions which are able to value differences between the
single alternatives. To do so, threshold values have to be defined. While there does not exist an
objective catalogue for the selection of the thresholds PROMETHEE only uses these thresholds
to distinguish preferences from indifference regions of general assessment criteria. Thus, their
impact on the decision-making is much lower than for example for ELECTRE and generates
more robust results [Hart06]. It has to be stated that the choice of a decision tool highly depends
on the relevant problem and its characteristics and has to be evaluated again for every new
problem.

The preference functions describe separate part worth utility functions for each pairwise
comparison. They indicate the preferences of the decision-maker even for insufficient
information because they map the predominant difference of a certain criteria weighting
[Geld14] [Goet08]. The preference degree is a value between zero and one and determines the
how much an alternative is preferred [ISNel13]. If the value is one then this is a total preference.
Zero connotes none preference. A value between those boundary values indicates a small
preference. For cost items linear preference functions can be chosen. Only an indifference
threshold has to be given so that differences higher than the threshold describe a strict
preference between the alternatives otherwise it is only a lower one. For time aspects a step
criterion can be chosen. This requires both, an indifference value as well as a preference
threshold. Differences below the indifference value connote an indifference and for values
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above the preference threshold a strict preference is existent. Values between those two
thresholds indicate only low preference [Geld14]. The quality parameter are often very
heterogeneous and do not show a uniform dimension. Usually, quality parameters can be
quantified such as the surface roughness for example. The process stability can be realized with
the help of an exponential function whereas the inflection point states at which point the
preference increase resp. decreases.

For the present use case a selection of the preference functions is shown in Table 1.

Table 1: Parameterization of some decision criteria

Criterion Min/Max Preference- g-value, p-value Unit
function o-value

Direct provision costs Min Type 3 n/a 500 $
Indirect provision costs Min Type 3 n/a 450 $
Occupancy costs Min Type 3 n/a 100 $
Storage costs Min Type 3 n/a 100 $
Other costs Min Type 3 n/a 100 $
Handling time Min Type 4 1 2 h
Shipping-, delivery time Min Type 5 2 6 h
Build time Min Type 5 1 3 h
Part density Max Type 3 n/a 3 %
Accuracy (dimensional) Max Type 3 n/a 2 mm
Surface condition Min Type 3 n/a 2 5-point
Process stability Max Type 5 0 5 %

For the different alternatives the input and output flows are then determined. The output flow
®represents the strength of an alternative with values between 0 and 1. The higher the value,
the better it is. The input flow dconstitutes the weakness of an alternative where the values are
between 0 and -1. The closer they are to -1 the weaker is the alternative. The sum of both flows
sums up to the net flow @ If this net flow is higher than a compared alternative this usually is
the preferred one.

Conceptual Design

In order to be able to use the decision support not only theoretically but also for real-
world case studies the Decision Component is implemented as an Excel Tool in order to
guarantee the ability to run on almost every standard equipped office computer. Excel is a
spreadsheet analysis that is able to handle complex operations. Integrated formulas uses the
user input to calculate a result. In addition to that, the software can visualize the generated data.
To further extend Excel’s opportunities individual applications can be developed by utilizing
the programming language Visual Basic for Application (VBA).

Clicking on a communication interface (e. g. button) activates the defined programming code
that contains instructions what activities have to be conducted and the result is then given. There
are different communication interfaces which can be used to provide input or to start a
sequence. Every interface exhibits different features that are required for certain conditions.
They can be linked or interrelated to others. Their action has to be defined in the programming
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code and leads to a reaction of the tool to user input. Through the combination of interfaces,
algorithms and sequences complex procedures can be built.

The Decision Component is extended by VBA in order to enhance the functionality and the
graphical interface. At the basis of the tool there is a calculation methodology for AM that has
been developed at Paderborn University resp. the Direct Manufacturing Research Center
(DMRC). In order to gather the required information for the calculation the tool is divided into
different subsystems (see Figure 4).

Decision
Support

1 1
Machine .Material ° Part . General . Ecology

AM Milling AM Milling AM Milling

SLM Machine AlSi1l0Mg AlSi1l0Mg Wages

EBM Tools 316L 316L Consumables

LC IN 718 IN 718

Ti6Al4v Ti6Al4v Conventional Design
............. optimized Design
Weight
Dimensions Carbon Emissions

Volume

Figure 4: Overview of the configuration units for the Decision Component

They have to be filled in to provide the data basis for the calculation and decision making. This
process can be supported by pre-defined master data that can be overruled manually but enables
an easier and faster operation of the tool. The system has to consolidate the given inputs and to
ensure that all calculation relevant data is available. In comparison to an earlier version of the
tool which is described in [DLK15] it has been extended by an additional ecological analysis
that is able to compare a conventional part design with an optimized one.
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Figure 5: Start page of the tool and ecological subcomponent

As every company interacts with the environment it is important to be sustainable in consuming
natural resources. The ecological awareness is rising and the aerospace industry is seen as a
major polluter which is why this topic is particularly sensitive for this industry [Mens13a]
[LHNB14]. To meet this demand for the ecological analysis of the business processes the
Decision Component has another subsystem dedicated for the ecological assessment. Different
features can be assessed. First of all the subsystem is meant to compare different designs of a
part so that the layout is divided into conventional and optimized design. The positive
economical impact of topology optimized part designs has already been presented in various
papers and is a major driver of the AM technology in aerospace [DRK15] [ReKo15]. Values
for the conventional design can be filled in as well as for an optimized design which is most
likely a lightweight construction. This is followed by several inputs for assessing the service
life of the part and the fuel consumption that it causes during this time due to its weight. Directly
related to the fuel consumption are the carbon emissions which are calculated simultaneously
[LHNB14]. In order to map changes in the supply chain and calculate the arising costs and
carbon emissions the part’s travel distances during production for truck, train, ship and aircraft
can be stated. For the long service life of aircrafts and its components it becomes necessary to
include price growth rates for kerosene and emission permits which can be specified at the end.
For a faster handling there are also pre-filled in master data that can be overruled by a manual
input. This data is focused on the aircraft life and emissions as this information is not at hand
for everyone.

When all configuration units have been filled in the calculation can be started. The costs for
AM, for milling and the procurement of a new part are calculated as well as the time aspect
examined. The results are shown with different charts. The main cost drivers and their shares
are shown as well as a quality, cost and time analysis. Based on the previously described
methodology the preferred and cost- or time-efficient solution is determined. In order to meet
the documentation needs of aerospace the tool creates several documents with all user input
and calculation/result outputs and stores it in a defined directory. This increases the traceability
for decisions that have been made and can be used to further improve algorithms etc.
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Summary and Outlook

Due to the specific characteristics of aerospace, Additive Manufacturing is suited to be
applied in the MRO aerospace industry. The required flexibility for low quantity and highly
complex products cannot be realized by conventional technologies without reverting to
extensive warehousing. The usefulness of applying AM for a certain use case has to be proofed.
Therefore, a methodology is required that supports the decision process. Especially, because
companies are not experienced in assessing the production costs of AM and its additional
benefits have also to be taken into account to fully exploit the benefits which AM offer.

There are many options to use AM in the MRO business creating potential economic, time and
ecological benefits. To assess these benefits and to clearly state them a combination with
software solutions is mandatory. This always has to be compared to conventional technologies
as AM is still limited in its utilizability. As the technology is currently not approved for
aerospace, being a Design Organization is crucial for applying the technology as a MRO. This
will change when more experience with this technology is gained and more certified parts and
processes will be available. The application of AM by OEMs and the prime manufacturers will
foster this development as it will then become necessary for MRO provider, too.

A framework to assess economic, time and ecological factors has been developed and integrated
in a software tool. Based on identified key cost drivers different configuration units have been
set up. They provide a standardized process to gather data that is required for the cost and time
calculation of the repair choices. It is supported by predefined data but can always be adjusted
manually. The tool calculates the expected costs for AM, conventional technology and the
procurement of a new part from the OEM. The evaluation is illustrated by charts showing the
share of each cost driver from the overall costs. Additionally, quality, costs and time graphs
provide information of the key elements of MRO business showing the overall best solution for
the defect part. A further ecological analysis can be conducted in order to compare the
environmental impact of an optimized design or supply chain alterations with those of a
conventional designed part. This is still based on some assumptions, e.g. that qualified AM
processes exists and the required quality can be achieved. The selection of an alternative is
conducted by a Multi Attribute Decision Analysis based outranking approach called
PROMETHEE which has been chosen due to the specific requirements and characteristics of
the application. It is able to use different types of preference functions that can be applied for
qualitative and quantitative influence factors. It is able to identify the best alternative even if
this is not obvious or if there are strict preferences due to a time critical defect part.

The concept for the decision component allows the monetary assessment of repair processes
especially for AM. The documentation of the complete input and output data fosters the
transparency and traceability of decisions which is a crucial aspect in aerospace.

Now that this methodology has been set up and included in a tool, for future work a detailed
comparison of sample parts/case studies is required in order to assess the validity of the tool.
Therefore, it has to be improved in the evaluation of the quality and time aspect to allow a
detailed analysis with real use cases and to fully exploit the tool’s functionality. For future work
the tool can be enhanced by strategic levels and additional functionality such as calculating the
product life cycle costs. The aerospace specific tool can also be adapted to the needs and
specifics of other industries in order to proof its general applicability.
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