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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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The new manufacturing era is characterized by a relevant shift of manufacturing from the physical to the digital world. In this context the proper
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1. Introduction

The new manufacturing era, that we may name Smart Man-
ufacturing, Intelligent Factory, or Industry 4.0, is characterized
by a relevant shift of manufacturing from the physical to the
digital world, so that products exist in the memory of comput-
ers before, in parallel, and after the existence of their physi-
cal counterparts. The main actors of this shift are the Cyber-
Physical Systems (CPS), which are systems of collaborating
computational entities which are in intensive connection with
the surrounding physical world and its on-going processes, pro-
viding and using, at the same time, data-accessing and data-
processing services available on the Internet [1]. The appli-
cation of the CPS in manufacturing are named Cyber-Physical
Production Systems (CPPS).

In this context the proper management of product and man-
ufacturing information is fundamental. Among this, in the field
of mechanical engineering, dimensional and geometric toler-
ances are the most relevant, in order to properly deal with un-
certainty from the conception to the end of life of a product
[2–4].

This is the motivation of the scope of the 15th CIRP CAT,
where the management of the uncertainty in whole manufac-
turing is considered. In particular, the link between product
geometrical specification and its verification is fundamental,
because, if manufacturing opens the loop by converting digi-
tal parts into physical parts, geometrical verification closes the
loop by turning physical parts into information. The CIRP
Conference on Computer Aided Tolerancing focuses on the
progress in the fields of dimensional and geometrical toler-
ancing, dimensional metrology, uncertainty management, stan-

dardization. It provides a technical forum for researchers, in-
dustrial practitioners, and policy makers to exchange ideas,
share research findings, and discuss the various issues they en-
counter. The CIRP CAT refers to the Scientific Technical Com-
mittee Design (STC Dn) of the International Academy for Pro-
duction Engineering (CIRP), who has been supporting contri-
butions in the areas of design theories, methodologies, IT tools
and their practical applications over the past decades.

From this starting point, the CIRP CAT 2018 conference has
been focused on:

• Robust Design and Uncertainty
• Functional Tolerancing
• Tolerance Specification
• Tolerance Analysis
• Form Deviation in Tolerance Analysis
• Actual Mating Conditions
• Tolerance Verification
• Quality
• Additive Manufacturing
• Micro-Manufacturing

In the following three of these main topics are highlighted as
special one for the CIRP CAT 2018.

1.1. Robust Design and Uncertainty

Robust Design is a well-acknowledged design approach that
strives for designing products, devices and production equip-
ment so that their performance and function is insensitive to
the variability and uncertainty inherent in manufacturing, as-
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sembly, and use processes [2]. Focusing on systematic efforts
during product and process development, Robust Design signif-
icantly widens the scope of uncertainty management and qual-
ity control practices and offers an enormous potential in terms
of reducing quality issues, scrap, or delayed product launches.
At the same time, it is largely unclear how corresponding de-
sign approaches can benefit the indispensable tolerancing and
geometrical variations management tasks in order to systemat-
ically and successfully account for variability and uncertainty
in product and process development. Therefore, it is relevant
the need to discuss novel approaches and tools that allow for a
coherent consideration of variability and uncertainty through-
out the whole process of design and geometry assurance, and
that enable the minimization of variations as well as the con-
tinuous monitoring and optimization of the resulting product
performance by means of suitable verification and validation
activities.

1.2. Additive Manufacturing: A new challenge

It is well established that additive manufacturing (AM) is a
historical breakthrough in manufacturing and deeply impacts
the overall design and manufacturing process chain as well as
the entire life cycle of a product [5]. The greater benefits of
AM come from the fact that by adding material point-to-point
and layer-by-layer, it is possible to control both the shape and
material complexity of a product. This complexity for free re-
quires alterations to current methods to describe and commu-
nicate complex design. This need is particularly true and well
recognized with respect to the development of methods to toler-
ance complex freeform surfaces [6]; to communicate and toler-
ance heterogeneous materials and internal features; and to ver-
ify dimensioning and tolerancing requirements of the additively
manufactured parts.

1.3. Micro-Manufacturing: Specification and Verification

Nowadays, many manufacturing processes are available ca-
pable of manufacturing components whose size is well below
1 mm. However, the correct definition and inspection of such
components is still a difficult task: at micro-scale level the ge-
ometry of the part influences the functionality not only in terms
of mating and movement. Then, the question arises whether
or not the current GD&T and GPS practices are still adequate
[7]. Therefore, new techniques for tolerance analysis, synthe-
sis, and allocation are needed. Verification also needs to be
harmonized with the new tolerancing techniques, but in this
field an additional challenge is present. In general, inspection
systems for micro metrology are non-contact measuring sys-
tems. A complete infrastructure guaranteeing the traceability
of non-contact micro-measuring systems like quantitative mi-
croscopes still needs to be developed and implemented, includ-
ing instruments calibration and verification, and measurement
uncertainty estimation.
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