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Abstract
Early robust design (RD) can lead to significant cost savings in the later stages of product
development. In order to design systems that are insensitive to various sources of deviation
in the early stages, specific design knowledge (SDK) plays a crucial role. Different design
situations result in higher or lower levels of derivable SDK, which leads to different activities
to achieve the development goal. Due to the variety of design situations, it is difficult for
design engineers to choose a more robust concept to avoid the costly iterations that occur in
the later development stages. Existing RD methods often do not adequately support these
differences in design situations. To address the problem, this paper outlines an adaptive
modeling method using the Embodiment Function Relation and Tolerance model. The
method is developed in two contrasting design situations, each with a high and low level of
derivable SDK, and evaluated in another two corresponding case studies. It has a consistent
structure with five stages and gates. At each stage, the derivable SDK is taken into account
and the individual modeling steps are adapted. This method provides design engineers with
concrete support for early robustness evaluation of a product concept in different develop-
ment scenarios.

Keywords: design methods, product development, robustness evaluation, design situation,
design knowledge

1. Introduction
Today’s market demands fast development cycles with high product functionality.
During a product’s lifecycle, its design parameters are prone to deviation, for
example, geometric deviations caused by manufacturing, wear during usage, or
deviations in environmental conditions. Despite these deviations, technical sys-
tems must reliably complete their tasks throughout their entire life cycle. Robust
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design (RD) aims to design systems that are insensitive to various sources of
deviation, which originates from the quality engineering framework according
to Taguchi et al. (2005). Implementing RD in the early stages can reduce costly
iterations during later product development (Jugulum and Frey, 2007). The
challenge for early robustness evaluation of a product concept is that often only
qualitative data is available, which makes simulation or experimentation for
robustness optimization difficult. One possibility for evaluating the product con-
cept without quantitative data is qualitative modeling, which represents the
properties and characteristics of a system without detailed parameters
(Grauberger et al., 2022). An example of a qualitative model is the Embodiment
Function Relation (EFR) and Tolerance (EFRT) model developed by Horber et al.
(2022). Using the EFRT model, the robustness of the product concept can be
evaluated with appropriate criteria in a given design situation (Li et al., 2023).

In order to perform effective qualitativemodeling of a technical system, specific
knowledge is required. This knowledge of describing the technical systems in the
design process is defined by Hubka and Eder (1990) as specific design knowledge
(SDK). Different design situations result in higher or lower levels of derivable SDK,
that is, the SDK that can be derived from the data available to design engineers at
the beginning of the development process. This leads to different activities to
achieve the development goal (Ponn and Lindemann, 2005).

Due to the variety of design situations, it is difficult for design engineers to
choose a more robust concept to avoid the costly iterations that occur in the later
development stages. To successfully evaluate the robustness of a product concept
through qualitative modeling, it is essential to investigate how the existing SDK
affects the modeling activities. This paper aims to deal with the lack of consider-
ation given to different design situations by developing an adaptive modeling
method, which incorporates the EFRTmodel, with a focus on the geometric design
of mechanical parts within technical systems. This method provides design engin-
eers with concrete support for the evaluation of the product concept through
modeling in different development scenarios.

1.1. Early RD

Taguchi et al. (2005) divide RD into three phases along the product development
process: system design, parameter design, and tolerance design. Central principles
of RD include awareness of the impact of unavoidable deviations, focus on
insensitivity to such deviations, and consistent consideration of robustness
throughout the product development process (Arvidsson and Gremyr, 2008).

Existing conventional RD methods mainly focus on robustness optimization
based on controlled simulations or experiments (Phadke, 1989; Taguchi et al.,
2005). These methods need detailed product data in a well-defined shape, which is
only available in the later stages of design, that is, late parameter and tolerance
design (Hasenkamp et al., 2009). Andersson (1997) argues that the achievable level
of product robustness using these methods is determined by the early system
design. In addition, the early design stages have a significant influence on product
performance and cost (Ullman, 2010). Although early RD is crucial to robust
product development, its application in practice remains challenging due to a lack
of quantitative information (Eifler and Schleich, 2021; Jugulum and Frey, 2007).
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Methods, such as Quality Function Deployment (QFD) (Akao, 2004), Vari-
ation Risk Management (Thornton, 2004), can be used to raise awareness of the
impact of unavoidable deviations on the fulfillment of functions. To evaluate the
fulfillment of the functional requirements of the product concept, the concept of
key characteristic (KC) is widely used. A KC serves as a quantifiable product
specification whose deviation has a major impact on the fulfillment of functional
requirements (Thornton, 2004). In order to focus on reducing the sensitivity to
such deviations, it is necessary to analyze the deviations and their effects (Ebro and
Howard, 2016). For this purpose, methods such as Variation Mode and Effects
Analysis (VMEA) (Johansson et al., 2006) and Failure Modes and Effects Analysis
(FMEA) (Teng and Ho, 1996) exist, which identify potential failure modes and
sensitive design parameters, but provide limited guidance for design tasks.

For design tasks, a common practice for early RD is to use design principles,
such as reducing load paths or avoiding overdetermination (Andersson, 1997; Ebro
et al., 2012; Ebro and Howard, 2016). Evaluating the robustness of different
concepts using design principles is often difficult because of the large number of
principles and the lack of connection to the individual product concept. In
addition, the influence of the deviation on functional fulfillment cannot be ana-
lyzed in detail.

At the system level, qualitative models, such as Design Structure Matrices
(DSM) (Eppinger and Browning, 2012) and Characteristics Properties Models
(Weber, 2014), can be used to analyze the system structure. The dependencies
between the components can be systematically analyzed and the coupling in
concepts can be reduced, which improves the robustness of the concept (Suh,
1998). These models support the structuring of the system, but they still lack
support for the concretization of the product concept in the early design phase,
because the geometric relations between the individual elements and the sum
effects in the geometric chain cannot be represented.

In order to support the design engineer in specifying robust concepts, it is
essential to model the geometric relationships in a product concept. The graph-
based approaches facilitate the representation of the geometric structure of the
product concept despite limited product information (Ballu et al., 2010). An
example of such an approach is the tolerance graph (Goetz et al., 2018). It facilitates
an early-stage analysis of the geometric relations in a product concept, focusing on
the analysis of KC, and enabling an initial robustness evaluation of the product
concept in its early design stages (Goetz et al., 2018).

The functional fulfillment of the product concept also depends on the system
behavior in different states, which cannot be modeled with graph-based
approaches. Therefore, a pure analysis of the geometric relationship is often not
sufficient. An appropriate approach requires a more detailed modeling and under-
standing of the EFR in the product concept. EFRs describe how the design
parameters of a system in its embodiment affect its behavior and, through that
behavior, the desired functional requirements that are fulfilled. A qualitative
modeling approach that has already been applied to RD tasks by analyzing EFR
is the Contact and Channel Approach (C&C²-A) (Grauberger et al., 2019; Mat-
thiesen and Ruckpaul, 2012).

In summary, for a comprehensive robustness evaluation of the product concept
for design tasks, we need a model that can model both the deviations and their
effects on functional fulfillment. In order to analyze the functional fulfillment with
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geometric deviations for a product concept, the modeling requires that the concept
has a certain degree of maturity in its geometry. Therefore, it is necessary to model
the geometric relationships in the product concept as well as the system behavior.
For this purpose, Grauberger et al. (2020) proposed combining the tolerance graph
and C&C²-A in a holistic model to support design engineers with extended
modeling aspects for the product concept, which is then described in section 1.2.

1.2. The EFRT model

The EFRT model developed by Horber et al. (2022) integrates the benefits of both
tolerance graph and C&C²-A by combining the two approaches. The EFRT model
offers great potential for early robustness evaluation by modeling a wide range of
qualitative information, such as the system structure for early tolerance design, or
the EFR for analyzing the system behavior (Li et al., 2023). The models and the
result of the robustness evaluation can be used in subsequent approaches (Horber
et al., 2023), for example, for the automated generation of a preliminary Computer-
Aided Design (CAD) model (Goetz et al., 2022).

Figure 1 illustrates the combination of both approaches and the core elements
in an EFRTmodel (Li et al., 2023). This figure also shows the relationships between
the individual elements and how they can represent the information in the early
stages of product development. In an example coining machine, both tolerance
graph and C&C2 models can be derived. With the tolerance graph, the geometric
structure of the product concept is modeled. The product concept is first decom-
posed from assembly to part and then to geometry elements (GEs), facilitating the
analysis of the contributors to KC in the concept phase. The C&C²-A can be used to
analyze system behavior and functional fulfillment. For this purpose, three key
elements are required: the Working Surface Pair (WSP), the Channel and Support
Structure (CSS), and the Connector (C) (Matthiesen et al., 2019). Beginning with
the WSP, it describes, where exactly an interaction between the components
occurs. A WSP is the place of the interface, where parts of the system connect
while it fulfills its function; it consists of two working surfaces (WS). The path for
the information transfer is defined as a CSS. ACSS runs through parts in the system
and connects twoWSPs. Finally, the information on the system boundary is stored
in the C (Matthiesen et al., 2019).WSPs can be added or deleted in different system
states, allowing separate modeling of system states.

As shown in Figure 1, the link between the tolerance graph and the C&C2

models is at the interface between the GE and the WS. Based on this link, Horber
et al. (2022) proposed an initial workflow for building the EFRT model that covers
the main modeling steps for building both the tolerance graph and C&C2 models.
However, this workflow focuses on the general connection between the two
approaches and the model implementation in SystemModeling Language. Differ-
ent design situations are not considered, and the level of detail in this workflow is
limited. To better support design engineers, the workflow has to be further detailed
and adapted to the design situation (Horber et al., 2022), since different processes
are expected from different design situations in product development. In practice,
design engineers often choose inappropriate design processes or methods due to a
lack of specific knowledge (Wilmsen et al., 2019). Therefore, it is important to
investigate how the specific knowledge from different design situations affects the
modeling activities.
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1.3. Design situations and SDK

Fundamentally, knowledge can be distinguished by its availability into explicit and
implicit knowledge (Dzbor and Zdrahal, 2001).While implicit knowledge is tied to
individuals and hard to communicate, explicit knowledge can be formalized and
derived from data or research. Such knowledge is accessible in models such as the
function–behavior–structure model (Gero and Kannengiesser, 2014) and the
organ domain model (Andreasen et al., 2015). This type of knowledge is crucial
for product development. To support comprehensive design tasks, SDK is essen-
tial. It represents the knowledge about EFR that can be modeled with the EFRT
model.

In product development, design engineers must deal with different types of
design situations that require different activities in the design process (Ponn and
Lindemann, 2005). At the start of development, there may be some differences in
the design situation, such as how novel the design task is, what information can be
used, and how mature the present concept is. These differences lead to different
levels of derivable SDK. The derivable SDK in this paper is based on the data
available to design engineers at the beginning of the current development project.
This includes both explicit data and potentially implicit knowledge held by the
design engineers themselves. While we recognize that the status of implicit
knowledge is difficult to measure and is not the primary focus of this paper, we
have chosen to assume that it remains constant and focus ourmeasurements on the
differences in the available documentation. For example, in the coining machine
shown in Figure 1, the level of derivable SDK is higher when there are existing test
documents available as references for the current development project.

In this contribution, we will explore three particular indicators of the design
situation – the level of innovation, the usability of data, and the design phase – and
their influences on the SDK. Other indicators could be considered, but the ones
presented are sufficient to demonstrate this influence. It should be noted that these
three indicators are not independent of each other.

Figure 1. The Embodiment Function Relation and Tolerance (EFRT) model and the
summarized information of its model elements according to Li et al. (2023).
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The first indicator of the design situation we explored is the design phase. In
product development, design activities are typically divided into different phases.
For general design tasks, Pahl et al. (2007) divided the design into four phases:
clarification of the task, conceptual design, embodiment design, and detail design.
Haik and Shahin (2011) supplemented this division with a solution concept phase.
Other divisions of design phases also exist for different development goals
(Andreasen et al., 2015; Taguchi et al., 2005). Although there is no generalized
separation of design phases, it can be said that early stages can be distinguished by
the parameterization of the product. During these phases, the level of maturity of
the concept is continuously increasing, and the difference in the concept maturity
should be considered during modeling. Therefore, this indicator is particularly
related to the different stages in the modeling process.

The level of derivable SDK increases as the design phase progresses and the
concept becomes more mature. Niu et al. (2022) collected the key information
items at different design phases in an explorative study, showing how the infor-
mation content grows during the design phase. Capturing and storing the essential
information generated throughout the product development process is the task of a
design model (Eisenbart et al., 2011). In practice, the stage-gate process based on
the Quality Gates approach is often used to store the various information contents.
This approach divides a process chain into phases and periodically checks the
quality of the process. The process moves to the next stage when the results are
mature enough to reach a gate (Hammers and Schmitt, 2009). If we take the four
stages from Pahl et al. (2007), the SDK is always being built throughout the design
process to achieve the development goal. In clarifying the task, part of the SDK can
be derived from the requirements specification. Different activities have to be
performed to build the SDK and create different concepts according to the
requirements. During the embodiment design and detail design phases, the con-
cept becomes more mature and we gain more knowledge about the functional
fulfillment of the selected concept, thus increasing the SDK. The EFRT model is
proposed to support the early stages from the initial idea to the early embodiment
design phase before the final elaboration of the geometric parameters. The chal-
lenge for the modeling is how to deal with the different maturities of the product
concept.

The second indicator of the design situation we explored is the level of
innovation. Henderson and Clark (1990) distinguished between four types of
product innovation: incremental innovations, architectural innovations, modular
innovations, and radical innovations, where the innovation level increases. Pahl
et al. (2007) categorized the design tasks into original design, adaptive design, and
variant design, and suggested different strategies for each. Albers and Rapp (2022)
stated that every development of a new system is based on references, and they
divided the development into principle variation, attribute variation, and carryover
variation. The authors have differentiated the design tasks according to the level of
innovation. This is because different difficulties are to be expected, and therefore,
different design processes are required.

Higher levels of innovation result in lower levels of derivable SDK. Developing
a new product concept involves more uncertainty than refining an existing one,
which benefits from prior information in the reference systems (Pahl et al., 2007).
The reference systems can vary in their level of innovation, such as references from
the market, from the company, or previous products. Low derivable SDK occurs
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with absent or abstract references, for example, in principle variation. High
derivable SDK arises from concrete or carryover references, for example, in an
adaptive design.

The third indicator of the design situation we explored is the usability of data.
In addition to considering the art of the reference system, data availability can
affect design activities (Ponn and Lindemann, 2005). Information becomes valu-
able only when it is used, as it is a resource that gains its worth from its utilization
(El Hani et al., 2012). Therefore, it is necessary to check the usability of data. Design
data can be both qualitative and quantitative, for example, requirements specifi-
cations, lists of requirements, sketches, technical drawings, detailed CAD data, or
bills of materials. Data processing effort is determined by the abstraction of the
data. It is important to distinguish whether existing information in the data can be
reused or whether the required information must first be prepared.

A higher level of data usability indicates a higher level of derivable SDK, asmore
sources and evidence can be used to support and validate the product concept.
Higher information usability also enablesmore in-depth analysis and simulation of
the system design, which can enhance the SDK for further development steps.

The design situation determines the level of derivable SDK at the start of the
development, but this is not identical to the required SDK for the development
goal. The relationships between the design situation, derivable SDK, modeling
activities, required SDK, and development goal are illustrated in Figure 2.

As shown in Figure 2, different design situations lead to different levels of
derivable SDK. Comparing the derivable SDK at the beginning of the development
process and the required SDK for early robustness evaluation, different sequences
of activities can be derived. Two contrasting cases deserve special attention. In the
first case, the development project starts with a low level of experience and only
references that are far away from the product to be developed are available.
Therefore, the derivable SDK is insufficient and less than the required SDK. It is
necessary to generate information and detail the desired concepts. In the other case,
the development project is based on a previous product and starts with extensive

Figure 2. Different design situations influence the level of derivable specific design
knowledge (SDK); therefore, different modeling activities are needed to achieve the
required SDK for early robustness evaluation.
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data. Rather than optimizing the robustness of existing components, the focus is on
redesigning new subsystems to improve overall product robustness. The derivable
SDK is larger than the required SDK. In this case, the information content and the
derivable SDK are excessive. The information needs to be filtered. To efficiently
model the product concept and obtain the required SDK for early robustness
evaluation, this difference must be considered and the different modeling activities
need to be examined in different workflows. It is important to note that both cases
are in early stages of the current development project, as case 2 involves the further
development of the existing product into the new product generation.

1.4. Research question

Due to the lack of detailed product information, for example, a well-defined shape,
the robustness evaluation of a product concept in the early stages of product
development is challenging. Multiple approaches address this challenge by mod-
eling different aspects of the product concept. Approaches, such as QFD orVMEA,
help to identify the deviations in a system but do not support the actual design
process. Approaches, such as DSM or axiomatic design support system, design at
an abstract level. RD principles can be applied to real design tasks to enhance the
robustness of a system, but it can be challenging to select the most robust concept
using these principles alone due to the complexity and variability inherent in real-
world scenarios. Among various early RD approaches, the EFRT model enables
modeling a wide range of qualitative information in a product concept for the
analysis of the robustness of the product concept. The combination of early
tolerance design and EFR modeling offers a high potential for early robustness
evaluation. However, there is still a lack of methodical support for the building of
the EFRT model in early RD. Once the model is properly built, the SDK for early
robustness evaluation can be better achieved.

Derived from the state of the art described in section 1.3, various design
situations result in higher or lower levels of derivable SDK. Different modeling
activities are required to achieve the development goal, as shown in Figure 2.
However, the initial approach by Horber et al. (2022) was a general workflow
without considering design situations. Due to the variety of design situations,
there is a risk of either over-detailed modeling or failing to achieve the modeling
goal. Therefore, it is challenging for design engineers to choose a more robust
concept, which can lead to costly iterations in the later development stages.
Existing RD methods in the literature often do not adequately support these
differences in design situations. Consequently, methods need to be tailored to
the level of derivable SDK due to variety of design situations (Grauberger et al.
2020). This adaptation is crucial, especially in early design stages, to effectively
build the required SDK for the development goal. It remains unclear, how the
SDK from different design situations affects the modeling activities to build the
EFRT model for the early robustness evaluation. Without properly adapting to
the design situation, the model would be prone to becoming overly detailed due
to the large amount of possible information and content, increasing the possi-
bility that it fails to achieve its purpose through additional and unnecessary
effort. To enable successful early robustness evaluation of a product concept
with the EFRT model, it is essential to investigate how the derivable SDK affects
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the modeling activities. As a result, this paper addresses the following research
question:

How can an EFRT model be built whilst taking different levels of derivable specific
design knowledge for early robustness evaluation into account?

2. Research design for developing themodelingmethod
To address the research question, we proposed a modeling method based on the
EFRT model. This section provides insights into how this modeling method was
developed and evaluated in this contribution. The research design for developing
the modeling method is illustrated in Figure 3. The research design begins with the
formalization of the EFRT model to facilitate the development of the modeling
method. To allow for adaptation of modeling steps by different design situations,
we have structured the generalized modeling method framework into five stages,
allowing flexibility for adapting modeling steps within each stage to suit specific
design situations. The required milestones to build the EFRT model can be
achieved in each stage. In step 3, we further refine the modeling method by
developing two workflows based on contrasting design situations, emphasizing
their differences. Using two exemplary but contrasting design situations, we
attempt to explore the differences in modeling activities. Step 4 focuses on the
initial evaluation of the transferability of the developed modeling method to other
technical systems and design situations. This step also evaluates the differences
between the workflows. The results of these steps are also illustrated in Figure 3,
with detailed explanations provided in section 3 for the results of development
steps 1–3 and in section 4 for the results of step 4.

Step 1: Formalization of the EFRT model

To develop a modeling method based on the EFRT model, it is imperative to
provide a sufficiently formal description of the EFRT model, which is currently

Figure 3. Research design for developing the modeling method based on the EFRT model.
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lacking. In this step, we first provide a formal description of the EFRT model,
including its key model elements. Then, we investigate which aspect should be
modeled with the EFRTmodel to evaluate the robustness of a product concept. To
illustrate the model, we use a hand-operated coining machine as an example (see
Figure 3). Thismechanism is described in detail in the study byHorber et al. (2022).
The result of this step is a formalized description of the key model elements in the
EFRT model and its modeling aspects for robustness evaluation. This formaliza-
tion forms the basis for the development of the modeling method.

Step 2: Framework for the modeling method

After formalizing the EFRT model, we develop a framework that complies with
some boundary conditions for the modeling method. Considering the differences
in the design situations, the modeling method must facilitate the adaptation of
different modeling activities within it. Despite the different activities, the modeling
method should have a consistent structure. This will make it easier for users to
follow the modeling method. To keep the modeling process simple, the stage-gate
process based on theQuality Gates approach is used. Themodeling activities in this
paper are named after the summarized activities from Cash and Kreye (2017),
partially adapted from Goetz et al. (2018) and Matthiesen et al. (2019). The
modeling method to be developed can be considered as a sequence of information
action and representation action according to Cash and Kreye (2017). The result of
this step should be a framework that has a consistent structure but still allows for
different modeling activities. The stages and gates in the framework are then
defined after this step.

Step 3: Elaboration of two workflows in the modeling method

This step aims to explore different modeling activities depending on the derivable
SDK within the framework in step 2. As derived from section 1.3, two cases are
interesting to follow: one, where the design engineers do not have enough infor-
mation and need to generate it for a new robust concept, and the other is where they
have too much information and need to filter it to improve the robustness of the
existing solution by adapting the design. These result in different modeling
activities, and therefore, different workflows. A workflow can be understood as a
specific sequence of activities. Based on the general framework from step 2 and the
differences in the two opposite cases, two workflows will be elaborated.

The coining machine described above is used here as an accompanying
example to illustrate the solutions (see Figure 3). We use two different design
situations to investigate the different modeling activities. The design situations are
defined as follows: a company receives an order to develop a coining machine for a
customer. The robust and high-quality minting of coins is the primary goal of a
coining machine. However, the company has no experience in this area, and the
level of derivable SDK is low. In this scenario, a bottom-up method is needed to
integrate the collected information into concepts. Later, a concept is selected,
detailed, and produced. In the second scenario, a problem occurs during mass
production, where the coin is partially minted crooked. The company wants to
solve this problem in the next product generation of the coining machine. Sub-
systems need to be redesigned to improve the robustness of the coining machine.
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Since the previous product and its documentation already exist and various data
can be collected, the level of derivable SDK is high. This scenario requires a top-
down method due to the amount of data.

In these two situations, it is important to examine which activities are necessary
to build the EFRT model for robustness evaluation of the coining machine.
Different modeling activities are integrated into two workflows within the frame-
work developed in step 2. The result of this step should be a unified modeling
method with two workflows. Selected modeling steps for the coining machine are
shown in the workflows for better illustration. During the elaboration of the two
workflows, differences between them should be recorded, as they are essential for
the adaptation of the modeling method in individual stages.

Step 4: Evaluation of the modeling method

In this step, an initial evaluation of the developed modeling method is performed
using two case studies: a new development of a clipless bicycle pedal (low level of
SDK) and an advancement of the next generation of an angle grinder (high level of
SDK). First, the transferability of the developed workflows is evaluated to assess
their applicability in different design contexts. In addition, the differences in the
workflows found in step 3 are evaluated in this step. This evaluation is crucial to
determine the extent of adaptation required for the workflows to ensure their
effectiveness in different design scenarios. In order to facilitate comparison with
the coining machine example, the modeling of these case studies will be performed
and evaluated by the authors.

The scenarios of the two case studies are shown in the overview in Figure 3. The
first case study involves a company that is new to the design of clipless bicycle
pedals and is entering themarket due to the growth of the bicycle market. Since the
development team has no access to references besides buying other click pedals
from themarket. This case has lower data usability but a high level of innovation. In
contrast, the second case study focuses on developing the next generation of an
angle grinder during its concept phase. A significant challenge is the high rejection
rate of output shafts due to tight assembly tolerances. With abundant data from
previous development projects, this case study demonstrates high data usability
but a lower innovation level, resulting in a high level of derivable SDK. Both cases
are in the early stages of their respective development projects.

3. Development of the modeling method
This section describes the results from the first three steps outlined in section 2. It is
structured as follows: in section 3.1, the EFRT model is formalized. In section 3.2,
the framework for the modeling method is derived. In section 3.3, the details of the
developed modeling method are elaborated.

3.1. Formalization of the EFRT model

The formalization starts with a formal definition of the EFRT model. An EFRT
model is a combined model derived from the tolerance graph and the C&C2-A. It
models the qualitative as well as the quantitative information in a product concept
and aims to evaluate its robustness. In this paper, we construct the EFRT model
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into the EFRT graph and the EFRT sketch. Figure 4 shows the EFRT graph and EFRT
sketchwith the example coiningmachine.Theproduct concept of the coiningmachine
and its main parts for the coining process are shown in Figure 4 on the left.

In the EFRT graph, the product concept is decomposed into GEs and their
geometric relations. To build the EFRT graph, the assembly is first divided into
several parts, for example, a piston. The next step is to divide a part intoGEs, that is,
interacting surfaces. For example, the part piston has surfaces such as the hole,
skirt, and crown that serve as GEs, as shown in Figure 4 in the middle (system
structure modeling). In the EFRT graph, the GEs are represented as nodes, for
example, 5c is the crown and 5a is the skirt. Their relations are labeled on the edges,
for example, the perpendicularity of the crown surface to the skirt surface is labeled
on the edge between 5c and 5a (see Figure 4 – EFRT graph). The graph is
supplemented with key elements of the C&C²-A, that is, the WSS, CSS, and
C. This supplementation has several advantages, such as tracking of load path in
the graph.

In the EFRT sketch, a certain area in the product concept, which is considered
to be important for function fulfillment, is visualized in a proper sketch. Key
elements from C&C²-A are drawn in the sketch for analyzing the functions of the
system. In the accompanying example coiningmachine, a function for applying the
minting force through the part piston on the coin is depicted in the EFRT sketch
(see Figure 4 – EFRT sketch).

The concept of KC is used in the EFRT model to evaluate the fulfillment of
functional requirements of the product. In an EFRT model, a KC can be assigned
into the EFRT graph between GEs, or it can be drawn directly in the EFRT sketch
(see Figure 4 – EFRT model).

An EFRTmodel can be used tomodel different aspects of a product concept. As
described above, the process of building the EFRT graph serves tomodel the system
structure, while the EFRT sketch aims to visualize the system behavior by finding
the activeWSP and CSS in the current system state. For a comprehensive view of a
system, the system environment must be considered. The C is used to model the

Figure 4. Formalization of the EFRT model (GE: Geometry Element; WS: Working Surface; WSP: Working
Surface Pair; CSS: Channel and Support Structure; C: Connector). The EFRT graph and the EFRT sketch are
derived from the product concept of the coiningmachine example. Five modeling aspects are used to evaluate
the robustness of the product concept.
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system environment, which includes information beyond the system boundary,
such as external loads.

For robustness evaluation, various deviations can be modeled in an EFRT
model and their influence on function fulfillment can be investigated. Geometric
deviations in the system are modeled in EFRT graph and visualized in the EFRT
sketch. Non-geometric deviations, such as material properties or changes in the
system environment, can be stored inmodel elements such asWSP, CSS, and C. To
evaluate the influence of these deviations on the fulfillment of functional require-
ments, the relation between deviations and KCs can be then analyzed using EFRT
graph and EFRT sketch.

The analysis is often not sufficient in only one system state. Therefore, it is
imperative to evaluate the robustness of the product concept in different system
states. To model system states, which can be categorized into temporal or spatial
states, the C&C2 sequencemodels are used (Matthiesen et al., 2019). Figure 4 on the
right shows three temporal states and the system behavior of a coining machine
relevant to the coin minting function.

3.2. Framework for the modeling method

Considering the requirement of facilitating the adaptation of modeling activities
while keeping a consistent structure, we developed a framework for the modeling
method corresponding to a stage-gate process. An overview of the framework is
shown in Figure 5. The structure comprises five stages: 1. Define, 2. Sketch,
3. Structure, 4. Model, and 5. Decide. The gates for each stage also follow the
common structure: 1. Defined task and data, 2. Sketch, 3. Product structure graph,
4. EFRT model, and 5. Decision. Two workflows are integrated in this common
framework in this paper, while the modeling steps of the workflows in each stage
are different.

Stage 1 Define is the initial processing of the derivable SDK in a database to
support the next stages. In Stage 2 Sketch, the product concept with its main parts
for fulfilling the functional requirements is outlined in an appropriate and

Figure 5. Overview of the framework for the modeling method with two workflows. Explorative modeling is
shown on the left side and Deductive modeling is on the right side

13/32

https://doi.org/10.1017/dsj.2024.48 Published online by Cambridge University Press

https://doi.org/10.1017/dsj.2024.48


simplified sketch. In Stage 3 Structure, the parts in the product concept and their
geometric relations are structured and integrated into the product structure graph.
In Stage 4Model, the EFRTmodel is built with a sufficient resolution. By analyzing
the influences of deviations on the function fulfillment, the robustness of the
product concept is evaluated in Stage 5 Decide.

As described in section 1.3, modeling activities are different due to the level of
the derivable SDK.With a low level of derivable SDK, it is difficult to define the task
accurately at the first time, and the system structure must be conceptualized first.
While the system environment and system states are mostly unknown, the devi-
ations in the system should be estimated based on prior knowledge and experience.
Information such as material properties must be defined or collected for a more
detailed analysis of the system behavior. With a high level of derivable SDK, it is
imperative to first filter the information to a sufficient amount. Meanwhile, some
modeling aspects described in section 3.1 can be found or derived directly from the
existing data. The required modeling activities for different levels of derivable SDK
are investigated with two cases described in section 2. As a result, the modeling
method for the EFRT model is divided into two workflows (see Figure 5):

• Explorative modeling: low level of derivable SDK
• Deductive modeling: high level of derivable SDK

3.3. Elaboration of two workflows in the modeling method

This section presents the modeling activities through five stages in the two
workflows within the modeling method. The steps in the workflows and a first
analysis of the differences between the workflows are described in the following
subsections 3.3.1–3.3.5.

3.3.1. Stage 1 Define
Figure 6 shows the steps of the workflows in the Stage 1 Define. In this stage, the
task should be clarified and information should be gathered and documented. At
the end of this stage, sufficient data should be available for analysis in the next
stages. Gate 1 of the stage is then the defined task and data that will serve as a
database for the later modeling process. The letter L in the steps stands for low level
of derivable SDK and H stands for high level.

Explorative modeling is shown in Figure 6 on the left. At the start of the
development, the level of derivable SDK is considered to be low. In step L1.1,
defining the task, the task should be clearly defined to establish a focused direction
for modeling. In step L1.2, generating information, the state of the art and the
possible principal solutions from the market are researched. Principal solutions
can be created using ideation methods, such as brainstorming (Hatcher et al.,
2018). The principal solutions to the tasks are generatedmethodically, for example,
in a morphological box (Zwicky, 1967). With step L1.3, documentation of gathered
data, Gate 1 is reached. The purpose is to systematically explore and generate
diverse solutions when starting with limited SDK.

Deductive modeling is shown in Figure 6 on the right. At the start of the
development, the level of derivable SDK is considered to be high. In step H1.1,
refining the task, problem areas are identified, identifying specific problem areas
that require further development. In step H1.2, screening available data, relevant
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data from references are screened, as the further development is based on these
data. References, such as CAD data from the previous product generation, can be
used, as well as external references, for example, competitor products. Step H1.3 is
to locate “problem spots” in existing data. This can be done using problem analysis
methods, such as SPALTEN (Albers et al., 2016) or SWOT (Strengths,Weaknesses,
Opportunities, and Threats) analysis. Step H1.4 is the documentation of the
identified challenges to establish a clear understanding of the issues to be addressed.
The purpose of this is to systematically refine and address specific challenges or
issues leveraging existing knowledge and data.

For the accompanying example coining machine, in Explorative modeling,
basic information about the system to be developed is gathered. In step L1.1, the
task is defined as minting the coin consistently, which results in a constant height
and as the target variables. This is also the basis for the later evaluation. In step L1.2,
different principal solutions are collected or developed in amorphological box (see
Figure 6). In Deductive modeling, a situation analysis and problem definition are
carried out in this stage, the problem from the previous product generation is that
the coin was minted crooked. This means that the actual function (crooked
minting) deviates from the target function (high minting quality). Therefore, the
task is refined to improve the parallelism fromboth sides of the coin in stepH1.1. In
step H1.2, the CAD data of the previous coining machine is screened. A SWOT
analysis is conducted to concretize the problem (see Figure 6). As a result of step
H1.3, the problem lies with the coining mechanism in the guide area.

The primary difference between Explorativemodeling andDeductivemodeling is
how the knowledge is structured from the different levels of derivable SDK. The
information content of Deductive modeling is higher than that of Explorative
modeling at the start of development. During task defining, Explorative modeling
requires defining the task if it is unclear, whereas Deductive modeling requires
refining the task under the consideration of current problems. In the accompanying

Figure 6. Overview of Stage 1 Define and selected steps of the accompanying example coining machine.
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example, Explorativemodeling aims tomint a coin, but the solution is not yet known.
Conversely, with Deductive modeling, the task is more concrete: improving coin
quality. InExplorativemodeling, identifying problems can be difficult due to a lack of
information. InDeductivemodeling, it can be challenging to identify causes of known
problems. To reach Gate 1, Explorative modeling requires gathering information,
whileDeductivemodeling requires screening data and selecting relevant information.

3.3.2. Stage 2 Sketch
Figure 7 shows the workflow steps in Stage 2 Sketch. In this stage, the documen-
tation from Stage 1 is used to sketch the product concept. Gate 2 consists of
sketches that represent the principal solutions and have sufficient resolution for
analysis in subsequent stages.

Figure 7 on the left illustrates the process of Explorative modeling. In step L2.1,
selecting solutions, the collected principal solutions are evaluated and selected with
appropriate methods, for example, the weighted summodel (Pahl et al., 2007). The
purpose of this step is to identify suitable solutions for the product concept. Bad
solutions can also be initially eliminatedwith a rough estimate based on experience.
Step L2.2 involves defining the temporal and spatial system boundary. The purpose
of this step is to focus on the areas that are relevant to the functional fulfillment.
When defining the spatial system boundary, it is necessary to consider the
connecting components outside the system boundary that are essential for concept
realization. Finally, step L2.3 involves combining the principal solutions in a product
concept and drawing it into a sketch. The purpose here is to facilitate the further
detailing and refinement of the concept.

Figure 7 on the right illustrates the process ofDeductive modeling. In step H2.1,
analyzing available data with C&C2-A, the components required to fulfill func-
tional requirements are identified by finding activeWSPs and CSSs. If only 3D data
is available, it is necessary to identify suitable intersections to visualize the core

Figure 7. Overview of Stage 2 Sketch and selected steps of the accompanying example coining machine.
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elements of the C&C²-A. In step H2.2, defining KCs in the existing system, the
purpose is to highlight critical features that influence the system’s functional
fulfillment. In stepH2.3, filtering information is performed to retrieve the principal
solution from existing data, such as CAD, aiming to reduce the effort of modeling.
Finally, step H2.4 involves drawing the existing concept that includes the KCs. The
purpose is to provide a clear and simplified visualization of the refined concept
based on the previous product generation.

For the accompanying example coining machine, in Explorative modeling, the
collected information of the principal solutions lead to different concepts for the
coining mechanism. In step L2.1, the different principal solutions are first evalu-
ated and selected based on company-specific criteria. In step L2.2, the spatial
system boundary is limited to the area through the coining load path without the
drive mechanism. The temporal system boundary is one minting cycle. Following
the system boundary, two selected concepts are sketched in step L2.3 (see Figure 7).
In Deductive modeling, the function-relevant parts that are responsible for the
crookedminting of the coins are identified from the previous product generation in
step H2.1. For this purpose, a load path analysis is conducted (see Figure 7). In step
H2.2, two KCs are defined as the angle α and the height h of the coin, which can be
determined between the bed surface and the piston crown surface during the
minting process. The retrieved product concept from step H2.3 and the defined
KCs are then drawn in a sketch in step H2.4 (see Figure 7).

Different activities to create a sketch can be identified between the two
workflows due to the different databases. Compared to Explorative modeling,
Deductive modeling facilitates a more detailed analysis of the concept due to its
high information content. In Deductive modeling, analysis with C&C2-A can help
filter the data, while in Explorative modeling, many terms still need to be defined to
reach Gate 2. Since the problem is assumed to be known inDeductive modeling, the
KCs can be derived directly from the task definition and defined in the existing
product concept. In Explorative modeling, the product concept needs to be detailed
to define the KCs in the next stage. To reach Gate 2, Explorative modeling requires
sketching from limited data, whileDeductive modeling requires extracting sketches
from a larger amount of data.

3.3.3. Stage 3 Structure
Figure 8 illustrates the workflow steps in Stage 3 Structure. Based on the created
sketch from Stage 2, the principal solutions can be decomposed into function-
relevant parts and their relations in the product structure graph, which forms Gate
3. A detailed introduction to the product structure graph is described byGoetz et al.
(2018).

Figure 8 on the left illustrates the process of Explorative modeling. In step L3.1,
defining parts and relations, the sketched product concept is detailed with inde-
pendent and function-relevant parts or subassemblies. This step also involves
defining the geometric relations between the parts, that is, types of contact. The
types of contact are limited to a few basic interface relations, such as fixed contact,
prismatic joint, or cylindrical joint between two parts (Chase et al., 1996). The
purpose of this step is to enhance the product concept with realizable parts. In step
L3.2, KCs are defined and related to the interface relations between the parts,
aiming at analyzing the functional fulfillment. Finally, step L3.3 involves creating a
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product structure graph in which each node is a part or subassembly, and each edge
is an interface relation between them. The purpose of the product structure graph is
to ensure a clear understanding of how parts will interact within the product and
provide the basis for further modeling steps.

Figure 8 on the right illustrates the process ofDeductive modeling. In step H3.1,
finding parts and relations, the function-relevant parts and their relations already
exist in the previous product generation, and they can be found from available data.
Based on that, the product structure graph for the existing concept is derived in step
H3.2. The focus of these two steps is to reduce the model information from the
entire dataset to only the necessary amount. Themodeling process for the previous
product generation then continues in Stage 4. Also at Stage 3, an iteration takes
place, as step H3.3 is continued after the complete evaluation of the existing
concept in Stage 5. The existing concept will be further developed in steps H3.3–
H3.7. Step H3.3 defines the “area of interest,” which is related to the localized
problem in step H1.3. This step identifies the area that requires adaptation. In step
H3.4, developing a new concept, the existing concept is adapted in the identified
area of interest. The adapted concept is then sketched in step H3.5. The adapted
concept aims to solve the identified problem, though its robustness has not yet been
assessed. In stepH3.6, the defined parts and relations are adjusted from the existing
ones. This adaptation results in a new product structure graph for the current
concept in step H3.7.

For the accompanying example coining machine, in Explorative modeling, the
parts that are relevant for coin minting and their relations are first defined and
numbered in step L3.1 (see Figure 8). For example, in concept 1, there is a
cylindrical joint between the part 4 bar and part 5 piston, while there is a prismatic
joint between the part 5 piston and part 6 guide. Two KCs are identified in L3.2 as

Figure 8. Overview of Stage 3 Structure and selected steps of the accompanying example coining machine.
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the angle α and the height h of the coin. Then, the product structure graphs of both
concepts are created with this information (see Figure 8). In Deductive modeling,
the relevant parts and their relations are found from the existing data. Then, the
product structure graph of the existing concept is created and evaluated in further
stages. After the evaluation, a concept adaptation in the area of minting takes place
to improve theminting quality. A new concept with an extended guide is developed
in step H3.4 and sketched in step H3.5 (see Figure 8). The adapted concept aims to
increase robustness by decoupling the guide and stamping functions in the guide
area. Therefore, the piston is divided into two parts, the upper part provides the
stamping force and the lower part has a precise and long guide to prevent tilting
angle (KC). Based on the sketch, the defined parts and their geometric relations
from the previous concept can be adjusted in step H3.6. The product structure
graph of the new concept is then created in step H3.7 (see Figure 8).

Differences between the two workflows can be identified. In Explorative
modeling, the new concepts must be specified with parts and their geometric
relations, deriving new product structure graphs. In Deductive modeling, the first
product structure graph is derived from the existing concept, where parts and
relations already exist. Then, a new concept is derived and the product structure
graph is adapted in the area of interest. In this stage, Explorative modeling extends
the information content constantly, while Deductive modeling first limits the
information content for the existing concept and then extends it for the new
concept.

3.3.4. Stage 4 Model
Figure 9 shows the steps of the workflows in Stage 4 Model. Based on the created
sketches from Stage 2 and the product structure graphs from Stage 3, the EFRT
model is built in this stage. Different system states are also taken into account to

Figure 9. Overview of Stage 4 Model and selected steps of the accompanying example coining machine.
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derive state-dependent models. Gate 4 represents the EFRT model, including the
EFRT graph and the EFRT sketch.

Figure 9 on the left illustrates the process of Explorative modeling. L4.1 is
modeling of the system states. Based on the sketch, different system states are
investigated with the C&C2 sequence model, which involves variable WSPs. The
purpose of this step is to understand how the system behaves under different states.
Step L4.2 involves defining GEs and their geometric relations. This step includes
specifying the interactions between the parts defined in Stage 3, as well as the
relative location and orientation of the GEs within a part, such as parallelism or
perpendicularity. In step L4.3, the product concept is visualized in different system
states using EFRT sketches. Step L4.4 involves deriving the GE graph, from which
the functional tolerance chain is determined. A detailed introduction to the
creation of a GE graph is described by Goetz et al. (2018). Step L4.5 involves
assigning the elements of the C&C2-A into the geometric element graph to derive
the EFRT graph. The EFRT graph, as well as the EFRT sketch in different system
states, serves as the basis for robustness evaluation in the next stage.

Deductive modeling is shown in Figure 9 on the right. In step H4.1, state
modeling, the previously identified problems in Stages 1–3 should be given special
attention. In stepH4.2,GEs and their relations can be found in the existing concept,
and they are adjusted for the adapted concept. The description for steps H4.3–H4.5
is identical to steps L4.3–L4.5.

For the accompanying example coining machine, in Explorative modeling,
different system states around the minting process are modeled in step L4.1.
Details of state modeling for the coining machine are shown in section 3.1,
Figure 4. Relevant GEs and their geometric relations are then defined in step
L4.2, for example, the GE 5a piston skirt and 5c crown as well as the perpendicu-
larity between these two GEs (see Figure 9). The minting process is then visualized
with the EFRT sketch in step L4.3. After the derivation of the GE graph in step L4.4,
the EFRT graph for the coining machine is created for further analysis. In
Deductive modeling, the process can be repeated with the previous and adapted
concept. Figure 9 shows the EFRT sketch and part of EFRT graph for concept
1 (Explorative modeling), while the full EFRT graph is shown for the adapted
concept (Deductive modeling).

Although the steps in Stage 4 are similar between the two workflows, differ-
ences still exist. While the system states have to be first identified in Explorative
modeling, knowledge about system states already exists in Deductive modeling. In
addition, existing tolerance information can be used inDeductive modeling to help
derive function-relevant GEs and their geometric relations. According to Goetz
et al. (2021), a faster derivation of theGE graph is possible with available CADdata.

3.3.5. Stage 5 Decide
In Stage 5 Decide, the EFRT model built from Stage 4 is used for robustness
evaluation. Gate 5 incorporates the design decision made from this evaluation.
Since the steps up to the robustness evaluation are identical in both workflows, no
distinction is made between L and H in this stage. The steps of the workflow are
shown in Figure 10.

Step 5.1 identifies the critical states selected from the state modeling in Stage
4. The purpose of this step is to pinpoint the most significant states that need
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thorough evaluation. In step 5.2, the EFRT graph is simplified by deleting longer
redundant loops for the considered KC. The method to derive an extracted
functional tolerance chain of a KC is described in detail by Goetz et al. (2018).
The purpose here is to make the graph more manageable and focused on critical
interactions. In step 5.3, critical deviations are identified. They are assigned in the
nodes and edges of the EFRT graph for analysis of their influence on KC and then
visualized in the relevant parts in the sketch. Step 5.4 is analysis with EFRT sketch.
Due to the identified critical states, a failure mode can now be predicted by
analyzing the system behavior under deviations in the EFRT sketch. Using appro-
priate evaluation criteria, for example, the criteria according to Li et al. (2023),
robustness evaluation can be carried out in step 5.5. In addition to the robustness
evaluation, the design decision in Gate 5 should also consider criteria from other
disciplines, for example, economy.

The accompanying example coining machine is also illustrated in Figure 10,
attached to the steps. Step 5.1 identifies the state “minting” as a critical state because
the lateral force from the bar results in a crooked piston orientation. In step 5.2, two
loops are identified in the EFRT graph around the KC, and the parts involved in the
shorter tolerance loop are focused for detailed analysis. In step 5.3, geometric
deviation in the parallelism of the part piston is identified as critical because it
affects the WSP between the piston and the guide and thus the angle of minting.
Another critical deviation can occur in the perpendicularity between the piston
crown surface and the bed. The visualization of the deviations and their effect on
the system behavior is then analyzed in step 5.4, which is shown in Figure 10.With
the tilting moment due to the force application angle in the example shown, the
piston is pressed against the guide during the minting process. Therefore, the coin
is minted crooked if the shown deviations exist in the piston. The system behavior
is compared among the concepts to evaluate their robustness to the functional
fulfillment, that is, the KC angle should be zero. This analysis brings new insight for
the concept adaptation, ideas for reducing the tilting moment can be used to adapt

Figure 10. Overview of Stage 5 Decide.
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the previous concept. For a more comprehensive robustness evaluation, other
critical deviations should be considered and the overall effects should be evaluated
with appropriate criteria.

In this stage, the robustness evaluation follows identical steps in both work-
flows. The main difference lies in the information content. The information
content inDeductive modeling is higher than that of Explorative modeling.Another
difference lies in the iteration inDeductivemodeling between Stages 3 and 5, aiming
to adapt the existing concept after its initial evaluation.

4. Evaluation of the modeling method with case studies
As described in section 2, the evaluation focuses on the transferability of the
developed modeling method and the differences between the workflows with
two case studies.

4.1. Transferability of the modeling method

The developed modeling method was implemented by the authors with two
different case studies to evaluate its transferability. The implementation of the
modeling method with selected steps is illustrated in Figure 11 and briefly sum-
marized below.

Figure 11. Selected steps for the implementation of the modeling method in the case studies.
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The first case study with bicycle clipless pedals evaluates Explorative modeling
for a low level of derivable SDK. Two concepts were created in the project. One is
based on an existing concept from a competitor in the clipless pedal market and the
other is a new idea (see Figure 11). The first concept has one rotating and one fixed
hook, requiring riders to tilt the tip of their foot down to insert the cleat into the
mechanism. The second concept has two rotating hooks that hold the pedal cleat in
place. In Stage 1, the first step is to define the task. Themechanismmust enable the
clip-in and clip-out of the pedal plate while ensuring a secure grip of the shoe on the
pedal. In Stage 2, sketches are created in the area of pedal axle, pedal body, and
pedal plate. In Stage 3, product structure graphs are derived. The gap between the
cleat upper surface and the shoe is defined as a KC, as this is important for the
function click-in and ergonomics. The EFRT graph and sketch are then built in
Stage 4 and used for the robustness evaluation in Stage 5. In this case, a critical state
can be identified when considering the clip-in function. The gap between the top of
the cleat and the shoe (KC1) must be large enough to allow the hook to close
unhindered. Otherwise, there may be a penetration between the hook and shoe by
clip-in if there is a deviation in the hook length. This penetration results in
undesired WSP and can be visualized with the EFRT sketch. It should be noted
that this evaluation is based on only one critical state, and multiple states must be
considered for an overall evaluation.

The second case study with an angle grinder evaluatesDeductive modeling for
a high level of derivable SDK. Figure 11 shows the current generation of the angle
grinder, where both shafts connect the bevel gear and pinion in a perpendicular
arrangement. The bearing concept for the output shaft includes a deep groove
ball bearing in the bearing cap and a plain bearing in the housing. In Stage 1, the
task is defined as reducing the rejection rate in the assembly. In Stage 2, the angle
grinder is simplified in a sketch with the components relevant to the task.
Derived from the task, two KCs are defined. KC1 is the perpendicularity between
the input and output shaft as it affects the gear function. KC2 is the gap in the
plain bearing in the housing, as the problem usually occurs here during assem-
bly. Then, in Stage 3, the relationships of these components are represented in
the product structure graph. In Stage 4, the EFRT model of the angle grinder is
built. In Stage 5, the extracted EFRT graph for KC is derived. It becomes clear
that the number of GEs for KC2 can be reduced. This insight leads to an
adaptation of the concept, where the main shaft is supported only by two deep
groove ball bearings in the bearing cap. It should be noted that this adaptation
only addresses the assembly problem. Other functional requirements must also
be considered for an overall evaluation.

In both case studies, the workflows enabled the EFRT models to be built
systematically, which served as the foundation for robustness analyses of the
respective product concepts. However, certain adaptations were deemed neces-
sary due to differences in available references compared to the coiningmachine,
such as a later redefinition of the KC based on new insights from state modeling
in the clipless pedal case study. Considering the information available in the
current development project, design engineers are allowed to adapt the steps
within the stages as long as the gate can be achieved. Further evaluation of the
differences between the workflows is provided in the subsection below.
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4.2. Differences between the workflows

Of particular interest in evaluating the modeling method are the differences
between the two workflows. The differences are initially identified in the develop-
ment of the modeling method, using the example of a coining machine, and are
further elaborated in Table 1. By evaluating these differences through the lens of the
two case studies, specific required actions have been derived. These actions reflect
necessary adaptations due to different levels of derivable SDK between the case
studies and the coining machine example. These required actions are summarized
in Table 1 for clarity and comparison.

The workflows differ in tasks and problems. In Explorative modeling, the task is
to design a functional product and the problem is mostly not clearly defined, while
in Deductive modeling, the product is already designed, and the goal is to refine it
with the given problems or requirements. The case studies confirm this difference.
In case study 1, the task is defined as enabling the clip-in and clip-out of the pedal
plate while ensuring the shoe securely grips the pedal. A problem is first identified
when a critical state is found in the state model. In case study 2, reducing the
rejection rate to solve the known assembly problem refines the task. To clearly
define the task and problems, ideation or analysis methods can be helpful.

The information content in the gates shows a different direction of information
processing in bothworkflows. In Explorativemodeling, the information in the gates
is constantly being expanded, while in Deductive modeling, the information in the
gates is increasingly being precise. Comparing the twoworkflows, the SDK changes
in different directions. The higher the stage, the less difference of the SDK exists in
the gates. At the end of Stage 4, the SDK is very similar in bothworkflows. This flow
of information through gates in both workflows is also confirmed by the case
studies. In case study 1, information such as parts or relationships is not available,
less information can be used directly. More details are added from the original
hand sketch in order to build the EFRTmodel. In case study 2, various information

Table 1. Analysis of differences in the workflows and required actions for each
difference

Identified differences in the
workflows Required actions

Tasks and problems Suggestion of ideation and analysis methods

Information content in
the gates

A clear description of the required information
content in each gate

Definition of KCs Iterative process to define KCs

Focus of modeling Method to limit the system boundary

Sequence of steps A knowledge-based software to support selection in
modeling steps

Modeling of system states Considering different resolutions for modeling
rough and detailed states

Modeling of deviation Method to select different deviations for modeling

Focus of evaluation A multi-criteria robustness evaluation method
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can be reused, such as CAD data for finding GE and their relations. The analysis
removes unnecessary information at each stage. This reveals the need for a clear
description of the required information content in each gate.

The definition of KCs also varies between the two workflows. In Deductive
modeling, KC can be directly relocated in the given embodiment of the existing
concept, considering the key function of the system. In Explorative modeling, the
concept has to be structured first before KC can be defined. The case studies
partially support this difference. In the case study 2, two KCs, the gearing and the
gap in the sliding bearing, are defined in Stage 2. They are derived from the problem
of a high rejection rate in assembly. In case study 1, the first KC is identified as the
gap between the pedal plate and the pedal body, but these parts are not defined until
step 3, so the KC is also defined later. During state modeling, another KC, the gap
between the clear upper surface and the shoe, is identified as a critical parameter for
the clip-in function. This means that new information may emerge during state
modeling, which may lead to a new definition of KCs. An iterative process is
required to define KCs in the modeling method.

The focus of modeling differs between the two workflows. Explorative modeling
concentrates on thewhole system, whileDeductivemodeling targets the subsystems
that are modified during development. Besides that,Deductive modeling allows for
a more comprehensive analysis of the tolerance chain, as it includes more defined
elements, such as connecting elements or seals. Explorative modeling often omits
these elements in the concepts. The case studies confirm this difference. In case
study 1, the whole click pedal systems aremodeled, but only with the essential parts
for function fulfillment. In case study 2, the modeling is carried out in a subsystem
around the bearing and relevant connecting elements, but in more detail. This
difference is addressed in Explorative modeling in step L2.2 “defining system
boundary” and in Deductive modeling in step H3.3 “area of interest.” A method
to limit the system boundary for the analysis should be useful.

The two workflows have different sequences of steps. In Explorative modeling,
the concepts are first generated, then analyzed and modeled. In Deductive model-
ing, the existing system is analyzed and modeled first, and then a new concept is
derived. The case studies confirm this difference, and the proposed steps in the
modeling method are generally applicable to both case studies. However, some
steps are optional for the evaluation, for example, the product structure graph can
be omitted if the GEs and their relations are easy to find from the existing concept.
Still, the product structure graph serves as a gate stores intermediate information,
aiming at automated information processing. It requires knowledge and experi-
ence to reduce the effort by selecting modeling steps, a knowledge-based software
should support the design engineer in selecting the necessary modeling steps and
their sequence.

Themodeling of system states differs between the two workflows. In Explorative
modeling, the system states are unknown and need to be investigated, while in
Deductive modeling, they are given by the previous product. The case studies
partially confirm this difference. In case study 1, three states are identified: clip-
in, operation, and clip-out. Further analysis shows that there are sub-states that
need to be explored throughmodeling. In case study 2, only one state addresses the
assembly problem. It is necessary to select sufficient resolution for state modeling,
in order to find the right problem. Rough system states can be determined through
experience. For dynamic systems, it may be necessary to model detailed sub-states.
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The modeling of deviation differs between the two workflows. In Explorative
modeling, the deviation modeling is based on assumptions, and the aim is to find
the influence of the assumed deviations on the function fulfillment. In Deductive
modeling, the problem is given, it must be investigated what is the relationship
between the given problem and the deviations. The case studies confirm this
difference. In case study 2, the existing assembly problem and the tolerance
information allow an early analysis with deviations, while in case study 1, the
relevant deviations must be identified through the EFRT graph and sketch.
Functional fulfillment is affected by more than a single deviation. Therefore, a
method to select different deviations in terms of their impact and frequency of
occurrence is required for sufficient modeling.

The focus of evaluation varies in the two workflows. In Explorative modeling,
the entire concepts are assessed, with an emphasis onmodeling the critical states in
the EFRT sketch. In Deductive modeling, the evaluation focuses on the modified
parts relative to the unchanged parts, using the EFRT graph as the main tool for
comparison. The case studies confirm this difference. In case study 1, the critical
states in the clip-in are identified using the EFRT sketch. In case study 2, the
evaluation is based on the EFRT graph, which shows the contribution of GEs to the
KC and therefore the rejection rate. The evaluation so far is based on single criteria.
A multi-criteria evaluation method, for example, the robustness evaluation matrix
by Goetz et al. (2020), should be taken into account.

5. Discussion
Based on the results, the research question “How can an EFRTmodel be built whilst
taking different levels of derivable specific design knowledge for early robustness
evaluation into account?” can be answered as follows.

Motivated by the high potential of the EFRT model for early robustness
evaluation and recognizing the insufficient methodical support to build it, a
modeling method based on the EFRT model with a detailed description of the
modeling steps is provided in this paper. Depending on the design situation at the
start of the development, the derivable SDK is often different. Therefore, different
modeling activities can be derived to obtain the required SDK for robustness
evaluation. The proposed modeling method for the EFRT model takes these
differences into account when compared to the previously common qualitative
modeling methods, such as Function-Behaviour-Structure (FBS) (Gero and Kan-
nengiesser, 2014), C-K theory (Hatchuel and Weil, 2009), and modeling method
with C&C2-A (Matthiesen, 2021). It allows the sequence of modeling activities to
be adapted within a stage-gate process. Using two contrasting cases, we developed
two situation-specific workflows for building an EFRT model for early robustness
evaluation. These workflows demonstrate the flexibility of the method in adapting
to different design scenarios. While the description of RD methods in previous
studies is based on a single context (Goetz et al., 2018; Göhler and Howard, 2015;
Mathias et al., 2011), our method allows design engineers to tailor the modeling
steps to the specific requirements of each case, rather than strictly following a
predefined sequence.

For RD, awareness of deviations is emerging as a fundamental step, but
effectively dealing with such deviations in the early design stages remains a
challenge (Ebro and Howard, 2016; Hasenkamp et al., 2009). The formalization
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of the EFRTmodel and the proposedmodelingmethod in this paper allow for early
modeling of product concept deviations, enabling a systematic analysis of their
impact on functional fulfillment, which is not considered in experience-based
approaches based on RD principles (Andersson, 1997; Ebro et al., 2012; Ebro and
Howard, 2016).While existing experience-based RD principles assist in generating
robust concepts, it is still difficult to determine which principle to apply to a given
design task. The modeling method based on the EFRT model complements these
approaches by allowing for the systematic modeling and evaluation of the rela-
tionship between deviations and functions in the generated concepts. Compared to
methods like VMEA (Johansson et al., 2006) or FMEA (Teng andHo, 1996), which
operate at a higher level of abstraction and are less directly applicable in design, the
proposed modeling method offers a more detailed deviation analysis of the design
object. However, VMEA and FMEA can be integrated into the initial and final
stages of the modeling method based on the EFRT model to help identify critical
deviations and potential problems in the product concept. Managing such devi-
ations early can save costly tolerance issues in later design stages. For example, in
the case of the coining machine discussed in this paper, reducing the tilting
moment in the product concept can significantly reduce the cost of guide toler-
ances. The modeling method based on the EFRT model enhances RD by focusing
on the relationship between deviations and functions in the early stages, reducing
costly iterations caused by inadequate consideration in RD.

To ensure adequate modeling of the relationship between deviations and
functions in early RD, an appropriate method is essential. The modeling method
proposed in this paper provides a structured, step-by-step approach for evaluating
the robustness of individual product concepts based on derivable SDK. With
systematic modeling of geometric relationships and system behavior, the robust-
ness of product concepts can now be evaluated more in-depth. By providing
detailed descriptions of each modeling step and guidelines for robustness evalu-
ation, this method enhances support for early RD and helps reduce the risk of
selecting inappropriate design methods due to insufficient knowledge (Wilmsen
et al., 2019). Therefore, we believe that the modeling method based on the EFRT
model provides better support to design engineers throughout the RD process.

This paper investigates two cases of RD, the development of a new robust
concept, and the adaptation of a previous concept for robustness improvement.
The real design situation is mostly a mixed situation; therefore, the two workflows
developed in the modeling method don’t cover all the design situations. With the
evaluation of the differences between both workflows in section 4, new insights can
be identified for the further development of the modeling method. For example, a
knowledge-based software can be helpful for the selection of modeling steps within
the stages. Special situations require further investigation, for example, in the case
of a large amount of data with a low level of usability. Such investigation shows that
the derivable SDK, not only the available data, determines the modeling activities.
In many design situations, certain steps in the workflows can be skipped, for
example, when an EFRT model from the previous product is available. Another
example is the adaptation of the concept in Deductive modeling, which is not
necessary when comparing the robustness of two existing product concepts. These
special situations also reveal the need for flexible adjustment of modeling activities
between the two workflows in response to changing situations during modeling.

27/32

https://doi.org/10.1017/dsj.2024.48 Published online by Cambridge University Press

https://doi.org/10.1017/dsj.2024.48


The modeling method based on the EFRTmodel has the potential to link other
methods in different stages. For example, in Stage 2 Sketch, ideation methods can
be integrated into Explorative Modeling, for example, TRIZ (Altshuller, 1998), the
6-3-5 method (Petersson and Lundberg, 2018), and brainstorming (Hatcher et al.,
2018). Analysis methods can be integrated into Deductive modeling, for example,
SPALTEN (Albers et al., 2016). This potential to link the other methods can be
further investigated in the proposed stages of the modeling method.

A limitation of this research is that the development is based on illustrative
examples, which leaves open the question of applicability in real industrial cases. It
also remains unclear, whether the distinction between low and high levels of
derivable SDK serves its purpose in practice, where modeling steps for the EFRT
model may be influenced by additional factors. Additionally, the proposedmethod
is limited to the mechanical parts of technical systems, which remain key elements
for successful and reliable products.

The method proposed in this paper is developed for design engineers for their
design tasks in new development projects. Users of themethod are expected to have
basic mechanical engineering skills, such as understanding engineering drawings
and tolerances. Since the theoretical considerations of these design situations are
literature-based, it is recommended that the modeling steps be further investigated
in industrial studies.

The authors’ evaluation of the modeling method introduces a risk of bias. To
address this, further evaluation with subject studies is needed. The initial evalu-
ation of the modeling method in this paper focuses on the transferability to other
systems and the need to adapt workflows due to the identified differences. This is
necessary to gain preliminary insights into the application of themethod. Although
the EFRT model and the developed workflows have not been evaluated for success
factors such as applicability or efficacy for other users, the formalization in this
paper lays the foundation for future investigations. Future work will involve a
comprehensive evaluation of the modeling method through empirical studies,
including comparisons with other approaches utilized by various users.

6. Conclusion
Different design situations yield higher or lower levels of the derivable SDK at the
start of development. Recognizing the lack of consideration given to different
design situations in the current RDmethods, this paper proposes a novel modeling
method based on the EFRT model, which takes the differences in SDK into
account. By comparing the derivable and required SDK for early robustness
evaluation, different modeling activities can be derived and integrated into a
consistent stage-gate process, facilitating the individual adaptation of modeling
activities. With the modeling method proposed in this paper, design engineers are
systematically supported in the relationship between deviations and functional
fulfillment of the product concept to evaluate the robustness in early design stages.

In this paper, two workflows, Explorative modeling and Deductive modeling,
were developed to address low and high levels of derivable SDK, respectively, and
were demonstrated using the example of a coining machine. The two workflows
were applied to address different cases: one focused on creating a new, robust
product concept, while the other aimed to enhance the robustness of existing
products by adapting the design. Evaluating the developed modeling method with
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two further case studies confirms the differences between the workflows and
highlighted areas for further development of the modeling method.

Our findings highlight a modeling method that is adaptable to different design
situations by allowing adjustments at each individual stage. Currently, the adapt-
ability of our method is being developed and evaluated in two contrasting design
situations, each with low and high levels of derivable SDK. This is the first step and
the basis for further research on how to cover an even broader range of derivable
SDK. It is also a step towards maturing the modeling method in terms of its
applicability. It is now possible to build the EFRTmodel with two different levels of
derivable SDK to support robustness evaluation. This can facilitate its use, for
example, in bilateral research projects with industrial partners.
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