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Abstract

Robustness against geometric deviations is a crucial success factor in product development. While early-stage Robust Design
(RD) methods aim to improve robustness to reduce later costly iterations, they often fail to quantify the impact of concept-
specific geometric deviations on the functional fulfillment of product concepts. This paper presents an Embodiment Func-
tion Relation and Tolerance (EFRT)-based method for quantitatively evaluating the robustness of product concepts against
geometric deviations. Using the EFRT-based method, the Design Robustness Index is derived through a six-step process
as a quantitative measure to evaluate and compare the robustness of different concepts. A case study of a coining machine
demonstrates the practical application of the method. The indices generated by the method are initially validated through a
comparison with empirical testing consisting of rapid prototyping and simulation with surrogate models. The results show
a strong alignment between theoretical evaluation and empirical testing for the 16 different concepts. The proposed method
can support design engineers in quantitatively evaluating how product concepts respond to geometric deviations in the early
development stages, giving them a stronger foundation to make informed design decisions. It has the potential to reduce the
risk of costly iterations caused by geometric deviations and ensure more reliable products.
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ucts must reliably fulfill their intended functions. However,
various deviations, such as manufacturing variances, tem-
perature fluctuations, or wear and tear, can prevent a product
from functioning as expected (Geis et al. 2015). Product
failures during their usage can endanger the companies pro-
ducing them through recall costs or lawsuits. Product robust-
ness, defined as insensitivity to various deviations (Taguchi
et al. 2005), is therefore a critical success factor for a com-
pany. Mostly, issues of robustness are discovered late in the
product development, e.g., in the testing phase. This results
in significant costs and delays in the development project
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While traditional RD methods primarily aim to optimize
design parameters through experiments and simulations,
prior research has shown that the principles and appli-
cations of RD are relevant across all stages of product
development (Arvidsson and Gremyr 2008; Hasenkamp
et al. 2009). Several researchers have emphasized that
design decisions made during the conceptual and system
design phases critically influence the robustness achiev-
able in later stages (Andersson 1997; Brix et al. 2025).
Recent reviews further highlight the growing attention
devoted to RD in early design stages (Eifler and Schleich
2021), while also noting that existing methods still offer
limited methodological guidance and support for these
phases (Jugulum and Frey 2007; Gremyr and Hasenkamp
2011; Eifler and Howard 2018).

Despite this recognition, current early-stage RD
approaches insufficiently address geometric deviations
and their impact on product functionality. In particular,
they lack quantitative evaluation to assess how concept-
specific deviations influence functional fulfillment of a
product, limiting design engineers’ ability to evaluate the
robustness of product concepts.

The contribution of this paper is the introduction of a
novel robustness evaluation method, which is designed
to systematically and quantitatively assess the robust-
ness of product concepts against geometric deviations in
early development stages. The proposed method provides
design engineers with a stronger foundation for evalu-
ating concept robustness and making informed design
decisions. It has the potential to reduce the risk of costly
design iterations caused by geometric deviations and
ensure more robust and reliable products.

2 Related work and state of the art

In Sect. 2.1, the existing literature on robust design is
reviewed, with an emphasis placed on current methodologies
and key limitations. Based on these insights, the state of the
art is summarized and the research question is formulated
in Sect. 2.2.

2.1 Robust design in product development

RD can be applied throughout the product development pro-
cess (Arvidsson and Gremyr 2008). As there is no uniform
description of phases in product development, this paper
focuses on the literature-based descriptions. Taguchi et al.
(2005) categorize three main phases for RD: system design,
parameter design, and tolerance design. Pahl et al. (2007)
outline the product development process as consisting of
task clarification, conceptual design, embodiment design,
and detail design. Other researchers, e.g., Andreasen et al.
(2015) or Brown (2008) also identify different stages, often
related to specific development goals.

In this paper, the early stages of product development are
defined as the period between ideation and parameteriza-
tion (see Fig. 1). During these stages, design engineers must
make a variety of critical design decisions, including defin-
ing the preliminary geometry of the product concept. These
decisions are often guided by mental models formed dur-
ing ideation. Although the preliminary geometry is roughly
dimensioned by design engineers at this stage, the focus
remains on defining the parameter space in which an optimal
solution will later be explored through iterative refinement
during the final parameterization phase. Consequently, these
early design decisions have a significant impact on func-
tional fulfillment and require careful attention from design
engineers (Ullman 2010).

Fig. 1 Process of product devel- [ |
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Some methods support the ideation phase in engi-
neering design, such as the 6-3-5 method (Petersson and
Lundberg 2018) or brainstorming (Hatcher et al. 2018).
These techniques aid in generating ideas, but the cre-
ated concept must then be refined into a product that can
be realized. In mechanical product design, this involves
defining the geometry of the concept, followed by detailed
design with parameterization (Pahl et al. 2007). However,
the phase between ideation and detailed design, where
geometry needs to be defined but parameterization is not
yet required, typically depends on the intuitive decisions
of design engineers and often lacks methodical support
(Goetz et al. 2020).

Traditional methods of RD primarily focus on parameteri-
zation at later stages of development, where a well-defined
geometry is available (Gremyr and Hasenkamp 2011). In
these phases, parameters can be optimized for robustness
through experimentation and simulation (Phadke 1989;
Taguchi et al. 2005). For example, the signal-to-noise ratio
can be calculated based on experimental data to evaluate a
product’s robustness against various noise factors (Taguchi
et al. 2005). However, early-stage design decisions have a
critical impact on overall robustness, product performance,
and cost (Andersson 1997; Ullman 2010). This goes along
with the common understanding that early design decisions
largely define the final characteristics and costs of a product.
Early robustness considerations can help prevent costly con-
cept changes and stringent tolerance requirements. A proper
concept design should consider multiple different solutions,
which should be selected with respect to product require-
ments and constraints. The aspect of robustness is one of
these requirements and should therefore be considered at
this stage, even though it cannot rely on final quantitative
characteristics. Although early RD is essential for develop-
ing robust products, its implementation in practice remains
challenging due to limited quantitative information (Eifler
and Schleich 2021; Jugulum and Frey 2007).

Considering deviations in the early stages of product
development is essential for RD, as deviations can impact a
product's functional performance (Hasenkamp et al. 2009).
Among various sources of variation, geometric deviations
are particularly common and critically influence product
quality and functionality. For this reason, they are the pri-
mary focus of this paper. Geometric deviations can be lim-
ited by specifying tolerance requirements to ensure the prod-
uct quality (Morse et al. 2018). Typically, computer-aided
workflows for detailed tolerance simulations are used to
evaluate the defined product design (Qin et al. 2017). While
tolerance management ensures product quality, it does not
inherently improve robustness, as robustness is determined
by the design itself. Attempting to compensate for non-
robust designs by tightening tolerances is both challenging
and costly (Ebro and Howard 2016).

Several methods have been developed to support the
early consideration of deviations, including Variation Risk
Management (Thornton 2004), Variation Mode and Effects
Analysis (VMEA) (Johansson et al. 2006), and early error
detection based on knowledge graphs (Faheem et al. 2023).
These methods are useful for identifying deviations early
in the design process but do not directly support design
tasks. Mathias et al. (2011) further advanced this field with
the introduction of the Robustness Ratio, an approach for
assessing the robustness of a functional principle once its
underlying physical relationships are understood. While
these methods are valuable for identifying deviations and
analyzing their impact, thus enabling targeted measures to
mitigate these effects, they fall short in evaluating robustness
against geometric deviations, as they minimally consider the
embodiment of individual concepts. To support design engi-
neers in their decision-making process in the early stages
of product development, expert-based RD principles can
be used (Andersson 1997; Ebro and Howard 2016; Eifler
and Howard 2017; Li et al. 2023). For instance, considering
these principles can prevent systems from being either over-
determined or underdetermined (Eifler and Howard 2017).
However, proving the effectiveness of these principles
is challenging, as they contradict each other, and the link
between these principles and the functional performance of
individual product concepts is not well understood (Hor-
ber et al. 2024). For example, reducing design parameters
and incorporating tolerance adjustment elements represent
two different principles, and a trade-off must be considered
when applying them (Li et al. 2023). Gohler and Howard
(2015) and Goetz et al. (2019) have attempted to combine
these principles into an evaluation matrix to allow for the
simultaneous consideration of various principles in robust-
ness evaluation. However, these methods still cannot be used
to analyze the impact of potential geometric deviations on
the functional behavior of the product concept. Therefore,
there is a need for a method that can support the analysis of
the relations between geometric deviations and functional
behavior in the early design stages.

There are several approaches that support the analysis
of the relations between a product’s embodiment and its
functions in the early stages of product development. Meth-
ods such as the Design Structure Matrix (DSM) (Eppinger
et al. 1994), Axiomatic Design (Suh 1998) and Character-
istic Property Modelling (CPM) (Weber 2014) investigate
dependencies within the system architecture to assign dif-
ferent functions to components. By reducing the coupling
of components for the same functions, the robustness of the
system can be improved. The Function-Behaviour-Structure
(FBS) framework proposed by Gero and Kannengiesser
(2014) extends this mapping to include the functional
behavior of a system. These approaches are well-suited for
application during the system design phase, but they are

@ Springer



23 Page 4 of 21

Research in Engineering Design (2026) 37:23

challenging to apply to early RD of the product geometry, as
the often sketch-based graphical representations of a product
concept are difficult to integrate into a matrix. Here, a graph-
based approach has been proposed (Goetz et al. 2018). This
approach breaks down the product concept into geometric
elements and models the geometric relations in the product’s
structure. Based on the geometric relations in the derived
graph, robustness of a product concept can be evaluated
quantitatively with the approach introduced by Goetz et al.
(2019). However, this evaluation also relies on a combina-
tion with RD principles and does not provide insights into
functional behavior.

In early design stages, exploring the design space is cru-
cial. Methods like enhanced function-means (EF-M) mod-
eling systematically generate and analyze alternatives by
enriching function modeling (Miiller et al. 2019), while solu-
tion space engineering focuses on systematically exploring
tolerances and uncertainties in design parameters to improve
performance reliability (Zimmermann and Hoessle 2013).
Margin-based approaches, introduced by Thunnissen and
Tsuyuki (2004) and advanced in the Margin Value Method
(MVM) (Brahma et al. 2022; Brahma and Wynn 2020),
enable rigorous evaluation of design margins for robust-
ness and flexibility under uncertainty. Building on MVM,
Al Handawi et al. (2024) proposed a framework integrat-
ing EF-M with margin-based metrics to generate, evaluate,
and rank large sets of feasible concepts by quantitatively
balancing flexibility and performance trade-offs amid uncer-
tainty. While these methods support systematic early design
exploration, design engineers often face practical challenges
in using the results from these methods to make informed
decisions, particularly when estimating the impacts of geo-
metric deviations on functional behavior during real-world
design tasks.

To gain deeper insights into the functional behavior of a
product concept, it is essential to distinguish cases based on
whether geometric deviations introduce additional degrees
of freedom (see Fig. 2). If the system, following the design
guideline of Eifler and Howard (2017), is neither overde-
termined nor underdetermined, and no additional degrees
of freedom arise from the geometric deviations, the func-
tional behavior can be directly inferred from the geometric
relationships (see Fig. 2 on the left). However, if geometric

deviations do introduce additional degrees of freedom, the
functional behavior becomes dependent on these deviations
(see Fig. 2 on the right). In such cases, traditional statistical
variation analysis, relying solely on geometric relations, may
yield overly broad parameter ranges due to the undefined
behavior. In practice, the system behavior depends on the
load path and typically exhibits less variability, significantly
affecting the actual robustness of the product concept.

Functional behavior can be analyzed using the Contact
and Channel Approach (C&C?-A) (Matthiesen et al. 2019),
although geometric deviations are not yet considered in this
approach. The EFRT model combines the advantages of both
the graph-based approach and the C&C2-A, enabling the
analysis of the relations between geometric deviations and
functional behavior (Horber et al. 2022; Li et al. 2024b).
Further research already demonstrates the practical appli-
cability of this model in industrial contexts (Kleinhans et al.
2024; Li et al. 2024d). The EFRT model currently lacks a
quantitative method to evaluate robustness, making it diffi-
cult to directly compare the quality of multiple concepts. As
a result, while the EFRT model shows significant potential
for robustness evaluation, the development of a comprehen-
sive quantitative method for comparing multiple concepts
remains an open area of research.

2.2 Summary of the state of the art and research
question

Many models and methods support RD, and some of them
are specifically developed to be applicable in early RD.

To evaluate the robustness of a product concept dur-
ing these stages, it is essential to thoroughly analyze and
assess the relations between functional fulfillment and
geometric deviations within a system. Functional fulfill-
ment, a key aspect of robustness evaluation in this paper,
is inherently linked to both the product’s structure and its
expected behavior (Gero and Kannengiesser 2014). While
Goetz et al. (2019) address robustness from the perspective
of geometric structures by evaluating the impact of geomet-
ric relations on product robustness, existing methods do not
sufficiently assess robustness from the perspective of func-
tional behavior. As a complement, the method proposed by
Matthiesen et al. (2019) can be applied to assess system

Fig.2 Case distinction: geo- 4
metric deviations may result in
additional degrees of freedom

and unknown system behavior
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behavior, provided that specific geometric deviations are
identified. The research gap lies in the lack of methods that
quantitatively assess the robustness of product concepts by
simultaneously considering both geometric structures and
the functional behavior of the product concept. The EFRT
model introduced by Horber et al. (Horber et al. 2022),
which combines the advantages of the approaches of Goetz
et al. (2019) and Matthiesen et al. (2019), has the potential
to bridge this gap.

The problem is that, with existing methods, it is difficult
for design engineers to quantitatively evaluate the robustness
of product concepts against geometric deviations, limiting
their ability to make reliable design decisions. Therefore, we
have derived our research question:

Research question: How can the robustness of product
concepts against geometric deviations in the early stages of
product development be quantitatively evaluated?

To address the research question, a method for quanti-
tative robustness evaluation in early RD is developed. In
accordance with the Design Research Methodology frame-
work by Blessing and Chakrabarti (2009), an initial vali-
dation of the proposed method is conducted in this contri-
bution. This paper is structured as follows: In Sect. 3, the
EFRT-based method for robustness evaluation is presented.
This is followed by a validation study using a case study
in Sect. 4. In the case study, the EFRT-based method for
robustness evaluation is first applied to a coining machine
to evaluate the robustness of various design concepts. The
evaluated robustness is subsequently validated through test-
ing. The results of the robustness evaluation and the testing
are then compared. The insights and limitations are then
discussed in Sect. 5. Conclusions are drawn in Sect. 6.

Fig.3 The EFRT model aims to
represent the relation between
geometric deviations and
functional fulfillment within a
product concept

3 EFRT-based method for robustness
evaluation—deriving the Design
Robustness Index

This section introduces the EFRT-based method for robust-
ness evaluation, which aims to address the research ques-
tion. In Sect. 3.1, the EFRT model is presented as the foun-
dational basis for the proposed approach. Section 3.2 then
introduces the method proposed in this paper, outlining the
objectives and expected outcomes of each step within the
method.

3.1 The embodiment function relation
and tolerance model

As the EFRT model shows a high potential for application
in early RD, it is introduced in more detail in this section.
The EFRT model aims to represent the relation between geo-
metric deviations and functional fulfillment within a product
concept, as illustrated in Fig. 3. The EFRT model is com-
posed of two primary components: the EFRT graph and the
EFRT sketch, which together model the product concept and
associated geometric deviations. To evaluate functional ful-
fillment, the model employs the concept of Key Character-
istic (KC) as defined by Thornton (2004), which represents
a quantifiable specification whose deviation significantly
impacts functional fulfillment. The model integrates five
key model elements: Key Characteristic (KC), Geometry
Element (GE), Working Surface Pair (WSP), Contact and
Support Structure (CSS), and Connector (C), as proposed
by Li et al. (2024b). By modeling both geometric deviations
and the resulting changes in KCs, the EFRT model provides
a comprehensive qualitative evaluation of product concept
robustness.

Aim of the EFRT model: modeling the relation between
geometric deviations and functional fulfillment

Product Functional
concept fulfillment

l l

EFRT modeling :> KCs
(EFRT Graph and Sketch) modeling

g Robustness evaluation <::JJ

Product = Geometric
concept deviations
EFRT Deviation

model modeling

Legend:

EFRT = Embodiment Function Relation and Tolerance

KC = Key Characteristic
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For a better illustration of the EFRT model, a hand-oper-
ated coining machine is used as an example, with its work-
ing principle depicted in Fig. 4a on the left. In this system,
manual operation generates force by pressing the bars (3)
and (4), causing the piston (5) to move downward while
being guided by a cylindrical guide (6). During this down-
stroke, the coin, positioned on the bed (1), is minted by the
piston. After the minting process, the system facilitates the
release of the minted coin from the piston.

Figure 4a demonstrates the procedure to create the EFRT
models, including the EFRT graph and EFRT sketch, for the
example coining machine system, as explained below.

The EFRT graph models the system structure by decom-
posing the product into GEs and the geometric relations con-
necting them. The simplified procedure to create an EFRT
graph is shown in Fig. 4a) (system structure modeling) and
consists of the following steps. First, the assembly is divided
into function-relevant parts, each assigned an identifier, for
example the piston (5). Next, the relations between these
parts are defined, such as a cylindrical joint between the bar
(4) and the piston (5), or a prismatic joint between the piston

Fig.4 Overview of building

(5) and the guide (6). The parts are then further decomposed
into GEs, i.e., interacting surfaces. For instance, the piston
(5) contains the hole (5a), skirt (5b), and crown (5¢) as GEs.
After that, the EFRT graph of the assembly is created by
representing each GE as a node and connecting nodes with
edges according to the identified geometric relations. These
relations are stored as labels on the edges; for instance, the
perpendicularity of the crown surface to the skirt surface is
attached to the edge between (5¢) and (5b). A more detailed
description of the procedure for constructing EFRT graphs
is provided in Li et al. (2024b). At the end of the coining
state, the KC coin angle is defined by the angle between the
piston crown (5c) and bed support surface (1a). As observed
in the EFRT graph, this KC can be influenced by two distinct
loops, from each of which a tolerance chain could be derived
during detailed design phase. Importantly, KCs in this work
represent functional behavior evaluated at the system level,
not classical manufacturing tolerance chains. When multiple
loops contribute to one KC, these represent alternative struc-
tural paths affecting the same functional behavior, rather
than simultaneously enforced tolerance chains. While such

a) Procedure to create the EFRT models

n lying the EFRT model
ialh?s?ilt)e}:i \fltth 6t)he exam ;): (:)f Eroduct . EFRT model
. . P concept System structure modeling
a coining machine. The figure
depicts a) the procedure to cre- E e Assembly § 1 P i grap
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modeling and b) the modeling
of the relation between geomet- .
ric deviations and functional @)\
fulfillment. Functional fulfill- F‘
ment is represented using key g
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®

machine = l

elements of the figure are
adapted from Li et al. (2024b)

Interest

Modeling of geometric
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Area of

b) Modeling the relation between geometric deviations and functional
fulfillment with EFRT models

Modeling of functional
fulfillment

Modeling of product
concepts
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Legend:
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configurations should be avoided for optimal robustness and
tolerance traceability, they reflect realistic scenarios (e.g.,
car body structures, scissor lift mechanisms) (Goetz et al.
2018). To minimize the influence of individual GEs on the
KC, the shortest functional loop surrounding the KC can be
extracted for focused analysis, as proposed by Goetz et al.
(2018).

The EFRT sketch models the system behavior under geo-
metric deviations. To create an EFRT sketch, the designer
first defines a “area of interest” within the product concept
(see Fig. 4a, system behavior modeling) to limit modeling
scope. This area is selected based on its critical role in func-
tion fulfillment. For example, the coining area including
the piston (5), the guide (6) and the bed (1) is designated
as the area of interest, as it directly affects coining qual-
ity and functional fulfillment. Once this area is defined and
sketched, key C&C2-A elements (WSP, CSS, Connectors)
are identified and incorporated into the EFRT sketch. For
example, the minting force transmission is modeled as fol-
lows (Fig. 4a, system behavior modeling): starting with the
WSP between lower bar and piston hole, the load path con-
tinues through the CSS in piston body, and ends at the output
WSP (piston-coin contact), with Connectors representing
boundary conditions (input force from the lower bar and
support from bed. WSPs can be added or removed across
different system states, enabling state-specific modeling
of system behavior. To complete the EFRT sketch, critical
geometric deviations are visualized at the relevant locations
where they affect WSPs and CSSs. These deviations may
alter contact conditions or load paths, with the resulting
KC deviation indicated in the EFRT sketch (Fig. 4a, EFRT
sketch). This visualization supports the detailed exploration
of KC and its reliance on geometric characteristics.

Figure 4b illustrates how the created EFRT models (graph
and sketch) are used to analyze the relations between geo-
metric deviations and functional fulfillment. Geometric
deviations are integrated into the EFRT graph and visual-
ized within the EFRT sketch, as shown in Fig. 4b on the left.
The impact of these deviations on KCs can be then modeled
using both the EFRT graph and sketch. In an EFRT model, a

| o
N\ (

KC can be assigned into the EFRT graph between GEs, or it
can be drawn directly in the EFRT sketch (see Fig. 4b on the
right). For the coining machine example, a KC is defined as
the angle between the upper and lower surfaces of the coin,
which is expected to be 0° for ideal functionality. Using the
EFRT model, potential KC deviations can be modeled early
in the design process.

For a more detailed description of the modeling process,
the stage-gate process proposed by Li et al. (2024b) sup-
ports the step-by-step building and application of the EFRT
model for robustness evaluation. This modeling process has
already been evaluated as well applicable through a subject
study (Li et al. 2024c).

3.2 The EFRT-based method for robustness
evaluation

The EFRT-based method for robustness evaluation is tai-
lored for early mechanical design stages, bridging ideation
and detailed design, where geometry must be defined but
detailed parameterization is not yet required. It focuses on
robust analysis of design characteristics rather than con-
ceptual exploration. The method consists of six steps, as
shown in Fig. 5. The purpose of this structured robustness
evaluation is to assess various design concepts in terms of
their robustness against a specified geometric deviation. At
the end of the method, a Design Robustness Index (DRI)
is obtained, which enables a comparative evaluation of the
robustness across different concepts. For improved clarity
and understanding, its detailed application is demonstrated
later in Sect. 3 through a case study.

Step 1: Define key characteristic (KC)

The aim of this step is to define a parameter that repre-
sents the quality of functional fulfillment, enabling the eval-
uation of how well the function is fulfilled. In this method,
KC (see Sect. 2.1) is used as the evaluation metric for func-
tional fulfillment. The KC lies within the so-called area of
interest, which refers to the location critical to functional ful-
fillment and requires particular attention in the analysis. This
area is delimited so that only the elements that primarily

Key Characteristic
(KC) v

System behavior
\evaluation: Sketch Index)

J
EFRT modeling F
I (

Determine Indices

s Design Robustness
Weighting » ]

Index (DRI)

Geometric *

deviations

System structure
_evaluation: Graph Index |

N

Fig.5 The EFRT-based method for robustness evaluation has six steps to derive the Design Robustness Index
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influence the functional performance are considered. For
functional fulfillment, the KC has an ideal value that allows
the function to be realized optimally. This ideal KC value is
achieved with an ideal geometry. In reality, there is always
a deviation from the ideal KC value, as the real KC value is
influenced and determined by other deviations in the product
geometry as well as the relevant system states. Deviation
in the KC can lead to reductions in the functionality of the
product, making it crucial to define the KC in this step. The
output of this step is a defined KC or multiple KCs, whose
deviations will be evaluated in later steps.

Step 2: Identify critical geometric deviations

The aim of this step is to identify critical deviations in
the product concept, as these deviations can lead to impair-
ments in functional fulfillment. Real components deviate
from the ideal design due to factors such as manufacturing
tolerances, assembly deviations, and other variations, which
can cause the KC value to deviate from the ideal value. To
answer the question of which concept is more robust under a
given deviation, critical geometric deviations must be identi-
fied, such as form deviations or clearances. While geometric
deviations generally fall within standard tolerances, certain
critical deviations, caused by manufacturing or wear, may
exceed these tolerances and typically have a greater impact
on the KC. To identify the critical deviations, experience
from previous product generations (Albers and Rapp 2022)
should be considered. Specifically, design engineers need
to identify potential deviations based on their knowledge
of previous projects or reference products. Tools such as
VMEA (Johansson et al. 2006) can assist in this assessment.
The output of this step is the identification of critical geo-
metric deviations, which will be further analyzed in the next
step to assess their influence on the KC.

Step 3: Perform EFRT modeling

The aim of this step is to build the EFRT models (EFRT
graph and sketch) for the product concepts, as these models
serve as the foundation for robustness evaluation. This step
is divided into two parts: evaluating the system structure
through the EFRT graph and assessing the system behavior
in the critical area through the EFRT sketch. An introduction
to the EFRT sketch and graph can be found in Sect. 3.1. A
more detailed description of how to build the EFRT model
from different design situations is provided using the mod-
eling method developed by Li et al. (2024b). As mentioned
in Sect. 3.1, KC is integrated into the EFRT graph to identify
the functionally relevant GEs (see Fig. 4a, EFRT graph). To
determine the system behavior, state modeling is performed
based on the EFRT sketch for the area of interest. Deviations
in boundary conditions, inputs, and the system itself are con-
sidered to model and visualize the deviation of KC in the
EFRT sketch (see Fig. 4a EFRT sketch). This modeling pro-
cess helps to understand how the system will behave under
the given conditions and deviations. The output of this step
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is the EFRT graph and sketches, which model the geometric
deviations and KCs.

It is important to understand when state modeling is criti-
cal. In this paper, we assume that deviations within gen-
eral tolerance limits do not introduce substantial additional
degrees of freedom. In this case, the EFRT graph is suffi-
cient for the evaluation. However, if some specific deviations
introduce additional degrees of freedom, system behavior
becomes influenced by these deviations. Therefore, state
modeling is required to analyze the system behavior. In this
case, the EFRT sketch is essential for examining system
behavior under each specific deviation.

Step 4: Determine indices

The aim of this step is to determine the indices from the
EFRT graph and sketch, enabling the quantification of the
evaluation through these models. For both evaluating fac-
tors (system structure and system behavior), a separate per-
formance indicator is determined. The output of this step
includes the Graph Index (GI) and the Sketch Index (SI),
which will be used together in the next step for robustness
evaluation. The indices are intended as comparative, semi-
quantitative indicators for early design stages rather than
absolute measures of robustness.

The Graph Index evaluates whether the system structure
of the product concept is well-structured or poorly struc-
tured. It is calculated by the number of GEs, i.e., the length
of the functional chain (see Sect. 3.1), using the created
EFRT graph. A longer functional chain, which contains
more GEs, means more contributors to the KC, and therefore
a higher risk of deviation in the KC. The concept with the
longest chain (the highest number of GE) receives a value of
1 as its Graph Index. The remaining concepts receive Graph
Index values within the range of 0—1, depending on the num-
ber of GE relative to the number of GE of the concept with
the longest chain. This can be expressed as:

Graph Index (GI)
Number of GE in current graph e))

= Number of GE in graph with longest tolerance chain

The Graph Index implies a tendency toward reduced
robustness with more contributors (longer chains), as each
additional GE increases the probability of larger robust-
ness losses through deviation propagation. However, this
is a risk-oriented heuristic for early design phases where
detailed tolerances and uncertainty data are unavailable,
rather than a fixed rule applicable once such information
becomes available.

The Sketch Index evaluates the functional behavior of the
system under the identified critical deviations in relevant
system states. It is calculated by evaluating the deviation in
the KC across the concepts. This deviation can be influenced
by variations in boundary conditions, the system, and input.
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Through state modeling in the EFRT sketch from Step 3 and
incorporating the critical deviations identified in Step 2, the
deviation in KC (defined in Step 1) of the concepts from its
ideal value has to be estimated using various physical laws.
The concept with the greatest deviation receives a value of
1 as its Sketch Index. The remaining concepts are assigned
Sketch Index values within the range of 0—1, based on their
respective deviations from the ideal KC value. The Sketch
Index for an individual deviation can be expressed as:

Sketch Index (SI) = Deviation of KC in current sketch

Maximum deviation of KC across all sketches
@)

Due to limited availability of detailed tolerance, uncer-
tainty, and statistical information in early design phases,
the Sketch Index is not intended as an absolute measure of
robustness. Instead, it enables a structured comparison of
alternative concepts with respect to their sensitivity to criti-
cal deviations under varying boundary conditions, system
states, and inputs.

For multiple individual deviations, the SI must be calcu-
lated separately for each deviation, while the Graph Index is
calculated only once for the entire system structure.

Step 5: Define weighting factors

The aim of this step is to assign appropriate weighting
factors to the indices derived in the previous step, enabling
a unified evaluation using these indices. Each index (Graph
Index and Sketch Index) is assigned a weighting factor,
based on its importance in the overall system performance.
The weighting factor is determined by evaluating how sig-
nificant the identified deviation is compared to others, con-
sidering its impact on the KC. This involves considering the
experience and know-how within the company regarding the
manufacturing and assembly of components. Defining the
weighting factors requires expertise and must be done con-
text-specific to ensure that they accurately reflect the most
critical aspects of the deviations for the specific application.

For simplicity and practical application in determining
weighting factors, this paper adopts a four-point Likert
scale, following Robbins and Heiberger (2011). The scale
is defined as follows: Graph Index addresses general devia-
tions and tolerances within the product concept. Tolerance
class, defined as the allowable geometric deviations for a
product's components, is a critical factor that affects both
cost and functional fulfillment. These classes are determined
by design engineers in accordance with company-specific
requirements and practices. In this paper, the tolerance
classes specified in ISO 2768-1 are used to determine the
weighting factor of the Graph Index. On a scale of 1 to 4,
this corresponds to fine, medium, coarse, and very coarse

according to ISO 2768-1. A very coarse tolerance class
requires compensation through a robust system structure
design. Sketch Index focuses on specific deviations that
impact functional behavior which were identified in Step 2.
These deviations often exceed general tolerances or specific
tolerance specifications due to factors like manufacturing
variations or wear and tear, demanding additional attention.
Thus, the probabilities of occurrence that these specific
deviations exceed the tolerance specifications, identified in
Step 2, are weighted. On a scale of 1 to 4, this corresponds
to very small, small, large, and very large probability. Based
on company-specific experience, design engineers can also
individually adjust these weighting factors as needed. While
the weighting factors are necessarily subjective, their struc-
tured definition enhances transparency, consistency, and
repeatability within a given organizational context.

The output of this step is the assignment of a weighting
factor to each index, which will be used in the next step for
the final robustness evaluation.

Step 6: Calculate Design Robustness Index (DRI)

The aim of this step is to combine the indices from Step
4 using the weighting factors from Step 5, allowing for an
evaluation of the robustness of a product concept consider-
ing both system structure and system behavior. The Design
Robustness Index (DRI) is calculated by summing the prod-
ucts of each weighting factor with its corresponding Graph
Index and Sketch Index. Suppose the weighting factor for
the Graph Index is denoted as a, and the weighting factors
for each individual deviation’s Sketch Index are denoted as
b;. Then, the DRI can be calculated as:

Design Robustness Index (DRI) = a - GI + Zz;lbiSli 3)

It is important to note that a higher DRI value indicates
lower robustness. Therefore, as the DRI increases, the
robustness of the product concept decreases. After com-
pleting Step 6, the DRI is derived and compared across
all evaluated product concepts to enable informed design
decisions. Through systematic analysis and comparison of
product concepts using EFRT graphs and sketches, design
engineers gain deeper insights into the relative robustness
of different concepts. This knowledge supports subsequent
synthesis steps. For instance, design engineers may select
the concepts with the lowest DRI for further consideration,
or alternatively, identify how concepts with higher DRIs can
be optimized through design modifications to yield more
robust solutions. In such cases, the newly generated concepts
undergo comparison with the existing ones, and new DRIs
are derived to guide the final design decision.
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4 Case study for an initial validation
of the EFRT-based robustness evaluation

This section addresses the initial validation of the indices
derived through the EFRT-based method within a case study
involving a coining machine. The robustness evaluation is
first conducted, and the resulting Graph Indices and Sketch
Indices are validated through testing.

The process of the validation study is shown in Fig. 6.
First, different concepts of the coining machine, in which the
robustness needs to be evaluated, are presented (see Fig. 6, at
the top). During the design of the coining machine, various
design decisions must be made. In this paper, four typical
design decisions should be made concerning four different
design characteristics (see Fig. 6 Step 1 on the right): the
connecting rod length (long or short), the borehole position

in the piston (top or bottom), the length of the guide ele-
ments (long or short), and the connection of the guide (to
the bed or frame). With these four design decisions and two
options for each, a total of 16 concepts result, as shown in
Fig. 6. According to the p-diagram framework described by
Jugulum and Frey (2007), the design characteristics listed
are designated as control factors decided by designers, while
geometric deviations act as noise factors. In this system, the
input signal corresponds to the crank rotation, and the output
response is the coining angle, which represents the coining
quality and requires evaluation. The robustness of these 16
concepts needs to be evaluated.

In Step 2 (see Fig. 6, middle left), the robustness of
the product concepts is evaluated by the authors using
the EFRT-based method, resulting in different DRIs. It is
important to assess how the subjective robustness evalua-
tion by the authors aligns with the objective measurement of

Overview of the four methodical steps of the case study

?Material: 16 Concepts of the coining machine ]

(— ~ )
o1 %_% c2 H c3 %_% ca %@% Connecting rod length: long
I I 18] /Borehole position: top
\_ Length of guide: long
c5 Cs { ¢ C7 cs 1| : —
Il 1] als «—|Connection of the guide: bed
Connecting rod length: short
o) %'é c1o%ﬁ c11% C12& /B o e
orehole position: bottom
Length of guide: short
1 él % 14 g % 1 1 /
Ll | C b 5'% ¢ GIEﬁ / «—— Connection of the guide: frame

Robustness evaluation

:n S

KC o[ aet—
DRI: Graph/Sketch Index ]

Experiments Simulation

Compare

measured/simulated
coin angle (KC)

Validation of the robustness

evaluation via Graph/Sketch Index |

Legend: Cn = Concept n

DRI =

Design Robustness Index

KC = Key Characteristic CSS = Channel and Support Structure

Fig.6 Case study for an initial validation of the robustness evaluation: 16 concepts of the coining machine are evaluated with the EFRT-based

method, and the evaluation results are compared with the testing results
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robustness for the coining machine. As described in Sect. 3,
KC is the key parameter for robustness evaluation. To meas-
ure KC early in the development phase, preliminary testing
is conducted using surrogate models. This testing is carried
out either through experiments or simulations in Step 3 (see
Fig. 6, middle right). The selection of the testing methods is
then explained. In the final Step 4 (see Fig. 6, at the bottom),
the Graph Indices and Sketch Indices are compared with
the measured or simulated KCs to validate the robustness
evaluation.

4.1 Robustness evaluation for the coining machine

The robustness of the 16 coining machine concepts was
evaluated systematically using the EFRT-based method for
robustness evaluation, as described below. The exemplary
procedure for Concept 1 is shown in Fig. 7.

In Step 1, a KC for the coining machine was defined. For
this case study, the KC is the angle between the coin's upper
and lower surfaces, as it directly reflects the coin's quality
(see Fig. 7). The ideal value for the KC is 0°. Deviations
from this value indicate a reduction in functional fulfillment,
with larger angles correlating to poorer functional outcomes.
The KC value is influenced by the geometric deviations and
system states defined in the subsequent steps. Consequently,
the KC values vary across different coining machine con-
cepts due to differences in their tolerance chains, which are
represented by the EFRT graphs, and system states, which
are visualized in the EFRT sketches, both resulting from
distinct designs.

In Step 2, the relevant geometric deviations to be ana-
lyzed were identified. In the ideal state, all concepts of the
coining machine inherently include minor deviations that fall
within the general tolerance limits specified by ISO 2068-
1, reflecting standard manufacturing tolerances. However,
due to limitations in manufacturing processes, some devia-
tions frequently exceed these tolerances. To reduce rejec-
tion rates caused by such deviations, the coining machine
should be designed to be robust against them. Two specific
types of deviations were selected for this study: piston shape
deviation and clearance deviation (see Fig. 7), as these com-
monly result from manufacturing inaccuracies or wear over
time. For piston shape deviation, the ideal state is that the
side and bottom edges of the piston are perpendicular. To
evaluate robustness, an angular deviation of 5° from this
rectangle was introduced. For clearance deviation, the ideal
state involves a fit of H7/m6 between the piston and guide.
To evaluate robustness against this deviation, an increased
clearance of 2 mm was analyzed. Based on previous experi-
ence, other geometric deviations within the system are con-
sidered less critical to exceed standard manufacturing toler-
ances. The deviation magnitudes used in this case study are
intentionally amplified to clearly demonstrate the proposed
method’s capability to evaluate the influence of geometric
deviations at the concept stage. These values should not be
interpreted as nominal manufacturing tolerances, but rather
as representative of potential operational or wear-induced
deviations. In early design phases, exact tolerance values
are typically unknown and are defined only in later stages;
therefore, the objective here is to analyze relative sensitivi-
ties and robustness trends rather than absolute numerical

Robustness evaluation for coining machine Concept 1

e Indices

———
GI:

KC: é; ; : J EFRT sketch EFRT graph

5/8=0.63

I

. [

Specific |
deviation I | deviation I

[

- Y |

[ m— |

Legend: KC = Key Characteristic

GI = Graph Index

——
SII:
CSS
g ."9 " 59/6°=0.83
Specific ) Ke oI ( )
I

ST II:
0.5°/5°=0.10

CSS = Channel and Support Structure
= Sketch Index

DRI = Design Robustness Index

Fig.7 Application of the six-step EFRT-based method for robustness evaluation to Concept 1 of the coining machine, resulting in the Design

Robustness Index
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accuracy. Scaling the deviation magnitudes would not affect
the qualitative behavior or the relative robustness ranking of
the investigated concepts.

In Step 3, the EFRT graphs and EFRT sketches were
derived. State modeling was carried out for piston shape
deviation and clearance deviation across all 16 concepts,
resulting in a total of 32 EFRT sketches. Since the EFRT
graph does not consider specific geometric deviations, each
concept is represented by only one EFRT graph. Concepts
1-8, due to their identical system structure, share the same

EFRT graph. In contrast, due to differences in the connec-
tion of the guide mechanism to the frame, Concepts 9-16
are characterized by a distinct EFRT graph.

In Step 4, the Graph Indices and Sketch Indices were
determined. For the EFRT graph, concepts 1-8 had five
GEs, as shown in Fig. 7, while Concepts 9-16 included
eight GEs in their EFRT graph (see Fig. 8 Concept 9).
Using Eq. (1), the Graph Indices could be calculated. For
the EFRT sketches, state modeling for the minting state was
performed, including piston shape deviation and clearance

GI = Graph Index

SI = Sketch Index

DRI = Design Robustness Index

Concept 3 Concept 5
Concept
| 17l
EFRT sketch I [EFRT sketch II| EFRT graph | EFRT sketch I | EFRT sketch 11| EFRT graph
for deviation 1 | for deviation II for general for deviation I | for deviation II for general
deviations deviations
A | [l B A | Il
EFRT @
modeling % % % =
css g| css <2 CSS§ - css f :lE
KCal % KC a2 KCa( & |KCall =2 —
Indices | SI,=3°/6°=0.50 |SI,=0.5°/5°=0.10| GI=5/8=0.63 | SI,=2°/6°=0.33 |SI,=0.5°/5°=0.10| GI=5/8=0.63
Weighting 2 3 4 2 3 4
DRI 3.8 3.5
Concept 9 Concept 10
Concept
I [
EFRT sketch I [ EFRT sketch II| EFRT graph | EFRT sketch I |[EFRT sketch 11| EFRT graph
for deviation I | for deviation II for general for deviation I | for deviation II for general
deviations deviations
e | WOR | Il B A | Il [u
~ Ny Ny DA IR & (029
modeling @ KC 0 0 KC
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kKeaTE=  |keo = |6 )@ kealmem | keaim= | G2)-62)E)20)
Indices | SI;=5°/6°=0.83 [S1,=0.5°/5°=0.10| GI=8/8=1.00 | SI,=6°/6°=1.00 | SI,=5°5°=1.00 | GI=8/8=1.00
Weighting 2 3 4 2 3 4
DRI 6.0 9.0
Legend: KC = Key Characteristic ~ CSS = Channel and Support Structure

Fig. 8 Excerpt from the results of the robustness evaluation. Low DRI means higher robustness. Concept 5 is the most robust of the four pre-
sented concepts, whereas Concept 10 demonstrated the lowest robustness
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deviation. This allowed the evaluation of the deviation in
KC. i.e., the coin angle, for each concept during this state.
The Sketch Index was then calculated using Eq. (2), based
on the maximum evaluated coin angle throughout the con-
cepts and the evaluated angle in the current concept. For
instance, as illustrated in Fig. 7, the EFRT sketch for Con-
cept 1 showed that due to the tilting moment, the piston
consistently contacted the guide during the minting process.
Consequently, the KC angle was evaluated to be 5°, reflect-
ing the 5° piston shape deviation.

In Step 5, the weighting factors for the Graph Indices
and Sketch Indices were defined (see Fig. 7). Based on
experience gained from the manufacturing and testing of
the previous generation of coining machines, the following
weighting factors were assigned: the Graph Index received
a weighting factor of 4, as the "very coarse" tolerance class
was selected according to ISO 2768-1. The Sketch Index
for piston shape deviation was given a weighting factor of
2, considering the small probability of occurrence in typi-
cal operational conditions. The Sketch Index for clearance
deviation was assigned a weighting factor of 3, reflecting its
relatively higher likelihood of this deviation occurring due
to common manufacturing inaccuracies.

In Step 6, the indices of all the concepts were summed
up to derive the DRI using Eq. (3). Due to the scope of this
paper, this section presents selected examples of the results
(see Fig. 8). The full results of the robustness evaluation,
encompassing all 16 DRIs, have been published as research
data for further reference (Li et al. 2024a).

As described earlier, design decisions regarding four dif-
ferent design characteristics must be made. All of these char-
acteristics can be seen in the selected examples (see Fig. 8).
The borehole position differs in Concept 3 compared to
the other concepts. The connecting rod length in Concept
5 is shorter than in the other concepts. The guide length in
Concept 10 is shorter than in the other concepts. The guide
connection in Concept 3 and Concept 5 differs from those
in Concept 9 and Concept 10.

As shown in Fig. 8, the system structures of the con-
cepts differed, resulting in two distinct EFRT graphs across
the concepts. Concepts 1-8 featured 5 GEs in their EFRT
graphs, while Concepts 9-16 had 8 GEs. Consequently, Con-
cepts 3 and 5 received a Graph Index of 5/8 =0,625, while
Concept 9 and 10 had a Graph Index of 8/8 =1.

Using EFRT sketches, the KC values for the example con-
cepts were evaluated regarding piston shape deviation. In
Concept 9, the tilting moment caused the piston’s right edge
to rest against the guide during the coining state, leading to
an estimated KC of 5° (see Fig. 8 EFRT sketch I). For Con-
cept 3, the tilting moment was smaller due to the reduced
lever arm. The resistance during the coining state caused the
piston to re-center, and the KC value was estimated at 3°.
In Concept 5, the relatively perpendicular force application

led to the piston re-centering against the coin's resistance.
This smaller transverse force component in Concept 5 sug-
gested that the tilting moment in Concept 5 was lower than
in Concept 3, resulting in an estimated KC of 2°. For Con-
cept 10, the maximum KC value of 6° was evaluated, as the
tilting moment and short guide caused further tilting of the
piston. The Sketch Indices for the piston shape deviations
were then calculated. Concept 3 received a Sketch Index
of 3°/6°=0.5, Concept 5 received 2°/6°=0.33, Concept 9
received 5°/6°=0.83 and Concept 10 received 6°/6°=1.

Regarding clearance deviation, the KC values for the
example concepts were evaluated using different EFRT
sketches resulting from the state modeling. In Concepts 3,
5, and 9, due to the force application direction, the piston is
pressed against the right side of the guide, ensuring optimal
guidance. Consequently, a KC value of 0.5° was estimated,
reflecting only the general tolerance. For Concept 10, the
transverse force component caused the piston to tilt, forming
contact pairs at the upper right and lower left of the guide.
The tilt is limited by the clearance between the piston and
the guide, and with increased clearance, a KC of 5° was esti-
mated. The maximum KC value among all concepts caused
by clearance deviation was determined to be 5°, also occur-
ring in Concept 10. Thus, the Sketch Indices for clearance
deviation were calculated as follows: Concept 3, 5 and 9
had a Sketch Index of 0.5°/5°=0.1, while Concept 10 had a
Sketch Index of 5°/5°=1.

Using a weighting factor defined in Step 5, the DRIs were
calculated as shown in Fig. 8. Concept 5 was evaluated as
the most robust among the example concepts, whereas Con-
cept 10 demonstrated the lowest robustness. It is important
to emphasize that this evaluation is based on analysis using
physical laws, which necessitates certain assumptions during
the process. While state modeling supports these estima-
tions, it does not guarantee their accuracy. To address this,
additional testing activities are carried out in this paper to
determine the reliability of the findings.

4.2 Validation of the robustness evaluation
through testing

In the early stages of development, no fully developed
CAD models are available as a basis for gaining knowl-
edge through simulative or physical testing. To gain the
necessary knowledge, surrogate models are used to make
the testing through an early simulation and prototype pos-
sible. The key requirement for these surrogate models is
that they must have suitable fidelity, meaning they should
exhibit similar physical behavior to the real product for the
intended purpose. Given that the coining machine is not a
highly dynamic system, the focus of the validation lies in
the kinematic states. The surrogate models of the evaluated
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concepts will be prepared for validation through experiments
or simulations.

As presented in Sect. 2.1, there are case distinctions in the
robustness evaluation depending on whether system states
are known or require further analysis to determine. This also
results in case distinctions during the validation process.
The Graph Index evaluates the system structure under the
assumption that the geometric deviation remains within the
general tolerance limits and no additional degrees of free-
dom are introduced. In this case, the boundary conditions for
the simulation with a simplified CAD model can be defined.
Simulations can efficiently handle a large number of samples
to show the impact of general geometric deviations on KC,
an advantage that is often impractical to achieve through
physical experimentation. Therefore, an early simulation is
suitable for validating the Graph Index, allowing the effect of
different system structures on robustness to be demonstrated.

As the piston shape deviation and the clearance deviation
can lead to additional degrees of freedom in the coining
machine, state modeling becomes essential for examining
the system's behavior under each deviation. To validate the
state modeling under these specific deviations and the result-
ing Sketch Indices, physical experiments are considered
appropriate. These specific deviations often have a primary
impact on the KC, making them suitable for investigation
through targeted individual experiments. For these experi-
ments, we use rapid prototyping techniques to obtain quick
results.

4.2.1 Validation of the Graph Index using simulation

Concerning the design characteristic “guide connection,”
two distinct EFRT graphs are generated, representing two
different Graph Indices across all concepts. The indices dif-
fer between Concepts 1-8, where the guide is connected to
the bed, and Concepts 9—16, where the guide is attached to
the frame. Concepts 1 and Concept 9 are selected as exam-
ples for the simulation study.

To validate the two Graph Indices, we conducted simula-
tions using a two-dimensional variation simulation software.
The simulation follows the root sum square (RSS) method.
A minor angular deviation from a rectangle (+2°, normally
distributed) was introduced at each connection point in the
system to observe its impact on the KC across the different
concepts (see Fig. 9). These connection points are also rep-
resented in the EFRT graphs. Rejection was defined as cases
where the KC value exceeded +2°, with the rejection rate
expressed in parts per million (ppm). The KC distributions
for Concept 1 and Concept 9 are compared to validate their
robustness due to varying system structures.

The Graph Indices and the simulation results for Con-
cepts 1 and 9 are presented in Fig. 9. On the left, the EFRT
graphs and Graph Indices show that Concept 1, with a lower
Graph Index, is more robust than Concept 9, as detailed in
Sect. 4.1. The simulation results are illustrated on the right:
the x-axis represents KC values, while the y-axis displays
the number of samples for each KC value. Red lines indi-
cate the KC limits, and the dashed line represents the target

Simulation Robustness evaluation Simulation results using the
set-up with EFRT graph root sum square method

— | Angular 5 Rejection rate:
§ deviations +2° 2699 ppm
=
o) K,
© KC:IDI\ <1 | Graph Index = 0.625 0 0° 70 g
o (1b)-2a) Rejection rate:
< | Angular KC 83264 ppm
§ deviations +2° D (12) L
=
3 1P ORORORED KC

kc A - >

Graph Index 1 -6° -4° o 0° 2o 4° 6°

Legend: ——Actual Target

KC = Key Characteristic n = number of

— Lower and upper limit of KC value

samples for each KC value ppm = parts per million

Fig.9 Validation of Graph Indices using simulation results. Concept 1 demonstrates higher robustness than Concept 9, as indicated by a higher

Graph Index, which aligns with the findings from the simulation
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KC distribution (with the majority of KC values within 6c).
The blue curve depicts the actual KC distribution. For Con-
cept 1, the blue and dashed lines align. A low rejection rate
(2699 ppm) can be observed. In contrast, the distribution
of KC value in Concept 9 is much wider, with many sam-
ples exceeding the limits, leading to a significantly higher
rejection rate (83,264 ppm). This discrepancy is due to the
fact that Concept 1 has fewer contributors to KC due to its
system structure, making it less sensitive to other geometric
deviations compared to Concept 9.

4.2.2 Validation of the Sketch Index using experiment

To validate the state modeling of the EFRT sketch, physical
tests are required to capture the real behavior of the coining
machine. This process can be seen in Fig. 10. First, a test
environment was created to enable testing. This environ-
ment will define the test plan, surrogate models, prototype
manufacturing method, and the measurement and analysis
process. Since the state modeling for Concepts 1-8 does not
differ from Concepts 9-16, the tests are only conducted for
Concepts 1-8 to avoid duplication. CAD surrogate models
with and without specific deviations were created. 24 tests
were conducted, eight each for clearance deviation, piston
deviation, and ideal geometry. The piston shape deviation
was modeled by a 5° tilt between the piston bottom edge
and side edge, and the clearance deviation was simulated by

extending the guide width by 2 mm. High-density fiberboard
was used for manufacturing the prototypes, which were
manufactured using a laser cutting machine. A modeling
compound was selected for the coin material, as it deforms
primarily in a plastic manner. Before testing, the coin mate-
rial was cut into uniform pieces and placed into the coin-
ing machine for minting. Figure 10 on the left shows the
coining machine prototypes with the design characteristic
borehole position (top and bottom). In this example, pis-
ton shape deviation was also introduced. To ensure better
comparability of the results, the initial testing phase was
conducted using coining machines produced based on the
ideal CAD model. Relevant components exhibiting shape
deviations and concept modifications were subsequently
replaced within the coining machine during testing.

For measurement, the minted coins were fixed in a cam-
era stand after testing and photographed (see Fig. 10 in the
middle). By fixing the test object and camera lens, measure-
ment repeatability can be ensured to gather reliable data.
The KC value, i.e., the angle of the coin, was measured
graphically from the photos (see Fig. 10 on the right). To
minimize measurement errors and exclude outliers, each test
was repeated three times, and the median value was taken.

Table 1 presents the results of the experiments for the
different concepts. In the second column, the angular meas-
urements of the key characteristic for the ideal geometry in
the CAD model are shown, where manufacturing-dependent

Fig. 10 Experimental workflow
for measuring the key char-
acteristic (KC) using coining
machine prototypes. In this
example, prototypes with dif-
ferent borehole positions are
implemented (left); the coin
angle is recorded by graphical
measurement using a fixed cam-
era setup (middle); and the key
characteristic is quantitatively
analyzed from the measurement
results (right)

Experimental implementation
using prototypes

Graphical
measurement

Analysis of the Key
Characteristic (KC)

File Edit Font Results
[Area [Mean [Min [Max [Angle |
0 -0 0 0 3570

1

Table 1 Measured coin

. Concept Measured coin angle by Measured coin angle by Piston Measured coin angle by

anglc-?s from the experiments ideal CAD geometry shape deviation 5° Clearance deviation 2 mm
for different concepts and
deviations 1 0.68° 4.50° 0.67°

2 0.92° 5.08° 6.53°

3 0.64° 3.68° 0.88°

4 0.59° 3.57° 1.07°

5 0.35° 3.81° 1.08°

6 1.47° 6.11° 1.65°

7 0.41° 2.78° 0.91°

8 0.37° 3.80° 0.98°
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deviations are present. This highlights the impact of gen-
eral tolerances on functional fulfillment. The experimental
results for piston shape deviation and clearance deviation are
shown in columns three and four.

4.3 Evaluation of the case study

The evaluation of the case study focused on the experimen-
tal results, as the alignment between the Graph Index and
simulation results was already discussed in Sect. 4.2.1. The
results from both the robustness evaluation and the experi-
ments are summarized and compared in Fig. 11. For bet-
ter comparison, the measured angles were normalized. The
largest measured angle across all concepts under a given
deviation was used as the denominator, while the actual
measured angles in the current concept were used as the
numerator. This allows for comparing the Sketch Indices
with the normalized measured KC values. By comparing
these results, partial validation of the Sketch Indices is
achieved. While the case study shows a general alignment
between the robustness evaluation and the validation results,
some discrepancies indicate that not all indices could be
fully validated. The results show that while the proposed
method is promising, further investigation is necessary to
enhance its reliability.

This evaluation relies on analysis using physical laws,
requiring certain assumptions. While the EFRT-based
method supports these estimations, further testing is needed
to confirm the accuracy of the assumptions. For example, the
robustness evaluation for Concepts 3 and 5 regarding piston
shape deviation did not align with the testing results (see
Fig. 11). This highlights the need for a deeper investigation
into the differences between the robustness evaluation and

1.00

(=]

(normalized)

Sketch Index / Measured KC
()

Concept 1 Concept 2 Concept 3

Robustness evaluation - Sketch Index for
piston shape deviation

D Tesing Result - measured KC with piston
shape deviation

the validation study. According to the robustness evaluation,
Concept 5 was expected to be more robust than Concept 3,
as a smaller angle was predicted by the state modeling. How-
ever, the experimental results show that the angle between
Concepts 3 and 5 did not differ significantly. This discrep-
ancy can be attributed to incorrect assumptions made during
the evaluation. Specifically, the tilting moment is a product
of the force component and the lever arm. The assump-
tion made during the robustness evaluation was that the
force component would have a greater impact on the tilting
moment, causing the piston in Concept 3 to tilt more than
in Concept 5. In contrast, the experimental results revealed
that the tilting moment in Concept 3, due to its shorter lever
arm, was on a similar level to that of Concept 5, leading
to similar angular deviations in both concepts. This sug-
gests that to achieve a reliable robustness evaluation, some
insights must be tested early on. Therefore, it is valuable to
integrate robustness evaluation with experimental testing to
gain more accurate insights into the robustness.

The case study also demonstrated that the Sketch Index
has to be calculated separately for each specific deviation.
In Concept 9, the piston is pressed against the guide due
to the force input, which has a different impact on the KC.
For the piston shape deviation, a larger deviation in KC is
expected. In contrast, for clearance deviation, the piston is
not tilted, and it is beneficial when the piston is in contact
with the guide, as it results in better guidance and a smaller
KC. To achieve a more robust evaluation, it is crucial to
consider both these differences in the effect analysis with
state modeling, as well as their respective weightings in the
overall evaluation.
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Fig. 11 Validation of the Sketch Indices by comparing the Sketch Indices from robustness evaluation with normalized measured key characteris-
tic (KC) values obtained from testing, for piston shape and clearance deviations across eight design concepts
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5 Discussion

Based on the case study results, the research question
“How can the robustness of product concepts against
geometric deviations in the early stages of product devel-
opment be quantitatively evaluated?” can be answered as
follows.

This research addresses a key gap identified in Sect. 2.2,
which is the lack of methods that quantitatively assess
the robustness of product concepts by simultaneously
considering both geometric structures and the functional
behavior of the product concept. This gap is addressed by
the proposed EFRT-based method, which systematically
evaluates how different geometric deviations impact func-
tional fulfillment. The DRI is systematically derived in a
six-step process and used to compare the robustness of dif-
ferent product concepts, providing a quantitative founda-
tion for early-stage decision-making in the design process.

Using the EFRT-based method, it is possible to conduct
a well-founded robustness evaluation in the early stages of
product development. Compared to traditional methods that
rely on experiments or simulations conducted at later stages
with well-defined geometry (Qin et al. 2017; Taguchi et al.
2005), robustness evaluation can be performed analytically
at an earlier stage, facilitating the exploration of robust
preliminary geometries and parameter spaces with fewer
resources. By making appropriate assumptions about system
states, initial insights into the robustness of product con-
cepts can be obtained. These insights can later be validated
and refined through traditional methods. Consequently, the
EFRT-based method enhances system understanding and
supports decision-making in design by creating insightful
mental models.

The EFRT-based method can extend existing early RD
methods introduced in the state of the art. While critical
geometric deviations can be identified using methods such
as VMEA (Johansson et al. 2006), the proposed method
goes further by evaluating of the impact of these deviations
on the functional fulfillment of various design decisions.
The new insights gained through this method support the
effective use of existing RD principles (Andersson 1997,
Ebro and Howard 2016; Eifler and Howard 2017) by allow-
ing the effects of these principles to be modeled for indi-
vidual product concepts. The criterion used to evaluate the
Graph Index is consistent with the RD principle of load
path shortening (Li et al. 2023), an established principle for
reducing the number of contributors to a KC, while EFRT
modeling assists in identifying effective load paths. In later
design stages, robustness is determined by the magnitude
and propagation of uncertainties rather than by the num-
ber of influencing factors alone. The proposed Graph Index
therefore serves as an early-phase heuristic and should not

be interpreted as a substitute for detailed tolerance or uncer-
tainty analysis. Other principles, such as the avoidance of
coupling (Goetz 2024), could also be used to evaluate the
Graph Index though this introduces additional complexity
and its integration as an evaluation criterion requires further
investigation. Furthermore, while the graph-based method
proposed by Goetz et al. (2019), which considers the general
geometric deviations, has been integrated into the EFRT-
based method, more insights can be gained into undefined
system states caused by specific geometric deviations. This
is particularly evident in Concept 3, 5 and 9 (see Fig. 8),
where piston shape deviation and clearance deviation result
in different Sketch Indices with an unchanged EFRT graph.

Classical approaches supporting mechanism design, such
as kinematic or variation simulations, require fully speci-
fied geometry, parameters, and boundary conditions and are
therefore primarily suited to later, detailed design stages. In
early conceptual phases, this information is typically una-
vailable, and generating it requires substantial additional
modeling effort. While such simulations can, in principle,
also be applied to the mechanisms studied in this work, their
use here is limited to validation purposes, as demonstrated
by the variation simulation conducted in Sect. 4.2.1 to assess
the variation of the KC. The objective of this work is not
to replace established kinematic or variation simulations,
but to complement them by enabling robustness evaluation
at an early design stage, when detailed models are not yet
available. At this stage, design engineers primarily focus on
system structure and expected system behavior rather than
on fully parameterized kinematic simulations. The proposed
DRI derived from Eq. (3) does not rely on explicitly defined
design parameters. Instead, it evaluates differences in system
structure and behavior through EFRT graphs and sketches,
making it particularly suitable for early-stage robustness
assessment.

The EFRT-based method uses KC, often a geometric
measure, as an indicator of functional performance. How-
ever, in highly dynamic systems, functional fulfillment is
frequently assessed using other physical parameters, such as
vibrations. In such cases, it is necessary to identify relevant
geometric measures through their physical relationships, as
demonstrated by Li et al. (2024d). While this paper shows a
case study using a single KC, systems with multiple KCs or
areas of interest require the calculation of additional Graph
Indices and Sketch Indices. These indices must also be
appropriately weighted to provide a comprehensive evalu-
ation. Different strategies, such as those proposed by Goetz
et al. (2020) or Juul-Nyholm and Eifler (2024), can provide
insights into assigning weights based on factors like occur-
rence probability and importance. While it is inherently
challenging to guarantee complete and accurate identifi-
cation of all KCs and geometric deviations, the structured
modeling method enhances the comprehensiveness of this
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identification process. By embedding expert knowledge and
experience-driven parameter selection within the method,
critical factors can be systematically incorporated, although
some degree of subjectivity remains unavoidable.

The proposed method is tailored to specific stages within
the product development process, aligning with its intended
application boundaries. Specifically, the EFRT-based
method is not designed for the ideation phase, where the
primary focus is on generating broad and creative concepts.
Instead, it is better suited for subsequent stages, where the
robustness of preliminary geometric features is analyzed and
evaluated. The method's effectiveness depends on having
concepts with adequate maturity that enable meaningful
and reliable comparisons. The application of this method is
still in the early stages of product development, as detailed
parameterization has not yet been fully implemented.
Although the EFRT-based method evaluates different devia-
tions separately, it does not consider their interactions. This
limitation is due to the increased complexity of interaction
effects, which are challenging to estimate during the design
phase. In addition, determining the Sketch Index involves
subjective assessment and relies on the design engineer’s
design knowledge. While the EFRT-based method provides
guidance for this determination, it carries a certain risk of
misjudgment due to incorrect assumptions or limited knowl-
edge. Early-stage testing can mitigate this uncertainty by
providing empirical data to validate or adjust these subjec-
tive assessments, thereby increasing the reliability of the
robustness evaluation.

Following the recommendations of Blessing and Chakra-
barti (2009), an initial validation of the proposed method
was conducted through a case study involving a coining
machine. Section 4 not only demonstrates the application
of the method but also presents an evaluation supported by
experimental data. This provides the readers with a trans-
parent and practical illustration of the method’s use within
the presented case study and offers guidance for its transfer-
ability to other systems. The evaluation of design methods is
essential for their acceptance in industry and for their ongo-
ing development (Cash 2018; Gericke et al. 2017). Further
case studies in industrial settings are necessary to compre-
hensively validate the method’s applicability and generaliz-
ability across diverse systems and user contexts.

The determination of weighting factors for the Graph
Index and Sketch Index requires expert judgment and
domain-specific knowledge. While the proposed four-point
Likert scale provides a structured and transparent frame-
work for assigning these weights, the resulting values remain
context-dependent and organization-specific. Consequently,
the weighting factors should be interpreted as calibrated
assessments rather than objective constants. Future work
will investigate the inter-rater reliability, calibration, and
acceptance of the proposed weighting scheme through

@ Springer

empirical user studies involving design engineers from dif-
ferent organizational contexts.

The limitations of the validation study are related to the
fidelity of the surrogate model, which was created using
initially estimated parameters and does not fully reflect the
actual 3D assembly, with many details intentionally omitted.
It should be noted that the prototype’s purpose is not to pre-
cisely simulate the detailed real deviations found in finished
industrial products. Instead, the focus lies in investigating
the influence of critical geometric deviations on functional
behavior early in the design process. Additionally, measure-
ment errors are unavoidable with the measurement technique
used. However, these errors are acceptable given the scale
of the geometric deviations under consideration. The sur-
rogate models used in this study are considered adequate
for validating the state modeling and assessing the effects
of geometric deviations.

6 Conclusion and outlook

This paper has presented the EFRT-based method for
robustness evaluation, which facilitates the quantitative
evaluation of product concepts’ robustness against geo-
metric deviations. The relationship between geometric
deviations and functional fulfillment was modeled using
the EFRT-based method, with the EFRT sketch and
graph evaluating the impact of deviations on KCs. From
this evaluation, the Graph Index and Sketch Index were
derived. A subsequent weighting process facilitated the
calculation of the DRI, allowing a comparative analy-
sis of the robustness of various product concepts. The
method was applied in a case study involving a coining
machine. The indices were validated through simulations
and experiments using surrogate models. The case-study
results demonstrated good agreement between the theo-
retical robustness evaluation through the EFRT-based
method and the testing results. Consequently, the proposed
method provides design engineers with a solid foundation
for evaluating the robustness of product concepts and mak-
ing well-informed decisions. By evaluating the impact of
geometric deviations on a product concept's functional ful-
fillment in the early stages, this method minimizes the risk
of costly design iterations and contributes to the design of
more robust and reliable products.

The validation study in this paper was conducted by
the authors themselves, comparing the results of the
robustness evaluation with empirical testing. This initial
validation focuses solely on the robustness evaluation
and does not address the applicability of the method by
other users. Future research could explore whether similar
results emerge if the robustness evaluation is performed by
other design engineers in a subject study. Investigating the
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method within an industrial context is also crucial, as this
would help assess the benefits of the method in practical
design environments. Additionally, applying other state-
of-the-art robustness evaluation methods within a subject
study could offer valuable comparisons and highlight dif-
ferences among the methods.

While the proposed method supports design engineers
in robustness evaluation, the process remains manual
and cognitively demanding. Future work could explore
partial automation of this evaluation using data-driven
approaches. For example, relations between geometric
deviations and functional behavior, as represented in
EFRT sketches, could be transformed into structured tex-
tual design hypotheses. These hypotheses could then be
used to train large language models to generate a knowl-
edge database, enhancing efficiency in decision-making.
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