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Abstract: The integration of the C&C2? approach with the PGE model aims to enhance knowledge capture, modeling,
and analysis in product design. The C&C2? approach, focusing on Embodiment Function Relations (EFR), aids in
understanding the function of technical systems and supports developers during the design process. The PGE model
manages knowledge from previous products to form new generations, categorizing variations that define new products.
Combining these approaches, the research proposes a framework for detailed examination of Variation Shares within
product components, improving accuracy in identifying differences and similarities between product variants. This
contributes to knowledge retention and transfer in engineering, addressing demographic change and resultant knowledge
outflow from companies. The paper highlights the implications of this combined approach for defining variation types
and its potential to refine product development processes.
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1 Introduction

At the heart of modern product development is an understanding of the embodiment function relations (EFR) that are
essential to create innovative and efficient products. Understanding and describing these relationships is the basis for
product design. Demographic change increases the urgency of this understanding as it leads to a significant outflow of
information from companies as experienced engineers retire and take their implicit knowledge with them. This underscores
the need to systematically capture knowledge about EFR and make it available for other engineers in product design. A
proven approach to describe and model knowledge about EFR is the contact and channel approach (C&C2 approach). The
C&C? approach to model technical systems aims to support the thinking processes in the development process. It is to be
understood as a meta-model which, according to the definition of Stachowiak, has model elements and basic rules
(Stachowiak, 1973). It was developed specifically for modeling embodiment function relations (Matthiesen, 2021). In
previous research, it was shown, that it is possible and beneficial to model into more detail, even within a single part
(Troster et al., 2024). This paper aims to explore the potentials and implications of combining the C&C2 approach and the
PGE model. By combining these approaches, a framework can be developed that enables knowledge about EFR to be
captured, modeled, and analyzed into more detail. This leads to implications for the definition of various variation types,
that will be discussed. The integration of both approaches promises to make a significant contribution to knowledge
retention and transfer in engineering disciplines.

2 State of the art

As this paper refers strongly onto the Contact and Channel approach, it will be discussed first. Afterwards, the model of
PGE — Product Generation Engineering will be introduced. The first attempts to combine both approaches will also be
described in this chapter.

2.1 Modeling Embodiment Function Relations with the Contact & Channel Approach (C&C? approach)

There are various product models employed in embodiment design, each serving a distinct purpose. Examples of models
incorporating graphical information about functions and embodiment include the Product Structure, He’s Models, Gero’s
Models, Sketches and Symbolic Representations, SysML models, the Working Space Model, and the Contact & Channel
Approach (C&Cz-approach). (Matthiesen et al., 2019) In this work, the C&C2 approach was chosen due to its ease of use
and its wide applicability, which is crucial to be used for knowledge retention and transfer in engineering disciplines
(Grauberger et al., 2022).

The C&C? approach is a method for graphical and descriptive modeling to support developers in the design process.
Therefore, embodiment function relations (EFR) are modeled. There are three central elements to every C&C? model (see
Figure 1):

e Working Surface Pair (WSP): These are surface elements created by the contact between two surfaces of solid
bodies or the generalized interfaces of liquids, gases, or fields, engaging in the transfer of energy, materials,
and/or information. (Matthiesen, 2021, 2002)



e Channel and Support Structure (CSS): These volume elements specify the space within solid bodies, liquids,
gases, or areas penetrated by fields. They connect precisely two Working Surface Pairs, facilitating the movement
of substances, energy, and/or information among them. (Matthiesen, 2021, 2002)

e Connector (C): Connectors merge effects that impact the system from outside the area of design, found within
the subsystem represented using the C&C2-Approach. Featuring a representative Working Surface (WS),
connectors act as a parameterized model for the pertinent external system environment. They are observed within
the area of interest but lie outside the design space. (Albers and Wintergerst, 2014; Matthiesen, 2021)
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Figure 1: Elements of the C&C?-Approach according to (Matthiesen et al., 2018)

A new virtual model element of the C&C2-A is the so-called Functional Delimitation (FD) (see Figure 2). The Functional
Delimitation is an analysis tool with which Channel and Support Structures (CSS) can be divided into segments without
violating the basic hypotheses of the C&C? approach (Troster et al., 2023). Along the path of a CSS, it can happen that it
contains different functions or important changes in properties. In order to delineate and describe these functions, it is
necessary to consider them in shape sections. There is no separation of the CSS into WSP. This would only be the case at
an atomic level. The symbolic representation is based on two curved parallel lines The curved lines of the FD separate the
CSS into areas between the connectors. The sections that are responsible for a specific characteristic therefore can now be
specifically addressed and corresponding functions can be assigned. (Troster et al., 2023).
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Figure 2: Functional delimitation in a screw spring (Troster et al., 2023a)

2.2 The model of PGE — Product Generation Engineering

There are different approaches to describe product development. Those include the traditional design methodology, which
differentiates between corrective and generative processes. Corrective processes involve minor changes to existing
solution principles, while generative processes involve creating new solutions through abstraction and selection of new or
recombined principles. Additionally, incremental innovation focuses on small improvements to existing systems, while
radical innovation involves entirely new system structures. (Pahl et al 2007)



A more suitable model is the model of PGE — Product Generation Engineering because it provides a structured framework
for developing new product generations based on existing reference products, which is more natural, as all products are
based on references, consciously or unconsciously. This reduces technical and economic risks by allowing for both the
adaptation of existing subsystems (Carryover Variations) and the creation of new ones (Principle Variations). PGE's
iterative approach ensures continuous improvement and long-term market success, addressing the limitations of other
methodologies which may not adequately balance innovation with risk management. (Albers et al., 2017)

The model of PGE — Product Generation Engineering, is part of the SGE — System Generation Engineering with a focus
on technical products (Albers et al., 2022). It describes the development process of technical systems by defining in a
formal way the types of variations that distinguish new products from their reference system. New product generations are
often based on knowledge from previous reference products and reference system elements. Managing this information is
critical to a successful development process, so PGE provides a structured understanding. The following types of variations
can be used to describe new generations (Albers et al., 2015)

e CV: Carryover Variation (sometimes referred to as Adoption Variation) is accomplished by transferring
subsystems, i.e., existing solutions from reference products or component suppliers, to the new product
generations. Constructive adaptations should be minimized. (Albers et al., 2015)

e PV: Principle Variation describes the development of specific functional units using a new solution principle
(compared to reference system). For this process, it is investigated, how the function can be fulfilled in other
contexts. (Albers et al., 2015)

e AV/EV: Attribute Variation (AV)/Embodiment Variation (EV) is a new development of a subsystem through
adjustments of the product embodiment, based on known (and established) solution principles. Embodiment
Variation is the most common activity in product development and a highly creative and complex process. If
there are variations of attributes, it is rather known as Attribute Variation. (Albers et al., 2015; Albers et al., 2023)

Principle Variation is crucial in product development as it drives innovation and the creation of new products by applying
novel solution principles. However, Principle Variation also brings substantial risks, including technical challenges and
the need for extensive validation and adaptation measures. These risks exist due to a lack of knowledge about the novel
solution principles, therefore, gaining a better understanding for novel solution principles is crucial. (Albers et al., 2017)

In addition to the categorization of variation types for the development of new product generations, the PGE model is also
used for other aspects of product development. These include, for example, the modeling and managing of product
portfolios. (Schlegel et al., 2023)

2.3 Combination of the C&C2 Approach and the PGE Model

Combining the C&C? approach with the PGE model allows for a more nuanced analysis of Variation Shares within product
components, increasing the accuracy with which differences and similarities between product variants can be identified
and evaluated. By applying the Functional Delineation of the C&C2 approach alongside the structured variation
categorization provided by the PGE model, engineering can break down complex components into manageable sections.
This methodical segmentation allows a detailed assessment of how each part contributes to the overall function and design
evolution of a product. (Troster et al., 2024)

The process of determining Variation Shares starts with Functional Delimitation. This initial phase identifies the
component's functional elements, such as Work-Surface-Pairs (WSP), Channel-Support-Structures (CSS), and
Connectors, essential for understanding its functional interactions.

Next, Segmentation breaks the component into manageable sections based on Functional Delimitation, isolating variations
for focused analysis. The application of the PGE model then categorizes these variations into Carryover Variation (CV),
Principle Variation (PV), and Embodiment Variation (EV).

At last, Variation Shares are derived. There are several possibilities to quantify the Variation Shares. By number of
sections, length, area or volume. (Troster et al., 2024)
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Figure 3: Modeling the types of variation using the example of two bottles by Function Delimitation (Troster et al., 2024)

3 Methodology

Based on the desire to develop a procedure for the improved utilization of product-specific knowledge, the idea for a
detailed breakdown of the proportions came into being. In order to make the knowledge gained via the C&C? approach
usable, the variation proportions between the development generations and product generations were to be visualized on
the shape. In this way, product-specific knowledge can be made explicitly visible, thus additionally increasing the
information content. This raised multiple questions about a more precise procedure for delimiting, subdividing and
determining the variation proportions in connection with the C&C2-A. Therefore, the research questions are:

e How does the combined use of the C&C? approach and the PGE model facilitate the systematic capture and
transfer of engineering knowledge, especially in the context of demographic changes and knowledge outflow?

e IsPrinciple Variation composed of Attribute Variation and Carryover Variation components, and how can these
components be identified and categorized?

e How does the integration of the C&C? and PGE models facilitate the retention and transfer of engineering
knowledge, particularly in the context of demographic changes and the outflow of experienced engineers?

To answer these questions, this work is grounded in a qualitative research paradigm, leveraging the extensive experience
of the authors in the fields of engineering design and product development. The study is characterized by an iterative
process development, where the combined use of the C&C2 approach and the PGE model was refined through repeated
cycles of application, observation, and modification.

In the end, a case study on the generation engineering on the example of a monotube shock absorber to a twin-tube shock
absorber was conducted.

4 Results

In previously published research, it was shown that it is worthwhile to determine Variation Shares on individual system
components section by section (Trdster et al., 2024). The detailed subdivision increases the effort, but also the information
content about the Variation Shares. The proportions can be determined in different ways. 1) Counting the sections, 2)
determining the area, 3) the volume or 4) relating the shape section to the total length of the shape section.

In conjunction with the Functional Delimitation (FD), the criticality of the variation sections and the functions present
there can also be better assessed. With the help of the example of bottle variants A and B from the (Troster et al., 2024)
paper, initial examples were provided of how the proportions of Carryover Variation (CV) and Attribute Variation (AV)
are composed on a system component (see Figure 3).

4.1 Proposed approach to derive Variation Shares of components

However, the Principle Variation (PV) has not yet been considered in more detail. The question therefore arises as to how
the Principle Variation behaves when determining the proportions section by section and how the analysis using the C&C2-
A can support this. There is currently no fixed procedure for determining Principle Variation components.



As components, we define in this research: “A component is an individually identifiable element that may be incorporated
into a larger mechanical, electrical or electronic system that cannot be further separated from its intended initial state.”

Initial investigations into how a Principle Variation manifests itself in conjunction with the C&C2-A were carried out in
the scientific contribution to the investigation of a dual-mass flywheel (Albers et al., 2017). In this study, a Principle
Variation was always accompanied by a change in the number of pairs of Working Surfaces and Channel and Support
Structures (CSS).

But how can a PV be determined in general?

To this end, it is important to first consider when a Principle Variation can exist at all. First, we must acknowledge, what
the variations refer to. It is in general the generation of the product, that is in the market. Whether the current generation
in development is a Principle Variation can only be considered in relation to previous generations like the one in the market
G,,_,. Recent research proposed that the addition and removal of pairs of Working Surfaces is always accompanied by a
variation in principle and thus a change in the operating principle and solution principle (Albers et al., 2017). We propose,
that this cannot simply be applied universally. Working principles and solution principles are often partly adopted from
the previous generation or new principles are adopted from reference system elements that are not part of the product.

First of all, we need to clarify the definition of Principle Variation. We propose the following definition:

“A Principle Variation represents a fundamental shift in a product's design or functional principle, integrating changes
across attribute and carryover components to realize a new, distinct operational concept compared to its previous
generation.”

Operating principles or solution principles often only become possible when different components interact and together

form the resulting principle. The individual components often form an assembly. Within an assembly, however, there are
many components that can be adopted unchanged or only need to be adapted slightly so that they can be integrated into the
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Figure 4: Generation engineering on the example of a monotube shock absorber to a twin-tube shock absorber

G, to be developed. An example is the generation engineering from a monotube shock absorber to a twin-tube shock
absorber (see Figure 4). This change represents a significant change in principle for the G,, as the functional principle
between the shock absorber variants differs at key points, such as the gas bladder in the monotube shock absorber. The
number of components required to fulfill the function also differs.



This raises the question of whether the Principle Variation is not also made up of the Attribute Variation and Carryover
Variation components. These individual components, which together represent the principle, are therefore part of the
Principle Variation. In addition, the composition of a Principle Variation and the associated risk of the Principle Variation
can be estimated and evaluated more accurately if its composition can be broken down into Attribute Variation and
Carryover Variation components. In this sense, the Principle Variation includes all components that are necessary to fulfill
the solution or operating principle.

A finer division of the Variation Shares would therefore make sense

A suggestion for a finer subdivision of the Variation Shares is shown below. In addition to the Principle Variation, which
can consist of the Attribute Variation and Carryover Variation, the Carryover Variation is further subdivided into an
adapted share and an unchanged share. This step is necessary so that a clear distinction can be made between unchanged
and slightly adjusted portions that are not yet part of the Attribute Variation.
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Figure 5: Overview of different types of variation and proposed more detailed subdivision
A proposal for determining the subdivided Variation Shares of Principle Variation
To determine the subdivided Variation Shares of Principle Variation, we propose the following procedure (see Figure 6):

To streamline the process described, we can organize it into a more structured and comprehensible approach while retaining
the technical terminology. Here’s a simplified, step-by-step structure:

e Classify the Reference System Element:
Begin by considering the reference system element as a whole, regardless of whether it's composed of multiple
components forming an assembly. This holistic view ensures all parts are evaluated in their contribution to the
overall function (Troster et al., 2024).
e  Assess Principle Variation:
o Evaluate Changes in Operating or Solution Principles:
Compare the current system (G,) against the previous generation (G,_,) to identify any changes in
operating principles or solution principles. This involves examining energy, material, and information
flows to see if new physical or chemical properties and quantities are employed to achieve the desired
function.
o Examine Component and Working Surface Changes:
Determine if the number of components and Working Surfaces used to achieve the desired function has
changed, indicating a different effective structure from G,,_;.
e Determine Variation Proportions:
o  Section-by-Section Analysis:
Once a Principle Variation is identified, analyze the variation proportions of the individual component
parts. This detailed examination helps in understanding how each part contributes to the overall change.
o Inspect Changes in Working Surfaces:
Check whether a change in the number of Working Surface Pairs or their arrangement is necessary for
integration into G,. Any change in the volume shape or the arrangement of Working Surface Pairs
suggests a shape variation.
o ldentify Type of Variation:
If there are no changes in the number of Working Surfaces, assess if there's a change in their arrangement



or the shape of the volume. This could also result in a shape variation. If no changes are observed,
consider it a Carryover Variation. Further, evaluate if the Working Surfaces or boundary surfaces have
been modified (e.g., in roughness, hardness) without volume changes, classifying it as an adjusted
Carryover Variation.

e Outline Principle Variation Components:
Finally, outline the component parts that collectively represent the operating principle or solution principle
identified as a Principle Variation. This step clarifies how each component's modification or inclusion contributes
to the new principle.
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Figure 6: Process to distinguish the variation type on basis of C&C? models

To validate the proposed process, a study on the generation engineering of a monotube shock absorber to a twin-tube shock
absorber was conducted (see Figure 7). The components have been highlighted with corresponding colors (see Figure 5).
All components of the assembly are outlined by the Principle Variation, as they represent the solution principle in their
interaction. The individual components that make up the damper were largely taken over unchanged from the Reference
System Element of the monotube shock absorber and therefore represent a Carryover Variation part within the Principle
Variation. However, the effective areas and therefore the volumes of the valve plates were changed, as was the damper's
suspension. For this reason, Attribute Variation components must be assigned within the Principle Variation.
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Figure 7: Subdivided Variation Shares of a Principle Variation on the example of generation engineering of a monotube shock
absorber to a twin-tube shock absorber



5 Discussion

The linking of the C&C? approach with the PGE model — Product Generation Engineering presents a novel framework for
enhancing product design through improved knowledge capture, modeling, and analysis. This synergy not only facilitates
a deeper understanding of Embodiment Function Relations (EFR) but also leverages knowledge from prior product
generations to improve the development of new ones. The combined approach is meant to improve the precision in
identifying and categorizing variations, thereby enhancing innovation and design efficiency.

The presented combined approach of C&C2 modeling and the variation types of the model of PGE promises advantages
for the management of changes in the development process. The detailed breakdown of Variation Shares into Principle,
Carryover, and Attribute Variation increases the transparency of EFR and how they are influenced by changes. This can
be used as a basis for argumentation when making decisions about changes. The modeling of functional boundaries with
the help of Functional Delimitation also allows the identification of critical functional areas that should be given special
attention when making changes. Therefore, the combined approach promises improved change management through
increased transparency of variation and functional relationships.

By breaking down the Principle Variation (PV) into the parts of Attribute Variation (AV) and Carryover Variation (CV),
it is easier to characterize Reference System Elements that are present as an assembly consisting of many individual
components. By initially looking at several components that represent the operating and solution principle at hand, it can
be decided more clearly whether the G,, currently under development is a Principle Variation and which components are
involved. The elements of the C&C2-A, such as the Working Surface Pairs or already known energy, information or
material flows, can also be included in the assessment. The more precise division of the Carryover Variation (CV) into an
adapted and an unchanged part helps to record important design differences in system components that are not directly
recognizable from the outside. This results in a clearer possibility to record Variation Shares between the development
and product generations.

6 Summary

This paper presents a framework that links the C&C?2 approach with the PGE model, aiming to support product design
through improved knowledge capture, modeling, and analysis. By focusing on Embodiment Function Relations (EFR) and
leveraging knowledge from past product generations, this approach facilitates a detailed examination of Variation Shares
within product components. This not only enhances the accuracy in identifying design variations but also significantly
contributes to knowledge retention and transfer in engineering disciplines. Therefore, it provides guidance on how the
Reference System Elements used in a product generation can be broken down into the aforementioned components of PV,
AV/EV and CV. For this purpose, a different division of the Variation Shares was made, in that the Principle Variation
itself is made up of the shares of the Carryover Variation and Attribute Variation. So that even slight design changes to
the shape can be differentiated more precisely, the Carryover Variation was also divided into an adapted and unchanged
portion. In addition to the subdivision of the Variation Shares, important information was provided on how a principle
variation can be recognized.

7 Outlook

In future studies, in conjunction with a C&C? analysis and the corresponding C&C2 model, the Variation Shares should
be examined in more detail and more precisely on more complex assemblies and systems. This should also include a
precise recording of the percentages of the Variation Shares by design section, as already mentioned in recent research
(Troster et al., 2024). In this context, it would be interesting to take a closer look at the criticality of the Principle Variation
for the generation to be developed, which is possible in more detail by breaking it down more precisely into Attribute and
Carryover Variation. The application of Functional Delimitation can also be used here for a more precise functional
delineation of individual shape sections within the C&C? analysis.
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