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Abstract
The design and evaluation of lightweight structures is a multi-step process that involves several different at-
tribute evaluations. In the early design phase, specific functions of the structure have to be decided, geometry
may not yet be fixed and materials must be assigned. Only rough values of attributes such as mass, stiffness
and Noise, Vibration & Harshness (NVH) behavior can be estimated. On the other hand, in the final design
process, full finite element models predict detailed product performance. The links between early design
decisions and final product performance are not always apparent. More importantly, the variation of differ-
ent concept models, which are most efficiently evaluated in the early design stage, must also be correlated
to final design specifications. This work aims at defining a work-flow for the multi-attribute evaluation of
concept variants, using a lightweight car door as an example.

1 Introduction

Weight reduction is one of the cornerstones of structural design, however it needs to come together with a
minimal impact on other key attributes such as cost, performance or robustness. Manufacturing industries
such as aerospace or automotive look for lightweight designs since weight is one of the main factors influ-
encing fuel consumption and vehicle emissions, so providing such designs represent a strong competitive
advantage and a way to accomplish the more and more strict regulations on emissions. On top of being
lightweight, these designs should be at the same time reliable, cost-competitive and easy to manufacture,
among other characteristics.

This research aims to provide a tool to evaluate in an objective way the main attributes that are relevant in
a conceptual design of a mechanical structure. For every attribute of every new concept, a metric value is
calculated/assigned on which the evaluation of the concept will be assessed. In this sense, our approach is
based on Concurrent Engineering (CE), since different attributes coming from different engineering fields
(mechanical, manufacturing, design, ...) are integrated simultaneously in order to reduce the product’s time-
to-market [1]. The end goal is to determine which concept is the most promising to elaborate in the next
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phases of the design process based exclusively on objective information on the metric values and therefore
enriching the designers experience in unexplored yet design spaces.

Several tools have been developed in the past to assist during the concept phase of the development process,
such as CDSTsped [2], AIDA [3], MODESSA [4], Schemebuilder [5], EFDEX [6], 2nd CAD [7], IDEA-
INSPIRE [8], Concept Generator [9], DFX [10], DEE [11]. Some of these tools are designed for generating
concepts from a database, whereas others cover the conceptual design process including an evaluation of the
generated concepts. They all use varieties of approaches for representation and categorization of designer
knowledge, however most of them are limited to specific domains. In general, the main focus of these tools
is on concept generation, while the evaluation and scoring is still a manual process (based on knowledge and
past experience) instead of using a model-based approach with metric values of the attributes.

Since this research focuses on application in the manufacturing industry for the transport sector, one of the
most important attributes to evaluate in the design is the Noise, Vibration and Harshness (NVH) behavior.
NVH affects decisively the comfort and user-experience of the passenger, being a key decision maker for
potential customers when using or acquiring the product, and furthermore because NVH becomes one of the
more complex attributes to master when considering the overall trend towards lighter structures and design.

Section 2 focuses on the flowchart and general way of working of the proposed methodology, while section
3 deepens on the implementation of the multi-attribute evaluation within the selected tools selected. Section
4 shows a preliminary strategy for filtering and ranking of the concepts, and section 5 presents an application
example consisting of a door frame structure, for which five different concepts are ranked based on an
objective multi-attribute evaluation. To end, section 6 draws some conclusions.

2 General methodology

Figure 1 shows the general flowchart of the proposed methodology. As a preliminary step, the user should
provide a list of requirements that the product must fulfill (i.e. mass should be less than 10 kg, first vibration
frequency must be above 50 Hz). A spreadsheet gathers this information.

Figure 1: General flowchart of the methodology proposed

Since the goal is to compare different concepts (in geometry, functionality or any other characteristic), the
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first step should be to represent them in a formal and consistent way (step A of Figure 1). Thus, an integrated
concept model will encode all the information describing a concept from different viewpoints in a computer-
readable form. This can be done by using basic spreadsheets [12], computer aided design (CAD) tools [13]
and more abstract formalization languages, such as Systems Modelling Language (SysML, [14]).

To be able to objectively score each concept a number of attributes will be evaluated. The list of attributes
evaluated may vary depending on the product, however those included in this research are more biased to-
wards the conception of automotive or aerospace components. Therefore, attributes such as mass, stiffness,
strength, fatigue, NVH, cost, manufacturability and robustness are considered. The approach is to create at-
tribute models based on the formalized concept models, (step B in Figure 1) obtaining a unique performance
metric for each attribute of the concepts (step C in Figure 1). This is straightforward in some cases (mass
or cost), but may be more difficult for others (manufacturability or NVH). By doing so, the concept scoring
(step D in Figure 1) is enriched with model-based input.

Special mention to NVH, since all the information regarding such an extensive and key discipline for auto-
motive and aerospace design needs to be simplified to a value. Within this study, the following expressions
are used to assess the NVH behavior: (i) the first dynamic eigenfrequency of the considered structure, (ii)
the Sound Transmission Loss value and (iii) the Sound Absorption Loss value.

The framework selected to implement our methodology is FreeCAD [15], since it provides an open-source
environment for CAD/CAE and FEA and it is based on Python, which eases the implementation of in-house
codes within it. Consequently, a new workbench is created in FreeCAD, which includes all the capabilities
of the methodology proposed. This workbench and the way of working proposed for the methodology is
shown in Figure 2

Figure 2: Workbench implementation based on python codes visualized in FreeCAD environment.

However, it has to be highlighted that this methodology is modular, flexible and easily transferable to other
frameworks (Figure 3). For instance, attributes related to NVH or others that require complex FEA can be
also obtained using external commercial software.

The specific steps required to use the workbench in the FreeCAD framework are stated below:

• Define the requirements of the product or import them from the reference product.

• Define or import the geometry of the concept.

• Decompose the geometry of the concept in different parts or components, extracting the connectivity
between them.

• Define the materials and load cases existing in the concept.

• Perform the multi-attribute evaluation of the concept.

• Perform the filtering and ranking of the concepts.
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Figure 3: Workbench implementation based on python codes visualized in other environments and coupled
with other conception tools.

3 Multi-attribute evaluation

This section describes in detail the implementation of the evaluation methods behind the attributes mentioned
in Section 2. Most of the attributes are evaluated using in-house Python scripts that either directly perform
the calculations or that link the FreeCAD framework with external software.

Attribute Metric
Mass Total mass [kg]
Strength Stress ratio [-]
Stiffness Stiffness [N/m]
Fatigues Number of cycles [-]
Modal analysis First eigenfrequency [Hz]
Sound absorption loss Integrated SAL [dB]
Sound transmission loss Integrated STL [dB]
Robustness Robustness [%]

3.1 Mechanical attributes

The mechanical attributes that are considered in the framework of the research project are mass, stiffness,
strength and fatigue. The magnitude of these attributes can already be estimated in the early design phase
and therefore these attributes can be used as one of the key decision factor whether to further elaborate the
concept or not.

Mass The mass calculation is based on the volume of the geometries within the concept and the density of
the materials involved. The metric to be used in the filtering and ranking algorithms is the total mass of the
concept.

Strength and stiffness The evaluation of strength and stiffness is based on Finite Element (FE) simulations
that can be performed either directly within FreeCAD or by using an external software. The results of the
FE analysis are further processed to extract the relevant information, such as maximum displacements and
stresses for all the components of the assembled concepts. The information is then filled in in the table,
as shown in Figure 4, where ”Beam” and ”Plate” refer to the individual components that together build up
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the concept. These values will be reused in the fatigue estimation. The metric to be used in the filtering
and ranking algorithms for strength is the maximum tensile and compression stress at each material, and for
stiffness is the inverse of the structural compliance, which is calculated as:

C =
1

2
· uT · f (1)

where u is vector of displacements and f is the vector of forces (both in all nodes of the structure).

Figure 4: Overview of stiffness, strength and fatigue results in FreeCAD.

Fatigue For the assessment of fatigue in early design phases, when the geometry is not yet fixed, the de-
signer cannot rely on detailed time-domain simulations because they are both time consuming and highly
dependent on the geometry. Therefore, the approach followed in this project is based on S-N curves. How-
ever, since the methodology is flexible, fatigue results could be extracted from a specific external software
as well. The S-N curves relate the cyclic stress (S) within a product to the number of cycles (N) to failure.
These curves are commonly used to describe the material fatigue performance.

The implementation of the S-N curves within FreeCAD is based on information in CES Selector [16]. Once
the S-N curves of the materials are incorporated to the workbench (see Figure 5), the number of cycles until
failure is obtained by looking up the number of cycles corresponding to the maximum stress within each
material. The results are shown in the results table in Figure 4). The table indicates whether the current
concept fulfills the requirements defined by the designer. The metric to be used in the filtering and ranking
algorithms for fatigue is the minimum amount of cycles that can be withstand by all the components within
the concept.
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Figure 5: S-N curve defined for a specific material.

3.2 NVH attributes

Three descriptors, whose implementation can be seen in Figure 6, are used to assess the NVH behavior of
the considered structures:

First eigenfrequency [Hz] The first resonant frequency (f1 = 2πw1) is automatically computed from
the mass (M ) and stiffness (K) matrices. It is defined by solving for the smallest value of w verifying the
equation det(K − w2M) = 0.

Sound transmission loss (STL) Integrated [dB Hz] The sound transmission loss represents the amount
of sound, in decibels (dB), that is isolated (not transmitted) by a layer. In the project, the layer is assumed
infinitely large and can be a fluid, a plate or a mixt of both. It is computed using the transfer matrix method
[17]. In order to get a metric, the STL is integrated over the frequency range of interest (frequency in log
scale).

Sound absorption loss (SAL) Integrated [dB Hz] The sound absorption loss represents the amount of
sound, in decibels (dB), that is absorbed by a layer. In the project the layer is assumed infinitely large and
can be a viscoelastic or a poroelastic material. It is computed using the transfer matrix method [17]. In order
to get a metric, the SAL is integrated over the frequency range of interest (frequency in log scale).

3.3 Non-functional attributes

The main non-functional attributes that are considered within this research are cost, manufacturability and
robustness. Apart from these, there are also some use case dependent attributes such as thermal behavior,
recyclability and paintability, but these will not be tackled within this paper.

Cost To evaluate the cost of a design, an external tool: the Eco Audit tool from CES Selector [16] will be
coupled to the FreeCAD environment. The Eco Audit tool includes a broad set of information about material
prices, but also about the cost of manufacturing and joining processes (including energy and labour costs).
Basically, the cost model can be formulated as:

Cproduct =
∑

components

Cc +
∑

joints

Cj +
∑

manuf

Cmp (2)
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(a) First vibration mode. (b) Interface for STL analysis. (c) Interface for SAL analysis.

Figure 6: Implementation of the NVH attributes within FreeCAD.

where Cc, Cj and Cmp are respectively the cost of a component (material cost), the cost of a joint (labour
cost, adhesive cost, process cost) and the cost of the manufacturing process (machining cost, labour cost,
finishing cost, etc.). Figure 7a shows a view on the Eco Audit tool related to the cost of a product. For
detailed information about the cost formulation, interested readers are referred to [18].

The Eco Audit tool will be coupled to the FreeCAD environment, which allows the designer to calculate
the cost in the background without needing to know the details of the specific software. Eco Audit expects
as input from the user the materials, the mass, the primary and secondary manufacturing process and some
geometrical parameters of the concept. By extracting this information automatically from the design and
passing it to the Eco Audit tool, the designer will not be burdened with the manual look up and entry of
information. The total cost can be retrieved by FreeCAD from the exported cost report as shown in Figure
7b. The metric to be used in the filtering and ranking algorithms for cost is the total cost of the concept, from
raw materials to assembled product, that includes the raw materials cost, the assembly cost of the production
and the cost of the human labor.

Manufacturability The manufacturability information is obtained using the method developed by Flan-
ders Make in the Design For Manufacturing and Assembly project(DFMA, [19]). Within this project, a
generic scoring tool is developed to asses the manufacturability of both conceptual and detailed designs. The
DFMA tool consists of a set of generic questions, derived from some best practices in manufacturing and
design experience. Based on the answers on these questions, a relative score can be given to indicate how
easy it is to manufacture the product.

The methodology of the DFMA tool is implemented within FreeCAD. Since both geometrical information of
the concept, as well as additional information such as mass, joints, manufacturing processes, etc. is available
within the CAD environment, the answers on several of these questions is extracted automatically and a
metric value is calculated/assigned. For each metric value, a weighting factor and a reference needs to be
specified. This can be for instance extracted from a reference design. By comparing the answers for the
concept to the the answers for the reference case, a score can be given to indicate whether it is easier or more
difficult to manufacture the concept. In the end, the scores for each metric values are weighted and combined,
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(a) Cost calculation using Eco Audit tool. (b) Cost report as interface to FreeCAD.

Figure 7: The use of the Eco Audit Tool by CES as external tool to calculate the cost.

to come to a final score on manufacturability. Figure 8 shows the implementation of the manufacturing tool
in the workbench. The single value to be used in the filtering and ranking algorithms for manufacturability is
the weighted sum of all the metric values of the manufacturability combined. It is a percentage score which
indicates whether the concept is easier to manufacture (>100%) or more difficult (<100%).

Figure 8: Manufacturing evaluation.
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Robustness Robustness can be defined as ’reducing variation in a product without eliminating the causes
of the variation’ [20]. In other words, a product is robust if it is insensitive to variation (i.e., replacing one
of its components does not have an effect in the rest). In this project, the metric for robustness is obtained
based on the study of [21], which defines R as follows:

R = 1−
n∑

i=1

PXi · I ′Xi
(3)

where PXi is the probability (that a change occurs at a certain component i) and I ′Xi
the normalized impact

(of a specific component i in the whole product), respectively. The value of R can go from 0 to 1, being 0
non-robust and 1 robust. The values of PXi and I ′Xi

are derived based on the bi-directional dependencies
that a component Xi has with respect to other components Xj . In this project, the relations or dependencies
between components are based on geometrical connectivity. This information is extracted automatically
from the workbench, and summarized in a table similar to the one of Figure 9. In this table, the value ’1’
means that there is a dependency between components Xi and Xj (geometrical connectivity), whereas ’0’
means no dependency between Xi and Xj .

Figure 9: Table for definition of dependencies between the components of a concept.

The formulations required to obtain PXi , I
′
Xi

andR have been implemented in python codes that are included
within the workbench. Weighting factors are added since there might be components that are more critical
than others in a product design.

4 Filtering and Ranking of concepts

The end goal of performing a comprehensive multi-attribute evaluation in a vast variety of concepts is to be
able to discard most of them based exclusively on their insufficient performance in any of the attributes, and
later on rank the filtered concepts and determine in an objective way which one is the best candidate to pass
to the next design phase (Figure 10).

The filtering of the concepts is based on the information provided by the designer in the requirements file.
As an example, if the designer sets that the mass of the concept should be less than 10 kg, all the concepts
with a mass above 10 kg will be discarded. Among the concepts that pass the filtering phase, a scoring of
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Figure 10: Filtering and Ranking

the attributes is assessed in order to rank them. To do so, decision matrix [22] techniques can be applied.
These techniques are commonly used in design theory in different engineering/non-engineering domains. In
such a decision matrix, there are a number of concepts to be assessed on a number of attributes, respectively
the rows and columns of the decision matrix (Table 1). The relative importance of each attribute can be
altered by applying weighting factors (WF), since the relevance of an attribute may change depending on the
product. In this research, the acquisition of the required performance metrics from the models is automatic,
whereas the choice of the WF is a manual process to be filled in by the designer (last row of Table 1).

Mass Stiffness Strength Fatigue NVH Cost Manufact. Robustness
Concept 1
Concept 2

...
Concept n

WF

Table 1: Decision matrix for ranking of concepts

However, one can think that the concepts that the designer proposes are not always the best possible ones.
Therefore, this methodology is able to generate automatically new feasible concepts based on the informa-
tion gathered in the filtering and ranking phase, exploring the full design space available using algorithms
and an architecture-based model synthesis methodology. Further information about the automatic concept
generation in the framework of this research can be found in [23].

5 Application to a door frame structure

The methodology proposed in this research is applied to the design of an automotive door frame. Five differ-
ent concepts were defined, being three of them identical in terms of geometry, but with different materials.
Figure 11 shows the different concepts to be evaluated.

The attributes considered for evaluation are: mass [kg], stiffness [N/m], strength ratio (which is the relation
between the maximum stress and the maximum stress allowed), fatigue [#cycles], NVH (frequency of the
first eigenmode in [Hz]), cost [eur], manufacturability [%] and robustness [].
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Figure 11: Different concepts for evaluation of an automotive door frame

Once the multi-attribute evaluation is completed using the tools and scripts implemented in the workbench,
the upper part of the table of Figure 12 is automatically filled in. Moreover, the requirements set by the
designer at the beginning of the process are also stored. Then the metrics obtained during the analyses for
all attributes are compared against the corresponding requirements, and only the concepts that fulfill all the
requirements are filtered for the upcoming scoring and ranking phase. As seen in Figure 12, Concept 4
(Ramp Door) and Concept 5 (Rolling door) do not fulfill the requirements related to strength and fatigue.
This is reasonable since those concepts are built-in using weak materials such as net and PVC.

However, to continue with the explanation of the scoring and ranking strategy, let us filter all the concepts.
The next step should be to define weighting factors for the different attributes and assess a preliminary
ranking based exclusively on the objective performance of the concepts. The scoring of each attribute is
directly linked to the weight defined for it, meaning that the concept with the best metric value will score the
value defined as weighted factor, and the others will be scored proportionally. For instance, in the lower part
of the table of Figure 13, one can see that the ramp door scores 9 in weight, since it is the lighter concept
and the weighting factor defined for the attribute ’Weight’ is 9. With this approach, it can be seen that all
the values for the metrics lie in the range of [0,10]. The ranking is just a weighted sum of the normalized
metrics, expressed as follows:

TOTAL =

n∑

i=1

WFATi ·MET ′
ATi

(4)

where WF are the weighting factors, MET ′ are the normalized metrics and ATi is the attribute i.

However, this first approach is not always pertinent, since it can happen that one concept scores much better
than all the rest in one specific attribute, leading to a strong biasing towards that concept in the ranking.
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Figure 12: Filtering of the concepts

Figure 13: First approach for ranking of concepts

Focusing on Figure 13, one can see that the fixed door scores much better than the others in fatigue (at
least one order of magnitude higher), meaning that in the normalized metrics, that concept will scores the
maximum (5 in this case), whereas the others will scores 0. This gives an extra advantage in the ranking
phase, although it might happen that the concept is not the best. Indeed, it can be seen that the ramp door is
the 2nd best ranked concept, even if it was discarded in the filtering phase. This is because this concept is
light, cheap and easy to manufacture (the best in these 3 attributes), but it scores equally than the baseline
and sliding door in fatigue (even though they are much better).

To correct this biasing, an extra correlation was added to the scoring for the second approach. It is reasonable
to state that if the values of an attribute metrics for two different concepts are better than a qualified value,
they will score equally in that specific attribute. In our case, for instance, different concepts will score
equally in fatigue if the # of cycles are above 1e7. This method makes the values more comparable and takes
engineering input into account, hence a more realistic comparison can be assessed ( Figure 14).

The way to proceed now is to use the ’qualified requirements’ as the reference values for scoring, instead of
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Figure 14: Second approach for ranking of concepts

the best metric. Therefore, in the upper part of the table of Figure 14 the metric values that perform better
than the qualified requirements are directly replaced by these values (see numbers colored in blue).

If we look at the ranking results, now it is clear that the three concepts that pass the filtering phase are the
best ranked, which is somehow expected. The best concept is still the fixed door, due to its superior stiffness,
cost and robustness, as a result of being a concept with a small number of connections and made of a cheap
and stiff material like steel. Having a deeper look at the table, we can think of further improvements to find
an even better potential concept. We see that the worst attribute regarding the fixed door is the mass, and
at the same time we see that the sliding door (made of CFRP + PMMA) is very light (but very expensive
compared to the others due to the price of the CFRP). Therefore, if we replace the steel or the CFRP by other
stiff (but much cheaper) composite, like GFRP, in the fixed and sliding door, these concepts may score even
better.

6 Conclusions

This paper presents a methodology to objectively evaluate the general performance of a product based on a
multi-attribute analysis. In this sense, different concept variants of the same product can be analyzed in order
to determine which one should be used in later stages of the design phase. The methodology proposed has
proven to be flexible since it can be combined with different external tools and solvers available. Moreover,
details of the implementation for the calculation of attribute metrics, such as mass, stiffness, strength, NVH,
cost, manufacturability and robustness are described. Afterwards, a first approach for filtering and ranking is
proposed, providing information about automatic concept generation. Finally, an application example con-
sisting of a door frame structure is studied, discussing the results of the filtering and ranking and proposing
further enhancements for the ranking strategy, based on the results obtained. To end, two different concept
variants are proposed based on the information provided by the decision matrix.
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