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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 

Shorter product life cycles and high product variance nowadays require efficient engineering of products and production systems. 
Hereby a further challenge is that costs over the entire life cycle of the product and production system are defined early in the 
process. Existing approaches in literature and practice such as simultaneous engineering and design for manufacturing incorporate 
aspects of production into product engineering. However, these approaches leave potential for increasing efficiency unused because 
knowledge from past generations of products, production systems, and business models is not stored and reused in a formalized 
way and future generations are not considered in the respective current engineering process. This article proposes an approach for 
integrated product and production engineering across generations and life cycles of products and production systems. This includes 
the consideration of related business models to successfully establish the products on the market as well as the anticipation of 
future product and production system characteristics. The presented approach can reduce both development and manufacturing 
costs as well as time to market and opens the vast technological potential for product design to achieve additional customer benefits. 
Three case studies elaborate on aspects of the proposed approach and present its benefits. 
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1. Introduction 

One of the main challenges in product and production 
engineering is, that costs over the entire life cycle of the product 
and production system are defined early in the process [1, 2]. 
Those processes hereby are being run through more frequently. 
Firstly, customer-specific, individual products lead to a high 
product variance and shorter product life cycles [3, 4]. In 
addition, increasing global competition is creating enormous 
cost and time pressure [5]. This requires efficient development 
and planning processes relying on agility and standardization 
as well as flexible and versatile production systems. Secondly, 

each iteration of the engineering process gets more complex 
due to the rising variety of systems [6] and new manufacturing 
technologies. This requires an integration of different domains 
and a holistic approach to manage the complexity of 
multidisciplinary engineering processes as well as method and 
tool support [7]. Existing approaches in literature and practice 
describe product and production engineering. However, they 
leave potential for increasing efficiency unused because 
knowledge from past generations of products, production 
systems, and business models is not stored and reused in a 
formalized way and future generations are not considered in the 
respective current engineering process. Over the last years, 
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One of the main challenges in product and production 
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and production system are defined early in the process [1, 2]. 
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addition, increasing global competition is creating enormous 
cost and time pressure [5]. This requires efficient development 
and planning processes relying on agility and standardization 
as well as flexible and versatile production systems. Secondly, 

each iteration of the engineering process gets more complex 
due to the rising variety of systems [6] and new manufacturing 
technologies. This requires an integration of different domains 
and a holistic approach to manage the complexity of 
multidisciplinary engineering processes as well as method and 
tool support [7]. Existing approaches in literature and practice 
describe product and production engineering. However, they 
leave potential for increasing efficiency unused because 
knowledge from past generations of products, production 
systems, and business models is not stored and reused in a 
formalized way and future generations are not considered in the 
respective current engineering process. Over the last years, 
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promising progress has been made especially in the domains of 
data collection via connected sensors, data processing due to 
available hardware, and data analysis using Artificial 
Intelligence (AI). This high availability of information leaves 
the potential for its systematic usage throughout the whole 
product engineering process. To exploit this potential, the 
article proposes Product-Production-CoDesign (PPCD) as an 
approach for integrated product and production engineering 
across generations and life cycles of products and production 
systems. This includes the consideration of related business 
models as well as the anticipation of future product and 
production system characteristics.  

2. Aim of Research and Methodology 

As described above there are several motivators for 
integrated product and production engineering. The aim of this 
research is to define an overall approach and demonstrate its 
advantages. This leads to the following research questions: 
1. How is the integrated product and production engineering 

described in the current state of research and what is 
missing to cope with today’s demands? (Sec. 3) 

2. How can the integrated product and production 
engineering across generations and life cycles of products 
and production systems be defined? (Sec. 4.1) 

3. How can aspects of PPCD be realized, and which 
contribution do they provide in practice? (Sec. 4.2) 

To answer these questions, the article’s methodology 
includes a literature study analyzing the current state of 
research (RQ1), followed by the definition of a target state to 
synthesize PPCD as an approach to close the observable gap 
(RQ2). Lastly, three case studies exemplarily show how to cope 
with some of today’s demands and validate certain benefits of 
PPCD (RQ3). In all three cases, the authors of this paper have 
direct access to research projects or activities.  

3. State of Research 

3.1. Approaches to Integrated Product and Production 
Systems Engineering 

In literature, several approaches describe the development 
of products, production systems and their connections. For 
example, VDI2206 [8] describes the necessity of an integration 
of product and production system development. This approach 
shows how products and production systems can be developed 
simultaneously, while restrictions of the production system are 
considered in the development of new products. The approach 
of Integrated Product Development [7] goes beyond this and 
takes a consistent view of the entire product life cycle. This 
leads to an increased consideration of the interaction between 
product and process. This implies that the product developer 
must have internalized a holistic way of thinking, through 
which he is not only fixed on the product to be created, but also 

pays attention to the processes required for its creation, 
maintenance, and destruction. The goal is to create the best 
possible product while ensuring the best possible production, 
use, and disposal [1]. To enable this integrated view, 
interdisciplinary cooperation and simultaneous work of 
product, production, and sales development are required for the 
entire product life cycle [1, 3]. Approaches such as 
simultaneous or concurrent engineering and co-design describe 
this type of collaboration and are therefore considered more in 
detail in the following Sec. 3.2. 

3.2. Approaches of Parallelized and Interdisciplinary 
Collaboration 

The concepts of simultaneous engineering and concurrent 
engineering, developed in the 1980s, are conceptually closely 
related [9] and aim to achieve cost savings and market 
advantages, through a shorter development time of products 
[10]. Principles of simultaneous engineering as well as 
concurrent engineering are the simultaneity of design and 
planning processes and collaboration in cross-functional teams 
from the early phase of the product development process [9]. 
They have a high penetration level in the industry, however, the 
concepts themselves are to be understood as a way of thinking 
and not as a holistic method [10]. For example one method to 
integrate product and production engineering is the approach 
of Jacob et al. [11]. Herein, the parametrized requirements of a 
product are compared with the abilities of potential 
manufacturing technologies. An optimal match is determined 
by iteratively adapting products and manufacturing 
technologies and utilizing the degrees of freedom on both sides. 
Further methods used for concurrent engineering are e.g. set-
based concurrent engineering [12] and the design structure 
matrix method [13] to name only a few. A comprehensive 
review was done by Addo-Tenkorang [14]. Even though those 
approaches describe the integrated development of products 
and production systems, they do not consider this integration 
across generations and life cycles of products and production 
systems. The following section, therefore, addresses 
generation-based product engineering. 

3.3. PGE – Product Generation Engineering 

Products are developed in generations, which has already 
been shown in several studies [15, 16]. Knowledge, which is 
gained from previous engineering projects, is reused to develop 
new products or at least serves as a starting point for the further 
development of existing products [17]. This is described in the 
model of PGE – Product Generation Engineering according to 
Albers [17], which serves as a basis to develop suitable 
methods, processes, and tools for the development of product 
generations. The model of PGE is based on two basic 
hypotheses [17]. 

1) Every product development is based on already existing 
subsystem solutions or concepts. These can be, for example, 
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the company's predecessor generations, products from other 
product lines, products of competitors, or technical systems, 
which are created based on research projects [15, 1]. These 
subsystem solutions or concepts are described as elements of a 
reference system [19].  

2) The synthesis of a new product generation is based on 
reference system elements (RSE) and takes place via three 
variation operators [17, 20]. The Carryover Variation (CV) 
describes the transfer of existing solutions from RSE system 
elements to the new product generation. Adaptations at the 
interfaces are made according to the requirements of the system 
integration. The Attribute Variation (AV) describes the 
development of functional units by changing the function-
determining attributes maintaining the solution principle 
(compared to the RSE). The Principle Variation (PV) describes 
the development of specific functional units using a new 
solution principle (compared to the RSE). 

They make it possible to steer the development process 
purposefully and to take over only those references, which 
represent a suitable basis for the development of a new product 
generation. Both the variation type and characteristics of the 
RSE used, e.g., its organizational origin, have an influence on 
costs and risks in the development of a new subsystem [18]. 

3.4. Research Gap 

To answer RQ 1, previous sections described existing 
approaches in the field of integrated product and production 
engineering. Fig. 1 compares different approaches regarding 
today’s demands coming from e.g., shorter product lifecycles, 
higher product variance, or increasing system complexity (see 
Sec. 1). It shows an extract of approaches but does not represent 
the totality of publications that we considered. Nevertheless, it 
becomes clear that those approaches only partially fulfill the 

criteria given in Fig. 1 and, therefore, leave the potential for 
increasing efficiency in product and production engineering 
unused. To deal with all demands equally and holistically, the 
following section describes a target state which, in the opinion 
of the authors, cannot yet be observed across the board today.  

4. Product-Production-CoDesign  

To close the research gap, it is necessary to manage the 
complexity of multidisciplinary engineering tasks, while at the 
same time integrating product and production engineering. The 
effectiveness of product engineering needs to be improved by 
supporting product and production system engineers to act 
based on existing knowledge as well as with a particular 
foresight. Therefore, new methods and tools need to be 
developed which can be adapted according to the situation and 
needs. To achieve this target state and to answer RQ2 the PPCD 
is presented as a new approach: 

Product-Production-CoDesign describes the highly 
collaborative and parallelized activity, i.e., the iterative 
planning, development, and realization of products and the 
associated production system up to the efficient and effective 
operation of production and the development of associated 
business models as well as the systematic decommissioning of 
products and production systems. In this context, planning 
necessarily needs to consider several product generations and 
the corresponding production system evolutions. 

CoDesign hereby referes to collaborative design [9]. PPCD 
captures the Product, Production System, and Market over 
successive product generations, the corresponding evolving 
production system, and customer requirements (see Fig. 2). As 
products are developed in generations (I) and the evolution of 
production systems must be considered integrated, adequate 
methods and tools are needed to support systematic reuse of 
product and production system-related knowledge and their 
interdependencies (II) (see Sec. 3.3). Here, the consideration of 
not only one but all preceding product generations and 
production systems is crucial. To consequently use this 
knowledge in engineering activities, it must be adequately 
formalized. Therefore, it is necessary to formalize explicit 
knowledge and externalize implicit knowledge during the 
engineering process (III). At the same time, it is crucial to orient 
product and production planning towards market requirements 
and always develop suitable business models (IV). As customer 
requirements change over time, processes, methods and tools 
need to support identifying suitable, customer-oriented 
products and production systems to cope with increasing 
market volatility (V). By the development of a product and the 
related production system not only the options to fulfil current 
but also future customer requirements need to be determined 
(VI). It is key that flexibility and limitations of products and 
production systems are defined consistently so that the foreseen 
adaptations of the product – as far as it is possible – are to be 
realized by adaptations of the corresponding production system. 
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promising progress has been made especially in the domains of 
data collection via connected sensors, data processing due to 
available hardware, and data analysis using Artificial 
Intelligence (AI). This high availability of information leaves 
the potential for its systematic usage throughout the whole 
product engineering process. To exploit this potential, the 
article proposes Product-Production-CoDesign (PPCD) as an 
approach for integrated product and production engineering 
across generations and life cycles of products and production 
systems. This includes the consideration of related business 
models as well as the anticipation of future product and 
production system characteristics.  
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As described above there are several motivators for 
integrated product and production engineering. The aim of this 
research is to define an overall approach and demonstrate its 
advantages. This leads to the following research questions: 
1. How is the integrated product and production engineering 

described in the current state of research and what is 
missing to cope with today’s demands? (Sec. 3) 

2. How can the integrated product and production 
engineering across generations and life cycles of products 
and production systems be defined? (Sec. 4.1) 

3. How can aspects of PPCD be realized, and which 
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To answer these questions, the article’s methodology 
includes a literature study analyzing the current state of 
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(RQ2). Lastly, three case studies exemplarily show how to cope 
with some of today’s demands and validate certain benefits of 
PPCD (RQ3). In all three cases, the authors of this paper have 
direct access to research projects or activities.  

3. State of Research 

3.1. Approaches to Integrated Product and Production 
Systems Engineering 

In literature, several approaches describe the development 
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of product and production system development. This approach 
shows how products and production systems can be developed 
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considered in the development of new products. The approach 
of Integrated Product Development [7] goes beyond this and 
takes a consistent view of the entire product life cycle. This 
leads to an increased consideration of the interaction between 
product and process. This implies that the product developer 
must have internalized a holistic way of thinking, through 
which he is not only fixed on the product to be created, but also 

pays attention to the processes required for its creation, 
maintenance, and destruction. The goal is to create the best 
possible product while ensuring the best possible production, 
use, and disposal [1]. To enable this integrated view, 
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product, production, and sales development are required for the 
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Products are developed in generations, which has already 
been shown in several studies [15, 16]. Knowledge, which is 
gained from previous engineering projects, is reused to develop 
new products or at least serves as a starting point for the further 
development of existing products [17]. This is described in the 
model of PGE – Product Generation Engineering according to 
Albers [17], which serves as a basis to develop suitable 
methods, processes, and tools for the development of product 
generations. The model of PGE is based on two basic 
hypotheses [17]. 

1) Every product development is based on already existing 
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production system, and customer requirements (see Fig. 2). As 
products are developed in generations (I) and the evolution of 
production systems must be considered integrated, adequate 
methods and tools are needed to support systematic reuse of 
product and production system-related knowledge and their 
interdependencies (II) (see Sec. 3.3). Here, the consideration of 
not only one but all preceding product generations and 
production systems is crucial. To consequently use this 
knowledge in engineering activities, it must be adequately 
formalized. Therefore, it is necessary to formalize explicit 
knowledge and externalize implicit knowledge during the 
engineering process (III). At the same time, it is crucial to orient 
product and production planning towards market requirements 
and always develop suitable business models (IV). As customer 
requirements change over time, processes, methods and tools 
need to support identifying suitable, customer-oriented 
products and production systems to cope with increasing 
market volatility (V). By the development of a product and the 
related production system not only the options to fulfil current 
but also future customer requirements need to be determined 
(VI). It is key that flexibility and limitations of products and 
production systems are defined consistently so that the foreseen 
adaptations of the product – as far as it is possible – are to be 
realized by adaptations of the corresponding production system. 
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5. Case Studies 

To answer RQ3, three case studies will be presented in the 
following subsections to show how aspects of PPCD can be 
realized, and which contribution they provide in practice. The 
case studies again emphasize that PPCD is not an applicable 
step-by-step process but an approach, which describes core 
aspects of an integrated product and production engineering (I-
VI) from Sec. 4. 

5.1. Method and Tool Support: Model-Based Systems 
Engineering 

A key aspect of today’s engineering is to deal with the 
increasing system complexity, which demands for the 
development of new methods and tools for continuous and 
integrative user support. Especially the interface between 
product development and production planning presents 
challenging tasks in the context of complex systems. Here, a 
shift from document-based to Model-Based Systems 
Engineering (MBSE) proposes adequate method and tool 
support in development and planning. Therefore, this case 
study proposes to derive turnkey production systems based on 
a product modeled in MBSE. The holistic method consists of 
three steps: automatic feature extraction from the product to 
build, turnkey configuration, and builder. A mock-up website 
shows the interactive approach from uploading product data to 
the generation and visualization of the corresponding 
production system prototype including animated production 
processes [24]. This example emphasizes the importance of 
modeling interdependencies between product features and the 
corresponding specifications of the production system (aspect 

II). Here, MBSE introduces a way to link functions, 
components, and features of the product as well as 
manufacturing and assembly processes, machines, and their 
relations in production [25]. As a result, production system 
elements can be directly derived from extracted product 
features [24, 25]. The consistency of modeled information 
using MBSE helps handle system complexity.  

This method supports developers and planners in several 
other ways, too. A holistic model allows the analysis of changes 
and their impact on the system as well as the identification of 
solution patterns [26]. The former provides for the 
identification of possible changes and their clustering (e.g., 
external vs. internal changes influencing the considered 
system). Based on specific changes, holistic, cross-system 
impact analysis can be executed [25, 26]. The determination of 
the scope of a change as well as the influence on the 
corresponding subsystems is of vital importance. The method 
enables traceability between different elements and the analysis 
of relevant information in the development of products and 
production systems [27]. This allows the impact analysis of a 
process change on features as well as the evaluation of solution 
alternatives to realize specific product functions. The latter 
especially tackles shorter product lifecycles and higher product 
variances, which call for a formalization of implicit solution 
knowledge for repetitive tasks (aspect III). In this context, the 
standardized parametric system description with MBSE allows 
for documenting solution patterns in the development and 
planning of systems. Here, a solution pattern describes, for 
example, the relationship between product properties such as 
shape, form or material and properties of the production system 
such as layout, technology or capability [26]. Ultimately, a 
selection and combination of solution patterns can lead to 
higher efficiency in repetitive development and planning tasks. 
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5.2. AI-Assisted Design – Machine Learning for Automated 
Knowledge Extraction from Existing Product Models 

 In the course of digitization, many companies already have 
a large amount of data, e.g. in the form of product models 
developed in successive product generations (aspect I). This 
data represents a large knowledge base, most of which is 
implicit experience of design engineers. Implicit knowledge is 
understood to mean, e.g., knowledge about the relationship 
between embodiment design and product functionalities, 
manufacturability or economic efficiency [28], but also, 
knowledge about the existence of certain components that can 
be reused.  One reason this knowledge base is not yet 
systematically used is, that a large part of the knowledge is 
implicit and therefore difficult to formalize. This problem is an 
active area of research and offers a promising application of 
Machine Learning, especially Deep Learning. The goal of this 
case study is to use existing Deep Learning techniques to 
extract implicit knowledge in the form of features and patterns 
from existing product models, to formalize it and thus make it 
usable (aspect III). The considered use case examines data from 
CAD models in the area of mechanical engineering. The 
extracted knowledge is then fed into a design assistant system 
that indicates the designer to existing, already very similar 
designs in early phases of engineering.  

Therefore, the design assistant guides the design engineer 
through the design process based on learned design patterns 
[28] by suggesting proven next design steps in the form of 
design features. This supports the design engineer in quickly 
generating a first rough design. For the current design status, 
similar designs are then indicated based on specific (geometric) 
properties learned from the training data set. This ensures the 
sustainable use of existing knowledge from product models in 
the sense of reuse or only minor adaptation. In addition, 
production-relevant product properties (e.g., dimensions) from 
the very similar models can be used to evaluate the current 
model regarding manufacturability. By incorporating implicit 
knowledge from previous generations at an early stage, 
production-relevant aspects are also considered in the early 
stages of product engineering and thus PPCD is encouraged. 
By focusing on proven solutions, risks, for example, on 
functionality and manufacturability, can be reduced and 
expensive changes can be avoided. 

5.3. New and Iterative Product Design Opportunities driven 
by new Flexibilities in Production Systems 

Using current and potential possibilities and knowledge in 
production to enable new product fdesigns is a key area of 
research. Therefore, the goal of this case study is to use new 
concepts of production systems to enable flexibility in 
production processes independent of standardized or 
specialized production machines. For example, current 
production systems for battery cells are not capable of 
producing different formats on one production line, to satisfy 

potential design changes in upcoming product generations. 
They produce standardized cells, which are not specifically 
adapted to customer requirements. This is only possible with a 
newly developed flexible production system [29]. This enables 
new battery system designs by cell geometry adaption or 
combination of different cells to meet individual product 
requirements as well as technology changes in the future 
(aspect V). Machining processes represent another example 
where the combined use of kinematic robots allows new and 
flexible processes to be carried out, e.g. with increased process 
forces or different product-specific sizes and angles, which is 
not possible with a specialized production machine [30]. Since 
the view of product engineers is limited to already known 
production possibilities, production potentials are often not 
considered in the development of new products and product 
generations [31]. 

Given the challenges mentioned above, PPCD provides 
specific guidance to enable holistic and overarching 
collaboration between product engineers and production 
system engineers. Thus, it provides specific benefits for 
companies and their customers incorporating these values. In 
this case study, PPCD provided an integrated view on product 
design and production system culminating in four success 
factors [31]: Firstly, the increased flexibility of the production 
system makes it possible to account for future changes in 
customer specifications with less effort (aspect VI). Secondly, 
Low-volume production lots driven by the increased flexibility 
can drive customer-specific designs through the 
implementation of key PPCD principles. Thirdly, new 
opportunities in product design are enabled by new possibilities 
and technologies of the production system. Fourthly, the 
synergetic potential of agility in product engineering and 
flexible production systems leveraged by PPCD could enhance 
the satisfaction of customer needs in terms of shorter time-to-
market, faster prototyping, and an iterative approach to product 
design solutions. Lastly, the degrees of freedom of the product 
and the production system are utilized to reach a global 
optimum [11]. 

6. Summary and Outlook 

This article proposes an approach to describe the integrated 
product and production engineering across generations and life 
cycles of products and production systems. In doing so, the 
article emphasizes the analysis of the current state of research 
concluding several approaches only partially addressing 
today’s demands arising from shorter product lifecycles and 
high product variance. Based on these findings, the authors 
define PPCD and visualize the interdependencies of products 
and their corresponding production systems as well as business 
models. Then, three case studies exemplary demonstrate the 
realization of selected aspects of PPCD and their benefits 
including: firstly, the necessity of method and tool support at 
the interface between product and production engineering 
addressed by modelling interdependencies between product 
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5. Case Studies 

To answer RQ3, three case studies will be presented in the 
following subsections to show how aspects of PPCD can be 
realized, and which contribution they provide in practice. The 
case studies again emphasize that PPCD is not an applicable 
step-by-step process but an approach, which describes core 
aspects of an integrated product and production engineering (I-
VI) from Sec. 4. 

5.1. Method and Tool Support: Model-Based Systems 
Engineering 

A key aspect of today’s engineering is to deal with the 
increasing system complexity, which demands for the 
development of new methods and tools for continuous and 
integrative user support. Especially the interface between 
product development and production planning presents 
challenging tasks in the context of complex systems. Here, a 
shift from document-based to Model-Based Systems 
Engineering (MBSE) proposes adequate method and tool 
support in development and planning. Therefore, this case 
study proposes to derive turnkey production systems based on 
a product modeled in MBSE. The holistic method consists of 
three steps: automatic feature extraction from the product to 
build, turnkey configuration, and builder. A mock-up website 
shows the interactive approach from uploading product data to 
the generation and visualization of the corresponding 
production system prototype including animated production 
processes [24]. This example emphasizes the importance of 
modeling interdependencies between product features and the 
corresponding specifications of the production system (aspect 

II). Here, MBSE introduces a way to link functions, 
components, and features of the product as well as 
manufacturing and assembly processes, machines, and their 
relations in production [25]. As a result, production system 
elements can be directly derived from extracted product 
features [24, 25]. The consistency of modeled information 
using MBSE helps handle system complexity.  

This method supports developers and planners in several 
other ways, too. A holistic model allows the analysis of changes 
and their impact on the system as well as the identification of 
solution patterns [26]. The former provides for the 
identification of possible changes and their clustering (e.g., 
external vs. internal changes influencing the considered 
system). Based on specific changes, holistic, cross-system 
impact analysis can be executed [25, 26]. The determination of 
the scope of a change as well as the influence on the 
corresponding subsystems is of vital importance. The method 
enables traceability between different elements and the analysis 
of relevant information in the development of products and 
production systems [27]. This allows the impact analysis of a 
process change on features as well as the evaluation of solution 
alternatives to realize specific product functions. The latter 
especially tackles shorter product lifecycles and higher product 
variances, which call for a formalization of implicit solution 
knowledge for repetitive tasks (aspect III). In this context, the 
standardized parametric system description with MBSE allows 
for documenting solution patterns in the development and 
planning of systems. Here, a solution pattern describes, for 
example, the relationship between product properties such as 
shape, form or material and properties of the production system 
such as layout, technology or capability [26]. Ultimately, a 
selection and combination of solution patterns can lead to 
higher efficiency in repetitive development and planning tasks. 
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5.2. AI-Assisted Design – Machine Learning for Automated 
Knowledge Extraction from Existing Product Models 

 In the course of digitization, many companies already have 
a large amount of data, e.g. in the form of product models 
developed in successive product generations (aspect I). This 
data represents a large knowledge base, most of which is 
implicit experience of design engineers. Implicit knowledge is 
understood to mean, e.g., knowledge about the relationship 
between embodiment design and product functionalities, 
manufacturability or economic efficiency [28], but also, 
knowledge about the existence of certain components that can 
be reused.  One reason this knowledge base is not yet 
systematically used is, that a large part of the knowledge is 
implicit and therefore difficult to formalize. This problem is an 
active area of research and offers a promising application of 
Machine Learning, especially Deep Learning. The goal of this 
case study is to use existing Deep Learning techniques to 
extract implicit knowledge in the form of features and patterns 
from existing product models, to formalize it and thus make it 
usable (aspect III). The considered use case examines data from 
CAD models in the area of mechanical engineering. The 
extracted knowledge is then fed into a design assistant system 
that indicates the designer to existing, already very similar 
designs in early phases of engineering.  

Therefore, the design assistant guides the design engineer 
through the design process based on learned design patterns 
[28] by suggesting proven next design steps in the form of 
design features. This supports the design engineer in quickly 
generating a first rough design. For the current design status, 
similar designs are then indicated based on specific (geometric) 
properties learned from the training data set. This ensures the 
sustainable use of existing knowledge from product models in 
the sense of reuse or only minor adaptation. In addition, 
production-relevant product properties (e.g., dimensions) from 
the very similar models can be used to evaluate the current 
model regarding manufacturability. By incorporating implicit 
knowledge from previous generations at an early stage, 
production-relevant aspects are also considered in the early 
stages of product engineering and thus PPCD is encouraged. 
By focusing on proven solutions, risks, for example, on 
functionality and manufacturability, can be reduced and 
expensive changes can be avoided. 

5.3. New and Iterative Product Design Opportunities driven 
by new Flexibilities in Production Systems 

Using current and potential possibilities and knowledge in 
production to enable new product fdesigns is a key area of 
research. Therefore, the goal of this case study is to use new 
concepts of production systems to enable flexibility in 
production processes independent of standardized or 
specialized production machines. For example, current 
production systems for battery cells are not capable of 
producing different formats on one production line, to satisfy 

potential design changes in upcoming product generations. 
They produce standardized cells, which are not specifically 
adapted to customer requirements. This is only possible with a 
newly developed flexible production system [29]. This enables 
new battery system designs by cell geometry adaption or 
combination of different cells to meet individual product 
requirements as well as technology changes in the future 
(aspect V). Machining processes represent another example 
where the combined use of kinematic robots allows new and 
flexible processes to be carried out, e.g. with increased process 
forces or different product-specific sizes and angles, which is 
not possible with a specialized production machine [30]. Since 
the view of product engineers is limited to already known 
production possibilities, production potentials are often not 
considered in the development of new products and product 
generations [31]. 

Given the challenges mentioned above, PPCD provides 
specific guidance to enable holistic and overarching 
collaboration between product engineers and production 
system engineers. Thus, it provides specific benefits for 
companies and their customers incorporating these values. In 
this case study, PPCD provided an integrated view on product 
design and production system culminating in four success 
factors [31]: Firstly, the increased flexibility of the production 
system makes it possible to account for future changes in 
customer specifications with less effort (aspect VI). Secondly, 
Low-volume production lots driven by the increased flexibility 
can drive customer-specific designs through the 
implementation of key PPCD principles. Thirdly, new 
opportunities in product design are enabled by new possibilities 
and technologies of the production system. Fourthly, the 
synergetic potential of agility in product engineering and 
flexible production systems leveraged by PPCD could enhance 
the satisfaction of customer needs in terms of shorter time-to-
market, faster prototyping, and an iterative approach to product 
design solutions. Lastly, the degrees of freedom of the product 
and the production system are utilized to reach a global 
optimum [11]. 

6. Summary and Outlook 

This article proposes an approach to describe the integrated 
product and production engineering across generations and life 
cycles of products and production systems. In doing so, the 
article emphasizes the analysis of the current state of research 
concluding several approaches only partially addressing 
today’s demands arising from shorter product lifecycles and 
high product variance. Based on these findings, the authors 
define PPCD and visualize the interdependencies of products 
and their corresponding production systems as well as business 
models. Then, three case studies exemplary demonstrate the 
realization of selected aspects of PPCD and their benefits 
including: firstly, the necessity of method and tool support at 
the interface between product and production engineering 
addressed by modelling interdependencies between product 
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features and production processes. Secondly, the shortening of 
development times using a design assistant, which formalizes 
knowledge from past product engineering processes. Finally, 
the flexibilization of a production system and the use of 
innovative technologies enable new opportunities in product 
design and production planning while increasing adaptation to 
current as well as future customer requirements. 

In the following research, elements of PPCD will be applied 
to develop specific recommended actions in product design 
based on the flexibilization of a production system. Among 
others, it is necessary to analyze, which knowledge and how 
this knowledge is transferred between product and production 
engineering in order to optimize the processes. Since new 
production technologies result in an increase in the variety of 
design solutions, it will also be investigated, how knowledge 
from existing products and production systems can 
automatically be included in the design of future products and 
production systems. Additionally, new methods and tools will 
be developed, which support engineers in the synthesis and 
evaluation of new product designs. From this, it is also possible 
to automatically derive operation sequences from product data 
using interdependencies of past and future product features and 
manufacturing and assembly machines. 
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