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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. 
© 2017 The Authors. Published by Elsevier B.V. 
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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 

A key enabler for innovation in manufacturing is the competent use of advanced measuring equipment. As reported [1, 2], operators with their 
decisions are frequently the most relevant error sources in Coordinate Metrology, especially when dealing with new measuring technologies 
supporting Digital Manufacturing. In this article, new concepts for structuring of learning material as well as development and distribution of 
learning material for training in Coordinate Metrology are presented. A 10-steps model is used to structure training material and new tools are 
presented for a global collaboration in development, updating and distribution of learning material. With the methods used, fast and efficient 
learning material update and distribution is made available to meet the ongoing development of measuring equipment and international standards 
and bridge the world of Education and Industry 4.0. 
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1. Introduction 

Manufacturing in a globalized world is based on multiple 
suppliers located in different countries and continents. These 
partners are intensively using automation, data exchange and 
advanced manufacturing technologies embedded in the digital 
era.  

New opportunities to advance manufacturing are based on 
the so-called "Industry 4.0" concept that emerges as a key 
enabler for the integration of the virtual world and the physical 
world. This opens new challenges and development of 
advanced design and manufacturing principles, including: 
interoperability, virtualization, decentralization, real-time 
capability, service orientation and modularity.  

In this context, there is a need of training and education 
services considering the requirements of the new labour 
market. 

Measuring technologies and in particular Coordinate 
Metrology are essential tools for the implementation of these 
activities in modern product engineering and process control; 
to operate, program and manage the most advanced measuring 
systems, highly competent and skilled personnel is required 
that are up-to-date with the actual technology and newest 
standards. 

Innovative learning content development and distribution 
are needed to allow the adaptation to individual preferences and 
featuring modern tutor-learner interaction.  

2. Coordinate metrology training today 

Coordinate Metrology is a subject that is relevant to a 
number of sectors of industry throughout the EU, as e.g. for the 
automotive with its sub-contractors and the aeronautical 
industry.  
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Currently, there is still no coherent EU-wide provision of 
manufacturer-independent vocational education and training 
on new measuring technologies and standards.  

Several inititatives exist side by side for training in 
coordinate metrology today. Some of the intiatives are 
AUKOM [3] (Ausbildung für Koordinatemesstechnik) 
initiative with its basis on a national project run in Germany 
1998-2001 or the CMTrain (Coordinate Metrology Training) 
association [4] that is a body founded on the basis of the EU 
project EUKOM (European Training for Coordinate 
Metrology) with the aim to harmonise CMM training over 
Europe. 

New high quality learning opportunities for lifelong 
education on innovative measuring technologies (including: 
industrial computed tomography, fringe-projection and reverse 
engineering) as well as enriched, updated content from already 
existing training activities is needed in several languages. 

3. Demands in coordinate metrology training 

The ongoing fast development in standards in the context of 
the Geometric Product Specification (GPS) activities lead to 
the need of a continuous learning material update and the 
adaptation of learners’ competences to be able to speak “one 
language of specification and verification” in terms of 
geometric specification and verification.  

Namely, the lately published standards as e.g. the ISO 
1101:2017 [5] and the ISO 1660:2017 [6] are of big impact on 
the interpretation of specification and offer availability of new 
tools for specification. Other important standards are not 
widely covered in the training of metrologists up to now as e.g. 
the ISO 17450-1 [7] and other ISO 17450 series. These global 
standards provide explanations for non-ambiguous GPS 
language to be used in design, manufacturing and verification, 
to identify features, characteristics and rules to provide the 
basis for specifications, as well as consistent rules for 
verification.  

Beside the inclusion of newest standards, the analysis of 
course feedbacks over the last ten years, covering a number of 
over 900 participants out of industry and universities, show that 
there is a big demand in learning material to include: 

 Interactivity in learning material using media such as 
videos, animations, quizzes etc. 

 Including comprehension questions in the learning material 
with immediate feedback 

 Fast update of learning material with newest technology  
 Having the possibility to choose an efficient learning path 

(taking pre-knowledge into account) 
 Having the possibility to choose an effective learning path 

(learn only the topics of interest) 
 

Furthermore, the availability of new technologies such as 
computed tomography (CT), new optical sensors that can be 
used on CMSs such as chromatic white light sensors, laser-
sensors, processing of massive cloud of points, optical 
coordinate metrology need an update of competences and an 
overview about possibilities, requirements and restrictions in 
the application of such systems. 

4. Learning material structuring – A ten-step approach 

To be able to take the pre-knowledge of the individual 
learners into account, a fundamental two-level approach to 
structure the learning modules was chosen. On the basis of this 
two-level approach further expert modules are developed to 
meet the topics of the users. 

In the two fundamental levels, the learning content is 
structured in ten sections. These sections are structured in a 
way that the natural workflow of the metrologists is taken into 
account. The basis of the concepts is the GPS matrix that 
structures the standards to be taken into account and as well 
meets the workflow of the designers as well as the metrologist 
to a certain extent.  

With taking the target group “metrologists” in focus, the 
outcoming of the design section, with the respective 
columns A…C in the GPS-matrix, see Fig. 1, is a drawing with 
geometrical specifications. The approach described here, takes 
therefore the technical drawing as the starting point for the 
metrologist.  

 

Fig. 1. GPS matrix based on [8] for overview about standards for 
specification and verification of workpieces 

Based on the technical drawing, the metrologist performs a 
number of actions where the standards in the respective 
columns E…G in the GPS-matrix, see Fig. 1, have to be taken 
into account.  

These actions are structured in the approach described in this 
paper in ten sections. Each of these sections contain a number 
of chapters with learning units that deliver the content to the 
learner. 
  



322	 Michael Marxer  et al. / Procedia CIRP 75 (2018) 320–324
 Michael Marxer, Luis Rocha, Nabil Anwer, Enrico Savio / Procedia CIRP 00 (2018) 000–000  3

Table 1. Overview about a ten-section approach for metrologists 

Section Section title 

1 Identification of measurement requirements 

2 Measuring strategy definition 

3 Equipment selection 

4 Workpiece preparation 

5 Measuring system preparation 

6 Measuring process execution 

7 Evaluation strategy definition 

8 Measurement uncertainty 

9 Documentation 

10 Infrastructure and environment 

4.1. Section 1: Identification of measurement requirements 

The first section covers the interface to the specification. 
With information out of the technical drawing and other 
information sources, the requirements for planning and 
performing the measurement tasks are gained. 

Consequently, the learning material covers content for the 
identification of measurement requirements. Important points 
and fundamentals for the metrologists are pointed out. These 
points cover e.g. the GPS system concept, geometric 
tolerances, drawing indications, dimensions and CAD models. 

4.2. Section 2: Measuring strategy definition 

Based on the measurement requirements, the points for the 
measurement strategy are discussed. These steps cover points 
as e.g. datums and datum systems, coordinate systems, probing 
strategy as well as the influence of modifiers found in the 
specification such as e.g. indications for filter settings.  

4.3. Section 3: Equipment selection 

In section 3, the needs towards the equipment are discussed. 
This section covers points as e.g. measuring system 
architecture and measuring system components to be able to 
choose suitable equipment for performing the measuring 
procedure.  

Important indicators for performance specification of 
measuring systems and their application as well as restrictions 
are explained to be able to compare different measuring 
systems.  

4.4. Section 4: Workpiece preparation  

Based on the findings in the measurement requirements, 
important points for the workpiece preparation are pointed out 
in this section. 

In this part, fixturing requirements and constraints are 
demonstrated, but as well special procedures for surface 
treatment are covered that are needed e.g. when using certain 
optical sensors for the use at glossy workpieces. 

4.5. Section 5: Measuring system preparation  

Section 5 explains the preparation of the measuring systems 
that covers qualification procedures with its verification in 
particular. Different probing systems and their needs and 
procedures together with the artefacts available are discussed 
in this part. 

4.6. Section 6: Measuring process execution 

Section 6 covers the important points for measuring process 
execution such as acquisition of measuring points and 
measuring conditions based on the findings of the needed 
measuring requirements. 

4.7. Section 7: Evaluation strategy definition 

In this section, the association criteria, data processing as 
well as data analyses and evaluation and data representation are 
covered.  

Beside these topics, this section covers reverse engineering 
needs and possibilities in particular. 

4.8. Section 8: Measurement uncertainty 

To be able to apply the decision rules [9], the rules for 
verifying the conformity or nonconformity with a given 
tolerance for a characteristic of a workpiece, the metrologists 
have to be aware of the role of measurement uncertainty and its 
estimation. In this section, topics as decision rules, relation 
between tolerance and uncertainty, error sources as well as 
statistical parameters are covered. 

4.9. Section 9: Documentation 

In section 9, different forms of measurement result 
documentation with respect to the target group are covered. The 
required content of a measurement report is explained as well 
as the way, how to generate them are discussed. 

In this section the possibilities for specific measurement 
reports such as colour coded deviation illustrations e.g. coming 
from comparisons of CAD and workpiece deviations or from 
master workpieces to objects under test are pointed out. 

4.10. Section 10: Infrastructure and environment 

In an additional step, the need for infrastructure 
maintenance as well as verification and performance checking 
and its procedures are explained. Additionally, the need for 
verification and documentation of other circumstances such as 
environment conditions are discussed. 

5. Learning material design and development 

For the learning content development in an international 
context and environment, a new collaboration form using 
online sharing of documents for collecting and structuring 
learning aims was used.  
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The approach allowed an efficient exchange and collecting 
of ideas in real time and a collaboration in an efficient and 
structured way.  

Fig. 2. Sharing online documents for collection and structuring of learning 
aims for coordinate metrology training in the cloud  

It turned out that using sharing of documents functionality 
the group generated a master document for the management 
and structuring of learning aims that was installed as the basis 
for the further development process of the whole learning 
system in different languages. 

The experience with shared documents using Excel Online 
functionality for development process like this was new to the 
expert group in this field. It turned out that this approach was 
successful and can be recommended for similar projects. The 
group will continue to use the approach for the ongoing 
enlargement of the learning units and for the indication of 
optimization needs e.g. for harmonizing different languages 
when need of changes in a certain language have been detected. 

By dividing the substantial amount of learning material into 
manageable parts by defining learning units it was possible to 
have a fast and efficient way of learning material update over 
several language versions in an efficient and fast way. 

6. Concept of delivery method and didactical approach 

The concept of the didactical approach consists of delivering 
the learning content in a combination of theory and practice. 

Before starting the learning process, the learner is being 
assessed to find the individual needs of trainings. Given this 
information to the learner, the theoretical background is being 
elaborated from the learner by using learning material that is 
made accessible in different forms. The learner can access the 
learning material by using: 

 Tablets 
 Smartphones  
 Readers 
 Computers / Laptops 
 

With the new approach, the learning material is made 
available over the internet but can be made offline as well e.g. 
for companies that have restrictions in internet access for their 
employees.  

The already described ten sections, consist of chapters that 
collect a number of learning units, see Fig. 3.  

 

Fig. 3. Learning aims as basis for the development and their relation to 
learning units, chapters, sections and levels 

Each learning unit is structured considering the following 
points: 

 Description of the learning aim 
 Introduction to the learning unit 
 Explanation of the learning content 
 Application examples of the learning content 
 Exercises 
 Comprehension questions 

6.1. Learning aims 

Each learning unit starts with an action oriented learning aim 
description. This learning aim description is the basis for the 
whole learning unit. Based on this definition all the other 
information in the learning units are developed.  

The learning structure consists of over 400 learning aims 
that cover the learning needs of metrologists for the first two 
levels. The learning aims are adjusted in discussions and 
collaboration in an international expert group of metrologists 
and expert group of designers. The definition of the learning 
aims, and the adjustment procedure is being done using real 
time cooperation with the use of online sharing of learning aim 
collection. The learning aims are the heart of the development 
because they: 

 help define the course 
 help to keep the planning of strategies on track 
 help to be in line in the development group 
 help to define the course assessment 
 tell the learner, the tutor and the developer exactly what is 

expected 

6.2. Introduction 

The introduction section of a learning unit gives an overview 
about the relation to other learning units and gives motivation 
to the participants for the learning unit. 
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6.3. Explanation 

In the explanation part, the learning content is delivered to 
the learning. The new tools used to develop and distribute the 
learning content allow the integration of conventional text, new 
media to deliver learning content and with that to enrich the 
learning experience. 

In the learning material, new media is used such as: 

 Videos 
 Animations 
 Interactive comprehension questions 
 Quizzes 
 Fill-in-the-blank text 
 Matching exercises 

6.4. Examples 

In the examples section, each learning unit covers practical 
examples to demonstrate the application of the learning 
content. Experience with learning material including such parts 
show that the learner’s motivation can be increased to a high 
amount. 

6.5. Exercises

Easy understandable elaboration examples illustrate the 
delivered learning content and let the learner elaborate the 
theory. 

6.6. Comprehension questions 

Experience with other courses showed that a possibility that 
allow an immediate verification whether learning content was 
understood is highly appreciated by students. 

Taking this into account, comprehension questions are 
integrated in the learning content in an interactive way. With 
this, the learning success can be validated in a self-directed way 
with immediate feedback. This feedback is for the learner only, 
if further assistance is needed, the learner can turn to its 
colleagues or the tutor that coaches the course. 

6.7. Workshop 

Equipped with the learnings out of the basic part the learner 
participates a workshop in groups typically 3 to 6 participants. 
With this setting, it is possible to perform measurement tasks 
directly on coordinate metrology systems which leads to 
important experience in metrology by practical work coached 
by expert tutors. 

In these workshop groups discussions can be made that 
allow to fill participants’ knowledge gaps in an individual way. 
Furthermore, the experience of individual learners can be 
shared within the workshop groups and further knowledge is 
created by the participants. 

6.8. Examination 

In the end, the participants are taking part in an examination. 
The examination questions are based on the description of the 
action-oriented learning aims.  

7. Conclusion 

The international collaboration in an expert group consisting 
of designers and metrologists for structuring and developing a 
learning system at the example of coordinate metrology 
showed that the use of shared online documents that allow real 
time cooperation in development is a promising way to work 
together and share ideas.  

The structured approach to develop learning material on the 
basis of action oriented learning aims formulations lead to an 
effective procedure that supported the harmonization of 
learning content. Based on the common understanding of 
learning aims it was possible to install the development of 
learning material in a parallel procedure that enable higher 
development speed than in conventional procedures used. 
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