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Abstract. This paper addresses the automated assessment of manufacturability
of air-craft engine components in the early stages of design, focused on the
welding process. It is a novel part of a multi-objective decision support tool for
design evaluation, currently running at a manufacturer of jet engine components.
The paper briefly describes the tool and how it impacts the product development
process. Further, the paper presents an integrated method for manufacturability
assessment by finding welding processes that complies with all geometrical and
other constraints found in the CAD-models of the conceptual engine. Here,
preferences made by manufacturing engineers serves as a base for a manufac-
turability index so that different parameter settings in the CAD-models can be
compared to find the best parameter settings, considering the trade-off with other
performance criteria’s of the engine.

Keywords: Manufacturability � CAD � Robotic welding � Set-Based
concurrent engineering � Multi-objective optimization

1 Introduction

The aircraft engine industry needs to show an ever increasing performance in new
products [1]. Today, cost and sustainability issues are much in focus for airline com-
panies, so manufactures of aircraft engines must present products with reduced fuel
consumption, less weight and less environmental impact and at the same time
preferably to a reduced cost. Often, meeting the demands for increased performance is
possible, however the price is that it becomes increasingly difficult to manufacture the
products. The increased performance means higher temperatures and structural loads.
To withstand the extra stresses more advanced alloys are needed and these are known
to be notoriously difficult to process. Further, the geometries themselves tend to
become more complicated with the increased demand on engine performance, due to
e.g. optimization of the flow-path for lower pressure loss.
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For this reason it is desirable to have a good view on how well the design compiles
with the intended manufacturing process in an early stage of design, so that decisions are
not taken on a design that will turn out to be too expensive and difficult to manufacture.

To make these predictions, some of the details about the manufacturing process
have to be known in the very early stages of design when principle solutions are
discussed with the customer and the business contract is prepared. This will ensure that
the manufacturability aspect is not left to a late stage in the design process, when the
room for change is much less.

As described in this paper, the studied aircraft engine component manufacturer,
evaluates conceptual designs in an early stage of product development considering the
performance on structural, thermal and fluid-dynamical performance and assessment of
geometrical tolerance distribution in a multi-objective manner. This is performed in an
automated environment based on the CAD system Siemens NX. This environment is in
this paper referred to as an integrated CAE (Computer Aided Engineering) environ-
ment. The environment allows studies of early designs by varying the parameters on
surface CAD-models. Further, the CAE environment acts as a decision support tool,
building knowledge on the effect of parameter settings of the conceptual models before
it is progressed to detailed design. The tool is used to build knowledge and manage
trade-offs which enables the company to support their knowledge value streams and to
work with a set-based concurrent engineering approach.

The aircraft engine component manufacturer has a need to include more data for
assessment of manufacturability in the studies in order to include more aspects of the
product life cycle. It will be an early stage prediction on how suitable different
parameter settings are from a manufacturability point of view. Thus, a trade-off can be
made between the previously mentioned robustness, thermal, structural and
fluid-dynamical aspects and the manufacturability of the design. The automated
approach that is applied when conducting the studies enables the company to work in a
set-based manner, evaluating sets of solutions and parameter spaces.

One of the challenges is how to evaluate the manufacturability in a rapid way so
that hundreds of different parameter variations on the same concept can be evaluated
within a reasonable time. It must be done automatically in a short period of time.

Manufacturability refers to how a product can be produced to a minimal cost and at
a maximal reliability. However, there are several influencing factors, as described by
Vallhagen et al. [2]. Manufacturability can for instance refer to the complexity of the
geometries, how well the different parts can me assembled, how difficult the materials
are to form and so on [3, 4]. An automated evaluation based on CAD-models for all
manufacturability aspects on the component is not expected to be feasible at the present
time due to the many influencing factors. Therefore, to begin with, the most influential
factors will be addressed and that is the welding of the structure. Several different
methods for robotic welding are available in the workshop of the company and they all
have different performance when it comes to which materials, geometries and thick-
nesses of plates that they can handle. The objective is to gain knowledge on the
applicability and performance of the different methods in an early stage of design. How
this is accomplished in a speedy automated way so that different parameter settings
readily can be compared for manufacturability is the question that this paper will
answer. The paper is a part of a larger research project which follows the Design
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Research Methodology (DRM) [5]. The companies involved in the project are actively
participating in formulating success criteria and indicators as well as participating the
descriptive and prescriptive phases.

2 Platform Definitions and Set-Based Concurrent
Engineering

Sub suppliers in industry are seeking ways to conduct product development in more
efficient ways at the same time as offering highly customised products. A way to
achieve efficient customisation is the use of a platform definition [6]. The component
based product platform is often described as either modular or scalable. However, there
will often be a demand for knowledge about future requirements and interfaces in order
to create enough derivatives to gain back the extra expenses that has been put on
developing the product platform. This creates issues for the sub suppliers developing
products to be integrated in the customer’s product where the interfaces and require-
ments is ever changing and unknown during development. One way to manage this is
to extend the definition of a product platform to include more of the company assets
than just highly concretised components [7]. Högman [8] explores the use of a tech-
nology platform that consist of methods which involves knowledge about the design
and manufacture of the products. Levandowski et al. [9] uses the configurable com-
ponent concept to model a platform in early stages of development. The modeling
technique is based on set-based concurrent engineering (SBCE) and the hierarchy of
functional requirements and design solutions. SBCE, opposed to a traditional point
based approach, is a method where sets of solutions is developed in parallel [10]. In a
point based approach a concept is chosen early in development and then iterated
towards reaching a feasible solution. With SBCE a wider spectrum of the design space
is explored. The focus is to eliminate bad or unfeasible solutions when enough
knowledge about the solution exist as opposed to early picking a solution. Positive
effects when applying SBCE has been observed in industry [11]. The knowledge value
stream has been said to be, like SBCE, part of what has been coined lean product
development. According to [12] the knowledge value stream consists of capturing and
reuse of knowledge about markets, customers, technologies, product and manufac-
turing capabilities. The knowledge should be generalized and visualized to flow across
projects and organizations.

This paper continue to build on the model first presented in [13]. If the design
knowledge is captured, structured, saved and can be retrieved, it can be reused in future
development project as a natural part of the platform definition. The continuous
build-up of knowledge represented in the diagonal. Note that the knowledge build-up is
ongoing while the PD projects have a start and an end. The knowledge gained is reused
in the PD projects. However, to realize this, it must be possible to find the knowledge
and reuse it in a pre-planned way.

The knowledge can be represented in for example guidelines, process descriptions,
models and best practice methods. There are also executables such as excel sheets, scripts
and applications to facilitate the knowledge retrieval and possibly automated reuse.
The Fig. 1 illustrates this frame-work. From the technology development new verified
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methods, tools and technology solutions emerges. The methods, tools and technology
solutions are used in the different PD projects. Experiences from the products are used to
refine and extend the platform.

This papers contribution lies in this context and consist of a representation of some
of the manufacturing knowledge that is made available and adapted for the quick
re-use. The paper is focused on the acquisition and automated re-use of this knowledge.

2.1 Applied at the Aeronautical Company

The company studied distinguishes clearly between the technological and product
platform [13]. The company has a development process with the aim of developing
methods and verifying them so that they can be included in the company’s technology
platform. To keep track of the readiness of the methods the TRL scale (Technology
Readiness Level) developed by NASA is used. Examples of methods included in the
technology platform can be regarding FEA and CFD analysis, explaining e.g. how the
most appropriate type of mesh and how it should be applied and what type of elements
should be used for the particular types of analysis.

Since the aeronautics industry have stiff demands on verification, it is not allowed
to use any methods apart from the approved ones described in the technology platform.

When the aeronautical company is creating a new engine design (see Fig. 2)
conceptual ideas are created together with the other suppliers of aero engines and
components and the intended end costumers. This will give hints on what the expected
requirements on the new generation of engines will be and which technologies that are
expected to be used. Surface CAD-models of the concept is constructed. They are
planned for variation of the parameters so that the design space can be covered without
any update failures of the models.

Fig. 1. Representing the knowledge to be re-used.

Conceptual 
design

Parameter 
studies in CAE

Detailing and 
production 
planning

Physical test 
and 

verification

Ready aero-
engine

Fig. 2. The design of a new aero-engine.
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To build knowledge on the effect of the parameter settings in the early stages of
design, extensive automated parameter studies are made in the CAE environment. In
the next step, the design is further elaborated with more precise simulations of the
engines performance and including also detailed simulation of the production process.
This includes e.g. offline–programming and path planning of the welding robots and
the detailed sequencing and clamping of the sub-assemblies. The final stage is the
testing and verification of the design which is made on physical parts. It is done first on
a flying test-bench and eventually on the ready aircraft.

The studies in the CAE environment is done before any business contract has been
written. The main objective of the studies is to gain knowledge about the concept.
Firstly, this will lead to that the trade-offs in the product are more thoroughly under-
stood. It will also allow the manufacturer to respond quicker to changes when the
contracts have be signed and the actual product development has begun. Often, as the
development of the aircraft progresses the initial requirements change. Suppliers that
can respond to these changes quickly are highly appreciated. It is therefore important
for the supplier to continuously build up the general knowledge on the product and its
manufacturing processes and just not focus on the development project closest at hand.

2.2 CAE Environment

The CAE environment operates automatically. This is necessary since the number of
parameters varied is large and consequently requires a large number (in the order of
hundreds) of experiments to evaluate the design space.

The CAE environment consists of scripts and other tailored methods for running all
analysis in automated mode and also retrieving and visualizing the results.

The parameters that are varied are related to the material as well as the geometrical
parameters such as lengths and angles. To some extent also the topology of the parts
are also varied such as the number of stays in some structural parts.

These variants are later evaluated using FEA and CFD and tolerance simulation
software from different aspects at the same time, forming a multi objective study. The
objectives are the structural, thermal, geometrical robustness and the fluid-mechanical
performance. Due to the high number of evaluations what must be done, the process of
generating models and meshes with varying parameter settings and evaluating them is
fully automated so that the results can be reviewed within a day or two.

3 Working Principle

Manufacturability has traditionally been discussed from a machining point of view.
Features in CAD models are identified interactively and automatically by feature
recognition such that a process plan for their manufacture can be generated [14]. This
process plan can form the basis of planning toolpaths and making predictions on the
manufacturing costs.
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However, evaluating manufacturability is not restricted to automated process
planning of machining. Using MAS (Manufacturability Analysis System) [15] many
other aspects of manufacturability can be analysed.

There have been numerous attempts on evaluation of geometries for weld processes
to find the cost of welding a particular geometry represented in CAD. Some examples:
[16, 17, 18]. These are based on the automated or interactive evaluation of
CAD-models. Ordinary CAD models holds the geometrical information only, therefor
this types of CAD models are often augmented with various manufacturing
information.

From the CAD-models process plans are created describing how much weld that
will be needed and also the geometrical conditions in for example accessibility. From
the planning of weld-methods and paths the weld-cost of welding can be calculated.

The studies made in the CAE environment is done in the early stages of design. The
studies are based on that number of CAD-models with different parameter settings are
generated. Each such setting is called a “design case” For each design case the man-
ufacturability is evaluated.

The objective in this early stage of design is not to get an absolute monetary value
on the welding cost, but rather making a comparison between different design cases.
One example of what the study is expected to reveal is that if the space is narrowed
down in the vicinity of a weld, it will not be possible to access with the standard robotic
weld gun. Therefore, selecting a less preferred weld-method will be necessary and thus
lowering the manufacturability for that design case. Figure 4 shows the different steps
in the evaluation of a design case:

Step1: All welds have been tagged with names when the CAD-model was created. This
means that the model can be searched for all curves that represent welds by names. For
each of the welds, the plate-thickness can be determined as well as the curvature in a
number of points around the weld curve and the minimum distance to the nearest
geometry (accessibility hindrance) from the
weld in the x, y and z directions with respect to
the weld-head. The z-direction is the longitu-
dinal direction of the weld-head. Also the
materials in the surfaces adjacent to the curve
has been defined in the CAD-model and is read
from it.

Products are typically built in sectors that
are pre-assembled and subsequently welded
together to circular geometries. Subassemblies
can be either cast or fabricated i.e. assembled
together from sheets of metal. Figure 3 below
shows a CAD-model of one such sector with
four weld-curves indicated by arrows.

Step2: The conditions at the weld are compared with the capabilities and constraints of
each weld-methods. The limitations for plate-thicknesses, curvatures, materials and
reachability depends on what type of welding equipment that is used, the materials and
the welding speed. To get an estimate on which plate-thicknesses that each weld

Fig. 3. A sector with some tagged welds
indicated by arrows to be evaluated.
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method is capable of handling, the CES (www.grantadesign.com/products/ces/) is used.
It gives the following ranges: EB 0,3–50 mm, Laser 0,25–20 mm, TIG 0,7–8 mm,
Plasma 0,075–6 mm. Since the limits includes extreme variants of the process
encompassing all types of equipment, the ranges are narrowed down to exclude the
extremes. The thickness-ranges are seen in Table 1 below.

The Table 1 also show the minimum curvature, materials and the reachability. The
reachability is derived from the sizes of commercially available weld-heads for robotic
welding. The dimension in the z-direction is assumed to be 300 mm since small
weld-heads can be found on the market corresponding to these dimensions. The
dimensions in the x and y direction are about to 70 × 70 mm. Similarly, for robotic
laser welding an estimate of the dimensions of the weld head is (x,y,z) = (100, 200,
450 mm) obtained from a supplier of such equipment.

In order not to get a too narrow section that can melt down and give a bad result
there is a requirement on the curvature. This is expressed as a minimum radius related
to the size of the weld pool. The size of the weld pool is much related to the process
conditions, so no absolute values can be given in Table 1.

For each weld, a subset of feasible welding methods is derived by examining which
processes that comply with all constraints as seen in the below Table 2. The table
shows that for weld 1 Laser and EB is possible. Weld 2 is not shown in detail in the
table but feasible methods are Laser, EB and TIG.

Step 3 and 4: When the subsets of feasible methods have been derived a selection of
the most preferred ones must be made. This is done by means of a ranking for weld
preference. This ranking list has been put together by the manufacturing engineers and
assigns figures to the degree of preference. In the degree of preference, the cost and

Determine length 
of weld, 
curvature and 
plate-thickness of 
tagged curves in 
CAD-model.

Find which weld-
processes that  
comply with the 
constraints at the 
weld.

Determine how 
much of the weld 
that can be made 
with preferred 
welding methods.

1 2 3 4

Summarize to a 
manufacturability 
index.

5

Study trade-off with 
other objectives in 
the study.

For each design case:

Fig. 4. The steps in evaluation of a design case.

Table 1. Constraints per weld-process.

Constraints per weld process:
Curvature Plate-thickness Material Reachability x, y, z

laser .. 1 mm–10 mm Fe, Al, Ni, Ti 100, 200, 450
Electron beam .. 2 mm–30 mm Fe, Al, Ni, Ti ..
TIG .. 1 mm–3 mm <list> 300, 70, 70
Plasma .. 2 mm–8 mm <list> ..
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robustness of the method as well as its performance from a sustainability perspective is
included. The ranking is the following: Laser welding is the most preferred with 15
points, TIG is the second best with 14 points, Plasma-welding has 12 points and finally
EB welding has 10 points. This preference needs to be weighed together to a single
figure on the manufacturability (M) in percent. The model used considers how much of
the total weld length can be made by the preferred method:

M ¼ 100 � LLaser
Ltot

� Plaser

Phighest
þ LTIG

Ltot
� PTIG

Phighest
þ LPlasma

Ltot
� PPlasma

Phighest
þ LEB

Ltot
� PEB

Phighest

� �
ð1Þ

Thus a design case where all the welding can be made by laser welding will have
manufacturability 100 %.

If it wasn’t possible to use laser in the whole weld, say as an example that the
constraints evaluation showed that out of 50 m weld, 30 m could be made by laser,
10 m could be made by TIG, 5 m by plasma, and 5 m by EB, the manufacturability
would instead be M = 93 %:

M ¼ 100 � 30
50

� 15
15

þ 10
50

� 14
15

þ 5
50

� 12
15

þ 5
50

� 10
15

� �
¼ 93% ð2Þ

Step 5: Now the manufacturability is listed for every design case. All other aspects
of the design case is considered at the same time. The below Table 3, shows the results
of run. It has been simplified and it contains dummy figures. The table illustrates the
multi objective nature of the run.

Table 2. Finding feasible methods per weld.

Weld
1

Length 23,6 mm Laser: Thickness OK,
Reachability OK,
Material OK, Curvature OK

Min. Thickness 3 mm EB: Thickness OK,
Reachability OK,
Material OK, Curvature OK

Max Thickness 10 mm TIG: Thickness NOK,
Reachability OK,
Material OK, Curvature OK

Min. reachability x,y,
z-dir

214, 713,
820 mm

Plasma: Thickness OK,
Reachability OK,
Material OK, Curvature NOK

Material 1 Cast titaniumn Result:
Material 2 Fabricated

titanium
Subset: Laser,
EB

Curvarture min ..
Weld
2

.. Subset: Laser, EB,
TIG
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This forms a decision support, finding interesting settings of the parameters for the
bests trade-offs in the design cases of the multi-objective study. Some of the more
promising of them can be singled out for more detailed analysis. The results can be
shown as surface plots such that a trade-off for the best parameter setting can be found.

4 Discussion

This paper describes the studied aerospace company’s approach towards including
manufacturability knowledge in a platform definition. The modelled manufacturability
knowledge is described in a way that enables integration of an automated multi
objective evaluation tool. With this approach a parameter space can be evaluated in an
early stage exploring several concept sets. Knowledge about the designs are built and
can be communicated. This supports both SBCE and the knowledge value stream in the
company to a larger extent. The introduction of manufacturability evaluation has been
performed with a subjective method, involving ranking by manufacturing engineers.
The research is still in early phases and more elaboration on the influencing factors are
expected to be done. The presented method does not include the assembly order and
clamping of the parts to be welded. Also operations like cleaning the plates and casts,
making inspections and doing rework when faulty welds has been found is not included
although they contribute considerably to the manufacturing cost.

The accessibility is in practice a complex problem. The robot must be able to
position the welding head without any part of the robot or tool colliding with the
work-piece. This would normally require off-line programming, planning the path in
detail and finding the most efficient path. However, to date this require a human
operator and as mentioned earlier, that is not possible in this type of set based eval-
uation. Just checking the distance to nearest object may produce erroneous results. It is
believed that the key to more precise prediction is to automatically generate process
plans for each design case. These will contain influential items with high impact on the
cost and sustainability. These items can then be assessed using well established
methods for cost and sustainability evaluation such as LCA (Life Cycle Analysis) and
LCC (Life Cycle Costing).

Table 3. Results of a run in the CAE environment.

Design
Case

Expected Life
in hours

Factor
bucking

Robustness Pressureloss
(bar)

Manufacturability

1 500 0,82 1 % 0,1 95
2 520 0,83 1,3 % 0,3 93
3 492 0,845 1,2 % 0,2 92
..
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5 Conclusions and Future Work

The results from the study suggest that the use of a platform definition containing
descriptions of knowledge for reuse purposes is a promising way forward. The results
appears to be valid for other sub suppliers similar to the one described in this paper. In
order to use a set-based approach, creating and analysing several designs, automation
becomes crucial. Automated evaluation of manufacturability based on CAD-models
has previously been extensively researched. However, this paper has highlighted the
need of a quick and autonomous tool for early stage feasibility studies and process
planning. Some initial steps has been taken but the continuation of the research needs
to address making accessibility predictions without interactive path planning as well as
sequencing the production process so that process plans can be automatically created.
From these more detailed predictions of manufacturability as well as cost and
sustainability estimation is expected to be made.
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