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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Because of their high impacts on the product’s requirements, evaluation phases are crucial steps during its early design. Many indicators and 
tools are developed to help designers to assess performance during those stages. However, the design stakeholders’ choice is really difficult 
when multiple performances (innovative, manufacturability, sustainability) are to be assessed. In fact, each tool uses its own form of data 
during a specific stage of the design process and its own set of questions. The global supervision is not possible without multiple methods. To 
facilitate the evaluation phases, we here lay out a method to realize a continuous supervision of the design process. The proposal aims to 
develop a method to select and assess existing tools to provide a global evaluation during the early stages. This method is divided into three 
steps: locating the adapted tools during the early design stages to evaluate the performance of the product, identifying the data needed by the 
tools and finally merging the different tools for the design phase. In the context of making a sustainable and innovative product conceived for 
additive manufacturing the differences between each expertise and tool have to be managed to provide a global evaluation method. 
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1. Introduction 

The time allowed to product development is more and more 
reduced. In fact, requirements evolve and the design process 
is different: produce better and faster with constant resources. 
The design process needs tools to evaluate the development to 
make the right choices and to identify the potential 
improvements as soon as possible. Therefore, evaluation is 
needed for ideas, concepts, architectures and product 
manufacturing to select the higher performance intermediate 
representation.  
It remains difficult to define product’s performance. In 
design, the highest performance product is the product which 
meets all requirements and gets the best return on investment. 
This definition amounts to define performance as the 
product’s innovative aspect in regards to the standard [1]. 
However, the integration of sustainability aspects [2] during 
the design process is primordial to respond to a social as well 
as a political demands to develop products with a lower 
impact on environment.  To produce innovative such 
products, Additive Manufacturing (AM) AM is considered as 
an emerging manufacturing process and according to Gibson 

et al. [3] and the need of methods is important. This process 
offers to designers the possibility of new geometry and allows 
to optimised products in terms of mass [4] and impact and 
encourage innovation [5] and sustainability[6] 
Designers need tools to evaluate the product during the design 
process and especially during the early design stages where 
the product’s value is set. First of all, the state of the art will 
focus on the performance’s indicators study during the design 
process regarding the innovation, sustainability and AM. This 
study shows that no tool can be used during the whole design 
process for all the topics. A method is proposed to identify 
and select the adapted tools for the idea research stage.  This 
paper aims to underline a framework to select the most 
effective tools for the evaluation of the product’s performance 
during early design stages. 

2. State of the art 

The innovation phases are included in the design process [7]. 
It is defined as all the different tasks between the problem and 
the product. It can be described by four to six stages 
according to Howard et al. [8]. The creative process is 
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The time allowed to product development is more and more 
reduced. In fact, requirements evolve and the design process 
is different: produce better and faster with constant resources. 
The design process needs tools to evaluate the development to 
make the right choices and to identify the potential 
improvements as soon as possible. Therefore, evaluation is 
needed for ideas, concepts, architectures and product 
manufacturing to select the higher performance intermediate 
representation.  
It remains difficult to define product’s performance. In 
design, the highest performance product is the product which 
meets all requirements and gets the best return on investment. 
This definition amounts to define performance as the 
product’s innovative aspect in regards to the standard [1]. 
However, the integration of sustainability aspects [2] during 
the design process is primordial to respond to a social as well 
as a political demands to develop products with a lower 
impact on environment.  To produce innovative such 
products, Additive Manufacturing (AM) AM is considered as 
an emerging manufacturing process and according to Gibson 

et al. [3] and the need of methods is important. This process 
offers to designers the possibility of new geometry and allows 
to optimised products in terms of mass [4] and impact and 
encourage innovation [5] and sustainability[6] 
Designers need tools to evaluate the product during the design 
process and especially during the early design stages where 
the product’s value is set. First of all, the state of the art will 
focus on the performance’s indicators study during the design 
process regarding the innovation, sustainability and AM. This 
study shows that no tool can be used during the whole design 
process for all the topics. A method is proposed to identify 
and select the adapted tools for the idea research stage.  This 
paper aims to underline a framework to select the most 
effective tools for the evaluation of the product’s performance 
during early design stages. 

2. State of the art 

The innovation phases are included in the design process [7]. 
It is defined as all the different tasks between the problem and 
the product. It can be described by four to six stages 
according to Howard et al. [8]. The creative process is 
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described by four phases for them.  The design process will be 
composed of four steps described by the product’s evolution: 
problem analysis, idea research, concept development and 
industrialisation, as described on figure 1. 
This state of the art focuses on the field of performance and to 
evaluate it in case of innovation, sustainability and AM. 

2.1. Definition of performance 

The definition of performance depends on the studied subject. 
The generic definition is defined as the quantitative measure 
of effectiveness and efficiency [9]. However, each subject 
developed during the state of the art has its own definition of 
performance. For innovation, it deals with the measure of the 
quality, quantity, novelty and variety of ideas purposed during 
the stages [7]. For sustainability, the performance is the merge 
of economical, environmental and societal performances [2]. 
For manufacturing, the performance is defined as the quality 
of the product compared to the production costs [10]. The 
performance of the product has to be evaluated throughout the 
whole design process, but the early design stages concentrate 
eighty percent of the product’s engaged costs and therefore 
the design choices made during those stages are crucial [11]. 
In the following part of the state of the art, the focus is put on 
the evaluation tools during the four different design stages to 
identify the different performances. 

2.2. Innovation Performance    

The innovative aspect of a product is created during early 
design stages[7]. Two kinds of innovations are differentiated: 
incremental one which improve a product, and breakthrough 
one which corresponds to new products for new needs [12]. 
Two kinds of evaluations are presented in the design process: 

• Evaluation of the organisation’s potential allows to 
evaluate the firms’ capacity to carry out the project’s 
design. Those tools’ indicators are economic and 
look at the potential success of the project without 
studying the data of the design process. 

• Evaluation of the design process potential, which can 
be defined as the evaluation of the different aspect of 
the product during the early design stages. This kind 
of evaluation is the one targeted in this paper and is 
detailed afterwards.  

As already mentioned, innovation is created during the early 
design stages, so evaluation tools must be present during the 
problem analysis, ideas research and concept development 
stages. The main problem is due to a lack of data during the 
first stages.  

In the problem analysis phase, data is rare making it difficult 
for designers to identify the opportunities and to drive the 
design process in the right way. However, this phase allows to 
set the design indicator of performance for following phases 
[13].  

• In the ideas research phase, creative tools are used to 
develop the research process. The evaluation of ideas 
is crucial to select the best one. It can be performed 
by two types of tools: rely on experts’ evaluation or 
used evaluation tools. Designers rely on experts to 
select the design objectives. In one hand, according 
to Zimmer et al. [14], the early selection of the 
design ideas by experts is crucial to reduce the 
design time and obtain the best product at the end of 
the design process. Experts identify the potentials of 
the design project according to four product’s 
characteristics. 

• Innovation evaluation can be performed by designers 
themselves by using tools. The use of objective and 
criteria is necessary. It must use objective criteria. 
For Saunders et al. [15] innovative products have 
similarities and an in-depth study of successful 
products allows the extraction of characteristics to 
evaluate ideas. 

The concept development phase is the last stage where 
innovation evaluation is available and useful. The data are 
more significant and, most of all, the evaluation is based on 
the function matrix to compare the concepts to function goals 
or to target characteristics. According to Binz et al. [13], the 
assessment of the functions by the future users allows to test 
the acceptation of the future product and improve the 
innovative aspect. 
This state of the art section provides the position of different 
innovation evaluation methods. The needs and goals of each 
method are different due to their design process position.  

2.3. Sustainable Performance 

The sustainability is composed of three aspects: social 
environment and economy. These performances could be 
evaluated during the whole design process and follow the 
global methodology of Design for Sustainability (DfS) [16]. 
DfS follows the standard of Design for X [17] where X is a 
life cycle phase or an aspect of sustainability as Design for 
Environment or Design for Recyclability. The evaluation 
methods depend on the quantity and quality of data. The type 
of evaluation is linked to the stage of the design process. 
In the problem analysis phases, the sustainability is connected 
to the design goals. In fact, methods are used to give basic 
knowledge as sum up in the 10 golden rules [18] or to 

Fig. 1. Model of design process
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position the goals of redesign products to attempt 
environmental improvement as Cluzel et al. mentioned [19].  

In the ideas research phase, the evaluation methods are 
similar to the innovation evaluation and based on the 
product’s creative aspect. Some methods divert creativity 
tools to integrate environmental aspect [20] or to question 
designers about sustainable indicators [21]. 

In the concept’s development, evaluation methods are used 
to assess the product’s architecture. This evaluation can be 
used to compare concepts regarding sustainable indicators 
[22] or compare components to select the best one in terms of 
sustainable performance [23].  

In the industrialisation phase, the common and certificate 
tool is the life cycle assessment (LCA). LCA is complex due 
to the quantity of data and the time needed. Methods aims to 
simplify the product’s evaluation during this phase by 
proposing different indicators or by dividing the LCA into 
different life cycle phase, as the manufacturing phase, and by 
proposing an evaluation of each process to compare them 
[24].   

Sustainability evaluation method will allow the monitoring 
of the design process. The problem is that the evaluation is 
not continuous, and requires as many methods as design 
stages. 

2.4. Additive Manufacturing Performance   

The evaluation of the manufacturing performance is defined 
as evaluating the product or its representation according to its 
capacity to be manufactured by the proposed process [10]. 
This performance consists in evaluating if the product is 
properly designed for AM and if the design rules are 
respected. Manufacturing evaluation is basically studied 
during the downstream design stages to validate the process 
and the CAD product. 

During the ideas research phase, Design With Additive 
Manufacturing (DWAM) [25] proposes to integrate AM 
knowledge during the early stages to increase the creativity 
and the innovation level of intermediate representation and to 
evaluate its potential.  

As Rias proposal underlines, during the ideas research 
phase, the product data are not enough to analyse the classic 
performance, expert can be called to analyse the potential [5]. 
Ideas can be evaluated with adapted tools, like the ones 
proposed by Booth [26], taking the form of a matrix where 
design rules are graphically formulated to evaluated the AM 
potential.  

The classic manufacturing evaluation aims to analyse the 
product’s compatibility with manufacturing process 
characteristics. 

In the concept development phase, the quantity of data 
which define the product grows and AM evaluation methods 
are multiple. The product’s architecture can be evaluated by 
AM. Methodologies are available to evaluate CAD parts to 
analyse if the geometry suits to the process’ characteristics, 
for example: its building layer part’s orientation, shell’s 
thickness [27]. 
  During the concept development phase, the AM performance 
is included in the global methodology of design for Additive 
Manufacturing (DFAM) [28]. DFAM methods propose to 
optimise the product in order to manufacture by AM process. 
These kinds of methods are basically available during 

downstream design stages to validate the industrialisation 
proposal. Laverne et al. [29]  distinguish two kinds of DFAM 
methods. DFAM oriented to optimise the part and DFAM 
oriented to optimise the assembly. Both DFAM analyse the 
CAD to identify its geometry and to compare it to design rules 
and design goals. DFAM is generally used to reduce the mass 
or  volume of  the material used [4]. 
This section only explores the evaluation of manufacturing 
reserved to downstream design stages. Therefore, methods try 
to evaluate the potential of ideas during early design stages by 
giving guidelines to designers

3. Proposed objectives 

The state of the art shows: 
• Present methods are various and disparate.  
• The lack of multicriteria evaluation in the design 

process. Innovation, sustainability and AM can be 
evaluated. 

• No evaluation method regroups all three aspects 
individually during the whole design process.  

To remedy this, proposal aims to provide a method to select 
the adapted tools for the early design stages regardless of the 
studied subjects. 

4. Proposition of a method to select evaluation tool  

To validate the objectives, the research chose to focus on 
analysing the existing tools and to select the adapted ones to 
extract the information and outputs needed to create a 
multicriteria evaluation method. 

The proposed method to select the best evaluation tools is 
independent of the studied subject. The evaluation is based on 
four criteria: 

• The Facility of use of the tool (F) 
• The Benefit of the tool (B) 
• The Design Process Position (DPP) 
• The External Data Constraint request (EDC) 

These criteria have been chosen because they are unlabelled 
and as so can be used for the three topics. F permits to 
evaluate the need for experts. B is used to classify different 
kind of tools as done by Bovea et al [30] for environmental 
tools. DPP helps to know which design step is concerned by 
the tool evaluated and EDC criterion shows the quantity of 
data needed for create the performance’s indicators. The 
ranking is based on a 5-level scale as shown in Table 1.  

The evaluation of tools follows the method proposed in the 
figure 2 and is divided into 5 steps: 
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Fig. 2. Evaluation method 

• Step 1: Identification of the subject 
• Step 2: Situate the tools in the design process. If the 

tool is used for different design stage, the step 3 is 
made for each stage. 

• Step 3: Evaluate F and the B criteria of the tool at 
this design stage according to Table 1. 

Table 1: Evaluation grid for Facility and Benefit 

Mark Evaluation of facility Evaluation of benefit 

0 The tool is not used at this 
stage. 

The tool is not used at this 
stage. 

1 Expertise and long time 
are needed to control it. 

Pros and cons are identified by 
the tool. 

2 Expertise or long time is 
needed to control it. 

indicators of performance are 
proposed by the tool 

3 
Knowledge on the field is 

required or/and time is 
needed to control it. 

tools proposed guidelines for 
improvement 

4 
No expertise/knowledge or 
only a short time is needed 

to control it. 

Potential improvements are 
proposed by the tool. 

5 
No expertise/knowledge 
and only a short time are 

needed to control it. 

Higher performance solution is 
proposed by the tool. 

• Step 4: Evaluate the external data need constraint 
(EDC) of the tool, according to table 2.

Table 2: Evaluation grid of External Data Constraint request 

Mark Evaluation of external data constraint 
request 

0,5 Redesign: need previous product 

1 Need previous stage option 
2 Independence criteria 

• Step 5: calculate the performance    of the tool. 
It is defined as shown in the equation (1) where   is the 
performance, F is the Facility, B is the Benefit and EDC the 
External Data Constraint request. 

 	  	    		                                         (1) 

This kind of notation is used to distinguish two types of 
evaluation: 

• The quality of the tool 
• The penalty of the tool 

Facility and benefit of the tool are intrinsic qualities to be 
opposed to the external need which is a default. 
With the evaluation method the adapted tool will be the one 
with the highest value of   .  

5. Results 

5.1. Performance evaluation tools  

The investigation is conducted on 29 different evaluation 
tools with the characteristics sums up on Table 3. 

Table 3. Description of the tools 

Topics Number of related tools 

Innovation 6 

Sustainability 16 

AM 7 
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Some evaluations are dealing with two topics but to simplify 
the indication on the result, only the main subject is retained. 
These tools are detailed on the table 4. 

5.2. Results of evaluation methods 

This method permits to evaluate each tool and to position it 
in the design process to select the best ones according to the 
design goals. In figure 3, the performance of each tool is 
modelled as the length of bar and situate on one of the four 
phases. Three types of tool are being evaluated: Innovation 
tools are in blue and are represented by the letters (A), 
Sustainable one are in green and are represented by numbers 
(1) and AM tools are in yellow and are represented by roman 
numbers (I). The tool’s performances are evaluated between 2 
to 8. But in theory, the maximum is 18. This gap can be 
explained by the incapacity of the tool to find an optimal 
solution without requiring time or expertise.  

 These results are in line with the state of the art: Innovation 
is made on the early design stages; sustainability is monitored 
during all the process and AM is studied on downstream 
phases.   

Furthermore, the evaluation of the intermediate product’s 
representation is not valuable until the ideas research stages 
due to the tools’ performance. According to Tichkiewitch et 
al. [11], eighty percent of the product value is decided during 
the twenty first percent of the design process. Therefore, 
making it the most attractive step for designers aiming to 
evaluate the product. 

A cartography of academics tools is provided, the selection 
of tools will depends of requirements. The definition of the 
tool performance is defined by the authors’ objectives. 

A three criteria evaluation can be achieved during ideas 
research and development phases. 

In order to evaluate the product, the selection of tools is 
made by screening the thirty percent higher performant ones.   

For the author’s requirements the tools selected for the next 
step are highlighted in the table 4. 

6. Perspectives and conclusion 

The proposed method is based on the analyse of evaluation 
methods during the design process and dealing with three 
aspects: sustainability, innovation and AM. To facilitate the 
analysis and make a unique and impartial analysis of the state 
of the art, a method is proposed to evaluate existing 
evaluation tool regarding fours characteristics: position in the 
design process, the facility, the benefit and the external data 
need of the tool. 
This method allows to identify the adapted tools to use. These 
tools were analysed and permit the identification of the best 
indicators, design rules and evaluation form to create a 
multicriteria tool. 

Future work’s objective is to validate the benefit of this kind 
of evaluation on industrial projects and to allow designers to 
adapt the tool to their design goals. As an example, if the 
project doesn’t need innovation criteria, the tools can adapt 
the external input and output requirements to these goals. 

A [21] F [31] 5 [32] 10 [24] 15 [33] IV [25]
B [15] 1 [18] 6 [16] 11 [23] 16 [34] V [27]
C [14] 2 [35] 7 [36] 12 [37] I [4] VI [5]
D [13] 3 [19] 8 [22] 13 [38] II [39] VII [26]
E [40] 4 [6] 9 [41] 14 [42] III [28]

Table 4. Lists of the tools evaluated by the method

Fig. 3. Performances of the tools evaluated 
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