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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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1. Initial situation and motivation 

Global and volatile markets demand for production systems 
that are characterized by their high productivity, flexibility and 
reliability [1]. Manufacturing companies are forced to act in an 
economical manner as these market conditions are steadily 
intensifying towards the future [2]. Because companies are 
exposed to such challenging circumstances, they need to focus 
on value-adding processes and reduce non-value-adding ones. 
The framework of lean production – which has its origin in the 
Toyota Production System – offers methods and tools to be 
more profitable within direct processes as it focusses on added 
value and reduces waste [3, 4, 5]. Hence, lean production 
systems (LPS) are a methodological set of rules for a thorough 
and consistent design of production processes. In their 
realization they respectively form a company-specific 
peculiarity of a production system in order to reduce waste [6, 
7]. 

Lean production is not a technological achievement of the 
past industrial revolutions and ongoing fourth industrial 
revolution, but rather a change of paradigms with comparable 

extent [8]. Since lean production was externalized out of the 
Japanese automotive industry by the 1990s, it has had an 
unprecedented entry in Western European manufacturing 
companies of various branches [9, 10, 11]. 

In a first wave of lean production starting at the beginning of 
the 1990s, elements of this organizational set of regulations for 
organizing labor and reducing waste were implemented isolated 
from one another in production systems [12]. Therefore, the 
potential of lean production could not be fully realized [13]. 
This experience was reviewed and incorporated in the second 
wave starting in the mid-2000s, since lean production was 
implemented in a more holistic way in manufacturing 
companies. Elements of lean production were implemented 
together in this second implementation wave and therefore, 
synergies between these elements could be leveraged [14]. 
Methodologies contribute to the description of changes in lean 
production systems [15] within these implementation waves. 
Today, companies living the philosophy of lean production 
have reached an implementation rate of more than 90 % 
averaged within their manufacturing processes [14]. These 
production systems have a high maturity level due to their 
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efficiency and added-value oriented process design [16]. 
However, lean production systems seem to have reached their 
limits since the analog implementation of its principles, 
methods and tools has not evolved, while framework conditions 
have been intensifying. For example, its synchronization and 
standardization of processes is not suitable for producing with 
individual cycle times down to batch size one [17, 18].  

Technologies of digitalization are based on the deployment 
of information and communication technologies (ICT) and – in 
the context of production – they especially focus on the 
optimization of information flows along the added value of 
products. They also facilitate the intelligent interconnection of 
employees, objects and resources on the shop floor [19]. 
Therefore, digitalization in the context of manufacturing – also 
known as Industrie 4.0 in Germany – has the ability to affect 
processes and key performance indicators of LPS. Such ICT 
have the ability to adjust parameters of lean production 
elements in order to make them more efficient [16, 20]. This 
can be accomplished by raising flexibility and speed of reaction 
due to digital information transmission [21], which leads to an 
improved mastering of complexity in production processes 
despite the growth of product and process variants as well as 
time pressure [2]. Matured technologies are, for example, a 
digitally implemented Kanban (iBin) or Smart-Watches, which 
support the Pull principle and Kanban method by reducing 
process times, since such technological solutions transmit 
necessary information in a fraction of a second. Furthermore, 
technologies such as tablets, since they display the right order-
specific manufacturing or assembly procedures, or pick-by-
light-systems, since they support commissioning procedures by 
instructing workers, support the Poka Yoke method by raising 
process quality as error-proneness decreases. Figure 1 
illustrates such positive effects of technologies of digitalization 
based on structures of LPS in a qualitative manner. 

 

 

Fig. 1. Effects of technologies of digitalization based on structures of LPS 

 

Fig. 2. Diverging effects of technologies of digitalization in an LPS 

However, it is vital to focus on the process itself and the 
waste within the process in order to utilize synergies between 
structures of LPS and the implementation of technologies of 
digitalization in this context. Otherwise, negative consequences 
could result due to a high probability that non-value-adding 
processes are digitalized. Figure 2 exhibits the possible 
variation on process costs when a technology of digitalization 
is implemented according to process- and waste-oriented LPS-
structures or is not implemented. 

Technologies of digitalization have the ability to help 
overcoming limits within LPS by mobilizing further potentials 
of lean production and purposefully improving the use of its 
elements [17, 22]. The elements of lean production and a 
sufficient maturity level of a lean production system are 
enablers for the implementation of tools of digitalization [16, 
23, 24], especially when the implementation is process- and 
waste-oriented. But choosing the correct technologies of 
digitalization for processes in an LPS is complex since the 
knowledge about benefits of implemented technologies is 
narrow [25]. 

Therefore, digitalization is an essential component in order 
to implement elements of LPS in a new manner. Technologies 
of digitalization already do increase abilities of LPS and thus, 
digitalization will initiate a third wave of LPS (see also 
Figure 3). 

 

 

Fig. 3. Former waves and prospective wave of lean production 
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2. State of research 

A profound knowledge about the impact of a technology of 
digitalization and its effects on an LPS is the basis for being 
able to choose a profitable technology. Hence, in a first step it 
is necessary to identify deficits in a company-specific LPS. 
Furthermore, the impact on an interdependency framework of 
LPS needs to be evaluated and the effects on a company-
specific LPS estimated. In a fourth step a defined procedure 
should support the choice of an appropriate technology of 
digitalization. The following subchapters present the state of 
research regarding the mentioned objectives. 

2.1. Identification of potentials for the improvement of 
company-specific LPS 

Identified deficits in company-specific lean production 
systems are the basis for mobilizing further potentials by using 
technologies of digitalization. Existing procedures for 
assessing processes and infrastructure of LPS are maturity-
based [26] as well as focusing on key performance indicators 
[6]. Others concentrate on identifying critical business 
processes for production procedures [27] or expected 
improvement of value streams by a digitalized observation of 
information flows within an LPS [28]. 

These approaches assess lean production systems from 
different perspectives and with respect to diverse objectives. 
Nevertheless, the identification of deficits in LPS is not 
considering technologies of digitalization to a sufficient extent. 

2.2. Description of interdependencies of LPS-elements and 
objectives 

Lean production systems do not develop their potentials 
when their elements are used isolated, but rather when these 
elements are used simultaneously and parallel with respect to 
occurring interdependencies as stated in the second 
implementation wave. Such interdependencies have been 
examined and research has enhanced this holistic 
consideration.  

One approach focusses on adjusting the control variables of 
the selected lean methods Kanban, leveling, Single Minute 
Exchange of Die (SMED), Total Quality Management (TQM) 
and Total Productive Maintenance (TPM). In this research, the 
Kanban method, for example, has control variables such as 
container capacity and the number of Kanban cards or leveling 
the variables batch size and production mix. Therefore, an 
impact framework describes interdependencies between 
defined variables and the target variables flexibility, lead time, 
productivity, quality and delivery reliability by using 
sensitivity analysis. Furthermore, the combination of a material 
flow simulation with an optimizer contributes to the 
identification of the ideal configuration of these control 
variables regarding target values of a lean production system 
[29]. Further research enhances this approach since 
consequences of adjusted control variables are evaluated in 
regards to the profitability of a production system. Thus, the 
evaluation of robustness identifies the ideal time for the 

implementation of adjusted lean methods [30]. 
Interdependencies are respected even in the modelling of 
business processes [31]. Based on these concepts of identifying 
and measuring interdependencies between lean methods and its 
elements, Schnellbach (2016) augments the concept of 
interdependencies by a further aspect: energy. The developed 
method of Schnellbach (2016) aims at the reduction of energy 
waste by means of lean production systems and allows the 
assessment of the impact of different energy efficiency 
activities [32]. 

An approach that combines the concept of 
interdependencies in lean production systems with 
technologies of digitalization does not exist. 

2.3. Effects on company-specific LPS by technologies of 
digitalization 

In addition to the contemplation of interdependencies in a 
generic manner, the effects of a concrete technology on 
elements of LPS need to be identified. 

In this context, Aull (2013) develops a model for the 
identification of an implementation strategy for lean methods. 
This model evaluates the effects of lean methods and tools and 
supports the identification of a suitable chronology of how to 
implement lean methods with respect to occurring effects [33]. 
Whereas another approach contrasts the effects between 
elements of LPS and technologies of digitalization in a 3-ary 
influence matrix [22], Liebrecht et al. (2017) concentrate on 
evaluating effects of such technologies in a probability-based 
manner by using a Monte-Carlo Simulation [25]. 

In summary, current approaches for estimating the effects of 
technologies of digitalization in LPS are mainly of qualitative 
nature or do not focus on technologies of digitalization. 

2.4. Selection of technologies of digitalization for company-
specific LPS 

Existing approaches for choosing technologies for 
production environments are mounted on different levels. A 
generic methodology in the field of production management 
focusses on the selection of convenient manufacturing 
technologies [34]. Further approaches in the field of choosing 
appropriate technologies of digitalization have an encapsulated 
strategy. One approach selects such technologies according to 
the principles of LPS flow or pull [20]. Other specified 
possibilities conduct the selection according to the maturity 
level of technologies of digitalization [19] and another restricts 
the selection on the shop floor level [35]. 

Choosing a suitable technology of digitalization for a 
company-specific lean production system often turns out to be 
very complex due to the lack of knowledge regarding the 
consequences of a potential implementation. The mentioned 
approaches are inadequate to provide a pervasive and profound 
selection of technologies of digitalization in the context of LPS. 
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3. Shortcomings of the state of research 

The subchapters 2.1 to 2.4 describe the state of research of 
technologies of digitalization within the framework of lean 
production. As stated there is no suitable procedure which 
focusses on technologies of digitalization when identifying 
potentials or deficits in a company-specific LPS. Systems for 
depicting interdependencies of elements of LPS do not 
consider technologies of digitalization. Furthermore, the 
evaluation of effects of technologies of digitalization on LPS 
does not sufficiently take into account the technologies of 
digitalization in regards to consequences on added value or 
waste. Thus, since procedures for choosing technologies of 
digitalization are mostly encapsulated, they are not practical. 

Summarizing the state of research, no methodology exists 
that allows an extensive assessment of company-specific LPS 
and an evaluation of a technology of digitalization with respect 
to its effects on processes of LPS in order to select an 
appropriate technology. A specific methodology with 
requirements, as is described in the following chapter 4 and its 
subchapters 4.1 to 4.4, is needed in order to overcome those 
shortcomings in the state of research. 

4. Methodology for the assessment and selection of 
technologies of digitalization for LPS 

The digitalization of lean production systems – respec-
tively the digitalization of its elements – is the next logical step 
in order to improve and enhance implemented methodologies 
[35]. 

Multiple elaborations regarding interdependencies of lean 
methods prove the necessity of taking the network of 
implemented lean elements into account when measuring the 
impact of single or several methods on a production system. 
Since technologies of digitalization have the ability to affect the 
impact of lean methods [36], consequences need to be 
regarded. Therefore, when implementing tools of digitalization 
with the purpose of affecting lean methods consequences 
within interconnected elements of complex lean production 
systems need to be considered, since the impact on 
interdependent elements is consectaneous. 

Digitalization offers a vast number of technologies for 
production applications, which are in a rapid transition as new 
technologies keep emerging. Manufacturing companies with 
lean production structures are confronted with the question of 
which technologies have the biggest potential to improve these 
structures. Therefore, this paper describes these requirements 
for a methodology to quantify the impacts of technologies of 
digitalization on lean production systems and to select suitable 
technologies of digitalization for a company-specific lean 
production system. This methodology consists of four modules 
described in the following. 

4.1. Identification of processes and methods for improvement 
within a company-specific LPS 

At the beginning of an aspired improvement of an LPS, such 
a company-specific system needs to be evaluated regarding its 

processes. Therefore, analog implemented lean methods and 
processes within an LPS and their specific goals regarding 
waste need to be ascertained. In a further step, a maturity-based 
comparison enables the identification of the degree of 
fulfillment of the goals and the degree of conversion regarding 
lean methods. This procedure allows the identification of 
deficiently fulfilled goals with respect to the use of lean 
methods. Such criteria are fundamental for further 
investigation in order to deduce potentials for improvement in 
languishing lean methods. 

4.2. Development of a system for describing 
interdependencies and for categorizing technologies of 
digitalization 

An interdependency framework allows the depiction of 
correlations between elements of LPS in general. Hence, these 
elements, i.e., control variables that represent influenceable 
objects in an LPS such as the number of Kanban-cards, need to 
be identified. The combination of these control variables, key 
performance indicators and the goals of LPS – the elimination 
of waste – forms an interdependency grid, which describes the 
propagation of changed control variables in the developed grid. 
A raster for categorizing and characterizing technologies of 
digitalization needs to be developed based on this grid, since it 
makes it possible to generally match technologies of 
digitalization with the control variables. Therefore, the 
combination of such an interdependency grid and the raster 
described above makes it possible to generally depict 
correlations and the propagation of technologies of 
digitalization in lean production systems. 

4.3. Assessment of technologies of digitalization regarding 
effects on elements of a company-specific LPS 

Whereas the previous subchapter describes correlations and 
propagation with a general system, the effects of a concrete 
technology of digitalization have thus far not been assessed. 
Therefore, a method has to identify primarily affected control 
variables of a concrete technology of a concrete process in a 
lean production system as well as the intensity of these effects. 
The developed raster enables the identification of primarily 
affected control variables. Furthermore, an LPS-specific failure 
mode and effects analysis (FMEA) supports the identification 
of intervals of the primarily affected control variables. 
Therefore, this model makes it possible to describe the behavior 
of an LPS-process in regards to the results on waste within a 
reviewed process by a potential use of a technology of 
digitalization. 
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4.4. Procedure for deploying the identification of a suitable 
technology of digitalization in a company-specific LPS 

This step transfers the three previous modules into an 
applicable procedure for assessing and selecting technologies 
of digitalization for company-specific lean production systems. 
A defined approach allows assessing an LPS according to 
subchapter 3.1 in order to depict a reference model of an 
existing production system including its lean methods. A 
further step contributes to the characterization of technologies 
of digitalization as well as to the identification of potential 
intervals of control variables according to subchapter 3.2. 
Hence, a practical approach is used for the evaluation of effects 
on waste in a lean production system considering a potential 
assignment of a technology of digitalization based on the 
method of subchapter 3.3. A selective and consequent 
conducting of this procedure with different technologies of 
digitalization allows identifying their impact on a company-
specific LPS and as a consequence to make these reviewed 
technologies comparable for their probable selection. 

These four modules or steps describe the requirements of a 
methodology for the assessment and selection of technologies 
of digitalization for company-specific lean production systems. 
Since the first three steps are the basis for the fourth step, the 
methodology has a structure as seen in Figure 4. 

5. Summary and outlook 

The methodological set of rules of lean production has 
pervaded the Western European producing industry in two 
waves of implementation since the 1990s. Since the framework 
conditions for manufacturing companies keep intensifying, the 
elements of lean production seem to have reached their limits 
of abilities by their analog implementation in regards to the 
organization of production processes and the reduction of 
waste within these processes. The combination of this 
widespread set of rules with digitalization makes it possible to 
implement the principles, methods and tools in a new manner 
– in a digital manner – in order to reduce waste regarding time, 
cost and quality.  

This paper illuminates the initial situation and the necessity 
of a methodology that supports the assessment of existing lean 
production systems as well as the selection of suitable 
technologies of digitalization. This paper describes the basic 
structure for such a methodology and the content of the four 
elements of this methodology. Two challenges are the 
development of a universal description of production systems 
in the context of LPS and the technologies of digitalization. 
Whereas LPS is a static set of rules, the dynamic advancement 
of technologies of digitalization needs to be considered. 
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