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Abstract

Variation is the leading cause of quality loss for unrobust designs and provokes
expensive redesigns in late development stages. Even worse, poor robustness can
lead to mechanical failures or malfunction with fatal outcomes, such as the case
with Toyota’s sticking accelerator pedal in 2010. When worn and in rare conditions,
unfortunate variation in the geometry led to the pedal sticking, accelerating the
car without the driver’s control. While physical experiments are beneficial for
detecting major structural issues such as fractures, it requires an enormous amount
of samples to represent the naturally occurring variation from full-scale production
and use. Instead, virtual experiments have the ability to control the deterministic
and stochastic variables, which can result in a more detailed and cost-effective process
for evaluating design robustness compared to physical experiments.

The present research investigates how existing engineering disciplines Computer-
Aided Design, Finite Element Analysis, Design of Experiments, Sensitivity Analysis,
and Optimization can be combined to create a process for virtually evaluating the
structural robustness of mechanical designs, known as “FEA-based variation simula-
tion.” While each engineering discipline thrives individually, their interdisciplinary
use is limited in the industry. The present research aims to understand the existing
barriers through academic and industrial insight to develop solutions that enable
engineers to evaluate the structural robustness cost-effectively in early design phases.

The key results of the present research are; (i) a mapping of technical, practical,
and knowledge barriers experienced in the industry when attempting to perform
virtual robustness evaluation ([P1], [P2]). (ii) A new sequential framework (sR2BDO)
suitable for screening and optimization of design robustness and reliability, with
improved computational efficiency ([P3]). (iii) Development of the Robust Sketch
Principles to enhance the existing CAD methodology ([P4]). (iv) Explicit guidance
for applying FEA-based variation simulation through case studies. With a focus
on; robustly configuring the FE-models to avoid component interference, a robust
selection of node/element groups for automated result extraction ([P2, P3]), including
material variation and detection of kinematic issues (Extended results of [P3]).

Combined, this thesis and the appended articles aim to provide enough infor-
mation to enable new users to apply the interdisciplinary process of FEA-based
variation simulation, making it more accessible for engineers across all sectors to
evaluate structural robustness.
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Resumé
Variation er den førende årsag til kvalitetstab for urobuste designs og forårsager
dyre redesigns i sene udviklingsstadier. I værste fald kan dårlig robusthed føre til
mekaniske fejl eller funktionsfejl med fatale udfald, som f.eks. tilfældet med Toyotas
hængende speederpedal i 2010. Når den var slidt og under sjældne forhold, førte
uheldig variation i geometrien til, at pedalen satte sig fast og accelererede bilen
uden førerens kontrol. Mens fysiske eksperimenter er gavnlige til at opdage større
strukturelle problemer såsom brud, kræver det en enorm mængde prøver for at
repræsentere den naturligt forekommende variation fra fuldskala produktion og brug.
I stedet har virtuelle eksperimenter evnen til at kontrollere de deterministiske og
stokastiske variable, hvilket kan resultere i en mere detaljeret og omkostningseffektiv
proces til at evaluere design robusthed sammenlignet med fysiske eksperimenter.

Den nuværende forskning undersøger, hvordan eksisterende ingeniørdiscipliner
Computer-Aided Design, Finite Element Analysis, Design of Experiments, Sensitivity
Analysis og Optimization kan kombineres for at skabe en proces til virtuelt at evaluere
den strukturelle robusthed af mekaniske designs, kendt som “FEA-baserede varia-
tionssimulering.” Mens hver ingeniørdisciplin trives individuelt, er deres tværfaglige
anvendelse begrænset i industrien. Den nuværende forskning sigter mod at forstå
de eksisterende barrierer gennem akademisk og industriel indsigt for at udvikle
løsninger, der gør det muligt for ingeniører at evaluere den strukturelle robusthed
omkostningseffektivt i tidlige designfaser.

Nøgleresultaterne af denne forskning er; (i) En kortlægning af tekniske, praktiske
og videns barrierer, der opleves i branchen, når man forsøger at udføre virtuel
robusthedsevaluering ([P1], [P2]). (ii) En ny sekventiel ramme (sR2BDO) velegnet
til screening og optimering af design robusthed og pålidelighed, med forbedret
beregningseffektivitet ([P3]). (iii) Udvikling af de robuste skitseprincipper for at
forbedre den eksisterende CAD-metode ([P4]). (iv) Eksplicit vejledning til anvendelse
af FEA-baseret variationssimulering gennem casestudier. Med fokus på; robust
konfigurering af FE-modellerne for at undgå komponentinterferens, robust udvælgelse
af node-/elementgrupper til automatisk resultatekstraktion ([P2, P3]), inklusive
materialevariation og detektion af kinematiske problemer (Udvidede resultater af
[P3]).

Kombineret sigter denne afhandling og de vedhæftede artikler på at give tilstrække-
lig information til at gøre det muligt for nye brugere at anvende den tværfaglige
proces med FEA-baseret variationssimulering, hvilket gør det mere tilgængeligt for
ingeniører på tværs af alle sektorer at evaluere strukturel robusthed.
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1 Introduction

1.1 Motivation for the research
The present research is motivated by two fundamental and connected aspirations:

Aspiration 1: What if we could avoid product failures in mechanical designs?

Product failures are always undesirable. Ideally, failure modes are identified before
the product is launched, but when this is not the case, product failures can lead
to product recalls, which can be devastating for a company. The direct costs of
pulling millions of products off the market and replacing or repairing them can reach
hundreds of millions of US dollars (Isidore, 2020), not to mention the loss of brand
value due to dissatisfied customers. The consequences can be severe, especially for
companies producing physical products in high volumes (e.g., medical devices) or
low volumes but with high prototyping costs (e.g., aerospace and wind turbines).
Examples of this have been seen in the car industry, e.g., the Toyota gas pedal
(Toyota, 2010), the General Motors’ ignition switch(Eifler and Howard, 2018), and
the Ford door latch (Valdes-Dapena, 2020). Although less visible and detrimental,
product failures in the product development phase also incur costs. They can lead
to design changes, scrapped inventory, changes to manufacturing equipment, and
a delayed product launch. For example, Novo Nordisk A/S recently experienced a
delay of a new medical device due to the late discovery of sensitivity issues due to an
increased variation caused by shifting from single-cavity molds to multi-cavity molds.
When a device delays the launch of a new drug like Ozempic®with an estimated
annual revenue of $260 million in its first year, the potential revenue loss is $100+
million for a six-month delay.

Most companies have developed methods to reduce the risk of recalls and late
design changes, including rigorous test programs, tightly controlled manufacturing
processes, and quality control programs. In addition, variation management and
simulation tools have become widely adopted and are used to predict the product’s
performance before it is taken into production. However, despite the enormous
resources spent on using these tools and methods, in-market and late-phase product
failures still occur, indicating a potential for further development.

Aspiration 2: What if we could find the best design in the first iteration?

1
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A typical mechanical development process is based on an iterative approach. First,
design engineers sketch a solution, build a model (physical or virtual), test the model,
and analyze the results. Based on this, the design is adjusted, and the process
is repeated. In complex designs, with multiple components and many functional
requirements, which are often in a trade-off with each other, it may take hundreds or
even thousands of iterations before the design reaches its final state with all materials
and dimensions in place.

In this process, it would be valuable for the design engineer to at least have
insights into which of the many design variables have the most significant influence on
the performance of the design, as this would enable the engineer to focus on adjusting
the relevant variables. An even more effective outcome would be systematically
and automatically analyzing the entire solution space and identifying the optimal
design by considering multiple, weighted design objectives. Furthermore, suppose
no solution that fulfills all design criteria exists. In that case, the design engineer
could be informed that a conceptual redesign is necessary, thereby avoiding a long
trial-and-error process to reach the same conclusion.

This Ph.D. project was motivated by a belief that both presented aspirations
can be fulfilled by using “FEA-based variation simulation”. There are likely other
methodologies that would also work towards this aim, e.g., more systematic design
reviews or running even bigger test programs. However, the current Ph.D. project
focuses on using simulation techniques. It explores how these techniques can be used
to give the design engineer complete insights into the behavior and performance of
the product being designed and thereby avoid product failures.

Over the last decades, simulation techniques such as Finite Element Analysis
(FEA) have helped mechanical engineers perform their primary task of creating
mechanical designs, which in essence means defining suitable concepts, dimensions,
and materials, ensuring that the technical and customer requirements are fulfilled
(Pahl et al., 2007). However, FEA is conventionally carried out on nominal geometry
and therefore neglects the effects of variation (Coleman, 2012; Will, 2015), and with
no straightforward way of adding variation to the analyses. As a risk mitigation
strategy for not including variation in the analysis, the nominal design must instead
perform with a given Factor of Safety (FoS) to a failure criterion, for example, the
ratio between yield stress over the effective stress (Shigley and Mischke, 1986). The
magnitude of the FoS depends on simulation accuracy, wear estimates, environmental
effects, and the consequence of failure, i.e., relying on empirical inputs and legacy
knowledge1. The drawback of using FoS is accurately determining the magnitude
without being overly optimistic or conservative.

Being overly optimistic and designing with a too small FoS can lead to product
failures. While a test and validation phase can capture most critical failures such
as fractures, failures related to a lack of design robustness can remain hidden as
they only occur in rare circumstances. Instead, robustness failures are typically first

1Knowledge gained through experience making similar designs.
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discovered during production ramp-up or after product launch, where the product is
exposed to the entire variation range.

Being overly conservative is often less visible but can also be costly. It can lead to
excessive use of materials, increased manufacturing process time, and bulky designs
compromising the user experience. A typical case of being overly conservative is
using “worst-case configuration” where the design is evaluated based on the worst
possible design combinations, e.g., minimum thicknesses and maximum possible
load. While the configuration is technically possible as the tolerances allow it, the
probability of having tens or hundreds of design variables all being at their worst
dimension is statistically minuscule. Nevertheless, the overly conservative approach
will likely yield a failed design, leading to redesign or scrapping the design concept,
unnecessarily limiting innovation.

This industrial Ph.D. research aims to strengthen the product development based
on probabilistic evaluation and application of Robust Design (RD) (Taguchi et al.,
2007), which many companies struggle with in practice (Gremyr et al., 2003; Krogstie
et al., 2015). This Ph.D. research focuses specifically on enhancements to the “FEA-
based variation simulation” process that can be applied in all engineering sectors
to evaluate design robustness and the probability of failure. Where Robust Design
research often focuses on individual details of experimental designs (Lehman et al.,
2004; Joseph et al., 2019) or algorithms for robustness optimization (Raza and Liang,
2012; Xie et al., 2018; Li et al., 2020; Kriegesmann, 2020), this Ph.D. project aims
to solve the application barriers between Computer-Aided Design (CAD), Finite
Element Analysis (FEA), Design Of Experiments (DOE), Sensitivity Analysis, and
Design Optimization.

Ultimately, this will bring us closer to fulfilling the two highlighted aspirations
for this research - avoiding design failures and right-first-time design.

1.2 Related literature

Robust Design is a field of mechanical engineering that focuses on quality control
at the design stage, originating from Genichi Taguchi (Taguchi et al., 2007). The
original idea was to establish the quality control already in the design phase and
thereby reduce production issues, scrap, delayed product launch, and product recalls
to reduce total costs (Kemmler et al., 2015; Ebro, 2015). Through crossed array
experiments, controllable design variables were identified and adjusted to minimize
the variation of the product’s quality characteristics, measured by a quadratic quality
loss function (Taguchi et al., 2007), see section 3.2.1 for details. The value of
Taguchi’s original work is well accepted by many in the field of statics(Logothetis,
1990; Laycock et al., 1995; Hamada et al., 2000; Draper, 2007). However, the choice
of experimental designs has also been criticized for being inefficient and unnecessarily
complicated (Box et al., 1988; Hasenkamp et al., 2009; Gremyr and Hasenkamp,
2011). Secondly, the original Robust Design approaches lack substantial value and
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guidance for the uncertain decisions that need to be made early in the design phase
(Andersson, 1996, 1997).

Robust Design research has attempted to bridge the gap by focusing on improved
guidelines for conceptual robustness (Jugulum and Frey, 2007), structured approaches
for complex systems (Melvin and Deo, 2002; Göhler, 2017) and robust constraints of
assemblies (Blanding, 1999). However, while the fundamentals of Robust Design are
well-researched, a survey of Swedish manufacturing companies showed that only 28%
recognize its utility (Martin and Ida, 2008) which leads to low uptake in industrial
product development (Will, 2015; Göhler et al., 2018).

In contrast, industries such as the automotive- (Söderberg et al., 2006; Wu et al.,
2019; Shan et al., 2020; Xiong et al., 2020), aerospace- (Forslund et al., 2011; Sun
et al., 2014; Madrid et al., 2019a; Pohl et al., 2017), and defense industries (Chen et al.,
2013; Ma et al., 2019; Fenrich et al., 2020) successfully apply numerical robustness
analysis and even bridged into the field of reliability (Lee et al., 2008). Robust
Design Optimization (RDO) is a numerical simulation technique that combines
sensitivity analysis and optimization to automate the process of adjusting the design
variables and minimize design sensitivity, often with standard deviation as a measure
for robustness (Lee and Park, 2001; Messac and Ismail-Yahaya, 2002; Beyer and
Sendhoff, 2007). Simultaneously, Reliability-Based Design Optimization (RBDO)
aims to adjust design variables to minimize the probability of failure (Ju and Lee,
2008; Chakri et al., 2018). Unfortunately, performing RDO and RBDO as separate
disciplines can lead to contradictory optimization (Lagaros and Papadrakakis, 2007;
Yadav et al., 2010), which led to the development of Robust and Reliability-Based
Design Optimization (R2BDO) (Paiva et al., 2014), which ensures the multi-objective
goals of ensuring both robustness and reliability.

However, as identified in [P1, P2], these techniques are based on complex processes
and require high entry-level knowledge to combine FEA and DOE while ensuring
robust CAD to execute. As a consequence; (i) the number of included design
variables is limited, (ii) the magnitude of the searchable solution space is limited,
and (iii) DOE selection lacks structured guidance preventing its use. Unsolved, these
barriers prevent higher utilization in the broader engineering industry, leading to
lower product quality and unnecessary consumer risk.

1.3 Hypothesis and research questions

As stated in the introduction, the ideal state of mechanical engineering would be to
avoid design failures and be able to create right-first-time designs. However, fully
reaching these aspirations obviously lies beyond this project’s scope, so instead, the
research is broken down into the following hypothesis and research questions. The
general hypothesis and research questions are founded on the professional insight of
specialists from Novo Nordisk’s simulation department’s professional insight and a
literature study performed as part of the Ph.d. application process.
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General hypothesis
Robustness issues are a concern in product development as they are challenging to
detect with physical experiments and costly to mitigate once manufacturing has
started. While literature states that methods and tools do exist (see Section 1.2), it
is expected that the high entry-level barriers prevent their broader application across
the engineering industries. Therefore, product development would benefit from
enhancing the Robust Design methodology with FEA-based variation simulation by
reducing the existing barriers.
Research Questions (R.Q.)
The following three research questions are proposed to structure the research and
investigate the general hypothesis. The first research question aims to establish
the pros/cons of the existing tools and methods used in industrial product develop-
ment and, secondly, investigate the barriers preventing these companies from using
numerical simulations to evaluate design robustness.
R.Q. 1 Which barriers exist today that prevent the replacement of costly prototype-

driven experiments to quantify robustness with simulation-driven robust
design in product development?

Based on the comprehensive list of identified barriers from R.Q. 1, the main technical
barriers are explored, and solutions to improve applicability are provided.
R.Q. 2 How can the complexity and computational costs of virtual robustness be

reduced?
Based on the knowledge and industry insight gained during the research, R.Q. 3
aims to estimate the applicability and value of the developed solutions.
R.Q. 3 How early in the development process is virtual robustness assessment

feasible?
R.Q. 1 is answered in [P1-P2], R.Q. 2 in [P3-P4], while R.Q. 3 is answered in
Chapter 5 based on deductive reasoning founded on R.Q. 1 and R.Q. 1 2. The output
of this Ph.D. thesis and the appended papers [P1-P4] provide design teams with a
set of methods and tools that enables them to minimize product failures by applying
virtual robustness assessments. The provided methodology aims to be tangible and
simple to apply.

1.4 Thesis outline
This thesis consists of five chapters based on the four appended papers. All the
papers are co-authored by the four supervisors, while one paper is co-authored with
two additional researchers from Chalmers University.

Chapter 2 provides a list of applied research methods, an overview of the
research stages, and a description of the study verification and validation.

Chapter 3 describes the existing knowledge and applied engineering methods
on which the research is based.
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Chapter 4 presents the main results from the four appended papers in the order
of publication. The three first papers are published, while the fourth is in review.

Chapter 5 concludes on the research performed by highlighting the findings,
core academic contributions, and the industrial value and impact. Secondly, based on
the insight gained during the project, suggestions for further research are provided.
Finally, the thesis is concluded with some reflections on the project and the time as
a Ph.d. student.



2 Research Approach

This chapter describes the scientific approach of the conducted research, starting
with its origin, followed by the research stages, definitions of applied methods, and
verification and validation. The origin of the project can be described using the
Problem-based, Theory-Based (PbTb) model by Jørgensen (1992) as seen in Fig. 2.1.
The model suggests that research is either motivated by a problem or a theory but
also that new theories can be generated through problem-solving and vice-versa.
While both origins are equally valid, the research approach differs. Classical research
such as explanatory science/natural science originates from a theoretical basis and
aims to describe, explain, and predict fundamental problems. The end goal is
to test a theory or hypothesis, where examples could be mathematical proof or
validate the chemistry of a drug. Alternatively, research can originate from an
observed problem and have a practical approach to exploring solutions based on
experiments and empirical data to develop new scientific knowledge. The validity of
the results thus depends on whether the developed methods and theories provide
practical results to the original problem. This research was conducted in the field
of product development and originated from the industrial problem of virtually
evaluating design robustness. The focus is design research and, therefore, pragmatic
and solution-oriented (Van Aken, 2005). While the research is conducted in the
medical industry, the goal is to develop valuable and relevant methods to support
all industries working with robust mechanical development.
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Figure 2.1: Problem-based, Theory-based research approach by Jørgensen (1992).

7



8 CHAPTER 2. RESEARCH APPROACH

Basic means

Literature 
Analysis

Main outcomesStages

Research stucture

EvaluationDescriptive Study II

Prescriptive Study

Descriptive Study I

Research Clari�ication

Empirical data
Analysis

Assumption
Experience
Sysnthesis

Empirical data
Analysis

Goals

Understanding

Support

Literaure review Archival analysis Case studyInterview Experiment

Design Research Methodology

W.P. R.Q. Pub. R.M.

W.P. 1 R.Q. 1 [P1]

W.P. 2 R.Q. 1 [P2]

W.P. 3 R.Q. 2 [P3]
[P4]

W.P. 4 R.Q. 3 [-]

Figure 2.2: Left: The Design Research Methodology framework (Redrawn from Lucienne
T.M. Blessing (2009)). Right: The research structure linking the Work Packages (W.P.),
Research Questions (R.Q.), Publications (Pub.) and the Research Methods (R.M.).

2.1 Research Stages
The three research questions stated in Section 1.3 are answered through the Work
Packages described in this section. The research was conducted in part at DTU and in
part at Novo Nordisk. The time spent at Novo Nordisk was mainly in the Modelling
& Simulation department that serves as a support function for medical device
development and consists of 11 engineers with specialized knowledge within Robust
Design and virtual simulation. The work done at Novo Nordisk studies the influence
of variation through case studies of past and ongoing development projects. Access
to industrial case material has been fundamental for developing and ensuring the
applicability of the theoretical work. In addition, the industrial supervisors provided
guidance and insight on current virtual simulation and experimental verification
methods and facilitated collaboration with stakeholders, ongoing projects, and
external collaboration partners. The work at DTU focused on method development
and study of existing research, with the academic supervisors assisting with the
theoretical work and publishing articles of the work.

The Design Research Methodology (DRM) by Lucienne T.M. Blessing (2009)
was used as the research framework to ensure academic rigor while also developing
methods that suit the industrial needs. The DRM framework structures research in
four stages, which coincides with this research’s four Work Packages (W.P.) as seen
in Fig. 2.2 and explained in the following. The purpose of the first stage, “Research
Clarification” is to evaluate the assumptions about the research goal. The outcome
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must be evidence or, at the very least, indications that the research’s purpose is valid.
Then, the scope of the research can be adjusted based on the findings, and specific
criteria to measure the research output can be developed. The stage is covered by
this thesis’ W.P. 1, which answers the preliminary part of R.Q. 1 in [P1]. W.P. 1 was
aimed to understand industry challenges related to virtual robustness assessment and
their consequences. The justification was that physical experiments and analytical
methods consume a sizable amount of development resources and are not suited to
exploring variation’s impact. At the same time, FEA-based variation simulation has
the potential to substitute physical experimental work and reduce development time
and cost. The work package contains the following steps; (i) Review the existing
literature on virtual evaluation of robustness (ii) Conduct interviews with engineers
from a company using simulation-driven design and has experience with virtual
robustness evaluation. (iii) Analyse the interviews and identify common advantages
of existing practices and barriers preventing increased use of FEA-based variation
simulation. (iv) Attempt to quantify the loss of not applying FEA-based variation
simulation today.

Stage two, “Descriptive Study I”, aims to further extend the knowledge about
the research field and determine the specific factors of interest, covered by W.P.
2, see Fig. 2.2. While continuing the literature review, a broader interview study
was also conducted to improve the generalization of the barriers. It consisted of
interviews with design engineers having experience with virtual robustness based
on FEA from five companies in different industries, namely the medical, marine,
and industrial equipment industries. The output of Descriptive Study I is a more
concrete overview of the specific barriers the further research attempts to solve.
Work Package 2 was aimed to understand the broader industrial challenges related
to virtual robustness assessment and gain “hands-on” experience with FEA-based
variation simulation. The work package contained the following steps; (i) Extension
of literature review based on the identified barriers from W.P. 1. (ii) Conduct
interviews with companies at various stages of maturity in the field of simulation-
driven design to gain qualitative knowledge of the extent of its use, processes, and
methods used, and challenges encountered. (iii) Analyse the interviews to identify
similarities and differences among the companies, as well as the underlying causes.
(iv) Collect and review existing data (CAD, FEA, test results) from relevant case
studies based on lunched Novo Nordisk devices. (v) Perform a FEA-based variation
simulation case study determined by the initial ideas and review challenges. (vi)
Based on the gained insight, determine the most critical industry barriers preventing
FEA-based variation simulation, i.e., technical, practical, and organizational.

Stage three, “Prescriptive study”, is where the primary problem solving for this
thesis work is carried out, which is covered by Work Package 3, see Fig. 2.2. The
researcher develops and tests solutions to the problems identified in the previous
stages. For the present research, the stage aimed to understand the underlying
methods of FEA-based variation simulation and provide improvements based on their
interaction. Several methods and tools are required to perform FEA-based variation
simulations, i.e., CAD, FEA, DOE, Meta-modeling, and optimization. While the
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method and tools are well-described in literature and stand-alone applications, their
interdisciplinarity necessitates a structured process, which was lacking. The following
steps were taken to investigate and find solutions; (i) a review of CAD and DOE
theory literature, (ii) evaluation and discussion of existing CAD models and variable
selection with experienced engineers, (iii) Perform a CAD sketch experiment, and
(iv) Perform case studies with the primary focus of improving the process, robust
CAD and FEA configuration, and DOE selection.

Stage four, “Descriptive study II”, the developed methods are evaluated by their
practical impact on reduced development time or costs. While the evaluation is
usually performed at the end of the research period, this thesis work provided a
continuous collection of feedback. Work Package 4 aimed to assess the estimated
value of the tools and methods developed through the performed case studies, see
Table 2.1. The combined feedback consists of experienced industrial senior engineers
working at Novo Nordisk, Tetra Pak, and Dassault. Therefore, the results of Work
Package 4 are not paper-based like Work Package 1-3, and instead included in
Chapter 5.

2.2 Research Methods
This section describes the general research methods and their application in the
present research. Their use in the different research stages is shown in Fig. 2.2.

Literature review
A literature review aims to conduct a systematic and critical examination of the
published work on the topic of interest. The first step is to define the expected
finding, examine the problem from various perspectives, and review whether several
authors reach the same conclusion. In practice, a keyword list1 was generated and
searched for in databases; “findit.dtu.dk”, “scopus.com”, “scholar.google.com”, and
“Web of Science”. Next, relevant articles were screened by reading the title and
abstract to identify their purpose. Subsequently, the relevant articles were reviewed,
noting the authors and journal, their motivation and methodology, the research
problem and goal, the results, and finally, determining whether their conclusion
supports or contradicts the assumptions of this thesis study. Moreover, the literature
review was also used to identify gaps in the literature, which sparked some of this
thesis’s research goals. Literature reviews were used in Work Package 1, 2, and 3,
see Fig. 2.2.

Interview
The interview is a conversation between two people in which the interviewer attempts
to extract specific information from the interviewee. A strict questioning and
answering order is followed during the structured interview form. The unstructured

1Primary search words used in combination: robust design, FEA, DOE, meta-modeling, opti-
mization, reliability, robust CAD, constraint, principles, guidelines, probabilistic design, uncertainty,
variation, distribution, quality, risk, engineering, mechanical, Factor of Safety.
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interview form, on the other hand, favors open-ended conversations without a
predetermined plan (Lucienne T.M. Blessing, 2009, p. 271). Both types of interviews
are recorded in written, video, or audio form for post-analysis. A clear definition of the
expected output is defined prior to the interview, and the interviewer must evaluate
the potential bias of the questions. The present research used the unstructured
interview to gain insight into the industrial design process by interviewing several
engineers from different companies. Interviews were an essential tool for this applied
research, as most of the engineers’ knowledge in the industry is not commonly
published in academic articles. The unstructured interview format was chosen
because it allows the interviewer to explore exciting conversation areas and provides
a format for guiding a discussion around complex topics. Unstructured interviews
were performed and described in [P1, P2] but also used in W.P. 3 to evaluate the
perceived usability of methods developed and in W.P. 4 to evaluate the research
impact, see Fig. 2.2.
Archival analysis
Archival research is the form of research where archived data is analyzed and
information extracted. The present research used archival analysis to study the
existing design and processes that drive mechanical development. Specifically, three
types of processes were evaluated; (i) how is a mechanical project executed in
general, i.e., the high-level engineering processes of converting user requirements
to a functional design, (ii) the quality of existing CAD and FEA models, and (iii)
how is the simulation process executed and how is the information used to improve
the design. The analysis form generates valuable information for understanding the
challenges encountered during the development process in the case company and
applying in Work Package 2 and 3, see Fig. 2.2.
Experiment
Experimentation is a method for systematically testing a hypothesis, where the
hypothesis is a proposed relationship or explanation for a phenomenon. There were
two types of experiments carried out during this thesis work; controlled and field
experiments. Controlled experiments were conducted under “lab conditions”, in
which all variables are controlled, in this case through the use of computer simulations
in [P2, P3, P4]. Field experiments were conducted in a live setting with engineering
students and specialists to investigate their CAD capabilities in [P4], see Fig. 2.2.
Case study
A case study is a research approach examining a specific example to demonstrate a
method or principle. Case studies were fundamental for the present research as they
can build the essential link between real-world problems and the developed theory.
The drawback of relying on case studies is the potential lack of generalizability.
While a method or theory may work on a given example, efforts must be made to
evaluate whether special conditions are bound to the case study, which affects the
study’s outcomes. In this research, the case study is used extensively to test the
utility and industrial applicability of the developed methods; see Table 2.1 for an
overview of published and unpublished case studies performed. The case studies
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Table 2.1: Overview of the case studies performed during this thesis work.

Case 1 Sterile glass canister [P2]
Consists of three components; cap, cartridge, and membrane, with seven
geometrical variables.
Goal was probabilistic evaluation of the caps holding force based on
existing tolerances.

Case 2 Snap feature [Unpublished due to device patent]
Consists of two mating components with 13 geometrical variables.
Goal was probabilistic evaluation of the assembly and disassembly force.

Case 3 Snap feature [Unpublished due to device patent]
Consists of two mating components with 12 geometrical variables.
Goal was probabilistic evaluation of snap force considering non-standing
variation due to ovality.

Case 4 Over-torque mechanism [P3]
Consists of two mating components with 12 geometrical variables (and 3
material properties in extended results).
Goal was multi-objective optimization of robustness and reliability with
three functional requirements.

Case 5 Robust Sketch Principles [P4]
Consists of one experimental sketch and three industrial sketches.
Goal was to evaluate the developed Robust Sketch Principles’ abilities to
mitigate regeneration issues.

Case 6 Standardized parameterized components [Unpublished]
Consists of parameterized components (cartridge, needles) used across
multiple devices.
Goal was to create parameterized master models, which easily could be
configured to fit the new device requirements.

occurred naturally throughout the research period due to industrial collaboration and
allowed for a gradual increase in complexity and increased insight into the aspects of
FEA-based variation simulation.

2.3 Verification and Validation
The validation and verification of produced research results are essential to ensure
academic rigor. While the primary validation of the present research is based on
the accepted peer-reviewed publications, the results in chapter 4 also contain study
evaluations capturing both industrial and academic perspectives. The question of how
to empirically measure the positive impact of suggested design methods and processes
is widely discussed in design research (Pedersen et al., 2000; Lucienne T.M. Blessing,
2009; Frey and Dym, 2006). Given the human influence of the designer, the immense
contextual dependencies, as well as the long duration of many design projects, full
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Figure 2.3: The Validation Square redrawn by Pedersen et al. (2000).

generalisability is rarely achievable. Therefore, particularly for an industrial Ph.D.
project, it is essential to consider the usefulness of the produced results within the
intended context, which for this thesis work consists of mechanical development for
medical devices. Following Pedersen et al. (2000), this thesis adopts the viewpoint
that “validation is seen as a gradual process of building confidence in the usefulness
of the new knowledge (with respect to a purpose)”, and refers to the suggested
Validation Square. The Validation Square is shown in Fig. 2.3 and structures the
evaluation process into four squares. Square 1: Theoretical structural validity “is the
general theory behind the support accepted, and is the support consistent?” Square 2:
Empirical structural validity “evaluate the appropriateness of example case”. Square
3: Empirical performance validity “measuring the usefulness of the results”. Square 4:
Theoretical performance validity “evaluation of the generalizability of the usefulness
from the empirical case study”.

Additionally, the tool “Logical verification and verification by acceptance” by
Buur (1990) is used as a pragmatic approach to reflect on the applicability of new
methods or tools in the applied field. The logical verification reflects upon;

• Consistency: there are no internal conflicts between the individual elements of
the theory.

• Completeness: all relevant phenomena observed can be explained or rejected
by the observations, literature, or industrial experience.

The verification by acceptance evaluates;

• Statements of the theory are acceptable by experienced engineers.
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• Models and methods derived from the theory are acceptable to experienced
engineers.

However, two drawbacks should be stated when applying Logical verification. First,
generalization by logical verification should be made with caution as it is affected by
specific cases and observations. Secondly, verification by acceptance is biased by the
willingness, background, and competencies of the selected engineer, i.e., affected by
his/her situation (knowledge, experience), and the selection should be performed
with caution. The question of verification and validation is returned to in chapter 4.
Here, the discussed approaches will be applied to the results of each of this thesis’
work packages.



3 Theoretical Basis

This chapter outlines the main definitions, theories, frameworks, and methods used
throughout the presented research. It is included to provide the reader with a basic
understanding of the key theoretical concepts in this thesis. For more detailed
perspectives, refer to the cited literature. The intention is to frame the level of
theoretical depth and highlight the interdisciplinary usage of methods.

3.1 Terms and Definitions
The following terms are defined, and their importance is described for the present
research.
Variation: “A change from the original or intended condition”. Variation can be
detrimental to product quality (Goh, 2002) and therefore essential to consider in
product design. Ebro (2015) states that six sources are responsible for variation;

• Manufacturing; tool wear, process parameters.
• Assembly; robot accuracy, fixtures, operator.
• Load; user input, misuse.
• Ambient conditions; weather, temperature, location.
• Time; creep, corrosion, wear.
• Material properties; composition, surface quality.

Each of the sources can be defined as either “control factors”, e.g., controlled change
of dimensions, and “noise,” e.g., uncontrolled elongation due to a temperature
increase (Taguchi, 1986). In this thesis’ research variables are controlled in the
FEA, while “noise”, also known as uncertainty variation, is introduced through
Monte-Carlo simulations based on meta-models.
Solution space: “The range of explored variation”. This thesis defines three levels
of Solution space to differentiate the type of variation.

• Concept space (Controlled variation): Distinct concepts that provide the
same function overall but are achieved with different mechanisms, number of
components, or features.

15
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• Variable space (Controlled variation): Nominal design dimensions and material
properties, defined by nominal, upper, and lower specifications. All values
within the specifications are valid to test in variation studies.

• Tolerance space (Noise): The expected tolerance range of a design variable,
defined by upper and lower limits with a defined probability, e.g., normal
distribution.

Product quality: “The combined abilities of a product to satisfy the consumers’
expectations” (Mørup, 1993). Quality or perceived quality is arguably one of the
most critical aspects for a successful design (Stylidis et al., 2020) and can range from
more subjective categories like “look” and “feel” to directly measurable performance
like weight, capacity, or speed. This thesis limits the quality to measurable sizes
such as torque or force, as these are well-defined outputs of the applied computer
simulations. An introduction to quality loss is presented in Section 3.2.1.
Robustness: “A robust design is insensitive to variation and can maintain quality
regardless of non-perfect conditions”. The standard deviation of a given quality
measure is used to calculate design robustness in this thesis. Robustness is also
used in the context of “Robust CAD” and “Robust FEA”. Robust CAD refers to the
models’ ability to avoid regeneration failures when geometrical variation is applied.
Robust FEA refers to the analysis’ ability to generate accurate solutions without
failures for varying geometry, material properties, and loads.
Reliability: “The design’s ability to perform a required function under stated
conditions for a specified period of time” (ISO8402). A reliable design performs with
a “high” probability under the stated conditions and therefore has a low probability
of failure. In this thesis, the failure rate is used to measure the reliability and
calculated as the number of randomly generated designs out of a million which do not
comply with the design specifications, denoted as failed Parts Per Million (PPM).

3.2 Basic Principles of Robust Design
Robust Design Methodology (RDM) consists of methods, tools, and principles that
enable the engineer to address variation and improve product quality (Hasenkamp
et al., 2009). For this thesis work, a central point in Robust Design is the rela-
tionships between design variables, function, and quality. The following principles,
“Quality loss” and “transfer function”, are fundamental to expressing, evaluating,
and improving the relationship between design inputs and outputs.

3.2.1 Quality loss
Quality was defined in section 3.1; however, quality loss is non-trivial and can
depend on the design function. Before Taguchi, Corsby (1979) defined quality as
binary, which meant that quality was satisfactory as long as variation was within
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Figure 3.1: Conceptual views on product quality loss due to variation. The terms Norm,
LSL, and USL stand for nominal specification, Lower Specification Limit, and Upper
Specification Limit, respectively.

the specification limits, resulting in a step-wise quality loss function, see Fig. 3.2a.
Taguchi et al. (2007) disagreed and fostered the idea that the relationship between
the nominal product performance and the quality could be described with a quadratic
loss function, see Fig. 3.2b. To exemplify the two beliefs, consider the quality of an
orange. With the step-wise approach, the quality of the orange is constant within
a specified set of days; before and after this period, the orange is uneatable. With
Tagichi’s belief, the quality of the orange is perfectly ripe at day “norm” while the
days before and after are progressively unripe and overripe.

Studies performed in the automotive and television industry have shown that
Taguchi’s approach of attempting to minimize variation even within the specifications
results in lower customer complaints and directly correlates with perceived quality
(Phadke, 1989). These findings lay the foundation of why robustness efforts in design
development are an economically beneficial strategy.

3.2.2 Transfer function
The transfer function relates the design input to a design output and is an essential
concept of Robust Design and fundamental for understanding design sensitivities.
The input is Design Variables (DV), such as geometrical dimensions and material
properties. The output is the Functional Performance (FP) which can be any
performance measure of the design. The transfer function itself is an analytical
expression derived by existing formulas or a generated meta-model based on virtual
simulations depending on the design complexity. The shape of the transfer function
is a direct consequence of the design. Two examples of transfer curves, in green, are
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Figure 3.2: Two examples of transfer curves linking Design Variables (DV) and Functional
Performance (FP). The terms Norm, LSL, and USL stand for nominal specification, Lower
Specification Limit, and Upper Specification Limit, respectively.

shown in Fig. 3.2. The x-axis represents a DV with nominal (0), upper (+), and
lower (-) values, while the y-axis represents the FP. The DV’s (grey) probability
is normally distributed in the presented examples. The goal of Robust Design is
to create a design where the output is insensitive to input variation. Two common
strategies can be applied to optimize the robustness of a design; (a) minimize the
input variation, e.g., changing manufacturing process or accuracy, or (b) reduce
design sensitivity. Strategy (a) is often expensive, and some variation types might
not even be possible to control reliably (Booker et al., 2001). Instead, strategy (b)
can be achieved by adjusting the DV specification to target a shallow tangent on the
transfer curve. Adjusting the DV is inexpensive and preferred as minimum design
changes are required. However, in Fig. 3.2a the transfer function is linear within the
allowed solution space, and no change to the DV will minimize the design sensitivity.
Instead, the design must be changed if the output variation is unfeasible, resulting
in a new transfer curve. The transfer curve in Fig. 3.2b is non-linear. The non-linear
section of the transfer curve can be exploited to reduce the variance of the FP by
carefully adjusting the DV specification, thereby achieving a more robust design.

An essential contribution of this thesis work is enhancing the methods to generate
accurate transfer functions based on simulation and enabling design decisions based
on better insight. The following points must be underlined for applying and using
transfer curves in practice. (i) FP will usually be affected by multiple DVs and vice
versa, making robust optimization complex due to internal conflicts. (ii) A design
will usually have many design variables, a number which is too great to analyze with
existing simulation and screening methods. Therefore, pre-selection of a subset of
variables is required based on experience and use of the P-diagram, see Section 3.4.2.
(iii) A conflict can occur between the optimization of the FP and the sensitivity of
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the design. Using the examples in Fig. 3.2, a design with a linear transfer curve
has the same sensitivity independently of the DV configuration. However, while
the non-linear transfer curve can achieve less sensitivity when the DV is adjusted
correctly, it can also generate significant output variance if the DV is out of control.
Moreover, a robust design is invalid if it does not perform to the required performance
specification. Imagine for this case if the FP should be minimized; it then becomes
a weighted decision between robustness and design performance.

3.3 Frameworks
The frameworks functions as the supporting structure of the Robust Design Method-
ology’s tools and methods in this thesis.

3.3.1 Taguchi methods for robust design
Taguchi (1986) introduced a three stage-process of minimizing design sensitivity,
which consists of System design, Parameter1 design, and Tolerance design. System
design contains the conceptual development and defines the structure, kinematics,
and functions. Variable Design contains the optimization of design variables where
the non-linear behavior of the transfer function is exploited. Finally, tolerance design
contains tightening or loosening of tolerances based on gained sensitivity insight.
Taguchi’s recommendation was to apply the methods in this order to minimize the
cost of product development.

Ideally, the development process is linear as suggested by Taguchi, where a robust
concept is identified, the variables are optimized to maximize performance and
robustness, and finally, allocated tight tolerances to sensitive variables. In contrast,
insignificant variables are allocated loose tolerances to minimize production costs.
However, the actual development is often an iterative process, where the initial
concepts require rework as the variable or tolerance design identifies robustness
issues. Therefore, robustness evaluation is performed multiple times and requires
the simulations to be as cost-effective as possible. The scope of this research aims
to develop a simulation process that primarily focuses on variable and tolerance
optimization while minimizing the computational costs to allow for the evaluation of
multiple concepts. The process is published in [P3].

3.3.2 Variation Management Framework
Hasenkamp et al. (2009) states that awareness of variation is the first principle
of Robust Design Methodology. The Variation Management Framework (VMF)
suggested by Howard et al. (2017) combines four essential domains of product
development and builds upon the Taguchi methods. The VMF is shown in Fig. 3.3

1A “parameter” is defined as fixed in optimization problems. Therefore, for consistent terminol-
ogy, “variable” is instead used to indicate possible change.
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Figure 3.3: The Variation Management Framework by Howard et al. (2017), linking
Production Variation (PV), Design Variables (DV), Functional Performance (FP), and
Customer satisfaction (CS).

and relates the Production Variation, Design Variables, Functional Performance,
and Customer Satisfaction. In this thesis, the VMF ensures that robust design
development is not kept as an isolated discipline as traditionally but instead reminds
us how decisions in one domain affect others.

3.4 Methods
The present work aims to create a consistent approach to virtual assessments of
structural robustness, which requires several well-known methods used in tandem.
The following section introduces the theoretical foundations of the included methods
and highlights the interdisciplinary research conducted. The methods are presented
in the order they would be applied during mechanical development.
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Figure 3.5: A template for the P-diagram.
The input signal is linked to the noise and
control factors in order to determine which
factors influence the ideal system response
and create potential error states.

3.4.1 Kinematic Design and Design Clarity
Kinematic Design (KD) seeks to avoid over- or underconstrained designs by ensuring
that only the intended Degrees Of Freedom (DOF) are allowed to translate or
rotate (Myszka, 2012). The mobility of the system can be calculated with the
Kutzbach-Gruebler formula (Gogu, 2005). Additionally, Design Clarity (DC) seeks
to identify and define the purposes of all interfaces in the system, i.e., where a gap or
contact should always be defined even when dimensional variation occurs. Ebro et al.
(2012) provides a list of best-practice interface definitions to avoid ambiguity due to
variation. The principles of KD and DC are applied in combination in Fig. 3.4. The
housing (A) is locked, reducing the system mobility from 12 to by six DOF2. The
shaft (B) is only allowed to rotate around and translate along its axis. The intended
mobility of the two components is achieved with the interface definitions highlighted
with colors. Red indicates the intended gap, and green indicates intended contact.
Short and well-defined contacts are preferred to ensure robustness (Ebro et al., 2012).
Blue indicates intended contact under given conditions, which in this case depends
on the direction of the force F.

In the present thesis, kinematics and design clarity are vital as they affect the
computer simulation configuration when dimensional variation is introduced. In con-
ventional FEA, where the assembly of components does not interfere, the components
can often be positioned correctly in contact at the start of the simulation. However,
additional steps are required to avoid interference and unwanted contacts due to
dimensional variation. An elaboration on these topics is presented in Section 3.4.3
under FEA, see also [P2], and Section 4.3.2 (extended results of [P3]).

2Each body has six DOF in 3D.
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3.4.2 P-diagram
The P-diagram by Juran and Gryna (1993) is a systematic method for structuring
inputs and outputs of a system or design. The schematics of the method are shown
in Fig. 3.5, which is used in the present research to select variables for FEA-based
variation simulation systematically. The input signal is the energy source, which for
the mechanical designs in this thesis is torque, force, or displacement. The ideal
response is the primary intended function of the design, whereas error states can
be energy losses or malfunctions. The control factors are the variables that the
engineering team can control, e.g., nominal dimensions or material type. In contrast,
noise factors cannot be strictly controlled but can influence design performance. The
P-diagram links the potential control and noise factors to the ideal response and
error state based on the available engineering knowledge and can be applied as early
as the concept phase. However, caution should be taken when filtering the factors
as the following deterministic simulation will not detect important variables that
were excluded in the pre-screening. Therefore, reducing the computation cost of
FEA-based variation simulation is paramount to allow for as many variables to be
included and avoid the pre-screening error.

3.4.3 FEA-based variation simulation
Evaluating design robustness and applying optimization based on FEA is a non-
trivial task and requires multiple engineering disciplines to interact. Figure 3.6 aims
to illustrate the process steps where the arrows indicate transferred information. As
the figure hopefully illustrates, the complexity is increased significantly compared
to nominal FEA, which alone is a specialist’s field and generates hundreds of Ph.D.
projects. The following subsections introduce the level of theory applied in this thesis
work of each discipline: Computer-Aided Design, Finite Element Analysis, Design
Of Experiments, Sensitivity Analysis, and Optimization. Because of the number of
disciplines included in the present research, the theoretical depth is reduced for each
discipline compared to researching in only one. Instead, the present research aims to
understand the interaction between the disciplines and develop new methods that
enable the interdisciplinary process called “FEA-based variation simulation”.
Computer-Aided Design (CAD)
CAD is “not just a tool”, but the foundation of mechanical development (Petrina,
2003). CAD is a method built on vector-based graphics to digitally create 2D/3D
models and drawings of real-world products without physical limitations. Virtual
exploration of a design before manufacturing allows the engineer to evaluate and alter
it faster and cheaper, especially when combined with simulation. CAD models are
commonly developed with “Parametric modeling”, which is a history-based, feature-
based approach. The parametric controls are crucial for variation studies as they
allow to accurately adjust the geometry and evaluate the functional impact. On the
other hand, the newer approach, “Direct modeling”, is a history-free, parameter-free
approach and does not keep any change log of features, therefore not applicable for



3.4. METHODS 23

Functional 
requirements

Robust CAD

Screening DOE

FEA Result extraction

VBA

FEA Result extraction

VBA

Augmented DOE
Meta-model 
validation

Multi objective 
optimization

De�ne solution 
space

Engineering Simulation Post-processing

Sensitivity
analysis

Data cleaning

Simulation Post-processing

Meta-model

Data cleaning
Validation of 
optimized 
design

Figure 3.6: Overview of the process steps required to achieve FEA-based variation
simulation, consisting of multiple stages to connect CAD, FEA, DOE, Sensitivity Analysis,
and Optimization. The process starts in upper left corner and is further elaborated in [P3].

sensitivity studies. A CAD model in this thesis work consists of a defined sequence
of solid or surface 3D features created from 2D sketches. The model is considered
robust if parametric changes to features or sketches are allowed without causing
regeneration failures (Camba et al., 2016).

The robustness of the model can be improved on two levels; feature and sketch.
Formal CAD methodologies exist to suggest different feature structures such that
regeneration issues are minimized, e.g., Delphi’s Horizontal modeling (Landers DM,
2004), Explicit Reference modeling (Bodein et al., 2014), and Resilient modeling
(Gebhard R., 2013). Based on the work by Camba et al. (2016) Resilient modeling is
deemed most efficient for feature modeling and used as the primary feature method-
ology in this research. Resilient modeling structures features into six categories
defined in Table. 3.1, which minimizes unfortunate “Parent-Child” relations.

However, limited work has been devoted in literature to applied dimensional
variation and robust constraints in sketches (Aranburu et al., 2020). The open
literature provides some guidelines for producing quality CAD models (Company
et al., 2015), however no directly applicable principles on how to apply sketch
constraints that maximize robustness are available. Proper sketch practices state
that it must be fully constrained; however, issues may still arise as the robustness of
the sketch is affected by the number and types of constraints (González-Lluch et al.,
2019). Consequently, the present research suggests the “Robust Sketch Principles”
presented in [P4], which aims to extend the toolbox to achieve robust CAD models.

Finite Element Analysis (FEA)
FEA is a well-established method for analyzing the behavior of structures subjected
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Table 3.1: The Resilient modeling feature structure increases the CAD model robustness
by creating features in a specific sequence which removes wrongful links between "parent"
and "child" features. (Original table: Table 3 in [P2])

Group Description Typical features
1 - Ref Reference entities, no solids

are allowed.
Ref. bodies, layouts, sketches,
planes, coordinate systems, im-
ages.

2 - Construction Construction features, such as
surfaces and 3D curves used to
define complex solid features

Surfaces, project, extend, split,
trim, 3D curves

3 - Core Core solids that determine the
structure’s overall shape.

Extrude, revolve, sweep, loft,
thin wall, shell

4 - Detail Detailed features to refine the
shape. It can only link to the
core group.

Extrude, revolve, sweep, loft,
hole thread

5 - Modify Modify and replicate existing
features

Draft, pattern, mirror

6 - Quarantine Volatile features, which should
under no circumstances be
"parent" features

Chamfer, round, blend

to various loads and is based on the Finite Element Method (FEM). The primary
research focus in the present work is on applied FEA and instead refers to Cook
(1995); Cook and Cook (2002) for more fundamental FEM theory. A noteworthy
aspect of FEM theory is the principle of energy minimization, which ensures that
while multiple solutions exist, only the configuration with the lowest energy is chosen.
As a result, FEA is deterministic, making it suitable for variation studies as the
change in output is a function of the controlled input change. However, because the
FEA solution is an approximation of the physical problem, the accuracy is highly
dependent on the following categories; (a) the mathematical model of the physical
problem, (b) discretization and element selection, (c) applied loading and boundary
conditions, (d) material model, and (e) analysis type. It is paramount that these
categories are defined robustly so that the output change is only affected by the
intended input change, not because of invalid mesh or inadequate elements through
the thickness in some design configurations. The following introduces categories (a-e)
with this thesis work’s measures to ensure optimal FEA-based variation simulation
results.

(a) To accurately calculate the behavior of a structure, the mathematical rep-
resentation must be a close approximation of the physical object. Conventionally,
creating complex geometry was challenging in FEA software like Abaqus or ANSYS.
So instead, design modeling was performed in designated CAD software and exported
as neutral formats which could be imported in FEA software, e.g., .stp, .igs, .wrl.
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While the import/export is a valid approach, it is not ideal for FEA-based variation
simulation. The number of geometrical configurations requires a significant amount
of manual work, leading to potential errors. Furthermore, traceability between the
CAD model and FEA result must be vigorously insured to avoid post-processing
errors.

The present research utilizes software directly linking the CAD and FEA models
to minimize human error and tedious manual design configurations. The link ensures
that only one mathematical master model exists, which enhances traceability, and
ensures that any geometrical changes from the CAD model are directly updated
in the FEA model. However, the FEA model often requires simplifications to
minimize the computational cost, .e.g, defeaturing of non-structural geometry, adding
roundings/drafts to avoid singularities or half-symmetry model reduction. Therefore,
instead of altering the geometrically accurate CAD model, a secondary representation
of the CAD geometry is created, known as an abstraction shape. Modifications to
the abstraction shape are unidirectional, which means that only the FEA model is
affected. While an interactive viewer is used for conventional FEA to review the
results, automatic result extraction is preferred when FEA is combined with DOE as
multiple simulations are performed in sequence. Therefore, in the present research,
the abstract shape also creates parameterized partitions that control element/node
sets for the result extraction. By parameterizing the partitions, the results are
comparable as the geometry varies. Further details regarding dynamic partitioning
and automated result extraction are presented in Section 4.2 and 4.3. Problematically,
if geometrical variation causes the components to interface at an undesired location,
the designated zones for result extraction are at the “wrong place”; however, the
unexpected results can be used to detect kinematic design issues.

Furthermore, additional “assembly” steps can be required for FEA-based vari-
ation simulation to ensure that all possible geometrical combinations avoid initial
interference or contacts issues that will fail the simulation. This thesis work has
explored three approaches; (i) nodal re-positioning by calculating over-closures,
optional with and without resulting strain. Over-closure is a valid positioning option
for surfaces with slight protrusion but found to be less robust for more considerable
overlaps and, therefore, not used in any case studies. (ii) Shrink and expand by
manipulating the material expansion coefficient. In [P2], the positioning of the
membrane required two thermal steps. First, shrink the membrane with a thermal
load to fit within the area between the cap and cartridge. Secondly, initiate contact
and let the membrane expand to its original size, generating internal stress as it
interfaces with the surrounding components. The approach is valid but should only
be applied after considering; the shrink cannot generate internal strain as it leads
to unintended deformation, and is the position after expansion the same as if the
component were positioned realistically as in production? (iii) Translate or rotate the
components into position as they would be in production, applied in [P3]. Simulating
the actual assembly steps is the most realistic positioning approach and robust
towards geometrical variation when the components are constrained relative to each
other. Instead of constraining to the coordinate system, the relative constraints allow
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a defined gap between components. The drawback of simulating the actual assembly
is the increased simulation cost, as it often requires large displacements/rotations
(especially for explicit solvers).

(b) Discretization is the division of the global system into smaller elements.
The accuracy and convergence of the results are highly dependent on sufficient
discretization in the area of interest. However, discretization also depends on
the loading and the element type, e.g., bending where the element type and the
number of elements through the thickness can be crucial. Selection depends on
five parameters and will determine the element properties; (b.1) type of element
family (continuum, shell, beam, rigid, membrane, infinite, connector, or truss),
(b.2) the number of nodes (Linear or quadratic), (b.3) Degrees of Freedom (nodal
translation and rotations), (b.4) integration procedure (extrapolation or integration
of nodal values), and (b.5) formulation (prevent shear/volumetric locking, coupled
thermal/structural). The FEA will produce results regardless of wrong element
selection and inefficient discretization, which is why companies often have specific
guidelines and rule-based meshing. Novice users are recommended to read the
software’s user manual for an element overview and perform mesh convergences
studies before any significance is applied to the results. Some software also allows
for adaptive meshing, where the mesh is reconfigured based on element gradients;
however, the technique is out of scope for the work presented in this thesis. Instead,
mesh convergence is performed prior to running the DOE.

(c) In practice, the computational cost makes it impractical to simulate the entire
design in each iteration. So instead, the analysis is reduced to sub-assemblies or
individual components, and the excluded components are replaced with loads and
boundary conditions. The applied boundary conditions severely impact the analysis
results and, if incorrectly applied, can be a major contributor to the inaccuracy
between physical experiments and the FEA. Two steps are recommended to minimize
boundary condition errors; ensure the components are correctly constrained by
analyzing the system’s degrees of freedom, see Section 3.4.1 and allow the FEA
engineer to participate in the physical experiments.

(d) The FEA requires accurate material definitions to predict the structural
behavior. The mechanical properties (Callister and Rethwisch, 2015) of the material
can be defined in tabular form or expressed with more advanced mathematical
formulations to fit experimental data in commercial software3. Four broad material
categories exist and vary in complexity; elastic (the stress is proportional to the
strain), viscoelastic (hysteresis loading/unloading, rate-depended), plastic (perma-
nent deformation and non-linear relation between stress and strain), and viscoplastic
(plasticity is rate-dependent) (Kelly, 2013). In addition to the above models, the
material properties can be isotropic or anisotropic (properties of a material depend
on the direction). Furthermore, the material properties can vary with temperature.
For example, for plastic components which are evaluated in the present research,
the operational environment can naturally reach temperatures on a hot summer

3E.g. Abaqus, ANSYS, COMSOL.
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day which can affect the structural properties. Varying material properties and
temperatures are briefly explored in Section 4.3.2 (Extended results of [P3]).

(e) FEA problems are represented mathematically as Partial Differential Equa-
tions (PDEs) and solved using matrix equations to find the unknown displacements.
The matrix equations can be linear or non-linear, with the subcategories classified
as; material non-linearity (large deformations and strains, i.e., polymers), geomet-
ric non-linearity (large rotations but with small strains, i.e., thin structures), and
boundary non-linearity (Abrupt changes to the boundary, i.e., contact). Implicit or
explicit methods can be used to solve the matrix equations with individual benefits,
and the choice depends on the problem type. FE solvers in commercial software
apply advanced theory and mathematics to solve the problems effectively; however,
for application purposes, the very crude difference between implicit and explicit is
the information required to calculate the displacements for the next time increment.
The new state is calculated based on the previous increment for implicit methods,
requiring a coupled system of equations to be solved. Solving the system of equations
ensures a converged solution. For explicit methods, the new state is calculated
based on the information available in the current state. Explicit is cheaper per
time increment; however, the time step must be smaller. Because explicit methods
basically extrapolate, a “stable time increment” must be calculated4 to avoid an
unstable solution, i.e., drifting from the true solution. Notably, the stable time
increment is reduced for small elements, higher stiffness, and low density. Therefore,
varying element sizes for explicit is costly, and a single small element should be
avoided. For this thesis work, explicit is used exclusively due to the changes in
contact, i.e., a highly non-linear problem. While solvable with implicit, it requires
many iterations, which can be computationally expensive. Furthermore, while the
case studies explored in the present research are considered quasistatic, the explicit
method calculates the dynamic effects (force = mass × acceleration), resulting in
oscillating outputs. Therefore, the post-processing step “Data cleaning” in Fig. 3.6
is required to filter/smooth the numerical noise (Stephen Butterworth, 1930).

Design Of Experiments (DOE)
DOE is a statistical method that deals with planning, conducting, analyzing, and
interpreting controlled experiments to estimate the effects of included variables. The
fundamental experimental principles, “blocking”, “randomization”, and “replication”,
were proposed by Ronald A. Fisher (1926, 1935) and initially intended for physical
experiments. In physical and stochastic computer experiments, these fundamental
principles must be applied to evaluate uncontrolled factors and avoid bias. However,
for deterministic experiments such as FEA, where the output is constant for the
same input, these principles become redundant (Santner et al., 2003; Fang et al.,
2005). While this allows for efficient experimental designs, i.e., fewer experiments,
including all essential variables5, becomes critical. Variation of “left out” variables

4stable time increment must be less than the Courant time step, i.e., the speed of sound in the
material.

5Known as “factors” in DOE terminology.
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Table 3.2: Overview of DOE’s for screening and optimization.

Screening designs Optimization designs
One-Factor-at-The-Time (OFAT) Central Composite Design (CCD)
Full Factorial Latin Hypercube (LH)
Fractional Factorial Optimal Latin Hypercube (OLH)
Box-Behnken Adaptive/evolutionary sampling
Plackett-Burman
Definitive Screening Design (DSD)
Definitive Screening Design+ (DSD+)
D-Optimality

will not be detected, resulting in sub-optimal design changes. As a result, screening
variables are critical for successful deterministic experiments, which means including
as many variables as computational time allows in the initial experimental design.
The Fraction Factorial Design with resolution III or IV is used for screening in
this thesis work, as no higher-order interactions are expected. Additionally, the
Fraction Factorial Design offers simple matrix structures with standardized post-
processing based on “Analysis of Variance” (ANOVA6) (FISHER, 1944; Montgomery,
2012). Furthermore, the Fractional Factorial Design offers augmentation, which
in some cases allows the generation of the response surface (capable of describing
non-linear effects) cheaper than directly performing a Central Composite Design
or Latin Hypercube Sampling. Based on the principle of effect sparsity (Hamada
et al., 2000), only a fraction of the originally included variables often prove to be
statistically significant for the response evaluated. Therefore, a cost reduction is
achieved by first removing the insignificant variables and then augmented design to
effectively spend all additional simulations to achieve a response surface to explore
significant factors’ interaction and non-linear effects. The approach is applied in
[P3]. Alternatively, Latin Hypercube sampling is suitable for computer experiments
(Dehlendorff, 2010). It is a more effective approach for response surface modeling than
Monte-Carlo sampling (Booker, 1998). A comparison of cost and accuracy between
Latin Hypercube sampling and augmented Fractional Factorial is presented in [P3].
Table 3.2 provides an overview of some of the potential choices for experimental
designs. As the list hopefully indicates, the choices are many, and selecting a DOE
can be difficult as each has its pros and cons. A detailed description of each DOE is
not covered in the present work; instead, see (Montgomery, 2012) and the suggestion
for a DOE selector tool in Section 5.3.
Sensitivity Analysis
Sensitivity Analysis evaluates the relation between input and output variables. In
the present research, the data generated from the DOE, polynomial meta-models
can be developed based on a least-square fit (JMP, 2018). The meta-model (transfer
function) is an analytical expression of the system response, which is more cost-

6performed in SAS JMP (SAS, 2019).
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efficient to evaluate than the FEA. Thereby, combining CAD, FEA, and DOE allows
the creation of transfer functions between any design variables and design response.
Stochastic behavior and optimization can be performed with the meta-model because
the low evaluation cost allows the exploration of millions of design configurations.
This thesis introduces stochastic behavior by converting the meta-model variables
to distributions based on Monte-Carlo simulation, where the probabilities can be
defined. However, deduced accuracy is an essential aspect of converting the FEA
to a meta-model response. The process of converting the physical response to
a mathematical CAD model, discretization in the FEA, and finally, the limited
number of experimental test points contributes to the accumulated error. Therefore,
validation of the meta-model response with additional FEA or physical test results is
required. The validation data cannot be a part of the data used to fit the meta-model.
The error between the meta-model and the physical/simulation data should be less
than the result’s importance scale. A meta-model validation study is suggested in
Section 5.3.
Design Optimization
The optimization goal combined with Robust Design is to minimize the design
sensitivity while maximizing the design performance. Unfortunately, the task is non-
trivial for designs with multiple functional requirements7, as while one requirement
is improved, another can be reduced. Targeting one functional requirement at a time
is a sub-optimal approach as it leads to an endless circle of iterations to balance
the requirements. Instead, multi-objective optimization is required, which considers
all requirements (equally or weighted) in the attempt to find a design that satisfies
all. Multi-objective optimization is in this thesis work used as a tool to automate
the task of identifying the nominal design values and tolerances, which improves
the robustness and reliability of the design. Specifically, the non-dominated Sorting
Genetic Algorithm II (NSGA-II) is used to solve the multi-objective optimization
in the present research. NSGA-II is an evolutionary algorithm (Deb et al., 2002)
suited for multi-objective problems and generates an approximation of the entire
Pareto front. The working principle of NSGA-II is to create the first population
of designs with randomly assigned design variables and evaluate each by fitness
functions (design outputs). Then, the “best” portion of the population is allowed
to evolve and generate new designs for a user-defined number of generations or
when an exit criterion is achieved. The Pareto front consists of the best-performing
solutions identified with the trade-off between the multiple requirements. NSGA-II
is used in [P3] to generate an approximation of the entire variable and tolerance
space when configured with a large population size and number of generates, i.e., the
probabilistic performance of 1.000.000 products. The downside of NSGA-II is that
Pareto optimality cannot be guaranteed and therefore require a large population
size that affects its speed. However, for the present research, the speed of NSGA-II
is considered fast as it takes less time to estimate the Pareto-front than running a
single FEA.

7Known as objective functions in optimization terminology.





4 Summary of Results

The purpose of this project has been to develop methods and tools to avoid product
failures and enable a right-first-time design process. As illustrated in Fig. 2.2, the
work has been structured around three research questions. Each research question has
been addressed in a study, and the results have been published or are currently under
review, see Publication summary. In this chapter, the main results are summarised
in four sections. The summary first identifies and maps current design tools and the
barriers that prevent the successful adoption of virtual assessments of robustness.
Then, specific tools and processes are presented that can overcome these barriers,
along with case studies to illustrate the effect of the suggested solutions. Finally,
at the end of each section, a study evaluation is performed to discuss the academic
validity of the results.

4.1 Barriers for Virtual Assessment of
Structural Robustness, [P1]

Based on research question 1, the assumption is that companies rely too much on
costly physical prototyping instead of virtual simulation to identify design issues.
Therefore, the study for [P1] aimed to map the applied decision-making tools used
in the current design process. Then, understand their pros and cons and identify the
potential industrial barriers preventing the use of virtual simulation to improve the
design robustness early in product development. The following section starts with
two secondary results, leading to an improved understanding of the primary result;
the barriers preventing virtual assessment of structural robustness. The results in
[P1] are based on the interviews with three decision-makers in the organization,
six lead engineers from a medical device manufacturer, and the CEO of a software
company with variation simulation capabilities.

4.1.1 Pros and cons of existing engineering tools
The first part of the interviews investigated the pros and cons of existing and applied
decision-making tools in the design process. The understanding of the existing
tools was created to establish a baseline on which FEA-based variation simulation
should compete in terms of cost and accuracy. The design process shown at the
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Figure 4.1: Top: A generic development process (Pahl et al., 2007). Middle: Trans-
formation of tasks and design iterations. Bottom: The current utilization of applied
decision-making tools based on the interviews. (Original figure: Figure 3 in [P1]).

top of Fig. 4.1 was used during the interviews to roughly categorize three main
phases of design development; principle solutions, preliminary layout, and definitive
layout. The middle of Fig. 4.1 illustrates how the Functional Requirements (FR) are
transformed into concepts, which are continuously evaluated and improved until a
final solution is reached. The bottom of Fig. 4.1 shows the results of the interviews,
presented as the average utilization of the different decision-making tools used by
the lead engineers. The following summarizes the interviewees’ impressions of the
categories. The lead engineers and decision-makers agreed that expert knowledge is
the most efficient way to start product development. Well-known mechanisms, sizes,
and materials can be reused to avoid repeating previous mistakes. However, relying
on expert knowledge does have drawbacks in terms of innovation. Reuse can reduce
the willingness to incorporate new mechanisms or technology. Therefore, expert
knowledge cannot stand alone and should always be combined with more accurate
validation methods to solve technical issues and de-risk the project. The utilization
is reflected in Fig. 4.1, where expert knowledge is dominant in the concept phase.

The lead engineers found analytical models useful for estimating the overall
design dimensions; however, the impression of how straightforward a mechanical
design can be described with analytical formulas differed. The optimistic engineers
argued that design dimensions for a mechanism could be derived if the system
forces are estimated, and the function of the geometry can be described with known
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formulas, e.g., beam theory, Hooke’s Law. The less optimistic engineers argued that
creating proper analytical models necessitated additional assumptions to compensate
for geometrical simplifications. Moreover, because the additional assumptions may
require experience and complicate the calculations, a specialist is often required to
reach useful results, limiting the number of people in an organization who can do it.
However, all agreed that if analytical solutions could be trusted, their combination
with Monte-Carlo simulations provided valuable insight into the robustness of the
design. It was also stressed that an analytical solution for comparison was required
before any physical experiments could be carried out.

The lead engineers agreed that physical testing served three essential purposes;
function-test, calibrating simulation, and validation test for the authorities. Conse-
quently, physical testing gradually increases throughout the design process, as seen
in Fig. 4.1. Function-test of sub-assemblies and new mechanisms were mentioned as
especially helpful and relatively quick to perform. However, isolated sub-assembly
testing could lead to false positives due to incorrect boundary conditions or fitted
components1 and, therefore, not always an applicable method to evaluate robustness
issues. Furthermore, sporadic physical testing should be avoided and was performed
too often instead of first creating an analytical model of the design. Finally, one
lead engineer believed that physical testing would always be the primary validation
method, as simulation could not accurately predict complex behavior, indicating the
continuous conflict between conventional and modern methods.

The lead engineers agreed that simulation was essential in product development.
They were also aware of the differences between performing FEA in a CAD integrated
environment and specialist CAE software. The CAD-based simulation was deemed
helpful for quick stress calculations early in development. However, early concept
screening was not performed as a standard part of development, indicated by the
low numerical score in the principle solution phase, see Fig 4.1. Two lead engineers
requested that more project engineers possess the skills to perform this type of
analysis. Unfortunately, a limiting factor was that project engineers in the medico
industry might spend two years developing a design and then two years documenting
its validity to the authorities. The change in job function led to a loss of confidence
in the simulation tool. Therefore, the application of simulation was primarily used
in the later stages of development, where FEA specialists evaluate a more detailed
version of the design. However, with the current separation between CAD and FEA
software, the limiting factor is the speed and difficulty for performing analysis of
varying geometry. Therefore, the engineers welcomed the idea of finding solutions
that makes it possible to perform FEA in the earlier stages of development to screen
multiple concepts.

1Additional adjustment or adding lubrication which would not occur in actual production.
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4.1.2 Industrial failures related to low design robustness
The second part of the interviews investigated the magnitude of failures related to
low robustness. Where a typical mechanical failure can be caused directly by lack
of strength with nominal geometry, failures related to low robustness only occur
occasionally when multiple factors align in an unfortunate combination (Krogstie
et al., 2015). Because of the failure pattern, robustness issues are often hidden until
the ramp-up to large-scale production. Consequently, robustness-related failures
reduce company profits due to the massive redesign cost once large-scale production
is started (Krogstie et al., 2015).

The following examples are shareable and relevant in time from the medical case
company. (i) A device reached large-scale production without detecting the spring
and housing robustness issues. Once the production lines were established, only
limited design changes were possible due to validation. i.e., changes are not allowed
by authorities. Consequently, production output was reduced due to scrap, even after
35 design iterations had been attempted with limited success. (ii) An existing product
has encountered unexpected geometrical variation in several parts. Consequently,
the production line’s scrap rate was dramatically higher to maintain product quality.
(iii) A new design was developed and looked promising based on the existing product
development practice. However, once the design was mass-produced and geometrical
variation occurred, the device performed unreliably and was canceled.

The cases emphasize the need for better and more appropriate tools to identify
and mitigate robustness issues. Even a case company with access to “top drawer”
engineers have difficulties solving robustness issues in the design phase.

4.1.3 Industrial barriers preventing virtual assessment of
structural robustness

The primary results of [P1] are the barriers listed in Table 4.1 preventing FEA-based
variation simulation2 from being a standard tool in the development process. The list
of barriers was generated based on the final part of the interviews, which considered
the issues experienced by engineers in the industry. The list is divided into three
categories. The status column indicates whether the barrier experienced by the
interviewees exists after further investigation was performed based on literature
review and software investigation (not stated clearly in [P1]). A “X” indicates that
the experienced barrier does have a solution, but it was unknown to the interviewees.
A “÷” indicates that the barrier exists and new solutions are required. Parentheses
indicate the expected status, but a definitive conclusion requires more research, such
as creating case studies (performed in [P2]).

The results show that more solutions might exist than engineers in the industry
are aware of. In itself, the issue of improving communication between academic and
industrial to prevent resources being wasted on issues already solved is worthy of

2Referred to as Virtual Robust Design Optimization (VDRO) in [P1].
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Table 4.1: Barriers experienced by the interviewees with a status check. (Recreated from
original tables: Tables 2, 3, 5 from [P1]).

Technical barriers Status Practical barriers Status

No commercial software can
link CAD and FEA

X Simulations can exceed the
project time-constrains

÷

Tools are too complicated (X) Traceability of why design
changes were implemented

(÷)

Massive increase in CPU-
time due to Design of Exper-
iments

÷ Design version control is dif-
ficult

(÷)

Variation simulation require
different software solutions
which doesn’t effectively ex-
change information

(X) FEA-based variation simula-
tion increases cost by either
more specialists and software
licenses

÷

Unable to work on model de-
sign and simulation in paral-
lel

(X) Steep learning curve which
lowers the willingness to im-
plement

÷

No effective methods for au-
tomating advanced studies

(X) Parameterization of CAD
models are completed late in
the design process

÷

Knowledge barriers Limited specialists available ÷

No need for extended virtual
development

X Advanced simulations can in-
crease potential mistrust in
the results

(X)

Project teams are unaware of
the tools available

(X) Simulation output is diffi-
cult to convert into design
changes for the designer

(÷)

Enhancement of other RD
tools would create more
value

X Advanced results are difficult
to comprehend in short high-
level decision meetings

÷

research but not in the scope of this thesis. Instead, the list of barriers also indicates
that applying FEA-based variation simulation in the industry is not without issues
and worthy of further research.

4.1.4 Study evaluation of [P1]
Work Package 1 aimed to assess the relevance of the research direction, which was
presented in [P1]. Given the ambition of the Ph.D. project to advance the industrial
application of FEA-based variation simulation, the study aims to build confidence in
the chosen research direction and the meaningfulness of support tools in the context
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of medical device development. Therefore, the initial focus is on engineers from the
case company to understand barriers within the chosen context. While there was a
satisfactory agreement between these interviewees, it should be noted, which was
not stated in [P1], that the engineers participate in technical collaborations with
other leading manufacturing companies, giving them insight into several product
development processes. However, the identified barriers are influenced by the group
of interviewed engineers, which primarily consisted of mechanical engineers, and
by the background of the author of this thesis. If, instead, a substantial portion
of the interviewees were software developers with insight into futuristic software
capabilities, the identified barriers would probably have differed and instead focused
on more futuristic barriers. Consequently, the barriers targeted in Work Package 2
focused on current issues rather than more principal future issues, i.e., enhancements
possible to develop during the short Ph.D. research period rather than creating
disruptive technologies.
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4.2 Exploring Barriers for the use of FEA-based
Variation Simulation in Industrial
Development Practice, [P2]

The inspiration for [P2] originates from the results of [P1]. While the comprehensive
list of barriers was experienced by one company, more considerable industrial insight
was required to generalize the barriers. Therefore, the study leading to [P2] expanded
the interview group to include five engineers from companies in other industries.
Additionally, a live case study was performed with a medical device manufacturer
for a more in-depth technical understanding of the commonly experienced barriers.
Instead of Virtual Robust Design Optimization (VDRO), the process is called “FEA-
based variation simulation” according to the new knowledge of the methods required
to perform the virtual evaluation of structural robustness. The results of the extended
interview study are presented first, followed by the case study.

4.2.1 Extended interview results
The interviews with the additional lead engineers from the marine and industrial
equipment industries confirmed the general pros/cons and the average utilization of
tools in the development process, see Fig. 4.1 from [P1]. Secondly, based on their
input, a pattern emerged of the three main barriers preventing FEA-based variation
simulation from being applied in the standard development process. The barriers
are explained in the following.

Main barrier 1: A lack of CAD model robustness.
Limited CAD robustness was found to be the primary cause of the narrow use of
FEA-based variation simulation. Without robust CAD, regeneration errors occur
when parametric changes are applied. Unfortunately, the general impression was that
practical parametric CAD methodologies did not exist, and time was not allocated
early in every project to ensure robust CAD. Consequently, the shared experience
was that regeneration failures often occurred with the existing practice, resulting
in manual configurations and a highly constrained solution space to optimize the
design.

Main barrier 2: Selection of an effective DOE and post-processing of the results
require specialist knowledge.
The lead engineers explained that efficiently generating small experimental designs,
post-processing data, and trusting the results necessitate specialized knowledge,
which was typically lacking in design teams. As a result, even despite surveys
publications of DOEs and meta-models by Simpson et al. (2001), industrial uti-
lization combining CAD, FEA, and DOE remained limited, concluding that the
interdisciplinary knowledge required to perform FEA-based variation simulation was
not readily available among engineers.
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Main barrier 3: To date, the FEA software is found to be inadequate in supporting
the automatic execution of multiple simulations.
All the lead engineers experienced that achieving FEA-based variation simulation is
complicated as it requires multiple methods and software knowledge. The general
process description was; the design is generated in CAD software, the simulation
was performed in FEA software, the DOE is generated in a third, and potential
post-processing is performed in a fourth. Most critical was the transformation of
geometry between the CAD and FEA software in a neutral format (STP.). Because
the neutral format removes parametric CAD capabilities, the current approach
typically results in an inefficient manual process. Multiple new CAD models are
created repeatedly to demonstrate the effect of changing specific design variables.
The manual process results in only a few variables (max. 1-3) being included in the
DOE. On the other hand, the lead engineers believed that screening +10 variables
were required to explore designs effectively. Consequently, each simulation’s tedious
manual setup and execution require too much effort, resulting in the use of other
decision-making tools instead.

4.2.2 Case study results
A case study was performed after defining the three main barriers and aimed to
investigate possible solutions. The case study was based on an accepted approach
for FEA-based variation simulation (Prajapati, 2017; Madrid et al., 2019b) to
ensure a comparable starting point to explore the main barriers. The investigated
design consists of three components (membrane, cap, cartridge) and one functional
requirement, the cap’s holding force. The parametric CAD geometry and a FEA
result are shown in Figs. 4.2 and 4.3, respectively. The case study allowed the seven
geometrical variables to vary with a standard deviation of 7% from the nominal
value (an approximation of the expected variation) controlled by a fractional factorial
design with 64 simulations. The robustness of the FEA was improved by using
an explicit solver, which by experience handles varying contacts better than the
implicit solver as convergence issues otherwise require manual tuning. The material
properties of the rubber membrane were modeled as visco-elastic, the aluminum
cap as elastic-plastic, and the glass cartridge as rigid. The global contact definition
used a fixed Coulomb friction coefficient of 0.1. Boundary conditions and the forced
displacement d are shown in Fig. 4.3. Furthermore, the rotational symmetry of the
components was exploited to reduce the computational effort, with only ten degrees
of the 3D model being included in the model. The total DOE run-time was 32 hours.
The technical aim of the FEA-based variation simulation was to explore whether
the specified tolerances of the selected variables maintained sufficient holding force.
The holding force was defined as the force required to pull the cap off, breaking the
sterile seal.

The case study generated; (i) process insight of FEA-based variation simulation
to research the three main barriers, and (ii) design insight used to tune the manufac-
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Figure 4.2: Overview of the variable geo-
metrical variables in the undeformed state.
Membrane (height, H, and width, W ), cap
(thickness, T , length, and inner radius, R),
cartridge (inner radius, r and height, h).
(Original figure: Figure 3 in [P2]).

Figure 4.3: Example of the FEA results
with component names and boundary condi-
tions during deformation. The cap is fixed
on the upper corner while the displacement,
d, is applied to the bottom of the cartridge.
(Original figure: Figure 2 in [P2]).

turing process, which was of interest to the case company. Each result is elaborated
in the following;

Barrier 1 insight: The original CAD models were poorly configured and failed to
regenerate properly with minimal geometrical variation. Based on an investigation
of the experienced failures, two issues were identified; (i) geometrical changes caused
by overlapping lines, and (ii) the order of features caused problematic relations
during updates. The modeling strategy “Resilient Modeling” by Gebhard R. (2013)
was identified through literature (Camba et al., 2016) and adapted to increase the
CAD robustness. The regeneration issues were eliminated by remodeling the three
components with the formal CAD strategy with the added attention of ensuring
the seven parametric variables. Surprisingly formal CAD modeling strategies were
not mentioned by any of the interviewees, which is consistent with the research by
Aranburu et al. (2020), who highlights the need for a greater emphasis on robust
CAD models.
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Figure 4.4: Illustration of the data flow used in the FEA-based variation simulation
study. The process highlights the need for robust CAD and shows how the DOE and
FEA is executed in 3DEXPERIENCE while further post-processing of the raw data is
performed in Python. (Original figure: Figure 12 in [P2]).

Barrier 2 insight: DOE selection and post-processing were confirmed as challenging
tasks. The commercial software provided many DOE options but only limited
guidance with general descriptions. Without prior experience with DOE, the software
support was inefficient and would instead require additional education of the FEA
specialists. Selecting the most efficient design, knowing the options for experimental
design augmentation and suitability of meta-modeling was experienced as non-
existing, which would otherwise greatly benefit the FEA-based variation simulation
process. Furthermore, at the time of the case study, the software did not enable
post-processing of the DOE. Instead, the results were exported and post-processed
in an in-house Python script, complicating the process.

Barrier 3 insight: The first step to improve the automation of the FEA-based
variation simulation process is to enable an environment where CAD and FEA
are directly connected. In this study, the commercial software 3DX (Dassault
Systems, 2020) was utilized, solving the need for manual export and import of STP.
files, reducing the manual tasks. Due to robust CAD, data extraction, and post-
processing requirements, the depicted process differs from the more straightforward
process described in the literature (Prajapati, 2017; Madrid et al., 2019b). Instead,
Fig. 4.4 shows the more complex process required. The process made it possible to
execute 64 simulations automatically, increasing efficiency and limiting error due
to human interaction. However, the process demonstrates that data extraction
and post-processing require a wide range of software and programming skills. The
cause study also showed that an additional step of result extraction is needed to
automatically export result data without reopening the model and checking the
results. To enable the automation, the FE-model requires to have node/element
groups at the position of interest and ensure that the location follows the structure
as the geometry varies. Three methods for selecting nodes/elements are shown in
Figs. 4.5-4.7 and will impact how post-processing is conducted. Proximity selection
in Fig. 4.5 selects all nodes/elements within a spherical range from a references line
or surface. Imagine the geometry is reduced to half size, while the proximity is
constant, the selection can contain a different concentration of elements of interest.
If averaging is performed on the full group, the results are suddenly not comparable
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Figure 4.5: Example
of proximity selection.
This method includes all
nodes/elements within a
defined range of a reference
line or surface. (Original
figure: Figure 13 in [P2]).

Figure 4.6: Example
of spatial selection. This
method includes all
nodes/elements within a
sphere or box placed in the
global coordinate system.
(Original figure: Figure 14
in [P2]).

Figure 4.7: Example
of partitioning selection.
This method includes all
nodes/elements within a vol-
ume controlled by partition-
ing. (Original figure: Figure
15 in [P2]).

for varying geometry. Instead, extended post-processing must identify the elements
of interest for comparison. Spatial selection in Fig. 4.6 defines a sphere or box
positioned with references to the global coordinate system. As the geometry varies,
the selection remains constant in size and location, which can cause wrong selection
and should be avoided for FEA-based variation simulation. Finally, selection based
on a partitioned volume is shown in Fig. 4.7. Partitions can be parametrically defined
and, based on experience, allow for the most accurate control of the node/element
selection. When configured correctly with references to the geometry of interest,
the partitioning improves the comparability of results, even as the geometry varies
significantly.
Technical design insight
The 64 results of the simulated holding forces are shown in Fig. 4.8. The y-axis
shows the force exerted onto the cartridge, while the x-axis shows the cartridge
displacement. The vertical zero line indicates the difference between internal and
external forces. In the design specification, an external force3 is required to avoid
the internal forces of the compressed membrane to press the cap off and break the
sterile sealing. However, out of the 64 runs, some geometrical configurations stay
above the zero line, indicating that the membrane forces could press the cap off in
rare circumstances, causing the cartridge to be scrapped. The results confirm the

3magnitude is confidential
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Figure 4.8: Filtered (Butterworth) history
output of the holding force of all 64 simu-
lations. The internal force being the force
exerted by the compressed membrane. The
external force being the cap’s holding force.
(Original figure: Figure 5 in [P2]).

Decreasing 
holding force

Increasing 
holding force

Parameter 
effects

T
r
R
Tr
RT
L
h

W
TL
Rr
Th
Lr
hr

H

TLh

Figure 4.9: Main and interactions effects
sorted by the impact on the holding force.
Provides an overview of possible variables
to adjust the design performance. (Original
figure: Figure 7 in [P2]).

issues that have been observed in production. Based on the DOE, ANOVA is used
to identify the significant parameters, while a sensitivity analysis was performed to
estimate the variables’ impact on the holding force. The tornado plot in Fig. 4.9
shows the ranking of main and interaction effects (comparable as all variables are
varied by a percentage). The three most impactful variables are the thickness of the
cap (T), the radius of the cartridge (r), and the radius of the cap (R). An increase of
T and r results in an increased holding force, whereas an increase of R reduces the
holding force. The sensitivity analysis also allowed the construction of an analytical
meta-model, seen in Fig. 4.10. The accuracy of the meta-model was compared with
the existing FEA results shown in [P2]. A more thorough validation was performed
in later case studies to avoid over-fitting, i.e., it is not recommended to test the
accuracy of the meta-model on data also used to create the meta-model; it has to be
new data. The low computational evaluation cost of the meta-model enables the
probabilistic method Monte-Carlo to simulate the holding force of 100.000 designs
where the seven variables were assigned a normal distribution with a standard
deviation of 7% of the mean. The probabilistic estimation of the holding force is
shown in Fig. 4.11. The mean, µ, aligns with the product specification, and a margin
of six standard deviations exists between the mean and zero holding force, i.e., an
estimated failure rate of almost 0%. Furthermore, by adjusting the geometrical
variation in the Monte-Carlo simulation, the impact of changing the tolerances could
be estimated.

4.2.3 Study evaluation of [P2]
The research performed in Work Package 2 aimed to improve the generalization of
the barriers identified in Work Package 1 and to determine the most critical barriers
for further research. The possible solutions were explored with a broader interview
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ŷ = C1 − C2R + C3T + C4L

− C5h+ C6r − C7H − C8W

− C9RT − C10Rr + C11TL− C12Th

+ C13Tr + C14Lr − C15hr + C16TLh

Figure 4.10: The meta-model describing
the holding force based on the 64 simula-
tions. ŷ being estimated holding force, with
regression coefficients Cx.

Figure 4.11: The estimated probabilistic
holding force of the design with the current
tolerances. (Original figure: Figure 8 in
[P2]).

study and hands-on experience with a case study involving a mechanical interface
from a real-world design and manufacturing problem. The evaluation of the work is
performed in the following.

The results of the detailed investigation are consistent with results from both
[P1] as well as findings presented in the literature. In addition, the interviews demon-
strated the consensus across different industries regarding the pros and cons of the
tools applied throughout the development process and that there is a good agreement
between literature and industrial experience when comparing the application of FEA-
based variation simulation. At the same time, all interviewees perceive significant
practical challenges of FEA-based simulation not covered systematically in literature,
which underlines the importance of the presented research in an industrial context.
However, interview quality would have improved if the formal CAD strategies had
been identified prior to performing the case study. Nevertheless, it was surprising
that none of the engineers knew about the strategies and indicated that their use in
the industry was limited.

The Validation Square is used to evaluate the case study. First, the theoretical
structural validity was ensured by applying general FEA and DOE theory with the
added confirmation of the models from DTU and Novo Nordisk specialists. The
empirical structural validity was naturally ensured as the case study included an
actual production issue. The engineers confirmed that the case study adequately
represents a typical variation case study in the focus area of this research project
(medical device development) by the number of components and variables, the
material types, and simulation run time. Finally, empirical performance validity was
ensured by comparing the simulation results with physical measurements, which
were consistent. For ensuring the theoretical performance validity, it is necessary to
illustrate that the promising research results are achievable beyond the performed
individual case study. In the context of medical device development, this aspect is
addressed by additional case study work in [P3] and its extended results.
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4.3 Sequential Design Process for Screening and
Optimization of Robustness and Reliability
Based on Finite Element Analysis and
Meta-modeling, [P3]

In mechanical product development in the medical industry, it is common practice to
take steps that avoid a device delaying the launch of a new drug due to the enormous
economic consequences. Therefore, multiple designs are often developed in parallel to
mitigate risks and ensure a reliable time to market. With a given number of engineers,
the challenge lies in enabling quick and accurate evaluation of new designs as new
features limit the application of legacy knowledge. While methods for Robust Design
Optimization (RDO), Reliability-Based Design Optimization (RBDO), and Robust
and Reliability-Based Design Optimization (R2BDO) exist (Paiva et al., 2014),
they are not explicitly tailored to screen and optimize multiple designs. Extending
the findings of process complexity from [P2], the work presented in [P3] aims to
create a framework for FEA-based variation simulation suitable for the described
development process. As a result, the “sequential Robust and Reliability-based
Design Optimization” (sR2BDO) framework is presented in Fig. 4.12 and described
in the following with a case study.

Considering the sR2BDO framework in Fig. 4.12, the first step in Block 1 is to
define the functional requirements. As a case study, an over-torque mechanism from
a medical injection device, shown in Fig. 4.13, is used to demonstrate the framework’s
applicability. Component (A) can be rotated by an external force to adjust the axial
alignment of internal parts in the assembly. However, once positioned correctly, the
geometry must ensure that the generated internal forces cannot rotate component
(A) further when the device is in use. The functional requirements4 are defined as;
(i) the torque must be greater than 90Nmm to ensure the relative rotational locking
after assembly adjustment. ii) The average strain between the teeth on component
(A) must be less than 0.024 due to a weld line from the molding process. iii) The
average contact pressure on the teeth must be less than 75MPa to avoid scraping off
the lubricating coating on the part. The location of the requirements is shown in
Fig. 4.14. All requirements are weighted equally.

The variables and tolerances variations are equally defined by percentages in
this case study, while individual definitions are possible. The variable space allows
±2.5% from the nominal values; the limits are due to geometrical constraints to
other components. The production facility estimates the regular tolerance space to
±1.0%, with a normal probability distribution. An overview of the solution space
is shown in Table 4.2. The Resilient Modeling Strategy by Gebhard R. (2013) was
applied during the CAD modeling to ensure that the solution space could be freely
explored. The locations of the twelve geometrical variables are shown in Fig. 4.14.

4Actual values adjusted to protect intellectual property.
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Figure 4.12: THE NEW sR2BDO FRAMEWORK. (Original figure: Figure 1 in [P3]).

Two aspects are important when configuring the FEA for variational studies; (i)
the components must be initially positioned to avoid interference for all geometrical
combinations. (ii) The output extraction must ensure comparable results, i.e.,
location and size (if averaging) of the node/element set. In this analysis, the two
components were initially positioned with a fixed axial offset relative to each other
instead of positioning to the global coordinate system. Therefore, a translation is
required in step 1, which moves the components vertically to initiate contact and
deform the geometry. The positioning in step 1 ensures that step 2 is consistently
successful in applying rotation and extracting the results for torque, strain, and
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Figure 4.13: The case study’s over-torque mechanism. The analysis only includes half-
symmetry of component A and a section of component B. (Original figure: Figure 4 in
[P3]).

contact pressure. In addition, dynamic partitioning ensures that the element sets
used for automated extraction of the results are correctly positioned as the geometry
varies. The bridge’s axial and radial center (center of strain, see Fig. 4.14) is used as a
reference in this analysis, and the partitioning lines are created from this center with
fixed offsets, thereby ensuring comparable outputs without needing an interactive
viewer to visualize the results.

A 2-level Fractional Factorial Design with resolution IV was used in Block 1
for screening. The 2-level design is sufficient as the mechanical system’s primary
responses were expected to be monotonically increasing or decreasing within the
limited solution space of ±2.5% geometrical variation. However, to detect potential
second-order effects, a center-run was added. While the effect would be confounded,
further exploration can be added in the augmented DOE in Block 2, reducing the
cost of the screening design. The filtered torque responses of the 33 simulations are
shown in Fig. 4.15, similar plots were created for the strain and contact pressure.
The x-axis indicates the time, and the y-axis indicates the torque during rotation
in step 2. The results show that ±2.5% geometrical variance, the torque response
varies by 28%, and only a fraction of the designs exceed the minimum requirement
of 90Nmm, indicating robustness and nominal performance issues.
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Table 4.2: Definition of the case study solution space. Variable Space (VS), Tolerance
Space (TS). (Original table: Table 1 in [P3]).

Var.
Name
[-]

Var.
Sym.
[xi]

Norm.
Value
[mm]

VS
Range
[%]

TS
Sym.
[σi]

TS
Range
[%]

TS
Distr.
[-]

WTeeth1 x1 0.778 ± 2.5 σ1 ± 1.0 norm.
WTeeth2 x2 0.628 ± 2.5 σ2 ± 1.0 norm.
TPocket x3 0.436 ± 2.5 σ3 ± 1.0 norm.
TRight x4 0.300 ± 2.5 σ4 ± 1.0 norm.
TLeft x5 0.300 ± 2.5 σ5 ± 1.0 norm.
TCenter x6 0.460 ± 2.5 σ6 ± 1.0 norm.
R x7 4.950 ± 2.5 σ7 ± 1.0 norm.
H x8 2.724 ± 2.5 σ8 ± 1.0 norm.
LLeft x9 0.963 ± 2.5 σ9 ± 1.0 norm.
LRight x10 0.925 ± 2.5 σ10 ± 1.0 norm.
LCenter x11 3.345 ± 2.5 σ11 ± 1.0 norm.
r x12 0.200 ± 2.5 σ12 ± 1.0 norm.

The DOE’s statistical analysis, based on ANOVA, is shown in Fig. 4.16, where
the triangle size indicates sensitivity. Notice the principle of effect-sparsity as only
six of the twelve variables proved statistically significant with a confidence level of
0.05, allowing enough DOF to estimate all main effects and some interaction effects.
The effect-sparsity is essential to check for small screening designs; if it is not valid,
the screening design must be extended. The results show that with ±2.5% variation,
R has the highest sensitivity for the three functional requirements. Unfortunately,
two concerns are raised as all three responses increase with R. First, R is the most
crucial variable control in manufacturing. Second, R adjustment causes a design
conflict, as the torque should be preferably increased, while the strain and contact
pressure should decrease. Ideally, design adjustment is made to a variable that
improves all three functional requirements at once, such as Wteeth1 and Tright. The
results also show a second-order effect, plotted for R. With only one center-run, the
second-order effect is confounded with all variables. However, the information is
valuable for Block 2, where the augmented DOE can explore it further.

The results in Fig. 4.15 and 4.16 show that the nominal design performs insufficient
due to low torque; however, the results also indicate a potential solution space to
optimize the performance based on variable adjustments. Therefore, the design is
marginally allowed to pass onto Block 2 for further exploration. It is recommended
to select the design with the largest indicated solution space when multiple designs
are explored in parallel.

In Block 2, augmentation of the DOE was performed by adding twelve additional
simulations with new configurations of the six significant variables, converting
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Figure 4.14: Overview of the locations of the three functional requirements (blue) and
the twelve geometrical variables (red). (Original figure: Figure 5 in [P3]).

Figure 4.15: The filtered torque responses. The majority of the 33 simulations performed
below the functional requirement of 90Nmm. (Original figure: Figure 7 in [P3]).



4.3. SEQUENTIAL DESIGN PROCESS FOR SCREENING AND
OPTIMIZATION OF ROBUSTNESS AND RELIABILITY BASED ON FINITE
ELEMENT ANALYSIS AND META-MODELING, [P3] 49

Figure 4.16: The screening DOE’s sensitivity results. Six out of the twelve variable
proved statistically significant with a confidence interval of 0.05. The a larger triangle
indicates larger sensitivity, however, do consider the magnitude of change. (Original figure:
Figure 6 in [P3]).

the fractional factorial design into a Central Composite Design (CCD) capable of
estimating all non-linear effects. The two-step DOE approach reduces the required
simulations from 284 (direct CCD with 12 variables) to only 45 (33 + 12). The
CCD achieved a meta-model fit with R-square values of 0.94, 0.98, and 0.91 for the
torque, strain, and contact pressure, respectively. The accuracy of the meta-models
was tested with two additional FEA with geometrical combinations not included
in the DOE, separating the fit and validation data. The deviation between the
additional FEA and the meta-model responses was less than 1.5%. The accuracy of
the meta-model was also compared with ten physical tests (prototype production,
within geometrical specifications, but unknown combinations). The nominal meta-
model torque deviated with 5% from the physical sample mean. While the few
physical tests are invalid for probabilistic comparison, they indicate the validity of
the simulation results.

The three meta-models were deemed sufficiently accurate for multi-objective
optimization as the deviation between the additional FEA and meta-model (1.5%)
was lower than the geometrical variation (±2.5%). Therefore, the first optimization
attempt was to improve the design’s reliability and robustness while guaranteeing
the functional requirements, see Eq. (4.1) where the probability of failure is denoted
P , and the standard deviation is σ. However, the trade-off between reliability and
robustness heavily favored reliability. The marginal robustness improvement resulted
in significantly higher failure rates. Instead, the robustness objective was removed
and focused entirely on the sum of failures, see Eq. (4.2), where the sum of failures
is minimized. The Pareto front of the reliability optimization is shown in Fig. 4.17.
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min
xi

{max{Pj(gj(xi) > 0)},

max{σgj
(xi)}}, j = 1..3

s.t. g1(xi) = 90Nmm− fTorque(xi) ≤ 0
g2(xi) = fStrain(xi)− 0.024 ≤ 0
g3(xi) = fContact(xi)− 75MPa ≤ 0
xi − xiSSV ≤ xi ≤ xi + xiSSV

(4.1)

min
xi

3∑
j=1

Pj(gj(xi) > 0)

s.t. g1(xi) = 90Nmm− fTorque(xi) ≤ 0
g2(xi) = fStrain(xi)− 0.024 ≤ 0
g3(xi) = fContact(xi)− 75MPa ≤ 0
xi − xiSSV ≤ xi ≤ xi + xiSSV

(4.2)

The results show that the minimal achievable failure rate is estimated to be 8.6%, too
high for large-scale production. Therefore, the optimization was rerun with half the
tolerance space to estimate the effect on the failure rate, knowing the consequences
of increased production costs resulting in reduced scrap. The results of the tolerance
optimization with 1.0% and 0.5% is shown in Fig. 4.18. The optimization finds
the same nominal design by reducing the tolerance space to 0.5% while the failure
rate reduces to 0.2%. The most cost-effective solution can be defined by knowing
the increased cost of tightening the production tolerances. Furthermore, additional
trade-off reduction could be achieved by having individual tolerances spaces, as
the sensitivity of each variable differs. The optimized design was checked with a
new FEA to validate the meta-model performance. The FEA outputs are; torque
= 93.8Nmm, strain = 0.0193, and contact pressure = 70.5MPa. The meta-model
maintained accuracy with only marginally lower value; torque = 94.8Nmm, strain
= 0.020, and contact pressure = 70.9MPa.

Finally, to evaluate the suggested sR2BDO framework, a comparison of efficiency
(number of simulations) and accuracy (meta-model vs. FEA) was performed against
a conventional R2BDO approach relying on Optimal Latin Hypercube, which aims
directly for optimization. The Optimal Latin Hypercube requires 10x the number
of variables based on a rule of thumb by Loeppky et al. (2009), which resulted in
120 new simulations (12 variables). New meta-models were generated based on
the OLH, and the reliability optimization (Eq.(4.2)) was performed. The results
in this specific case study show that the new sR2BDO framework outperformed
the conventional approach requiring 62.5% fewer simulations while maintaining the
accuracy of approximately 1% error compared to the FEA result.

4.3.1 Study evaluation of [P3]
Work Package 3 aimed to solve the main barriers preventing FEA-based variation
simulation, which in [P3] targeted the efficiency of the process and the complexity
of combining multiple engineering disciplines. The evaluation is based on the
“Verification Square”, see Section 2.3.

The theoretical structural validity of [P3] is established by extending the literature
review to include RDO, RBDO, and R2BDO, which are more advanced variation
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Figure 4.17: The Pareto front result is based on reliability optimization, i.e., minimizing
the failure rate. The axis and colors show the trade-off in different failure rates achieved
by different design configurations. The design closest to the utopia point has the lowest
combined failure rate. (Original figure: Figure 10 in [P3]).

and optimization approaches than explored in [P2]. The empirical structural validity
is naturally ensured as the case study is conducted as a part of live industrial
product development. The number of included geometrical variables is increased
compared to similar case studies in the literature to address the corresponding
industrial needs, which increases the need for efficiency, which is shown possible
by the suggested sequential process. Empirical performance validity is sufficient as
physical experiments were available; however, the number of samples was too low to
ensure a statistical representation of the geometrical variation, which is often the
problem with physical experiments. For improved validation of the meta-model, a
much greater number of physical samples is needed to compare the probabilistic
distributions; see “Validity study” in Section 5.3 for future study suggestions. The
theoretical performance validity is difficult to determine based on only one case study.
However, as the applied methods are well-known and the case study’s CAD and FEA
complexity is deemed representable for variation studies in the medico, performance
validity is implied as sound. Therefore, the suggested sR2BDO framework indicates
usefulness for industries with similar design challenges and provides solutions to
minimize the cost and complexity of the FEA-based variation simulation.
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(a) The optimized design with nominal (blue)
and probabilistic performance (green) with 1.0%
uncertainty variation. Failure rate of 8.6%

(b) The optimized design with nominal (blue)
and probabilistic performance (green) with 0.5%
uncertainty variation. Failure rate of 0.2%

Figure 4.18: The nominal performance of 1.000.000 simulated devices (grey). The
nominal performance of the original design (black) is outside of the functional requirements
(red). The nominal performance of the optimized design (blue), with the probabilistic
performance due to uncertainty variation (green). (Original figures: Figures 11 and 12 in
[P3]).
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4.3.2 Extended results - Post publication of [P3]
The following results were created after the publication of [P3] as an extension to
the case study as the geometry and material properties were changed in the product
development project. The changes from the original case study are explicitly stated in
the following. The following section constrains two results that were found essential
for the study of variation; the impact of material properties and kinematic issues
caused by varying geometry.
Material sensitivity
The primary focus in the present research has been on geometrical variation. However,
as eluded to in the introduction (Section 3.1), other sources of variation exist.
Therefore, to highlight the impact of other sources, a Fractional Factorial Design was
performed with five of the statistically significant geometrical variables from [P3] and
three new material-related properties; E-modulus, Poisons-ratio, and coefficient of
friction. In addition, the geometrical variable “r” was removed to create an efficient
Fractional Factorial with eight variables. The selection of these three material
properties was based on the accessibility in the software and them being single
value properties. However, tabular and fitted material properties are technically also
possible to vary.

The statistically significant main and interaction effects are shown in Fig. 4.19
and based on ±2.5% change. The results show that the geometrical factors remain
significant as expected; however, only the E-modulus is statistically significant out
of the three material properties and contributes to a slight change in torque (size of
the t ratio bar). It was then considered that batch-to-batch variation of ±2.5% is
not the only source of change in material properties for plastic. For example, some
plastics are temperature-sensitive in the normal operational range. The mechanical
properties can change significantly within daily atmospheric conditions, i.e., from
fridge to hot summer day with a temperature range of 5 to 40 degrees Celsius. To
illustrate the temperature sensitivity, the DOE was rerun with two baseline material
models for 23 and 40 degrees Celsius, effectively reducing the nominal value of the
E-modulus by ≈ 20% at 40 degrees Celsius.

The probabilistic torque based on the two baseline material models with the
added ±2.5% geometrical and material properties is shown in Fig. 4.20. Note that
the change to a stiffer material causes the nominal increase in the torque from [P3].
The explored solution space generates an estimated torque response from 105 to
132 Nmm. The results show that the design is sensitive to material, temperature,
and geometrical variation, complicating the design task of achieving a consistent
torque response. Considering “Quality loss”, the design must ensure that the over-
torque mechanism works consistently considering the geometrical variation and the
temperature in the assembly line and at the user’s home. On a positive note, the
results show how effortlessly estimating additional variation sources is possible once
the initial model is created.
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effects based on both geometrical and
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Figure 4.20: Probabilistic torque responses
based on two baseline material models with addi-
tional ±2.5% uncertainty variation.

Kinematic issues due to geometrical variation
Figure 4.21 shows two configurations of the over-torque mechanism, where the left
has a smaller “R” compared to the right configuration. As mentioned, for FEA-based
variation simulation, node/element groups are defined at a specified location for
automated result extraction. However, as Fig. 4.21 shows, the contact zones differ
in the two configurations at the same time step. Contact occurs in the groove
between the teeth on the left, which is kinematically incorrect, as all contact should
be between the teeth. Luckily, in this case, the contact causes compression of the
weld line, which is less problematic than tension. Figure 4.22 shows the contact
responses at the defined output location (see Fig. 4.14). Interestingly two distinct
groups occur at the beginning of the rotation step. Group A starts with a contact
pressure above zero, indicating initial contact at the right location, while group B
indicates no contact. Based on the contact information, all designs in group B do
not have the kinematically correct contact. The results are interesting for variation
simulation, as the response patterns can identify kinematic issues and help void
critical robustness failures. The gap between the teeth could be minimized to fix the
kinematic issue in this case study.
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Figure 4.21: Two different geometrical configurations of the over-torque mechanism. Left:
Contact occurs in the groove between the teeth, which is kinematically incorrect. Right:
Contact occurs at the correct location.

Group A

Group B

Figure 4.22: Geometrical variation causes the contact to differ. Group A contacts at the
correct location, while group B shows a kinematic issue.
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4.4 Parametric CAD modeling: New Principles
for Robust Sketch Constraints, [P4]

One of the limiting factors for automation and utilization of FEA-based variation
simulation is the lack of robust CAD models identified in [P2] and further explored
in [P3]. In practice, a sketch regeneration issue will prompt a CAD software error,
leading to the related simulation being aborted, disrupting the automation. If the
CAD regeneration issues are not solved, too much time is wasted on manual setup and
error correction, which industrial projects cannot afford. While formal CAD strategies
exist for solid modeling, their primary focus is on the feature structure and relations,
neglecting sketch principles. Although the open literature provides some guidelines
for producing quality CAD models (Company et al., 2015), there are no directly
applicable principles on how to apply sketch constraints that maximize robustness.
The problem can be underlined by the suggested sR2BDO framework [P3], which
requires a screening DOE to reduce the computational costs. Unfortunately, screening
DOEs are sensitive to data loss, and missing a single data point can be critical for
post-processing and yield inaccurate conclusions. Therefore, a single regeneration
failure of a sketch can be responsible for the whole FEA-based variation simulation
yielding invalid results.

In order to improve sketch robustness, the work in [P4] aims to classify commonly
experienced sketch failure modes and the development of Robust Sketch Principles
(RSPs) to mitigate regeneration failures. The RSPs’ validity was tested in an
experiment with two groups of participants with different experience levels with
sketch complexity comparable to that seen in the industry. Additionally, the effect of
the RSPs was explored by applying them to three industrial sketches from existing
products by the authors. The robustness of all the sketches was measured by Eq. (4.3)
with and without the RSPs applied. The magnitudes of variation to each sketch, σ,
were applied with a Fractional Factorial design with 128 regeneration attempts. The
variation magnitude ranged from tolerances to extensive design transformation to
explore which types of optimization were possible.

Robustnessσ[%] = Successful regenerationsσ
Attempted regenerationsσ

× 100,

σ = [±1%,±5%,±10%,±30%,±50%,±80%]
(4.3)

Without a formal methodology, it can be challenging to imagine how dimensional
changes of a parametric sketch can cause regeneration issues, and the challenge grows
with the complexity of the sketch (González-Lluch et al., 2019). Based on experience
and the work by González-Lluch et al. (2017), variation generates three common
issues that cause regeneration failures, shown with a sketch example in Fig. 4.23.
In Fig. 4.23a four parametric variables (a, b, c, d) are allowed to vary, consider the
remaining lines fixed.

Failure mode 1 is sketch lines overlapping, see Fig. 4.23b. “Overlap” is problem-
atic in solid modeling and causes regeneration failures as a sketch must have a closed
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profile (disregarding “thick feature”) and only contain one area. In general, overlap
can occur when one or more variables are changed individually or in combination,
and the chance of overlap is expected to increase with the magnitude of change.
For example, in Fig. 4.23b, any variable can individually cause an overlap if altered
sufficiently.

Proper sketch practice recommends iso-constraining sketches, i.e., control the
degrees of freedom of all sketch lines. However, an initially iso-constrained sketch can
in some circumstances experience failure mode 2; “invalid or impossible geometry”,
see Fig. 4.23c. Dimensional variation can cause the sketch to become over-constrained
or inconsistently constrained. When over-constrained, the sketch lines’ positions
no longer fit the applied constraints. When inconsistently constrained lines can
flip. The flipping behavior can be software sensitive based on how the sketch line
positions are determined during regeneration.

Failure mode 3 is “incorrect design intent”. While “design intent” is defined by
ISO 10303-108 as “intentions of the designer of a model with regard to how it may be
instantiated or modified”, multiple authors use different terms to describe the term
(Mandorli et al., 2016; Iyer and Mills, 2006; Bracewell et al., 2009). In [P4], correct
design intent refers to the sketch’s ability to maintain the form which fulfills the design
objective and should be able to do so within the defined solution space. Figure 4.23d
shows an example of incorrect design intent, where the change to dimension b has
modified the structure’s ability to receive a counter-part in the snap feature. The
incorrect design intent is problematic for FEA-based variation simulation because
it does not result in a failed sketch but rather in wasteful simulation attempts or
impracticable solutions. The problem is expected to grow in severity for design
exploration tasks that require substantial dimensional changes.

(a) Nominal paramet-
ric sketch.

(b) Failure mode 1:
Overlap.

(c) Failure mode 2: In-
valid geometry.

(d) Failure mode 3:
Incorrect design in-
tent.

Figure 4.23: Nominal sketch (a) with commonly experienced regeneration failure modes
1, 2, 3 due to dimensional variation. (Original figures: Figures 1-4 in [P4]).

The developed RSPs are shown in Table 4.3 and fulfill the requirements of
minimizing additional work and avoiding complex morphological constraints such
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as creating equation- or script-based relations (Amadori et al., 2012). Furthermore,
the principles are intended to ensure that the topology remains unchanged while
the geometry changes allow for the exploration of design variants. However, the
principles are not intended to compel the user to disregard the design goal. For
example, if an angle, parallel, or equation-based constraint is required for a specific
reason, it is not “illegal”, but the user is advised to use them as little as possible.

Principle I advocates only using length dimensions and avoiding angles to the
maximum extent possible, see Table 4.3. As angles control lines in two dimensions,
the geometrical impact can be challenging to predict and cause failure modes 1, 2, 3
when changed.

Principle II advocates for chaining dimensions along the two sketch axes, either
horizontal or vertical, see Table 4.3. Chaining enforces a simple overview and reduces
the chance of negative sketch lines, avoiding failure mode 2. Principle II is knowingly
in direct conflict with the practice of creating production drawings as it leads to a
build-up of tolerances. Principle II is therefore only applicable for sketching and
should be avoided when creating production drawings, as these tasks serve very
different purposes.

Principle III advocates for the definition of gaps and positive sketch areas, as
shown in Table 4.3. Even when other constraints are changed, gap control ensures
a positive sketch area and avoids failure mode 1. As a result, the direct measure
reduces the need to predict complex line behavior when multiple active constraints
change. Principle III requires the engineer to determine where material and gaps
are needed for functional performance, resulting in greater control over the design
intent, avoiding failure mode 3.

An experiment was performed to test the effect of the developed RSPs, with two
groups of participants (novice and specialists designers). In the first assignment, the
designers are asked to constrain the sketch robustly to the best of their abilities. In
the second assignment of the experiment, the participants are asked to apply the
RSPs. The experimental sketch which the participants should constraint robustly
is shown in Fig. 4.24, with its related revolved features shown Fig. 4.25. The
experimental instructions are provided in the appendix of [P4].

The experimental results are shown in Fig. 4.26. The figure’s left column depicts
the robustness scores (Y-axis) without the principles (assignment 1) versus the
magnitude of dimensional variation (X-axis). The corresponding results with RSPs
applied are shown in the right column (assignment 2). The first row compares the
performance of industry CAD specialists, the middle row compares the performance
of engineering graduate students, and the bottom row compares the averages of the
two groups.

The following description concerns the results of assignment 1, where the robust-
ness score purely results from the participants’ skills, i.e., without the RSPs. At ±1%
dimensional variation, the industrial specialists achieved 100% robustness, while
some engineering students already struggled. At ±5% dimensional variation, only
a fraction of all participants can maintain 100% robustness, and a large spread in
performance is observed, especially for the students. For example, while student (L)
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Table 4.3: The new Robust Sketch Principles for increasing robustness. (Original table:
Table 1 in [P4]).

Illustration RSPs Reasoning

P
ri
nc
ip
le

I Only use length di-
mensions. Avoid us-
ing angles to the max-
imum extent possible.

A change to an angle can
cause major changes to all
parts of the sketch. The
impact of the changes is
often difficult to predict
and, based on experience,
is a significant contributor
to sketch regeneration fail-
ures.

P
ri
nc
ip
le

II Chain dimensions
along the two sketch
axes, either horizontal
or vertical.

Chain enforces a simple
overview of how the sketch
is controlled, making it
clear where active and pas-
sive constraints are located.
An active constraint di-
rectly controls the sketch
dimension, while an pas-
sive constraint adjusts as a
function of the active con-
straints, i.e., acts as sacri-
ficial lines to connect the
structure, see red line.

P
ri
nc
ip
le

II
I

Define required gaps
and positive sketch ar-
eas to avoid overlaps.

Gap control ensures a pos-
itive sketch area even as
other constraints are varied.
Thus, the direct measure
minimizes the need to pre-
dict complex line behavior
during the change of multi-
ple active constraints.
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Figure 4.24: The sketch provided for the as-
signments. Black lines = under-constrained,
V = vertical constraint, H = horizontal con-
straint, O = coincident constraint to ori-
gin. The green lines indicate iso-constrained.
(Original figure: Figure 5 in [P4]).

Figure 4.25: 3D representation of the re-
volved feature corresponding to the sketch
for the assignments. (Original figure: Figure
6 in [P4]).

achieved 21.9% robustness at ±5% variation and continued to drop to almost 0% ro-
bustness at more substantial variation, student (J) outperforms all other participants
throughout the variation range up to ±80%. At ±10% dimensional variation only
student (J) maintains 100% robustness. The difference in performance by students
(J) and (L) was investigated, and it was found that (L) used five angles and applied
overlapping constraints. In contrast, (J) did not use angles but instead applied
chained constraints and gap control in assignment 1, unknowingly following the
RSPs. Severe regeneration issues occur at ±30% dimensional variation as the average
robustness score drops below 20%. At this point, automated design exploration is
deemed unfeasible as even highly adaptable DOEs would struggle to create a suitable
response surface.

The following results are based on assignment 2, where the participants must
adhere to the RSPs. However, participant (N) applied angles in assignment 2 and
was consequently removed from the statistical analysis. All other participants were
able to improve the robustness of their sketches. At ±5% dimensional variation, all
participants achieved 100% robustness, except for students (F and K). In reviewing
their sketches, there were clear indications that the students had both copied their
sketch from assignment 1 instead of using a clean sketch with all constraints missing
as instructed. While they had removed angles, only limited chaining and gap control
were applied, resulting in marginal improvements. In comparison, student (I) made
substantial improvements at all levels of dimensional variation. A review of the
assignment 2 sketches revealed that student (I) exceeded all others by meticulously
ensuring gap control with six constraints, while others used two or three.
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Figure 4.26: The assignment results of the two groups, with and without the RSPs.
The results show an increase in robustness when the RSPs are applied for both groups.
(Original figure: Figure 7 in [P4]).

When comparing the results of assignment 1 (no RSPs) with assignment 2
(with RSPs), an average improvement can be observed throughout the magnitude
of dimensional variation, see bottom row of Fig. 4.26. For example, at ±10%
dimensional variation, only 1 out of the 13 participants can achieve 100% robustness
without RSPs. In contrast, 9 (almost 10) achieved 100% robustness with the RSPs.
While the average performance of the students and the specialists are similar, a
noticeable spread in performance can be observed within the student group. In
comparison, the performance is relatively equal for the specialists. Therefore, it
was expected that the student group would contain the worst performance due to
less experience, but rather unexpected that it also contains the best. However,
due to the unequal and relatively small group sizes, further conclusions would be
unsubstantiated; instead, a more extensive study is suggested in Section 5.3.

An author attempt was included to compare the students’ and specialists’ perfor-
mance to maximum achievable robustness, see “Authors” at the bottom of Fig. 4.26.
The authors’ attempt lowered regeneration issues by adjusting the constraints itera-
tively. The main adjustment was modifications to the gap control, as overlapping
sketch lines were the primary cause of regeneration failure. While the “Authors”
attempt is not expected to be the theoretical maximum, it outperformed all par-
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Table 4.4: The results of the statistical analysis. The p-value (Prob > t) confirms that
the RSPs improve the robustness with and above ±5% dimensional variation. (Original
table: Table 2 in [P4]).

±1% ±5% ±10% ±30% ±50% ±80%
Average without RSPs 97.11 73.86 50.78 16.94 9.97 5.96
Average with RSPs 100.00 97.41 93.80 62.86 42.79 24.89
Std error 2.51 9.03 7.97 7.50 6.00 4.72
Upper 95% 9.37 39.87 60.40 62.26 45.89 29.23
Lower 95% -2.60 8.23 25.63 29.57 19.73 8.60
Prob > t 0.1372 0.0029 <.0001 <.0001 <.0001 0.0009
Prob < t 0.8628 0.9971 0.9999 1.0000 0.9999 0.9991

ticipants by a substantial margin with more than double the robustness at ±50%
and ±80% dimensional variation, achieving 97.7% and 82% robustness, respectively.
The results indicate that with time and training, the students and specialists can
achieve much more robust CAD sketches with the new RSPs presented in [P4]. The
indication is supported by the statistical analysis shown in Table 4.4. At all levels of
dimensional variation, except at ±1%, the RSPs showed a statistically significant
improvement of sketch robustness. The exception is caused by almost all participants
achieving 100% robustness at ±1% dimensional variation, meaning no significant
difference between assignments 1 and 2 was observed. A potential bias of the results
is that both groups performed assignment 1 first and then assignment 2. In future
studies, to avoid participants learning from assignment 1, one group should complete
assignment 1, and another group should complete assignment 2. Secondly, more
participants representing different engineering sectors would increase the ability to
generalize the results.

An attempt to indicate the industrial impact was performed by evaluating the
robustness before and after application of the RSPs on three industrial sketches from
existing products, see Table 4.5. The original constrained sketches from the case
company are presented in the left column, and the authors have applied the RSPs in
the right column. The sketches have comparable complexity regarding the number of
constraints to the assignment sketch. The robustness results are shown in Fig. 4.27,
where a clear difference in robustness is observed with and without the RSPs. It
is worth noticing that the robustness of the original sketches performs similarly
to the average performance in assignment 1 (compare Fig. 4.27 to the bottom-
left in Fig. 4.26). Without RSPs, regeneration issues occur at ±5% dimensional
variation. In contrast, the issues are pushed to ±30% with the RSPs applied, creating
more opportunities for automated design optimization with FEA-based variation
simulation.
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Table 4.5: Comparison of constraints between original industrial sketches and with the
new principles applied. (Original table: Table 3 in [P4]).

Original industrial sketches Industrial sketches with RSPs
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Figure 4.27: Robustness scores of the industrial sketches with and without the RSPs
applied. (Original figure: Figure 9 in [P4]).

To visually illustrate how the RSPs improve the sketch robustness, two videos of
the “Industrial sketch 3” with ±30% dimensional variation with and without RSPs
is made available5. Snapshots of the videos are shown in Fig. 4.28. Figures 4.28d
and 4.28e shows two maps of the solution space, with and without applying the
RSPs, with the axes representing dimensions of two sketch constraints. Without
the RSPs and relying on current practice, 70 out of 128 regeneration attempts fail
due to modes 1, 2, and 3, see Fig. 4.28d. Figure 4.28a contains failure modes 1 and
3. At location B, the sketch lines overlap, creating two sketch volumes. The “neck”
is inverted at location A, disrupting a critical design feature. The design issue at
location A would unfortunately not have triggered a regeneration failure on its own
as the used CAD software cannot recognize incorrect design intent. Not triggering a
failure but having incorrect design intent is highlighted in Fig. 4.28b as the arrow
from Fig. 4.28d indicates that the regeneration was successful. In contrast, the
sketch with RSPs achieve 100% regeneration success while maintaining correct design
intent, see Fig. 4.28e and footnote for Video B. The RSPs property to ensure correct
design intent is of value to FEA-based variation simulation as simulation resources
are not wasted on evaluating non-feasible designs. Furthermore, avoiding incorrect
design intent (without failures) is especially crucial for efficient DOEs and generating
accurate meta-models for probabilistic optimization, as invalid data points will result
in imprecise results.

5Videos, showing how regeneration maps develop and all corresponding design configurations
for the red and green markers, can be found here;

Video A: Industrial sketch 3, Original - URL: https://vimeo.com/567458911

Video B: Industrial sketch 3, with RSPs - URL: https://vimeo.com/567457371
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Figure 4.28: The figure shows the industrial sketch 3 with original constraints, affected
by ±30% variation. The middle represents the solution space, where red and green indicate
unsuccessful and successful regenerations, respectively. Left side shows an unsuccessful
regeneration, where lines overlap and incorrect design intent is present. (Original figure:
Figure 10 in [P4]).

4.4.1 Study evaluation of [P4]

Work Package 3 aimed to solve the main barriers preventing FEA-based variation
simulation, where the work for [P4] targeted sketch regeneration issues. The eval-
uation of the research is based on the “Verification Square” and “Validation by
acceptance”, see Section 2.3.

The theoretical structural validity was ensured by exploring CAD-related lit-
erature and investigating industrial CAD models prior to the study. However, in
order to ensure the purpose of the conducted research, the study thereby relied on
models from the case company, which includes a possible bias. The model quality was
discussed with experienced engineers to mitigate the bias, and the consensus was that
model quality (or lack thereof) was comparable in other companies. The empirical
structure validity was ensured by applying the suggested RSP’s to three industrial
sketches, which results in similar improvements as seen in the experiment showing
indications for general applicability. Empirical performance validity is acceptable
if the sketch complexity reviewed is considered representable of industrial sketches.
Theoretically, sketches should be kept simple, and 16 dimensional variables can be
considered in conflict with what is stated at best practice in the literature. However,
even if the sketch complexity is lower in other companies, the effect of RSP’s is
only expected to improve the possible variation without causing regeneration errors.
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Consequently, the study and the RSP’s indicate general applicability and hope to
increase the interest in robust sketch development.

After completing the study, the suggested principles were discussed with two
participating industrial specialists. Both engineers deemed the RSP’s helpful and
were generally in agreement that the RSP’s would benefit the sketch robustness and
thereby allow for quicker and more extensive variation simulation studies. However,
the principles did not fit the practical aspects of early concept development in their
view. In this phase, speed and innovation would be hindered by being restricted
to how sketches are constrained. Instead, the suggestion was to incorporate a
designated period in the development process where the unrobust CAD models from
the concept phase were recreated for the embodiment phase to apply RSP’s and
enable FEA-based variation simulation.



5 Conclusion

This chapter concludes the Ph.D. research in four brief sections. First, the findings
and core contributions are outlined and linked to the initially stated research questions.
Second, the impact of the research is described. Third, new research studies are
suggested based on the knowledge gained. Finally, a few reflections of the author’s
time as a Ph.D. student.

5.1 Findings and Core Contributions
The present research explored how variation can be evaluated virtually and early in
the development process to minimize the need for costly physical tests. The structure
of the research has been guided by three research questions in the quest to answer
the general hypothesis provided in Chapter 1. The following aims to conclude on
the research questions one by one and ends by evaluating the hypothesis based on
the research findings. The core academic contributions are summarized at the end
of the section.

R.Q. 1 Which barriers exist today that prevent the replacement of costly prototype-
driven experiments to quantify robustness with simulation-driven robust
design in product development?

The interviews presented in [P1] provide lists of technical, practical, and knowledge
barriers preventing simulation from being applied to the level sought after by the
engineers. Consequently, they rely on expert knowledge, analytical models, and
physical experiments not suited for detecting robustness-related issues. Based on
the extended interviews and a case study applying FEA-based variation simulation
of an industrial problem, the three primary technical barriers were identified and
presented in [P2]; (i) A lack of CAD model robustness, (ii) selection of an effective
DOE and post-processing of the results require specialist knowledge, and (iii) the
FEA software is found to be inadequate in supporting the automatic execution
of multiple simulations. The case study results in [P2] also defined the following
research direction and provided suggestions to solve these main barriers.

The industrial insight gained throughout Work Package 1 and 2 has underlined
that there will be a need for physical experiments for the foreseeable future, as
they are essential for validating simulations and satisfying regulatory requirements.

67
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However, a clear trend is emerging of simulation-driven development, as the benefits
can be reduced iteration cycles and detection of robustness issues. Therefore, it is
essential to complement basic research in the individual disciplines with applied
research focusing on improved interdisciplinary usage. With improved collaboration
between basic and applied research, better methods can be developed and speed up
the democratization of simulation-driven design development.

R.Q. 2 How can the complexity and computational costs of virtual robustness be
reduced?

The solutions to reducing the complexity and computation costs were investigated
in Work Package 3. This work package consisted of two activities; (i) analyzing the
process of executing FEA-based variation simulation [P3], and (ii) the issues related
to a lack of robust CAD models [P4].

The literature review for [P3] found that advanced methods for RDO, RBDO, and
R2BDO exists and are successfully utilized by automotive, aerospace, and defense
industries. However, the conventional R2BDO was deemed unsuitable for medical
device development and in other industries with a similar low degree of design re-use,
i.e., companies that develop new concepts in each product generation. The primary
issue was that identifying sensitivity design variables for new concepts was not a part
of the process but instead focused more on optimization. Therefore, a sequential
framework called sR2BDO was developed to combine screening and optimization
while maintaining cost efficiency. Because the sequential process performs screening
and re-uses the DOE data for augmentation, the well-structured process reduced
the computational costs by 66% for a representative case study. While the study
does not directly target the DOE barrier, it highlights essential DOE selection and
augmentation aspects.

The literature review for [P4] found that formal CAD strategies exist to increase
the robustness on feature level of the models. Surprisingly these strategies were
not commonly known by the authors or any participants prior to the study. While
the formal strategies can improve the CAD model robustness by structuring the
features in a specific order to minimize unfortunate relations, the topic of creating
and constraining the underlying sketches was not covered. The experiment and the
industrial application of the newly developed Robust Sketch Principles presented in
[P4] showed that a significant increase in sketch robustness was possible with minimal
effort. The Robust Sketch Principles also provided an improvement for maintaining
correct design intent, which is essential for FEA-based variation simulation.

R.Q. 3 How early in the development process is virtual robustness assessment
feasible?

Doing the present research and as a part of Work Package 4, the published and
unpublished case studies described in Section 2.1 have been presented and discussed
informally with senior engineers from Novo Nordisk, MAN Energy Solutions, Grund-
fos, Danfoss, Linak, Tetra Pak, Dassault, and Procter & Gamble. Based on these
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discussions, there is no doubt that FEA-based variation simulation is desired in
these industries. Moreover, the approach is applicable regardless of the product type
as variation is omnipresent. In line with the original ideas of Taguchi et al. (2007),
early detection of robustness issues is a cost-efficient development strategy as the
cost of change can grow exponentially with time. However, despite the suggested
solutions from [P3, P4], the following fundamental factors limit how early FEA-based
variation is feasible based on deductive reasoning.

1. The accuracy of the FEA depends on the geometrical details, the defined
material properties, and applied boundary conditions.

2. The CAD model must be able to express the variation geometrically.
3. An accurate estimation of expected variation is required, e.g., batch to batch

variation of material properties, manufacturing tolerances, and range of load
conditions.

Therefore, conducting FEA-based variation simulation in early concept phases will
require the engineers to make decisions that are traditionally performed in the later
embodiment stage. Secondly, the effort to achieve robust CAD, which is currently
problematic even in later development stages, must receive a higher priority at the
start of the development. Alternatively, a designated intermediate project phase
must be introduced to recreate the CAD models robustly by applying the formal
robust CAD strategies and the new Robust Sketch Principles.

By the nature of applied research conducted in product development, testing the
hypothesis and guaranteeing the theoretical performance validity and generalized
applicability of the methods is difficult as the research relies on case studies. Therefore,
to guarantee the general applicability across industries, more research is required to
understand how product development in other industries could be affected by other
factors unknown to the present research in medico product development. However,
the present research strongly indicates that product development would benefit from
applying FEA-based variation simulation as a standard method when developing new
products. The method enables early detection of critical design variables to improve
design robustness and reliability based on multi-objective optimization. Furthermore,
the findings provide strong support that FEA-based variation simulation is well-
suited to enhance the basic principles of Robust Design as it allows for probabilistic
evaluation of the quality loss and enables the creation of transfer curves. From the
explored industrial perspective, applying FEA-based variation simulation will require
companies to prioritize and invest in the technical capabilities for robust CAD and
FEA and upscale the use of DOE.
Core contributions
The core contributions of this research are listed below.

• A mapping of technical, practical, and knowledge barriers experienced in the
industry when attempting to perform virtual robustness evaluation ([P1], [P2]).
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• A new sequential framework (sR2BDO) suitable for screening and optimization
of design robustness and reliability, with improved computational efficiency
([P3]).

• Development of novel Robust Sketch Principles to enhance the existing CAD
methodology ([P4]), their application in practice, and their empirical verifica-
tion.

• Explicit guidance for applying FEA-based variation simulation through case
studies. With a focus on; (i) robustly configuring the FE-models to avoid
component interference, (ii) robust selection of node/element groups for auto-
mated result extraction ([P2, P3]), (iii) including material variation, and (iv)
detection of kinematic issues (Extended results of [P3]).

5.2 Value and Impact
The value of the present research lies in the balance between theoretical developments
and the focus of industrial application. The conducted research with an industrial
partner has ensured a higher focus on applicability as the daily interaction provides
a deeper understanding of the struggles in the development process. The aspirations
for this Ph.D. research were developing methods to avoid failures and create right-
the-first-time designs. The impact of the developed interdisciplinary approach,
FEA-based variation simulation, shows capabilities to meet these aspirations. While
it would be overconfident to claim to have solved all design issues, FEA-based
variation simulation allows engineers to increase the number of included design
variables for screening and optimization, extend the possible solution space due to
improved sketch robustness, and provide guidance to the use of Design of Experiments.
These properties, when combined, are intended to reduce the number of iterations
required in the development process while also mitigating design failures.

Additionally, the research had a direct impact by the following;

• Cross-departmental collaboration between DTU MEK and DTU Compute
regarding FEA and DOE.

• Cross-departmental collaboration between DTU MEK Solid mechanics and
Product Development regarding FEA and design.

• Input to Dassault Systems A/S for software enhancements of 3DX; DOE
configuration and control, interference checker, data extraction, and explicit
mapping of the steps required to perform FEA-based variation simulation, see
Appendix B.

• Creation of parametric CAD models for standardized components used for
simulation at Novo Nordisk; Injection needles, 1.5 ml and 3.0 ml cartridges.

• FEA-based variation simulation results for four development projects at Novo
Nordisk. Results include; identification of sensitive design parameters, proba-
bilistic evaluation of snap geometry, and guidance for creating robust CAD.
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• Novo Nordisk created a new position for FEA-based variation simulation in
production to mitigate robustness issues based on the results generated during
this Ph.D. work.

5.3 Suggestions for Further Research
Having spent three years diving into Robust Design and FEA-based variation
simulation, several ideas have emerged to improve the research further. The following
presents these ideas and the background behind them.

Validation study
Validation of the FEA and meta-model results is difficult, as the number of physical
experiments required to represent the true variation and probabilities is large and
expensive and therefore not readily available in the literature. Therefore, a validation
study is suggested to increase the trust in FEA-based variation simulation. The case
study should contain simple geometry which could be mass-produced and inspected
at low cost, e.g., a snap feature consisting of two components with a maximum of 12
design variables, preferable both geometry and material properties. Then, a direct
comparison of the probabilistic snap force between the virtual and physical results
could be validated, with the possibility to test the accuracy and efficiency of different
types of DOE.

DOE selector
As highlighted in [P1] and [P2], DOE selection is regarded as a specialists task.
However, a certain amount of DOE types are classified for either screening or
optimization. Therefore, the suggestion is to create a DOE selector tool, which
provides a suitable DOE type based on a number of inputs. The input categories
are based on the aspects that affect the DOE selection but highlights which aspects
of the CAD and FEA are affected. The framework of the tool is shown in Appendix
A and should enable novice users to apply DOEs with increased confidence.

Improved RSP’s study
The experiment in [P4] indicated that the application of the RSPs improved the
sketch robustness drastically. However, the results were somewhat surprising as the
students performed on average as well as the specialists. Secondly, the number of
participants and sketches was relatively low to generalize the findings. Lastly, the
complexity of the used sketch could be argued to be complex, which conflicts with
the best practice of keeping sketches simple instead of having more. The following
changes are therefore suggested for an extended study;

• Increase the number of participants and sketches, preferably from different
industries.

• Evaluate the industrial sketches’ complexity and attempt to generalize what a
simple or complex sketch is.
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• Minimize potential bias of learning from assignment 1 and then performing
assignment 2. Instead, have one group constrain all the sketches based on
experience and have another group learn and apply the RSPs.

• Have the participants fill out a questionnaire after the experiment to gather
information about their view on the RSPs’ applicability in industrial projects.
Ask and understand the pros and cons of the RSPs in the current stage to
create potential improvements.

5.4 Concluding Remarks
This thesis concludes three years of researching the theory and application of FEA-
based variation simulation. It has been a challenging and rewarding journey, and
I feel honored to have had the unique opportunity to collaborate with prestigious
researchers and industrial specialists. I look forward to the next journey of applying
and continuously improving FEA-based variation simulation in future work.
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Appendix A

Figure A .1: Ideation for DOE selector tool. The tool selects and create the experimental
matrix based on the input categories.
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Figure B .2: Outline of tasks performed by the design and simulation engineers. The
red boxes indicate software enhancements required to automate the FEA-based variation
process within one program, instead of currently requiring multiple.
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ABSTRACT
Simulation techniques such as Finite Element Analysis

(FEA) have substantially contributed to reducing the time and
cost of developing new mechanical products over the last
decades. However, FEA is primarily carried out on the nomi-
nal geometry, i.e. not considering the variation in geometrical
and material parameters that originates from either the produc-
tion or use-cases. This can lead to either overly conservative
or overly optimistic designs, which in turn leads to unnecessary
cost and/or unforeseen product failures. Despite the introduction
of commercial FEA tool packages (such as 3DX/Abaqus/ANSYS
etc.) that enables designers and engineers to combine FEA and
Robust Design (RD) methods, performing sensitivity studies to
identify robustness issues is rarely conducted in a systematic
manner. The objective of this study is to identify the barriers for
why the combined use of FEA and robust design techniques are
not a standard part of the design process. The study concludes
on identified barriers and that combining FEA and RD will re-
quire a substantial effort, however create significant value and
enhance the design process.

NOMENCLATURE
FEA Finite Element Analysis
DoE Design of Experiments
RD Robust Design
RDO Robust Design Optimization
VRDO Virtual Robust Design Optimization

RDM Robust Design Methodology
CAD Computer Aided Design
CAE Computer Aided Engineering
FR Functional Requirement

INTRODUCTION
Development of complex products, such as a new medical

injection device is a long and difficult process. From the pa-
tient’s perspective, the device must be easy to use and provide the
required amount of medicine accurately. High accuracy can be
achieved if the design is insensitive towards all types of variance
during its lifetime, i.e. from production, use-cases and environ-
ment. This is referred to as a robust design.

During the development of a new device, design decisions
are made every day to achieve the desired robust functional-
ity. These decisions can be based on expert statements, physical
tests, analytical solutions or virtual simulations. Each category
has their own strengths and weaknesses in regards to accuracy,
cost, speed of use, etc.

Today Robust Design Methodology (RDM) [1] [2] and Fi-
nite Element Analysis (FEA) are frequently utilized in large com-
panies aiming for optimal robustness. However, even in lead-
ing industry companies such as this paper’s medical device case
company, these methods are rarely used in combination. Even-
though the company has substantial R&D resources, access to
high-end software solutions and specialists, still does not sys-
tematically apply variation based FEA.
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Proto type:
1 cavity tool

Small production:
32 cavity tool

Large production:
Multiple lines
32 cavity tools

FIGURE 1. VARIATION IMPACT DUE TO PRODUCTION SCAL-
ING

For the medical device case company robustness issues are
predominantly identified and solved during the design and val-
idation process. However, even with the immense effort that is
put into applying robust design methodology, some robustness
issues are not detected before the production is started. Figure 1
exemplifies how variance can increase as production scales and
thereby trigger sensitivity issues after product launch. Know-
ing the expected variance is key for correct analysis and utilizing
prototype builds can hide robustness issues. Valuable learnings
in the early design phase could be gained if the effects of variance
can be estimated for the most significant design parameters.

It is therefore the authors’ experience that a significant un-
tapped potential lays within utilizing simulations to explore a
larger design space and predict the product performance while
including variation.

As stated in the EU founded paper [3, p. 8] enhancements
to virtual development most be industrialized to replace con-
ventional methods of design to continuously identify new and
improved designs and avoid limiting innovation. This is fur-
ther stressed as the acceptable performance window for high-
end products is continuously narrowed to satisfy the level of ac-
tual and perceived quality [4]. To achieve this performance, the
products must be increasingly robust towards variance in geom-
etry, material properties and external factors. Traditionally Ro-
bust Design, e.g. kinematic design, P-diagram, tolerance chains,
etc. and Finite Element Analysis are used separately. Typically,
one project engineer will apply robust designs methods and an-
other validate nominal failure criteria via FEA. The purpose of
this work is to identify the key barriers that prevents the efficient
symbiotic use of FEA and RD methods in an industrial context.
It is expected to improve the efficiency and accuracy of robust-
ness detection during a development project. FEA can enable
new ways of exploring the full sample space by applying meth-
ods such as Design of Experiments (DoE), Sensitivity Analysis,
and meta/surrogate-modelling combined with Monte-Carlo on a
purely virtual design. The symbiotic use of FEA and RD meth-
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FIGURE 2. PROBLEMATIC RELATIONSHIP BETWEEN
PROJECT TIME AND DECISION CERTAINTY.

ods will be referred to as Virtual Robust Design Optimization
(VRDO).

It is further theorized that VRDO enables an improvement
to the unfortunate inverse relationship between the number of
design decisions and the decision certainty as seen in figure 2.
This would be especially impactful in the early phases of devel-
opment as most design decisions are made early and can be very
costly to alter later in the design process.

Decision certainty is defined as the confidence level for a
given design decision based on the available information. Ideally
a designer strives to have all information available when mak-
ing a decision, but in reality the decisions are typically forced
through on a limited information basis due to project deadlines
[5]. It is the authors opinion that VRDO is the cheapest method
for improving the decision certainty. A segment of the increased
decision certainty via VRDO would be insight into failure prob-
ability distributions instead of using safety factors. This could
effectively replace the nominal failure criteria and instead pro-
vide a distribution such as part per million expected failures for
a defined range of variances. This would also strongly resonate
with the risk management which is critical for the medical sector.

The application of robust design methodology consists of
three main principles [6, p. 654];

1. Achieve insensitivity to variation
2. Awareness of variation
3. Beneficial in all design stages

The first statement is the optimal goal, however this will not be
achieved without the two latter. Awareness of variation is in-
creasing but the tools applicability in all design stages lack be-
hind [6, p. 655].

The goal is to investigate the industrial barriers for enabling
VRDO in all phases of the design process. It is theorized that
all barriers can be grouped as below and can assist in identifying
possible solutions;

1. Technical barriers, e.g. software capabilities, limited CPU
power, lack of automation, etc.

2. Practical barriers, e.g. time constraints, limited no. of spe-
cialists, missing parameterization of CAD, etc.
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3. Knowledge barriers, e.g. missing knowledge of variance im-
pact, sources of variance, etc.

Depending on the category, the suggested solutions might vary
anywhere from development of new software capabilities, col-
laborating with cloud computing companies or active teaching in
the new methods.

METHODOLOGY
The empirical data has been gathered from two main

sources; an industry leading medical device manufacturer and a
software development company. The section is divided as shown
below;

1. Manufacturing company

Interview form
Description of the company
Description of interviewees

2. Software company

Interview form
Description of the company
Description of interviewee

During the interviews all answers were captured in written form
and the accuracy confirmed by the interviewee. Afterwards a
systematic review of the data was performed to identify patterns,
themes and outliers.

The interview form used with the manufacturing com-
pany followed the interview guide/unstructured interview [7,
p. 271] and divided the guiding questions into three scenarios.
The individual unstructured interview form was chosen as it pro-
vides a format where a discussion around complex topics can
be guided and allows the interviewer to explore interesting ar-
eas of the conversation. Interview psychology preparation [8]
was performed but will not be covered in detail in this paper.
Surveys and closed questions where avoided as the goal was to
explore the interviewees personal impression of today’s utiliza-
tion of RD and FEA. The three scenarios where each controlled
by a 20-minute window where visual graphs and figures were
used to steer the interview and ensure all topics where covered.
Scenario 1 investigated the pros and cons of the currently used
decision making tools; expert statements, physical tests, analyti-
cal solutions and virtual simulation. Scenario 1 is used to create
the baseline for which parameters the VRDO should be able to
compete with. Scenario 2 revolves around the interviewee giv-
ing examples of where the impact of variance has been an is-
sue and caused a negative impact on the design process. Sce-
nario 2 provides the potential value of having improved VRDO
tools to evaluate and understand the impact of variance early in
the design process. Scenario 3 revolves around the functional-
ity of the VRDO tools. The interviewee is first asked to suggest
tools/functionalities which would be helpful during the design

process. Secondly, suggestions from the authors are discussed. It
was also discussed where in the general design process [9, p. 19]
the tools would be applicable and create the most value.

The manufacturing company designs and manufac-
tures small hand-held medical injection devices. Due to the large
scale of production the standard design guideline for tolerances
is set to IT grade 13 (IT13). IT grades are commonly used for
plastic injection molding and defined in equation 1. An example
of the expected linear tolerance window can be seen in table 1.

T = 100.2×(IT G−1)×
(

0.45× 3√D+0.001×D
)

(1)

Nominal Lower limit Upper limit

10 9.754 10.246

TABLE 1. EXAMPLE OF IT13

Using IT13 as the standard design criteria ensures that the
manufacturing costs are controlled and directly indicates the ini-
tial variance window which the design should manage. However,
the tolerance window only defines the acceptable parts from the
production facility. It does not ensure the robustness of the de-
sign. The goal of the design team is to create a design which is
robust enough to perform reliably with an IT13 grade or higher.
If a lower IT grade is required to avoid robustness issues it would
impact the cost of manufacturing by increasing scrap rates and/or
tightening of the manufacturing process controls. Integration of
robust design methods in the product development has therefore
been on-going for the last decade in the company. The company
is considered a frontier within the field of robust design and aims
to further their development towards VRDO.

The manufacturing respondents are divided into
two groups. Group A consists of three high-level management
decision makers. Selection was based on their role in the com-
pany as they evaluate project material in milestone meetings. The
material presented in said meetings consists of metrics describ-
ing the performance of the design, technical risks, and identi-
fied issues, along with mitigation actions. Finally, they will de-
cide whether the project will should continue, be postponed, or
be terminated. Group B consists of six lead engineers. They
were selected based on their role in the company as they take
the daily decisions on design, validation, risk management, and
are expert users of robust design methods. They also carry the
responsibility of presenting the project material at the milestone
meetings. The lead engineers are responsible for the design of
the device and they interact with a team ranging from 5 to 20
engineers, depending on the project, and they have the option
to utilize additional support-functions such as material and FEA
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specialists. The two groups have direct involvement of future
use of VRDO and their knowledge of the current barriers be-
tween Robust Design methods and use of FEA. Group A will
provide input on what design information could be improved and
how the future results should be presented to make efficient high-
level decisions. Group B will provide input on current barriers
making the use of VRDO inefficient and how they visualize the
future design process should utilize the symbiotic effects of RD
and FEA. Some bias is inevitable and can impact the information
provided during the interviews. This can be expressed by an un-
willingness to provide examples where mistakes were made by
the interviewee to avoid looking flawed. The interviewees might
suggest/try to change the future solutions to maximize their own
ease of work, not considering the broader benefit for the com-
pany. This is evaluated when examining and concluding on their
responses. Also, the results from the company respondents might
not reflect the whole industry’s view on the subject.

The interview form used with the software company
was a closed quantitative interview/structured interview [7,
p. 271], where the interviewee ranked statements from strongly
disagree to strong agree on a questionnaire. The interview aimed
to highlight industry issues seen from a software company and to
understand the expected ”pull” from the industry for new and im-
proved software capabilities in the field of virtual robust design
optimization. A structured interview was chosen as the responses
where used to either directly confirm or deny investigated hy-
potheses barriers.

The software company develops add-on software with
capabilities for DoE, sensitivity & Robustness studies integrated
directly into SOLIDWORKS. Their product aims to assist engi-
neers to optimize their products towards robustness. They wish
to achieve this without complicating the design process signif-
icantly by integrating CAD, FEA and automated DoE studies
seamlessly.

The software respondent is the CEO of the company.
The respondent has years of experience within the field of soft-
ware development and the robust design optimization. The re-
spondent provided input on the current industry “pull” and ex-
pectation to new software capabilities in the market of virtual
robust design optimization.

THE FUTURE OF INDUSTRIAL VIRTUAL DEVELOP-
MENT

The gathered empirical data is split into four sub-sections.
The order of the presented data; (1) Pros & cons of existing prod-
uct development tools used today, (2) Industrial implications of
uncontrolled variation, (3) Ideas for future VRDO tools and pro-
cesses and finally (4) a list of confirmed and invalidated barriers
for further implementation of VRDO in an industrial setting.

Pros & Cons of existing design decision tools
Four main categories of design decision making tools are

analyzed; expert statements, physical tests, analytical solutions
and virtual simulations. Lastly, a visualization of their current
contributions in the different phases of product development is
presented.

Expert statements are defined as the guidance/decisions
made from a person with extended knowledge through educa-
tion or experience within a field. All lead engineers agree that
expert statements are essential in a design process, particularly
in the early phase. It is the most effective way of getting a de-
sign or concept started and avoid commonly known design faults.
For example, to provide the initial dimensions/relative sizes for
known mechanisms. However, expert statements heavily reply
on actual experience. More than one stated that this can result in
limited leaps in innovation as the uncertainty greatly increases by
doing things differently than before. For example, if a new mech-
anism or new technology is incorporated in the next generation
of a product family, then only relying on expert statements will
often not be sufficient to deliver a robust and reliable product.
The high-level decision makers also recognize the value in ex-
pert statements. Both from their own use and in trusting the lead
engineers. However, when complex issues are flagged, more ac-
curate validation methods, such as simulation, are requested to
confirm possible solutions and to de-risk the project.

Physical tests is defined as tests performed with physical
parts, sub-assemblies or complete products. All lead engineers
utilize and recognize the value in physical testing. It can be
an effective method for; validating functions in sub-assemblies,
calibrating simulations or performing final functional validation
testing for the authorities. Sub-assembly testing was mentioned
as an important method for understanding new mechanisms and
it can be performed relatively quick. However, 4 out of 6 high-
lighted that testing isolated sub-assemblies can hide potential in-
teraction issues in the complete product and can therefore lead to
false-positives of a working design. Testing the complete product
was mentioned by all as very time-consuming and it is limited to
a few experts to perform high quality repeatable tests. However,
final testing is always required in the late design stages. 2 out
of 6 believed that physical testing was used too much as the pri-
mary tool and often without a clear test plan. Their opinion was
instead that these efforts should be placed in achieving analytical
solutions to understand whether a concept will work, rather than
testing sporadically. An outlier statement was that a complete
prototype was sometime used to convince the high-level decision
makers that a concept was working. The lead engineers regarded
this as highly risky as a prototype can be “made to work” by
fitting and greasing the parts, however for large scale, fully auto-
mated production, sensitivity issues can make the design invalid.
Another lead engineer highlighted that not all things can be sim-
ulated and that physical testing therefore sometimes is the only
method for achieving insight into complex behaviors.
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Analytical solutions is defined as solutions to closed-form
expressions, for example the maximum deflection of a cantilever
beam. All lead engineers utilized analytical solutions to iden-
tify whether a design had any potential and to estimate the initial
dimensions. However, it differed if the lead engineers thought
the method was quick and easy to use. The optimistic argu-
ment was that approximate dimensions could be established for
mechanisms if the forces could be estimated and the geometry
could be simplified to fit the expressions. The counter-argument
was that applying analytical solutions on simplified geometry re-
quired additional assumptions which made the calculations com-
plicated and a specialist’s job. If the simplification was made
poorly it could generate a high risk of losing important geometry
that would alter the final results. However, all agreed that if ana-
lytical solutions could be established then applying Monte-Carlo
methods on-top was an excellent way of getting a feel for the sen-
sitivity of the design. This highlighted the existing awareness of
variation in the organization. One of the high-level decision mak-
ers also underlined that no physical tests should be performed be-
fore an analytical solution of the problem was established. Oth-
erwise the experimental results would have minimal value as the
expected outcome of the test cannot be anticipated and compared
with.

Virtual simulations is defined as virtual model that approx-
imates physical behavior. All lead engineers recognized virtual
simulations as an essential tool during the design process. In the
company two levels of virtual simulations are created. The sim-
pler of the two is performed in the CAD software by a limited
number of designers. This is mainly used for initial stress cal-
culations. The advanced virtual simulations are performed by a
team of specialists, who support across the projects/organization.
2 out of 6 lead engineers mentioned that the simpler virtual simu-
lations created excellent value and suggested that more designers
should possess this ability. This method was especially useful
for checking whether a design change had improved the design,
meaning that even if the simulation was not 100% accurate, the
designer could still evaluate if changes were in the right direc-
tion. The main issue with designers utilizing the simpler virtual
simulations were the interest and frequency of use. If a project
in the company took a total of four years, the designer could
spend two years using CAD & simulations weekly and the last
two years working with documentation (consequence of the med-
ical industry). This results in a relearning period once shifted
to the next project. By then, the belief in own abilities to use
and produce accurate results had often disappeared, and the safer
option would therefore be to contact the specialist group. The
impression from the lead engineers was that the specialist group
provides excellent and accurate results requested by the projects.
However, the time-constraint was mentioned as the main barrier.
This was further worsened if the simulations should capture the
effect of variance, as variation had to be manually introduced.
Both the lead engineers and high-level decision makers agreed,
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FIGURE 3. CURRENTLY APPLIED TOOLS

that the time-constraint was the main cause to why simulations
where mainly used in the late design stages, and not utilized early
and on multiple design suggestions. The final and important is-
sue with simulation was highlighted by one of the lead engineers;
”It’s easy to simulate a known issue, however it is difficult to
identify unthought-of issues”. The statement meant that it is easy
to evaluate whether a stress level in a structure exceeds the mate-
rial properties if this is the goal of the simulation. It is however
very difficult to identify possible misuse scenarios or unexpected
contacts if the applied boundary conditions are aimed to investi-
gate another functionality.

Contribution of decision tools can be seen in figure 3 and
is based on the average impression of use by the lead engineers.
The top section defines the generic phases of product design [9,
p. 19]. The middle section defines the tasks, e.g. functional re-
quirements, creating design solutions, iterations and finally prod-
uct documentation. The bottom section is the resulting current
utilization of the different decision-making tools. Critical com-
ments from all company interviewees were that the use of nu-
merical simulations in the early/principle solution phase was too
limited and should be increased.

Industrial implications of uncontrolled variation
The information gathered for this section can be sensitive for

the case company. The results of the conducted interviews are
therefore covered in anecdotal form without making the claim
to be a complete picture of potential implications. To respect
the company’s integrity all examples are furthermore rewritten
to avoid targeting specific persons or design examples.

When discussing product issues, it is critical to differentiate
between a failure caused by an unrobust design or by a design
failure. The automotive industry describes the differences by the
number and frequency of experienced failures [10]. If the same
failure type is detected very often and caused with nominal ge-
ometry, this is referred to as a design failure, see left part of figure
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4. An example could be an axle breaking for the specified load
requirement. However, if a failure type is detected irregularly
is it highly likely to be a robustness related failure. This type
of failure can occur throughout the product life as seen in the
right part of figure 4. It is theorized by the authors that differ-
ent types of variance could start and be dominant in the different
phases of the product life. Failures related to variance in geom-
etry would be dominant in the assembly/start of life but could
occur throughout the product life. Failures related to load might
occur after several uses and time effects such as material degra-
dation might first occur closer to the end of product life. Note
that the figure is caricatured, and the specific starts could vary
depending on design and product type.

The four robustness issue examples stated below are mainly
caused by variance in geometry. However, understanding load
cases and time effects can be just as important. Especially time
effects on materials such as polymers where creep and relaxation
occur. Below examples attempt to highlight the impact of non-
robust designs going into production.
Example 1: A product has been utilizing a spring and housing
design, which has had continues performance issues after launch.
As the overall product design is nearly impossible to change once
the highly automated production lines are established, only mi-
nor changes are achievable. The issue is attempted to be solved
by ideas from the production and the design team to reduce scrap.
As a result the current spring design is on version 35 which has
had a negative impact on profitability.
Example 2: A new product has been developed and on paper it
looked like the team had achieved the perfect design in regards
to RDM (kinematics, contacts, etc.). However, when the design
was produced, and variance was introduced the design performed
poorly and had to be cancelled due to sensitivity issues. This ex-
emplifies the importance of evaluating geometrical variance dur-
ing development.
Example 3: A product has during its seven years in product ex-
perienced a dramatically higher scrap rate than expected. The
increased scrap rate has been due to a unforeseen geometrical
variance in parts which leads to assembly errors.
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FIGURE 5. ILLUSTRATION FOR CAD ENHANCEMENT

Example 4: A new product was being developed and the de-
velopment team opted to reuse existing design features from a
previous product. However, due to the change in dosing require-
ments the previously working thread of a rod had to be changed
to a steeper angle. In the beginning no-one expected this to be
an issue, as the previous design had worked. After months of
work on other parts of the product the new design was deemed
unsuitable as it was now realized that the change in thread rise
had significant impact on the device performance.

Ideas for future VRDO tools and processes
The previous sections clearly express the need for further de-

velopment of tools and methods to identify and remove variation
related design issues before product launch. Based on the feed-
back from the lead engineers and high-level decision makers this
section aims to highlight how and where in the design process
new potential robustness tools and methods should be applied
for maximum impact. Three main solution areas were discussed;
(1) Enhancement of the CAD environment to increase the aware-
ness of variation, (2) Increased utilization of virtual simulation,
e.g. combining FEA with DoE to create sensitivity awareness,
(3) Data representation for designers and management.

Figure 5 shows an example of the visual aid used to guide the
conversation regarding enhancement of the CAD environment.

Half of the Lead Engineers thought enhancements to the ex-
isting CAD environment would add value if below suggestions
could be achieved;

· Highlight functional surfaces
· Visualize tolerance chains between selected components
· Visualize kinematics (overconstrains)
· Include tolerances when designing
· Visualize geometrical variation, e.g. overlay models
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· Trigger warning if variation issues are detected/calculated

Interestingly enough computer-aided tolerancing (CAT) software
exists today that can aid with some of the above suggestions [11],
which raises the question why are they not used? Feedback from
the interviewees indicates that the software is difficult to use and
requires additional work to maintain datum locations in the CAD
model.

Figure 6 shows an example of the visual aid used to guide
the conversation regarding enhancement of the FEA and DoE
for robustness investigation. The top part of the figure shows
a model example where the functional requirement (FR) is to
minimize the deflection of the beam. The lower part of the fig-
ure shows the results from a DoE/sensitivity study utilizing FEA,
where the impactful parameters are ranked in a tornado-plot. All
lead engineers and high-level decision makers thought expand-
ing the capabilities for utilizing FEA to identify robustness was
key to enhance the product development, both in terms of speed
to market, to increase the innovation height and patient safety.
Their visions for success is to make this toolbox easily available
for the organization and not complicate the existing work-flow
where time-constrains is a major concern. For simple designs a
skilled engineer would be able to correlate which design parame-
ters impacts a single functional requirement. However, in designs
with multiple functional requirements the complexity increases

PPM failures

Safety factor:

Failure probability distribution

Expected load Expected strength

1.25

6σ 6σ

FIGURE 7. ILLUSTRATION FOR DATA REPRESENTATION FOR
DESIGNERS AND MANAGEMENT

dramatically to where a design parameter can impact FR1 pos-
itively and FR2 negatively, creating trade-off scenarios. Today
sub-optimization occurs as the total overview of all these inter-
action effects are too complex. If sensitivity plots can be created
efficiently, e.g. automate the DoE-FEA work-flow, it would en-
able the designers to;

· Identify sensitive relationships between functional require-
ments and design parameters
· Adjust the design parameter to reduce design sensitivity by

exploiting non-linearities
· Automatically re-run simulations with the optimized design

parameters to confirm the achieved robustness

Finally, figure 7 shows an example of the visual aid used to
guide the conversation regarding representation of data for the
designers and management. The discussion revolved around the
possible future, where failure distributions could be calculated by
including DOE’s & Monte-Carlo and thereby create a paradigm
shift from safety factors to part per million (PPM) failures. All
interviewees agreed that this would greatly enhance the confi-
dence level of decisions. Another strong benefit would be that
the world of risk management work within the same domain of
PPM values. Achieving these results would require additional
expansion of the FEA and RD toolbox. Discussed solution can be
visualized in figure 8. Depending on the complexity of the sim-
ulation or the available computing power, different work-flows
would be feasible. Realistically the lower linear work-flow is ex-
pected, where no steps can be skipped. Creating a meta-model
(an approximation of a higher-fidelity model) removes the large
computational strain as the Monte-Carlo models can be solved
analytically. If Monte-Carlo should be achieved directly, a large
amount of numerical simulations had to be run. This would
require an extreme amount of available computational power.
However, with the focus on cloud-computing this might be pos-
sible in the future as more and more companies offer these ser-
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FIGURE 8. ADVANCED ROBUSTNESS IDENTIFICATION
WORK-FLOW

vices.

Industrial barriers for further implementation of VRDO
The previous sections have covered existing decisions tools

and suggested functionalities for the enhanced VRDO. The fol-
lowing section to wishes to present a list of discovered barriers
to achieve the suggested implementation of VRDO in an indus-
trial context. Each barrier is categorized as either; A solution
exists, either in form of software, training, etc. or that a resid-
ual issue remains to be solved. The parentheses ( ) expresses
that more investigation is required but with an expected outcome.
The hypotheses and results are based on the gathered interview
material, literature review in the fields of FEA and RDM, and
software investigation presented in an anectdotal form.

The key technical barrier from table 2 is software availabil-
ity. To enable efficient use of VRDO commercially the software
has to be available from third-party suppliers. The complexity
is simply too great for in-house development and maintenance.
The shortlist presented in table 4 clearly shows that several com-
panies are starting to supply software supporting VRDO. The
list ranges from major market players like Dassault to smaller
“start-up” companies like CORTIME. Each are aiming to differ-
entiate their product to gain a specific market segment. Similar
to CAD software, VRDO software is highly dependent on the
user requirements. This is, for example, one of the reasons why
Dynardo optiSLang has a chance to compete with ANSYS, by
utilizing their solver/platform, while ANSYS provides a simi-
lar product. The supplier differentiation is made between easy
to use applications versus loss of simulation accuracy or con-
trol. The second key technical challenge is the CPU-time related
to DoE. Already today an advanced simulation can take mul-
tiple hours/days to compute. Introducing DoE will greatly in-
crease the already critical time parameters in projects. Further
investigation is required to define which type of fractional fac-
torial or screening designs are best suited for different types of
simulations. An additional approach could be to sacrifice some
of the simulation accuracy to gain lower CPU-time, while still
achieving insight into the relative sensitivity between functional
requirements and design parameters. Sacrificing accuracy might
not normally be considered excellent FEA practice, but it might
find its uses in VRDO. The software companies provide solutions
to the remaining barriers in their product material, however, au-
thors are yet to confirm these claims and ease of use.

The discovered barriers related to knowledge, seen in table

TECHNICAL BARRIERS

Hypothesis Solution Issue

No commercial software enables VRDO

Tools are too complicated ( )

Massive increase in CPU-time due to DoE

Required tools exists in different soft-
ware solutions which doesn’t effectively
exchange information

( )

Unable to work on model design and sim-
ulation in parallel

( )

No effective methods for automating ad-
vanced studies

( )

TABLE 2. DISCOVERED TECHNICAL BARRIERS

3, are the least problematic doing this investigation. This can be
positively affected by the frontier position of the industrial com-
pany interviewed, however, the software company also expresses
an increased interest in their product. This confirms the increased
industrial interest in the topic of VRDO.

Table 5 contains a long list of practical barriers before effi-
cient commercial VRDO can be achieved. The first hypothesis
is both considered a technical and practical, which needs to be
solved by either increasing allowed project time, increase avail-
able computing power or reduce the computing time per simula-
tion. The second hypothesis relates to cost. Increased competi-
tion could potentially reduce the cost of software licence. Alter-
natively, companies must accept the cost to increase the design
reliability. Third and fourth are related to either lack of train-
ing or missing software capabilities. The last barrier is related
to representation of results. Understanding the impact of 2-3 pa-
rameters on a functional requirement is manageable. However,
for complex assemblies with +10 parameters and multiple func-
tional requirements, the results must to represented in a simpli-
fied manner to allow the designers to make the appropriate design
changes. The remaining are all related to training and usage of
the new software capabilities.

DISCUSSION
In this paper several barriers for implementing VRDO has

been categorized and presented. The types of barriers discovered
reflects the data gathered during the interviews with the two se-
lected companies. Since VRDO has the potential to assist design
engineers across companies and industries, interesting work lies
ahead to investigate how generic the identified barriers are. The
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KNOWLEDGE BARRIERS

Hypothesis Solution Issue

No need for extended virtual development
(DoE/Sensitivity/Monte-Carlo)

Project teams are unaware of the tools
available (no active ”pull”)

( )

Other parts of the robust design process
would create more value to enhance

TABLE 3. DISCOVERED KNOWLEDGE BARRIERS

Software company Connected with

CORTIME SOLIDWORKS

Dynardo optiSLang ANSYS, Abaqus, CATIA, Creo,
Nastran, SimulationX

Esteco ANSYS, Abaqus, Creo,
Siemens, SOLIDWORKS, +12
more

Caeses CATIA, NX, Pro/E, SOLID-
WORKS

Siemens HEEDS ANSYS, Abaqus, Creo,
SOLIDWORKS, +30 more

Noesis CATIA, ANSYS, Abaqus, Creo,
SOLLIDWORKS, +10 more

OptiY CATIA, ANSYS, Creo, SOLID-
WORKS, +10 more

ANSYS DesignXplorer Own platform

Dassualt 3DExperience Own platform

Altair HyperWorks Own platform

TABLE 4. SOFTWARE COMPANIES PROVIDING ROBUST DE-
SIGN OPTIMIZATION SOLUTIONS

request for VRDO and types of barriers could vary significantly
depending on the industry due to multiple factors like;

· Consequence of product failure
· Competition in the market
· Available resources and competencies in the company
· Design traditions
· Etc.

PRACTICAL BARRIERS

Hypothesis Solution Issue

Simulations can exceed the project time-
constrains

More tools increase the cost by either more
specialists and/or software licenses

Efficient design version control is difficult ( )

Traceability of why design changes were
implemented

( )

Steep learning curve which lowers the will-
ingness to implement

Limited specialists available

Parameterization of CAD models are com-
pleted late in the design process

Advanced simulations can increase poten-
tial mistrust in the results

( )

Simulation output is difficult to convert
into design changes for the designer

( )

Advanced results are difficult to compre-
hend in short high-level decision meetings

( )

TABLE 5. INVESTIGATED PRACTICAL BARRIERS

However, if barriers exist in the medical industry, it could be
expected that other industries face the same or more. Addition-
ally, each company and industry must be aware of the types of
impactful variances; both in terms of size but also their distribu-
tions. As stated in [12, p.-1032]; most of the uncertain quanti-
ties appearing in engineering systems are non-Gaussian in na-
ture (e.g. material, geometric properties, wind, seismic loads).
However, the Gaussian assumption is often used due to its sim-
plicity and the lack of relevant experimental data. This raises
an interesting question on how to create and maintain variance
libraries required as input for DoE, sensitivity and Monte-Carlo
studies. Assuming that fairly accurate variance sizes and distri-
butions can be provided, the second process step is deciding the
type of method to be applied. It is the authors’ expectation that
initially for DoE only a small number of runs will be achievable
due to the available computing power. Depending on the design
complexity and the number of design parameters to be included
in the investigation, different techniques should be applied, e.g.
fractional factorial, Plackett-Burman or screening designs. If the
computing power remains an issue, due to the complexity of the
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simulation, even more aggressive approaches could be applied,
such as sacrificing simulation accuracy by simplifying the ge-
ometry or mesh. If multiple functional requirements and design
parameters are investigated the expected amount of data will be
immense, especially if trade-off scenarios occur. This is an in-
teresting topic to further investigate and understand how the data
is best represented for the designers to perform the geometri-
cal modifications. To achieve failure distributions, the Monte-
Carlo method must be applied. If performed directly by FEA
a vast amount of simulations are required; several times more
than what is required for a DoE. Instead, it is suggested to cre-
ate meta-models where the accuracy is sacrificed, but analyti-
cal Monte-Carlo solutions are enabled. Furthermore, perform-
ing above types of simulations only once will not suffice. Once
the initial results are produced, optimization of the design pa-
rameters can be obtained. To validate the achieved robustness,
simulations will once again have to be performed. For this au-
tomation of the process is required as this might occur multiple
times during a design process. So-called process apps are avail-
able in some commercial software packagaes for this purpose
and they can be configured to import modified geometry, apply
the finite element analysis and automatically re-run the simula-
tion and compare results. Configurability and ease of use of such
apps require further investigation.

CONCLUSION
The purpose of this paper was to investigate barriers for im-

plementing virtual robust design optimization in an industrial
context. The material presented concludes on the top-3 barriers
that; (1) Commercial software exists that can enable companies
to perform VRDO, (2) Incorporating VRDO successfully will
require a substantial practical effort and (3) The currently avail-
able computing power can constrain the size of possible virtual
studies which will require further investigation. Additionally, all
interviewed parties confirm that with a successful implementa-
tion and use of VRDO it would enable a more efficient design
process which can lead to;

· Increased design decision certainty
· More robust designs
· More innovation
· Lower production costs, i.e. fewer design iterations and late-

stage changes [13]
· Increase speed to market

Future work will consist of expanding the interviews to compa-
nies in multiple industry domains. Investigate DOE strategies
depending on simulation type and number of included param-
eters. Finally, investigate a framework that allows unrestricted
parameters changes without the CAD part/assembly and simula-
tion itself disintegrating.
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Abstract
Over the last decades, finite element analysis (FEA) has become a standard tool in industrial
product development, allowing for virtual analysis of designs, quick turnaround times and
prompt implementation of results. Although academic research also provides numerous
approaches for evaluating a product’s robustness towards geometrical, material and load
variations based on FEA analyses, this, however, stands in striking contrast to the limited
use of these FEA-based variation simulations in industry. In order to bridge the existing gap
between academic research and industrial application, this paper explores the barriers that limit
the adoption of FEA-based variation simulation. The investigation is based on interviews with
five lead engineers, followed by a case study that details the underlying technical challenges and
allows for some initial suggestions for future solutions. The case study involves a sterile canister
with seven geometrical variables. The design objective is to ensure sufficient sealing within the
range of expected probabilistic variation. The combined study details the identified main
barriers for a wider application, that is, the lack of robust CAD, practical guidelines to select an
efficient design of experiments for design purposes, and the complexity of the automated
processes. From a technical perspective, the case study results in estimations for main and
interaction effects, an accurate metamodel and Monte Carlo simulations of 100,000 samples
providing the design engineerwithmore detailed and actionable insights on the performance of
the product compared with the traditional nominal or best/worst case simulations.

Key words: FEA variation simulation, DOE,Meta-model, Monte-Carlo, Industrial barriers

1. Introduction
The key responsibility of a mechanical design engineer is to embody the overall
product and all individual components, such that the product fulfils all the technical
and customer requirements (Pahl et al. 2007). This task usually includes the
definition of suitable product configurations, geometries, dimensions, materials,
manufacturing information (type and tolerances) and assembly instructions. In this
process, robust design (RD) offers a development approach that aims at improving
safety economically by solving variation-related issues upstream by an improved
product design (Taguchi, Chowdhury, & Wu 2007), instead of relying on the
widespread, and costly use of designmargins and overengineering (Eckert, Isaksson,
& Earl 2019) or excessive quality control. The goal is to choose optimal parameter
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combinations in order to achieve consistently high product quality and performance
despite variation related to productionor assembly tolerances, varying load scenarios
or ambient conditions of use (Taguchi, Chowdhury, &Wu 2007). In general, RD is a
well-researched field, and fundamental ideas are widely accepted among researchers
and practitioners. At the same time, many companies struggle with implementing a
consistent RD strategy in practice (Gremyr, Arvidsson, & Johansson 2003; Krogstie,
Ebro, & Howard 2015), particularly in light of the ever-increasing possibilities for
simulation-driven design. Despite the opportunities of commercially available, high-
end software for finite element analysis (FEA), there remains a gap in most
engineering industrieswhen it comes to the systematic application of FEA to evaluate
the effect of geometrical, material and load variations (Coleman 2012; Will 2015),
hereinafter referred to as FEA-based variation simulation. Instead, FEA is used
mainly onnominal designs and often in late development phases, leading to products
with a high safety factor or overly optimistic designs prone to failure as variation
occurs. The latter is typically not discovered before production ramp-up or after
launch when the true distribution of variation reveals itself.

The present research explores the underlying reasons and possible solutions for
the low uptake of FEA-based variation simulations in industrial development prac-
tice. The corresponding aim is to address the gap between current RD research that
usually focuses on the details of advanced experimental designs (Jin, Chen, &
Sudjianto 2003; Lehman, Santner, & Notz 2004; Joseph et al. 2019) and algorithms
for robustness optimization (Du & Chen 2004; Raza & Liang 2012; Xie et al. 2018;
Kriegesmann 2020; Li, Gao, & Xiao 2020) and wider industrial implementation of
these tools. The research focuses explicitly on applying FEA-based variation simula-
tion for new designs in the early embodiment phase, rather than incremental design
improvements supported by vast legacy knowledge and the reuse of existing models.

The paper is structured as follows. After Section 2, Section 3 outlines the
twofold research approach based on performed interviews and an industrial case
study. The interview results are briefly reviewed in Section 4, which, combinedwith
the case study, creates the foundation for exploring and evaluating the existing
industrial barriers. Finally, the Discussion of results is presented, before the main
Conclusions are summarized.

2. Related literature
Despite its low uptake in the industry, RD is well-researched (Göhler, Ebro, &
Howard 2018). Park et al. (2006) provide a general overview of RD methods and
suggest three categories of approaches: axiomatic design (Suh 1995), the Taguchi
method (Taguchi, Chowdhury, &Wu 2007) and robust design optimization (RDO;
Capiez-Lernout & Soize 2008). Although several authors have addressed the first
category, that is, the evaluation of early product solutions in terms of robustness (Suh
1995; Eifler & Howard 2018), the following focuses on the two latter approaches
concerning the management of variation and uncertainty in mechanical product
design and its vital role for a virtual robustness assessment based on FEA.

In his seminalwork, Taguchi promotes the essential idea of off-line quality, that is,
the frontloading of all cost and quality control ideas to the product design stage. Based
on crossed array experiments, the objective is to choose optimal parameter combi-
nations that will minimize the variation of the product’s quality characteristics,
measured by the quality loss function (Taguchi, Chowdhury, & Wu 2007).
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Statisticians have appreciated Taguchi’s work (Logothetis & Wynn 1990; Laycock,
Atkinson, & Donev 1995; Hamada, Wu, & Jeff 2000; Draper & George 2007), but it
has also received critique, because the practical implications can make the experi-
mental designs inefficient and unnecessarily complicated (Box, Bisgaard, & Fung
1988).More recent reviews have evaluated the current status of this research direction
(see, e.g., the review by Robinson, Borror, & Myers (2004)) and also proposed new
research areas in the field of RD and uncertainty management (Parnianifard et al.
2018).

Despite existing for decades and despite being well-researched from an aca-
demic perspective, there remains a gap in most engineering industries when it
comes to the systematic use of FEA-based robustness analyses (Coleman 2012;Will
2015). This gap particularly holds true for industries that predominantly face the
challenge of exploring new design ideas and product configurations in their
development work, thus cannot benefit from using incremental design patterns
such as available legacy knowledge or the reuse of simulation models. For these
cases, it seems that existing research largely disregards the corresponding chal-
lenges for the implementation of the suggested tools and approaches. Instead,
successful case studies from product development are typically found in industries
that build on profound legacy knowledge, such as in the automotive industry
(Söderberg, Lindkvist, & Dahlström 2006; Wu, Kuang, & Hou 2019; Shan et al.
2020; Xiong et al. 2020), the aerospace industry (Forslund et al. 2011; Sun et al.
2014; Pohl et al. 2017; Madrid et al. 2019) and the defence industry (Chen et al.
2013; Ma et al. 2019; Fenrich et al. 2020).

Against this background, Martin & Ida (2008) explore the lack of focus on the
mainRDprinciples found inmost papers bymapping out the concurrent conflicts of
resource efficiency, view on interactions and one-shot versus sequential experimen-
tation. The authors emphasize that product quality will increase when engineers
understand variation and the underlying principles of robustness in general. This is
of particular importance today, because design practices rely to a higher degree on
virtual experiments, which enable engineers to assess robustness earlier in the
development process and systematically explore a wider design space of potential
solutions. At the same time, the enormous opportunities come with additional
challenges, because an implementation of FEA-based variation simulation in large
industrial organisations will require a seamless process between design solutions, the
necessary CAD models, suitable design of experiments (DOE) for the task at hand,
setting up the FEA analysis and postprocessing of results. Unfortunately, these
barriers are primarily neglected in existing research, and the available studies focus
primarily on the simulation itself. Typical examples are: (i) traditional sampling and
approximation methods of RDO; (ii) reliability-based design optimization
approaches as discussed by (Chakri et al. 2018), including sampling-based tech-
niques fromcrudeMonteCarlo simulations (Rashki,Miri, &Moghaddam2012) and
(iii) importance sampling (Au & Beck 1999), to moment methods such as the first-
order reliability method (Rackwitz & Flessler 1978; Camuz et al. 2019) and the
second-order reliability method (Breitung 1984; Zhao & Ono 1999).

3. Methodology
The focus of the present research is twofold, concentrating on: (i) some key results
of explorative, open-ended interviews with industry practitioners (Brix Nerenst

3/22

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.21
Downloaded from https://www.cambridge.org/core. Novo Nordisk GLIA, on 13 Oct 2021 at 09:30:35, subject to the Cambridge Core terms of use, available at



et al. 2019) to identify typical challenges and barriers that prevent the widespread
use of FEA-based variation simulation in mechanical product development and
(ii) a case study in collaboration with a medical device manufacturer for an
in-depth technical understanding of the identified challenges. In this way, the
research acknowledges the importance of understanding the practical consider-
ations while applying the methodology during real mechanical development.
These are critical aspects, because the investigated barriers and suggested solutions
for future research are in the cross field between fundamental research and
practical applications.

3.1. Exploration of potential barriers

The barriers encountered by the industry when performing FEA-based variation
simulation have been investigated through semistructured elite interviews (Brix
Nerenst et al. 2019). Five face-to-face interviews were conducted over a 6-month
period with five technical lead engineers from different companies to compile a list
of relevant barriers. The five companies were carefully chosen based on their use of
FEA in product development, their size and their level of legacy knowledge in
designing new products. Instead of small incremental changes to an existing
product, all the companies face developing completely new products to fulfil
new customer requirements. In addition, the companies were selected from
different industries to reduce a potential bias. The selected industries represent
medical, marine, and industrial equipment, and all employ more than 1000
engineers. The selection of engineers within the companies was based on their
role as mechanical leads, all having more than 10 years of experience. Therefore,
the interviewees are considered part of the elite in this field of knowledge
(Aberbach & Rockman 2002; Hochschild 2009).

Based on the above assumptions, the barriers identified by the interviewees are
assumed to also have relevance for other companies, even more so in the case of
lower maturity in the field of FEA analyses. The open interview format was chosen
to investigate the complex challenges of exploring different design solutions in an
industry environment, going beyond the duration of a single case study, and to
allow for retrospectively exploring the interviewees’ deep knowledge and impres-
sions of today’s utilization of FEA in product development. Confidentially agree-
ments were prepared before the interviews to ensure that the actual industrial cases
could be discussed in enough detail to represent their genuinely experienced
barriers. The focal points of the interviews are outlined in Table 1. Parts (a) and
(b) of the interviews were controlled by a 20-minute window to ensure that all
topics were covered. In closing, the discussion focused on where FEA-based
variation simulation would create the most significant impact in a general product
development process.

3.2. Evaluation of potential technical solutions: a case study

A live case study was conducted in collaboration with a participating medical
device company to further analyse the experienced barriers from an industry case
perspective, fully understand the mentioned barriers’ underlying details and
evaluate potential solutions. The case study was carried out 2 months after the
interviews, allowing time to ideate, select and develop the methods, tools and
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scripts for the suggested process. The purpose of the case study is to explore the
identified barriers for applying FEA-based variation simulation in an industrial
setting and represents the general complexity of day-to-day challenges. The
technical outcome of the case study is a better understanding of the sealing process
of a sterile canister when geometrical variation occurs.

The case study follows a commonly accepted approach (Prajapati 2017;Madrid
et al. 2019) to reduce FEA-based variation simulation’s computational expenses
through surrogate modelling (see Figure 1). The product considered in the case
study is a cylindrical glass canister on top of which a rubber layer must be held in
place by an aluminium cap (see Figure 2). One of the primary functional require-
ments is that the holding force of the aluminium cap is sufficiently high to ensure
proper sealing when exposed to external forces during transport and handling. The
three parametric CAD components were modelled in full 3D in the commercial
software package 3DX/CATIA (Dassault Systems 2020), with the key parametric
design parameters: membrane (height,H, and width,W), cap (thickness, T , length
and inner radius, R) and cartridge (inner radius, r and height, h; see Figure 3).

The material properties for the rubber membrane are viscoelastic and exposed
to large compression, whereas the cap is elastic–plastic and exposed to plastic
deformation. A global contact is defined with a Coulomb friction coefficient of 0.1.
The cap is fixated on the top side. The translation (d) is applied in the negative
y-direction on the cartridge. In order to minimize the computational time, only
10 degrees of the model are included in the FEA (Dassault Systems 2013, 2020).1

An explicit solver was used to increase the robustness of the simulations, since an
implicit solver can result in convergence issues when variation is applied and the
amount of deformation and contact changes.

The DOE chosen is a two-level fractional factorial design IK�P, where Iis the
number of levels, K is the number of parameters and P is the fraction of the full

Table 1. Interview format of the two parts

Part A Investigate the strengths andweaknesses of the decision-making tools, expert statements,
physical tests, analytical calculations and nominal FEA in order to create a baseline of
the product development andmap out how FEA-based variation simulation compares
to alternative methods that are also used to assess the robustness of a design

Part B Explore the lead engineers’ view on the benefits of utilizing FEA-based variation
simulation and the experienced industrial barriers when applying the method

Abbreviation: FEA, finite element analysis.

Figure 1. The idealized process for performing finite element analysis-based varia-
tion simulation.

1Axis-symmetric modelling was not available in 3DX version 2019.
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design. The experimental design resulted in a total of 64 simulations required for
the seven geometrical parameters. The DOE is executed using the 3DX/Process
Composer, which automatically generates the geometrical changes, re-meshes,

Figure 2. Example of the finite element analysis results with component names and
boundary conditions during deformation. The cap is fixed on the upper corner,
whereas the displacement, d, is applied to the bottom of the cartridge.

Figure 3. Overview of the variable geometrical parameters in the undeformed
state: membrane (height, H, and width, W), cap (thickness, T , length and inner
radius, R) and cartridge (inner radius, r, and height, h).
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performs the FEA and stores the force curve for each simulation. An in-house
python script is created to postprocess the DOE results: (i) analyse the parameter
effects, (ii) create a metamodel (linear approximation) based on the significant
main and interaction effects and (iii) perform a Monte Carlo simulation where
each effect term is generated randomly with a normal distribution. All model
parameters in Figure 3 are considered independent with a standard deviation of 7%
of the mean (an approximation of the expected variation).

4. Results
The following section provides a summary of the results generated from the
industrial interviews and the case study. Overall, the interviews resulted in the
outcomes presented in Table 2. The three most critical barriers were further
explored in the industrial case study.

4.1. Interview results

The interviews aimed to consider the use of FEA-based variation simulation in a
general design context to understand the barriers preventing the widespread use of
FEA-based variation simulation. For this purpose, Part A of the interviews focused
on the question of alternative decision-making approaches and presented the
interviewees with a generic design process as illustrated in the top and the middle
of Figure 4. On this basis, alternative decision-making tools were discussed to
clarify both the importance of different development phases and the corresponding
time and resource constraints.

The bottom of Figure 4 presents Outcome A of the interviews, where the result
is amapping of the decision-making tools used, on average, by the interviewed lead
engineers. Not surprisingly, Figure 4 shows that, in the early phase of a design
process ‘Find principle solutions’, expert knowledge is utilized to make 50% of all
design decisions. Furthermore, all interviews unanimously underlined the role of
innovative solutions and the task of exploring not only product concepts but also
different product embodiments, which indicates that decision time is crucial
during the early development phase where rapid design changes occur and explain
why decisions based on numerical simulations are low during this phase.

On this basis, the discussion of Part B of the interviews resulted in a list of all
commonly experienced industrial barriers across the different companies (see Brix
Nerenst et al. 2019 and Table A1 inAppendix A). Based on the discussions with the
lead engineers, an extensive list of barriers was reduced to three barriers for further
investigation. These three barriers are deemed most critical in preventing the

Table 2. Overview of key results from interviews with five lead engineers

Outcome A A mapping of how decision-making tools, competing with FEA-based variation
simulation, are utilized today in the product development process

Outcome B A mapping of the barriers preventing efficient industrial use of FEA-based variation
simulation

Abbreviation: FEA, finite element analysis.
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widespread use of FEA-based variation simulation while being solvable with
academic research.

All lead engineers agreed that the most relevant barrier is: (i) a lack of CAD
model maturity and robustness, that is, limited definition of essential details and
parametric modelling in the early embodiment phase. While firstly related to the
time and resource aspects of parametric CAD, The lack of more useful parametric
CAD methodologies leads to limited ‘tuning’ of existing parameters in the final-
ization of the design. Optimization of the robustness is therefore often limited to a
highly constrained solution space.

Further complicating thematter were the software setups to achieve FEA-based
variation simulation. All companies develop the CADmodels in one software and
perform FEA in another. The geometry is transferred from the CAD application to
the FEA application in a neutral format, for example, Standard for the Exchange of
Product Data STEP, whereby the CAD parametric is lost. The existing approach
typically leads to an inefficient manual process where multiple new CAD models
are created repeatedly to bring out the effect of changing specific design param-
eters. As a result of the manual process, only a few parameters (max. 1–3) are
included in the DOE. In contrast, the lead engineers deemed a screening of more
than 10 parameters necessary to effectively use FEA-based variation simulation
when exploring different embodiments.

This desire leads to the second barrier of performing FEA-based variation
simulation: (ii) Selection of an effective DOE and postprocessing of the results require
specialist knowledge. Because the parameters increased, selecting effective designs,
that is, a feasibly low number of simulations aligned with the corresponding design
decisions, became increasingly difficult. Although Simpson et al. (2001) provide a
comprehensive overview of DOEs and metamodels, industrial utilization combined

Figure 4. Currently used product development methods and decision-making approaches along a generic
development process.
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with FEA remains limited. The lead engineers explained that generating efficiently
small experimental designs, postprocessing the data and trusting the results require
specialized knowledge, which generally does not exist in the design teams.

The third barrier experienced is purely technical: (iii) To date, the FEA software
is found to be inadequate in supporting the automatic execution of multiple
simulations.With the time aspect inmind, the tediousmanual setup and execution
of each simulation require too much effort, resulting in other decision-making
tools being used instead (see Figure 4).

4.2. Case study results

The case study presented in Section 3 considers the sealing of a sterile canister. The
case study is primarily used to detail the found barriers from a technical perspective
and explore possible solutions for improving the adoption rate of FEA-based
variation simulation. Due to the case of company’s intellectual property, specific
design details have been omitted.

The case study results in 64 successful simulations executed automatically
based on a two-level fractional factorial design, IK�P ¼ 27�1 ¼ 64. The total run-
timewas 32 hours (Intel(R) Xeon(R) CPUE5-2690 v4@ 2.60GHz). Figure 5 shows
the 64 force–displacement curves with a Butterworth filter applied to reduce the
numerical noise (Butterworth 1930). The filtering of the raw FEA signal is
performed in Python3 utilizing the Scipy package (Scipy.signal.filtfilt(); see the
supplementary material of The SciPy Community 2020). The pull-off force is
measured at the bottom of the glass cartridge, whereas the displacement is
measured as the vertical displacement of the rigid glass cartridge. When the force
is above the zero line (dotted red line), only the membrane exerts a force onto the
cartridge. Because the force drops below the zero line, an additional pull force on
the cartridge is required to pull the cap off, that is, the holding force. The
simulations show that the holding force is above the zero line throughout the
deformation for some geometrical configurations. Potentially, this results in caps
being pressed off by the internal forces from the compressed membrane. For other
configurations of the geometry, the holding force is below the zero line and by far
exceeds the required holding force (see Figure 5). The dotted green line indicates
the specified nominal force, which lies close to the average of the simulated

Figure 5. Filtered (Butterworth) history output of the holding force of all 64 simu-
lations. The internal force being the force exerted by the compressed membrane. The
external force being the cap’s holding force.
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configurations. However, the applied geometrical variance has a large impact on
the holding force. The maximum holding force is defined for each simulation and
used as the functional response in the statistical analysis of the DOE. An ANOVA
test is performed for the statistical analysis.

Based on the 15 main and interaction effects, a metamodel is constructed,
shown in Eq. (1) with C1�C16 being parameter coefficients determined by the
fractional factorial design. The metamodel achieved an accurate fit with an
R-squared value of 0.99792.

by¼C1�C2RþC3TþC4L�C5hþC6r�C7H

�C8W�C9RT�C10RrþC11TL�C12Th
þC13TrþC14Lr�C15hrþC16TLh:

(1)

A comparison between the FEA results and the metamodel is shown in Figure 6 to
check for potential outliers, for example, avoid a missed second-order effect. The
scale of the corresponding parameter effects is shown in Figure 7. The figure shows
how the different geometrical parameters can increase or decrease the holding
force. In this case study, the three most impactful parameters are the thickness
of the cap (T), the radius of the cartridge (r) and the radius of the cap (R). A
geometrical increase of T and r results in an increased holding force, whereas an
increase of R reduces the holding force. Following these parameters, a number of
interactions are presented, which can be challenging to predict as a designer in the
case of complex geometry, whereas the DOE naturally brings out the information.

By exploiting the cost-efficient (in terms of computing resources) evaluation of
themetamodel inEq. (1), the estimatedholding force of 100,000 samples is presented
in Figure 8. The seven parameters included in Eq. (1) are all varied with a normal
distribution with a standard deviation of 7% of the mean (an approximation of the
expected variation). FromFigure 8, it is seen that themean, μ, alignswith the product
specification, and that in this example, a margin of six standard deviations exists
between the mean and a holding force of zero, that is, an expected failure rate very
close to 0%. However, if the standard deviation is increased to 17% of the mean, the
expected failure rate is increased to 3.2%.

The results from the metamodel provide a statistical foundation to evaluate the
suitability of the holding force, which in this case shows that proper sealing of the

Figure 6. Comparing the metamodel with the finite element analysis results to
evaluate the metamodel accuracy and to check for outliers.
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cap is ensured within the allowed variation. The metamodel demonstrates that a
cap can only be pushed off in sporadic cases, because the probability of all
parameters contributing to a low holding force is very low. The probabilistic
evaluation can provide greater insight into the design performance than just
relying on the direct DOE data visualized in Figure 5. FEA-based variation
simulation can be used to calculate the cost of a given tolerance specification
versus the expected production scrape rate, because such tolerance calculations
have an enormous potential to reduce production costs across industries. Overall,
the DOE approach provides a much more detailed design understanding com-
pared with the safety-factor approach.

Results of barrier mitigation
The following explores how the three main barriers were investigated and suggests
future research and improvements. A summary of the derived results is provided in
Table 4.

A lack of CAD model maturity and robustness. In the case study, the CAD
assembly of an existing product was used, so that the question of CAD model
maturity played a minor role in the investigation. However, while only containing

Figure 7.Main and interaction effects sorted by the impact on the holding force. An
overview of possible parameters to adjust the design performance.

Figure 8. The estimated distribution of the holding force for 100,000 produced
samples. The nominal holding force is denoted μ and one standard deviation as σ.
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two components and seven parameters, the original company CAD models were
shown to be poorly configured and had no parametric controls. The result was
regeneration issues due to unrobust modelling. Figure 9 shows an example of the
original sketch constraints for one key parameter (masked other specifications).
The red highlight in Figure 10 shows how parameter configurations can result in
unsuccessful regeneration of sketches. Another experienced issue with the regen-
eration of CAD models was that one feature refers to another feature not yet
generated. Creating a model which disregards the ‘parent–child’2 relationships can
become very sensitive.

For addressing-related issues, and based on existing work on CAD methodol-
ogies (Camba, Contero, & Company 2016), the case study subsequently imple-
mented a resilient modelling strategy to mitigate feature regeneration issues.
Resilient modelling (Gebhard 2013) suggests organizing the feature tree in six
standardized groups, as shown in Table 3. In the case study, it was possible to
increase the CAD models’ ability to regenerate to 100% when combining resilient
modelling and stacking of sketch constraints. Figure 11 shows a simple example of
an improved configuration, where the constraints ensure a successful regeneration
for positive dimensions of L1–L3 (no fold-over as seen in Figure 10).

Surprisingly, based on the interviews and the professional experience by the
authors, CAD modelling methodologies are, however, not widely accepted as
standard industry practice. The lack of use is in line with previous research, for
example, the work of Aranburu, Justel, & Angulo (2020), who clearly highlight the
need for increased focus on robust CADmodels. Although some DOE techniques
(Latin hypercube sampling) can copewith data loss, that is, some of the simulations
are allowed to fail, it often comes at the cost of a more significant number of
simulations. The latter is particularly critical from a design perspective, where the

Table 3. Resilient modelling increases the CAD model robustness by creating features in a specific
sequence. This removes wrongful links between ‘parent’ and ‘child’ features which can disrupt the
regeneration

Group Description Typical features

1. Ref Reference entities, no solids are allowed Ref bodies, layouts, sketches, planes,
coordinate systems and images

2. Construction Construction features, such as surfaces
and 3D curves used to define complex
solid features

Surfaces, project, extend, split, trim
and 3D curves

3. Core Core solids that determine the overall
shape of the structure

Extrude, revolve, sweep, loft, thin wall
and shell

4. Detail Detailed feature to refine the shape. Can
only link to the core group

Extrude, revolve, sweep, loft and hole
thread

5. Modify Modify and replicate existing features Draft, pattern and mirror

6. Quarantine Volatile features which should under no
circumstances be ‘parent’ features

Chamfer, round and blend

2A ‘parent’ is a stand-alone feature and does not refer to others. A ‘child’ feature refers to another
feature to exist.
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Figure 9. Initial CAD sketch of the cartridge with unrobust constraints.

Figure 10. Fold-over of sketch lines due to unrobust sketch constraints.
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task is not necessarily a fully validated simulation but an efficient and sufficiently
accurate estimation of parameter effects.

Selection of an effective DOE and postprocessing of the results require specialist
knowledge. The options for different DOEs were experienced to be vast in the
commercial software, either as a built-in option or as an upload possibility for
pregenerated design matrices. However, specialized guidance, particularly on
options for augmentation, and suitability for metamodelling, is experienced to
be nonexistent. Instead, only general descriptions of the experimental designs are
provided. Although some guidance does exist in literature (Simpson et al. 2001),
the complexity and fundamental understanding of how to choose a suitable DOE
for a variety of design decisions will require additional education of industrial FEA

Table 4. Necessary design support for early finite element analysis-based variation assessment

General barrier Required methodical or technical support

Maturity/robustness of
CAD models

Review and implementation of available CAD methodologies

Complement existing methodologies by developing practical guidelines for
applying sketch constraints to ensure robust CAD models

Ruleset for control of assembly constraints in variation simulations, that is,
standardized rules for applying variation to assemblies and avoid
interferences (e.g., in case of tilt or misalignment between components)

Ruleset for systematic consideration of project and technology constraints,
for example, product’s overall size or manufacturing constraints such as
moulding requirements (minimum thickness, gate position, etc.)

Selection of effective DOE
strategy

Development of a DOE selection tool for engineers working with FEA
(without statistical background), including archetypical design decisions/
tasks such as parameter screening, comparison of several design solutions,
metamodelling, design space exploration and robustness verification

Guidelines for DOE augmentation for a suitable two-step procedure, for
example, (i) design comparison and (ii) detailed exploration of optimal
designs

Development and implementation of targeted DOE education for FEA
engineers (without statistical background)

Automatic execution

Improvement of software interfaces or direct integration of CAD and FEA
modelling

Development of suitable information visualization techniques for
communication of results

Guidelines for node/element set selection for robust and correct positioning
including uncertainty assessment

Possibilities for customized result extraction, for example, by company
standard scripts (will require improved possibilities for scripting within
the software)

Abbreviations: DOE, design of experiments; FEA, finite element analysis.
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specialists. Without this knowledge, experimental designs can promise similar
capabilities, while the number of required runs can vary significantly or contain
other limitations. For example, the case study utilized 64 runs to explore all possible
interaction effects. However, a subsequent investigation proved this unnecessary
and that 32 runs would have been sufficient for exploring factor relevance from a
design perspective. However, none of the companies had standard DOE pro-
cedures for the wide variety of design decisions and tasks, such as parameter
screening, metamodelling or probabilistic evaluation, in place.

To date, the FEA software is found to be inadequate in supporting the automatic
execution of multiple simulations. In this case study, the FEA-based variation
simulation resulted in the process shown in Figure 12. Due to the requirements
experienced for robust CAD, data extraction and postprocessing, the depicted
process differs from the more straightforward process described in the literature

Figure 11. Alternative sketch constraints to increase robustness.

Figure 12. Illustration of the data flow used in the finite element analysis (FEA)-based variation simulation
study. The process highlights the need for robust CAD and shows how the design of experiments and FEA is
executed in 3DEXPERIENCE, while further postprocessing of the raw data is performed in Python.
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(see Figure 1). The case study shows how commercial FEA software can execute
64 simulations without interruptions, making the process significantly more
efficient and less prone to human error by omitting manual CAD configuration
and STEP format. Although the software provides some automatic postprocessing
capabilities, the case study also shows that programming knowledge is required to
enable flexibility. In conventional FEA, the results of deformation and stress/strain
contours are interpreted manually by the specialist in an interactive viewer
environment. However, when FEA is combined with an automated DOE process,
the result of interestmust be predefined, and a scheme to extract the resultsmust be
made automatic. In this case study, the holding force on the cartridge is stored as a
history output within an additional process step scripted in Visual Basic for
Applications VBA. In other cases, the strain or stress in a specific region of the
structure might be of interest. The pitfall is that the size and position of the node/
element set can be affected by the selection options combined with changing
geometry due to the applied variation. Although commercial software provides
multiple methods for node/element set selection (see the example in Figures 13–
15), the robust and correct positioning will be essential, because the automated
process makes it difficult to trace back the corresponding influences.

5. Discussion and conclusion
A combined investigation of interviews and a case study with well-established
companies utilizing FEA for product development is performed to explore the
barriers preventing the widespread use of FEA-based variation simulation. Based
on five interviews, the corresponding lead engineers fromdifferent industry sectors
acknowledged the potential of improving the current development by achieving
more RDs at a lower cost and unanimously underlining that the current state-of-
the-art commercial software does not yet provide integrated and seamless solutions

Figure 13. Example of proximity selection. This method includes all nodes/elements
within a defined range of a reference line or surface.
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to overcome the barriers tomaking FEA-based variation simulation a daily exercise
in an industry environment.

Against this background, the subsequent case study shows how FEA-based
variation simulation provides the potential to explore and understand variation.
The method enables engineers to identify significant design parameters, virtually
investigate the performance of 100,000 designs and finally evaluate tolerance
specifications versus scrap rate.

Figure 14. Example of spatial selection. This method includes all nodes/elements
within a sphere or box placed in the global coordinate system.

Figure 15. Example of partitioning selection. This method includes all nodes/ele-
ments within a volume controlled by partitioning.
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The present work sets itself apart from existing research by focusing on
industries where entirely new concepts are developed, explored and compared
continuously. Therefore, some of the derived methodical and technical support
measures might very well be less relevant in industries with profound legacy
knowledge and more incremental design changes, that is, where the used models
have received significantly more attention over the years.

Although the case study underlines that performing simpler forms of FEA-
based variation simulation for design purposes is achievable, the critical difference
between the industry projects and the case study is still the time aspect. The work
laid out is essentially unbounded in time. Thus, the case study allowed multiple
iterations to set up a proper CAD model for subsequent use in the FEA-based
variation simulation and investigate potential DOEs. Although the presented work
should therefore be considered a first step to a more systematic implementation of
FEA-based variation simulation in industry, it also clearly shows a discrepancy
between the advanced developments being made in literature and the utilization of
FEA-based variation simulation in the broader field of mechanical engineering.
Although research primarily focuses on more sophisticated algorithms for multi-
objective RDO, the broader engineering industry struggles withmore fundamental
parts of the process. For this reason, the present study provides new research
directions to enhance the uptake of FEA-based variation simulation and support a
wider range of mechanical design companies on the transition from safety factors
to a probabilistic design approach.
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Appendix A. Extensive barrier list

Table A1. Overview of discussed barriers with the five interviewed lead
engineers (Brix Nerenst et al. 2019)

Barrier description and type

Limited commercial software for FEA-based variation simulation Technical

FEA-based variation simulation is complex compared with other
decision tools

Technical

DOE selection is complex and requires trial and error Technical

FEA-based variation simulation requires a data exchange between
software

Technical

Difficulty working with model design and simulation in parallel Technical

Difficulty automating analysis and postprocessing of the results Technical

Limited knowledge of FEA-based variation simulation in the
industry

Knowledge

Limited vision from management on implementing advanced
methodology

Knowledge

The tradition of working with safety factors – difficulty with
change

Knowledge

Simulations can exceed the project time constrains Practical

FEA-based variation simulation increases cost (software license
and specialists)

Practical

Difficult ensuring traceability between models and results Practical

Traceability of why for design changes were implemented Practical

Steep learning curve which lowers the willingness to implement Practical

Limited specialists are available in the industry Practical

Parameterization of CAD models is complicated and expensive Practical

Advanced simulations can increase potential mistrust in the results Practical

The simulation output is difficult to convert into design changes
for the designer

Practical

Difficult to convey advanced probabilistic results in short
management meetings

Practical

Abbreviations: DOE, design of experiments; FEA, finite element analysis.
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Abstract. Automated Finite Element Analysis (FEA) requires sketches to cope effortlessly
with dimensional changes to assess functional robustness. However, sketch robustness is
often neglected and overlooked in today’s design processes and causes a waste of resources
throughout the product development. The present study explores how CAD sketches are made
less prone to regeneration failure when the dimensions in the sketch vary as much as ±80%.
Three new Robust Sketch Principles (RSPs) to improve sketch robustness are developed
based on commonly experienced failure modes. The first part of the study assesses the new
RSPs’ impact by engaging nine M.Sc. engineering graduate students and five industrial CAD
specialists in a comparative study. The participants are asked to constrain an existing sketch
with and without knowledge of the new RSPs. The study shows that the initial practice
of the participants leads to poor sketch robustness, while less than 30 minutes of training
with RSPs enable all participants to achieve a statistically significant improvement in sketch
robustness. The second part of the study explores the industrial application of the RSPs by
redrawing existing product sketches and comparing the robustness with and without the new
RSPs. Both parts of the study demonstrate that the RSPs improve robustness significantly
and widen the parameter space for automated FEA simulations.

Keywords: Automation, CAE, FEA, DOE, guidelines, error reduction
DOI: https://doi.org/10.3722/cadaps.2018.xxx-yyy

1 INTRODUCTION

The backbone of modern mechanical design projects is 3D feature-based CAD models [29, 25]. Traditionally,
the primary need to change a CAD model has been design-related, resulting in manual changes to configura-
tions, features, or individual dimensions based on new insights and design requirements. However, advances
in state-of-the-art Computer-Aided Engineering (CAE) techniques have increased the need for analysis-related
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CAD model changes. For example, when (i) analyzing the probabilistic performance within the allowable
dimensional tolerance range [11], (ii) exploring a more extensive solution space, or (iii) performing parametric
optimization [22]. In all cases, it is advantageous to have a robust CAD model that facilitates unlimited para-
metric changes without model regeneration failures. "Parametric modeling," a history-based, feature-based
approach, is commonly used to create CAD models. The parametric controls are critical for sensitivity studies
because they allow for precise geometry adjustment enabling evaluation of the functional impact. The newer
approach, "Direct modeling," on the other hand, is a history-free, parameter-free approach that does not keep
a change log of features and is thus inapplicable for sensitivity studies. However, due to the lack of a structured
methodology, the flexibility and robustness of CAD models strongly depend on the expertise and focus of the
engineer [30, 5]. While some industrial guidelines exist, these are often protected to maintain the competitive
advantage [3], and most CAD training courses focus on specific software tools rather than on best practices
to construct flexible and robust CAD [6].

The lack of flexible and robust CAD models has severe consequences in product development, as it limits
the uptake of Robust Design Methodology [16], the utilization of FEA-based variation simulation [27, 28], and
Multidisciplinary Design Optimization (MDO) [20]. A roadmap for estimating the cost of poor CAD quality
is provided by Camba et al. [10]. While a direct cost estimate is not provided, the magnitude of the problem
is underlined, which is further supported by Aranburu et al. [4], who emphasize the importance of robust
CAD models. Branoff [8] and Bodein et al. [6] point out that achieving flexible and robust CAD is inefficient
without applying a formal modeling strategy from the initiation of the CAD model. The claim is supported by
Camba et al. [9] in a comparative study, including the three commonly known formal CAD strategies for solid
feature modeling: (i) Delphi’s Horizontal modeling [21], (ii) Explicit Reference modeling [6], and (iii) Resilient
modeling [15]. In addition, Camba et al. [9] conclude their study by showing that Resilient modeling achieves
the highest effectiveness in terms of CAD feature robustness and alteration time. While the existing formal
strategies notably improve flexibility and robustness compared to completely lacking a strategy, the topic of
applied dimensional variation and robust constraints in sketches is neglected [4]. The above-stated modeling
strategies primarily focus on the feature tree structure to enforce robust relationships between Parent-Child
features.

Different sketch-related failure modes can occur when regenerating the CAD model depending on the
scale of the applied variation and how the sketch is constrained [17]. However, the typical consequence of a
regeneration failure is manual interference with the CAD model, an invalid strategy for comprehensive Finite
Element Analysis (FEA)-based variation simulation used, e.g., to assess design and parameter sensitivities. In
brief, FEA-based variation simulation involves generating several CAD variants of a given design determined by
a Design of Experiment (DOE) and running a FEA on each. The number of variants depends on the number
of investigated parameters but, based on experience, it is typically in the range of 8-256 for a sensitivity
analysis. Thus, understanding and avoiding regeneration failures is fundamental to increasing the uptake of
advanced simulation processes. While the open literature provide some guidelines for producing quality CAD
models [12], no directly applicable principles on how to apply sketch constraints that maximize robustness
are available. The magnitude of the problem is indicated in an industrial survey by Jackson and Buxton,
where; “57% agreed that model modification requires expert CAD knowledge, 48% experience that models are
inflexible and fail after changes, and 40% find that only the original designer can change models successfully ”
[19]. To solve the problem in an idealized design process where, e.g., Skeleton modeling [14] controls assembly
constraints and Resilient modeling manages healthy feature to feature relations, a missing piece in the puzzle
is effective sketch principles that avoid regenerations failures. Consequently, this paper aims to enhance the
existing formal CAD strategies with new Robust Sketch Principles (RSPs). The present study introduces
the new RSPs and explores how they can control dimensional sketch constraints and with minimal formal
training of engineers to improve the robustness of complex CAD sketches. To test the effectiveness of the
RSPs, a complex sketch was defined explicitly for the study. In feature-based parametric design, characterizing
complexity has been attempted by several authors (see Camba et al. [9] for an overview). In general terms,
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the complexity can be categorized by size, interconnectivity, and decomposition [24]. Only size, defining the
number of sketch constraints, is relevant for this study as Interconnectivity and decomposition relate to solid
features. The first part of the present study consists of two assignments involving nine M.Sc. engineering
graduate students and five industrial CAD specialists. The participants’ task is to iso-constrain1 a complex
sketch requiring 16 dimensional constraints, first based on experience and secondly using the new RSPs. In
the second part of the study, the industrial application of the RSPs is explored by applying the RSPs to three
existing CAD sketches, all taken from marketed products2, and the improved robustness is compared with the
original dimensional sketch constraints. In both parts of the study, the robustness is tested and measured in
a solution space with gradually increasing dimensional variation.

The effectiveness of the RSPs is statistically evaluated by the differences in robustness before and after
application. The results show that sketch robustness is low even with a small amount of variation (±1%)
when relying on current practice, even for experienced CAD designers. However, a statistically significant gain
in robustness is observed when applying the new RSPs.

The paper is structured as follows; Section 2 defines the sketch failure modes and the robustness assessment.
In section 3, the new Robust Sketch Principles are introduced. Section 4 outlines the methodology for
evaluating the RSPs. In section 5, the obtained results of the improved sketch robustness are presented.
Section 6 explores the industrial implications for unrobust sketches and the effects of the DOE type. Finally,
section 7 summarizes the main conclusions of the study.

2 Regeneration failures and robustness assessment

The following section outlines: (i) A review of typical failures modes for sketch regeneration, and (ii) The
definition for robustness assessment.

2.1 Failure modes

Consider the simple sketch in Fig. 1, where a, b, c, and d are variable dimensions. Without a formal method-
ology, it is hard to imagine how much variation can be applied to these dimensions before the sketch has
regeneration failures - an issue that becomes even more pronounced in complex sketches. Working with CAD
and product design, the following three failure modes typically cause a sketch to fail.

2.1.1 Failure mode 1 - Overlap

In commercial CAD software3, a sketch has in most cases two critical requirements when used for solid
modeling; (i) the sketch must have a closed profile, and (ii) only contain one positive area, assuming “thick
feature” of lines is disregarded. Therefore, overlapping sketch lines, as seen in Fig. 2, will cause the related
feature to fail as the software is unable to define one unique volume. Maintaining an overview of potential
overlaps is possible when variation is applied in sketches with one or two variables. However, as the number
of variables increases, which is likely for industrial case examples, the possible interactions can be extensive
and unmanageable.

2.1.2 Failure mode 2 - Invalid or impossible geometry

Good sketch practice recommends that a sketch is iso-constrained to ensure design consistency when the model
is regenerated. Earlier work by Anderl and Mendgen [2] defined all sketch constraints as one category. However,
commercial CAD software today splits sketch constraints into two types; dimensional (lengths, angles, and

1Also known as fully constrained
2Dimensions are changed to protect intellectual property
3Such as SolidWorks, CREO, CATIA, NX
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Figure 1: Original
sketch with four vari-
ables; a, b, c, and d.

Figure 2: Sketch fail-
ure due to overlap (red)
caused by a change of
variable a.

Figure 3: Sketch fail-
ure due to line flip (red)
caused by major change of
variable c.

Figure 4: Design intent
is lost due to incorrect
line angle (red).

positions) and geometrical (coaxial, tangential, perpendicular, etc.), both of which can be used to achieve
an iso-constrained sketch. In this paper, the primary focus is on the dimensional constraints where variation
can be applied. However, a correctly iso-constrained sketch can become over-constrained or inconsistently
constrained when variation is applied. An over-constrained sketch does not have a unique configuration, and
inconsistent constraints can cause lines to flip, as seen in Fig. 3. Any of the two will cause the sketch to fail.
It is worth mentioning that the flipping behavior can be software sensitive due to how the sketch line positions
are determined during regeneration. How the recalculation is performed is typically proprietary knowledge of
the software developers.

2.1.3 Failure mode 3 - Incorrect design intent

The literature provides different ways to describe “design intent” [23, 18, 7], however ISO 10303-108 states it
as “intentions of the designer of a model with regard to how it may be instantiated or modified”. Therefore,
correct design intent refers to the sketch’s ability to maintain the form which fulfills the design objective and
should be able to do so within the defined solution space. A simple example of incorrect design intent is
shown in Fig. 4, where the change to dimension b has altered the structure’s ability to receive a counter-part
in the snap feature. The incorrect design intent is problematic to automated FEA or optimization as it will
not trigger a failed sketch but instead cause wasteful simulation attempts or result in impracticable solutions.
The issue is particularly critical for parameter exploration tasks where major dimensional changes are applied,
while less prominent doing tolerance exploration.

2.2 Robustness assessment

According to Amadori et al. [1] flexibility, robustness, and the size of the solution space are closely related.
“Flexibility” is defined as the model’s ability to achieve different configurations by geometrical change. “Ro-
bustness” measures errors or instabilities due to changes; high robustness equals a low number of failures in
regenerating the model. “Solution space” defines the limits the parametric variables can change. Generally,
it is desirable to achieve high flexibility and robustness for a wide-reaching solution space, as it allows for
an automatic search for optimized designs. In this paper, the solution space is split between; (i) tolerance
exploration is ≤ ±5%, and (ii) parameter exploration is ≥ ±5% from the nominal dimension, to indicate which
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type of design optimization will be possible. Optimization within the parameter space is more extensive than
in the tolerance space, enabling larger design improvements. The sketch robustness is measured by Eq. (1),
where σ is the level of applied variation.

Robustnessσ[%] =
Successful regenerationsσ
Attempted regenerationsσ

× 100,

σ = [±1%,±5%,±10%,±30%,±50%,±80%]

(1)

To generate the matrix of regeneration attempts at each level of σ, a 2-level Fractional Factorial design
was used; 216−9 = 128 attempts at each level of σ. The Fractional Factorial design was selected as it
comes in a standard format and spreads the number of regeneration attempts evenly at the edges of the
solution space. The levels of σ were distributed between the tolerance and parameter exploration to explore
when variation becomes an issue. The high fraction was selected due to efficiency and that the number is
commonly used in FEA-based variation simulation. However, to check if the fraction affected the robustness
score, a comparison with one participant’s original sketch was performed. The check consisted of comparing
the robustness measure between a lower fraction, 216−5 = 2048 regenerations, with the results of the 128
regenerations, at each magnitude of variation. The results show that the average error for the six levels of
variation is less than 1.9%. Using 128 regenerations was therefore deemed sufficiently accurate for the study.

3 Developing the Robust Sketch Principles (RSPs)

The primary goal of the new RSPs is to lower the occurrence of regeneration failures caused by the failure
modes described in section 2.1 and, by this, increase sketch robustness. Secondly, a vital feature of the new
principles is to minimize additional work for the engineer compared to existing sketch practice.

3.1 Development and requirements

The principles originate from experience that has led to an understanding of common similarities that either
allowed the sketches to perform robustly or caused the failure modes described in section 2.1. An essential
learning is that constraining sketches and applying tolerances on production drawing should be kept as separate
disciplines as they serve different purposes. Secondly, with the requirement of minimizing additional work,
complex morphological constraints [1] such as creating equation- or script-based relations should be avoided.
While the failure modes can be minimized with these techniques, the more complex constraints are inefficient
and require; (i) manual configuration of all the equations/scripts by identifying the essential relations and
creating the limits to avoid overlaps. The manual configuration generates more complexity and increases the
workload. (ii) Introducing predefined relations between individual constraints limits the sketch flexibility. For
example, an equation-based relation A = 2 × B minimizes the possible solution space as it locks the ratio
between the two variables an automated optimization based on FEA cannot detect the intermediate solutions.
Therefore, the new RSPs are based on techniques that avoid adding complexity and fixed relations.

3.2 The new RSPs

The new RSPs are described and illustrated in Table 1. The principles aim to guarantee that the topology
remains unaltered while the geometry changes allow exploring design variants. However, the principles are
not meant to force the user to ignore the design goal. For example, if an angle, parallel, or equation-based
constraint is needed for a specific reason, it is not “illegal”, but the user is advised to minimize their usage.

Principle I advocates only to use length dimensions and avoid angles to the maximum extent possible.
Angles are commonly found in CAD sketches, and at first glance, using angles to constrain a sketch is con-
venient and seemingly provides design control. However, an angle control lines in two dimensions. Therefore,
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the impact of changing the angle can be difficult to predict and result in sketch failure modes I, II, and III (see
section 2.1), especially in complex sketches. While it is possible to have a sketch working robustly with angles,
it is highly dependent on the sketch complexity and how the other sketch constraints are defined. Therefore,
if an angle is required for a known design feature, e.g., a snap interface, it is suggested first to generate the
design with the predefined angle, then remove the angle and apply length dimensions, as this enables sketch
principle II.

Principle II advocates for chaining of dimensions along the two sketch axes, either horizontal or vertical,
see Table 1. Chaining enforces a simple overview of how the sketch is controlled, making it clear where active
and passive constraints are located. An active constraint directly controls the sketch dimension. In contrast,
a passive constraint adjusts as a function of the active constraints, i.e., acts as sacrificial lines to connect the
structure; see the red line for principle II in Table 1. Thus, principle II ensures that as long as all chained
constraints are positive, failure mode II is avoided as no sacrificial lines can be negative, even without the use
of equation/script-based relations. However, principle II is knowingly in conflict with the practice of creating
production drawings as the chaining leads to a massive build-up of tolerances. Application of principle II is
therefore only valid in sketching and should be avoided on production drawings.

Principle III advocates for defining gaps and positive sketch areas, see Table 1. Applying gap control
ensures a positive sketch area and avoids failure mode I, even when other constraints are varied. Thus, the
direct measure minimizes the need to predict complex line behavior during the changes of multiple active
constraints. Principle III forces the engineer to determine where material and gaps are required for functional
performance, leading to increased control of the design intent (failure mode III).

4 Method to evaluate the RSPs

A comparative study was designed to measure the impact of the new RSPs, consisting of two experimental
assignments given to two different groups of participants. The goal of each assignment was to iso-constraint a
sketch that would allow for maximum sketch robustness. The starting point for both assignments is an under-
constrained sketch. The sketch used in this case study is shown in Fig. 5, and the corresponding revolved
feature is shown in Fig 6. The sketch is designed to have high complexity and challenge the cognitive ability
of the participants. Generally, it is recommended to keep sketches simple and apply boolean operations to
minimize complexity. However, the “good practice” is not strictly followed in the industry. Therefore, the
sketch is purposely complex to challenge the participants to imagine how dimensional variation of unknown
magnitude affects the sketch and apply constraints to minimize potential failure modes. The size of the sketch
in scope requires 16 dimensional constraints before being iso-constrained. Additional and less quantifiable
complexity is present by the internal gaps in the structure, generating multiple ways of overlapping. In the
first assignment, the participants are instructed to add the remaining dimensional constraints and ensure
maximum robustness when the sketch is subject to variation. Thus, the assignment serves as the baseline
measurement for the achievable robustness based on the participant’s experience with a time limit of 30
minutes. The 30 minutes was deemed sufficient to read the instruction and constraint the sketch without
chancing their intuitive behavior. In the second assignment, the participants are introduced to the new RSPs
(see Table 1) and asked to perform the same task all within a 30 minutes window, but without knowing the
results of assignment 1. The intention of assignment 2 is to measure potential improvements in robustness
by the new RSPs. For the complete participant material, see 7 and 7. A known bias is present by reusing
the same sketch in both assignments. The reuse could potentially affect the result, as it is not possible to
completely differentiate between the impact of RSPs and having practiced in assignment 1. Assignment 2 is
therefore performed immediately after and without knowledge of assignment 1 results to minimize this effect.
Due to the provided sketch file formats, the participants could perform the assignments in 3DX/CATIA or
SOLIDWORKS. Assignments performed in SOLIDWORKS were afterward converted to 3DX/CATIA by the
authors being careful to replicate the constraints exactly.
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Table 1: The new Robust Sketch Principles for increasing robustness.

Illustration RSPs Reasoning

P
rin

ci
pl

e
I Only use length dimensions.

Avoid using angles to the
maximum extent possible.

A change to an angle can cause
major changes to all parts of the
sketch. The impact of the changes
is often difficult to predict and,
based on experience, is a significant
contributor to sketch regeneration
failures.

P
rin

ci
pl

e
II Chain dimensions along the

two sketch axes, either hori-
zontal or vertical.

Chaining enforces a simple overview
of how the sketch is controlled,
making it clear where active and
passive constraints are located. An
active constraint directly controls
the sketch dimension, while an pas-
sive constraint adjusts as a func-
tion of the active constraints, i.e.,
acts as sacrificial lines to connect
the structure, see red line.

P
rin

ci
pl

e
II
I Define required gaps and

positive sketch areas to avoid
overlaps.

Gap control ensures a positive
sketch area even as other con-
straints are varied. Thus, the direct
measure minimizes the need to pre-
dict complex line behavior during
the change of multiple active con-
straints.
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Figure 5: The provided sketch for assignments. Black
lines = under-constrained, V = vertical constraint, H
= horizontal constraint, O = coincident constraint to
origin. The green lines indicate iso-constrained.

Figure 6: 3D representation of the revolved feature
corresponding to the sketch for the assignments.

The study included two groups of participants. Group 1 consists of nine M.Sc. engineering graduate
students from the Technical University of Denmark, all having completed basic and advanced CAD courses.
Participants in group 1 performed the assignments in an uncontrolled environment in their spare time but
independently. Assignment 2 was therefore received after assignment 1 was submitted to avoid participants
prereading. Group 2 consists of five industrial CAD specialists with a minimum of 10 years of experience from
a world-leading medical company. All five conducted the assignments individually within the same one-hour
window. The aim of including two groups with different experience levels is to evaluate if experience affects
the achievable robustness and whether the new RSPs affect the groups differently.

Following the completion of both assignments by all participants, data analysis was carried out. The
Process Composer App in 3DX [13] was utilized to automate the process of applying dimensional variation
with the 2-level Factional Factorial design. The process output was either “successful” or “failed” regeneration.
Once all 215044 sketch configurations were performed, each participant’s sketch’s robustness measure was
calculated at all six magnitudes of dimensional variation, defined in Eq. (1). It must be highlighted that
applying variation as a percentage in combination with principles I and II affects how much the sketch is
“stretched”. As angles are removed and chaining applied, the nominal dimensions can be reduced, resulting in
a possibly less “stretched” sketch. The effect of reduced nominal dimensions is confounded with the principle
effects and not possible to separate out; however, it is expected to be less significant.

The data from the two assignments were used to test the following hypotheses and measure the statistical
effect of the new RSPs. The hypotheses are shown in Eq. (2) and test if the average robustness of assignment
1 is equal to the average robustness of assignment 2 (H0). If H0 is rejected, the RSPs improve the sketch
robustness, i.e., the robustness average of assignment 1 is not equal to the robustness average of assignment
2 (H1). The statistical evaluation is based on Matched-paired t-tests with a confidence interval of 0.05
and the expected mean difference of zero. The method is selected as the data fulfills parried evaluation

414 participants, two sketches, 128 regenerations, six levels of variation.
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of the participants before and after "treatment". The dependent variables are assumed continuous, the
observations are independent of one another, the dependent variable is approximately normally distributed,
and the dependent variable should not contain any outliers. The statistical test was performed in SAS JMP
15 [31].

H0 : Ri,σ = Ri+1,σ

H1 : Ri,σ ̸= Ri+1,σ

where R =

∑N
j=1 Robustnessσ[%]

N
i = assignment index
N = No. of participants

(2)

5 Results of comparison

The results of the two sketch assignments are displayed in Fig. 7. The left column in the figure shows the
robustness scores (Y-axis) without the principles applied (assignment 1) versus the magnitude of dimensional
variation (X-axis). The right column shows the corresponding results with the RSPs applied (assignment 2).
The first row compares the performance of the CAD specialists from industry, the middle row compares the
engineering graduate students’ performance, and the bottom row compares the averages of the two groups.

The robustness score without the RSPs shows that the industrial specialists achieve 100% robustness at
±1% dimensional variation. In contrast, some engineering graduate students cannot achieve 100% robustness
even at this low magnitude of variation. At ±5% dimensional variation, the majority of participants cannot
achieve 100% robustness, but there is a large spread in the robustness scores. The spread in performance is
especially prominent for the engineering students, where one student (J) outperforms all others. In comparison,
the student (L) drops to 21.9% robustness at ±5% variation and almost zero at larger magnitudes. At ±10%
variation, only student (J) achieves 100% robustness, while all other participants continue to drop in robustness
score. At ±30% and higher, the average robustness score for both groups is below 20% robustness, indicating
severe issues if the sketch was used for automated parameter exploration studies and optimization [26]. A
review of their sketches was conducted to gain further insight into the deviation in performance between
student (L) and (J). It was found that the low robustness score of student (L) was related to the use of five
angles and applying overlapping constraints, i.e., the opposite of chaining (Principle II). In contrast, student (J)
unknowingly applied the basis of the new principles by avoiding angles in assignment 1 and, at the same time,
already used some chaining and gap control. The results when RSPs are applied show a general improvement
of all participants; see the right column in Fig. 7. One exception is participant N, who did not follow the
principles by introducing angles in assignment 2. Consequently, participant N is removed from all following
investigations for not obeying the RSPs in assignment 2. When applying the new RSPs, all participants achieve
100% robustness at ±1% variation. At ±5% variation, only two students cannot maintain 100% robustness,
being (F and K), and they only perform marginally better from assignment 1. Although they had removed the
angles, they did not apply chaining and gap control sufficiently. Instead, it looks like assignment 1 was copied,
the angles removed, and replaced directly with length constraints, thereby not adjusting the full sketch. The
remaining specialists and students perform similarly as the variation increases, while student (I) stands out.
By reviewing the sketches with the new RSPs enforced, most participants used two or three constraints for
gap control. In contrast, student (I) exceeded all others by meticulously attempting to ensure that overlaps
cannot occur with six gap constraints. At ±10% variation, nine (almost 10) out of 13 participants can achieve
100% robustness, rather than 1 out of 13 in the case without RSPs. At ±30% variation, only student (I)
achieves 100% robustness, and at ±50%, even student (I) cannot succeed.

The bottom row of Fig. 7 shows the average performances’ of the specialists and students. The averages
visualize the groups’ improvement of sketch robustness with the RSPs and explore whether the groups are
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Figure 7: The assignment results of the two groups, with and without the RSPs. The results show an increase
in robustness when the RSPs are applied for both groups.

affected differently. The shapes of the graphs are rather similar with and without applying the RSPs. Without
the RSPs, the robustness deviations between the groups range from 1-10%, while the deviations are at 1-5%
with RSPs. Furthermore, the specialist average marginally outperforms the students, with and without RSPs,
in the range of ±1-10% variation, while it is opposite at ±30%. Thus, based on the averaged values, and
despite the higher variation of student results, it is concluded that the RSPs affect students or specialists in a
similar manner.

One possible source of bias in the results is that both groups completed assignment 1 first, followed by
assignment 2. To avoid participants learning from assignment 1, in future studies, one group should complete
assignment 1 and another group should complete assignment 2. Second, having more participants from
various engineering sectors would improve the ability to generalize the results. The authors applied the RSPs
to evaluate the relative performance of the participants to the greatest achievable robustness score. In this
attempt, errors were investigated and used to adjust the constraints to minimize the number of regeneration
failures. The results are shown as “Authors” in the bottom-left of Fig. 7, and the corresponding sketch
constraints are shown in Fig. 8 with blue dimensional constraints indicating gap control. The improvements
were achieved by mainly adjusting the gap control, including inspiration from the participants’ sketches. The
authors’ attempt outperformed all participants and achieved 97.7% and 82% robustness at ±50% and ±80%
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Figure 8: Corresponding author’s attempt to maximize flexibility and robustness for the nominal sketch.

dimensional variation, respectively. The results indicate that the participants can further increase the robustness
score with more training and practice. The statistical evaluation of the RSPs are presented in Table 2, while
all participant data is shown in 7. The first two rows in Table 2 show the average robustness scores of all
participants with and without the RSPs applied. The students and specialists are combined into one group
as their average performances are almost identical, and separating them does not influence the conclusion of
the results. At all levels of applied variation, the average robustness is the highest when applying the RSPs.
Moreover, the RSPs are confirmed to statistically improve the sketch robustness for this assignment sketch
and this group of participants, i.e., rejecting H0 (see Eq. (2)), for all levels of variation except for ±1%. The
reason for this exception is that almost all participants achieved 100% robustness both with and without the
RSPs. For all other levels of variation, the Prob > t value is lower than the alpha value of 0.005, the Std error
is less than the average difference, and the confidence interval does not contain zero.
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Table 2: The results of the statistical analysis. The p-value (Prob > t) confirms that the RSPs improve the
robustness with and above ±5% dimensional variation.

±1% ±5% ±10% ±30% ±50% ±80%

Average without RSPs 97.11 73.86 50.78 16.94 9.97 5.96

Average with RSPs 100.00 97.41 93.80 62.86 42.79 24.89

Std error 2.51 9.03 7.97 7.50 6.00 4.72

Upper 95% 9.37 39.87 60.40 62.26 45.89 29.23

Lower 95% -2.60 8.23 25.63 29.57 19.73 8.60

Prob > t 0.1372 0.0029 <.0001 <.0001 <.0001 0.0009

Prob < t 0.8628 0.9971 0.9999 1.0000 0.9999 0.9991

6 Engineering application and results

The practical application of the RSPs is explored to demonstrate their efficiency in increasing sketch robustness
in industry by considering three distinct sketches of existing designs.

The three industrial sketches5 are shown in Table 3, with and without the new RSPs applied, and all
sketches originate from the same company but were created by different engineers. The three sketches were
selected as they have comparable complexity to the assignment sketch, requiring 15, 10, and 15-dimensional
constraints, respectively, to be iso-constrained. The authors applied the RSPs without a time limit and with
multiple iterations to circumvent regeneration failures. The robustness for the industrial sketches is tested with
a Fractional Factorial design using 128 regeneration attempts, and the robustness score is again calculated
with Eq. (1) at each level of variation. The industrial sketch robustness scores are shown in Fig. 9. At

±1%±5% ±10% ±30% ±50% ±80%
Levels of applied variation
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Figure 9: Robustness scores of the industrial sketches with and without the RSPs applied.

±1% variation, the original sketch constraints are sufficient to achieve 100% robustness, but the robustness
5All sketch dimensions are modified to protect the intellectual property of the company.
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Table 3: Comparison of constraints between original industrial sketches and with the new principles applied.

Original industrial sketches Industrial sketches with RSPs
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A B

C

(a)

(b)

(c)

Without RSPs

With RSPs

(d)

(e)

3.2

3.0

2.8

2.6

2.4

2.2

3.2

3.0

2.8

2.6

2.4

2.2

0.5 0.55 0.6 0.65 0.7

0.5 0.55 0.6 0.65 0.7
Failed (70)Success (58)

Success (128)

Figure 10: The figure shows the industrial sketch 3 with original constraints, affected by ±30% variation. The
middle represents the solution space, where red and green indicate unsuccessful and successful regenerations,
respectively. Left side shows an unsuccessful regeneration, where lines overlap and incorrect design intent is
present.

deteriorates as the variation increases to ±5% and more. In contrast, when applying the RSPs, the robustness
of all three sketches increases substantially, and the regeneration failures start at ±30% variation. Moreover,
it is worth noticing that the industrial sketches accomplish similar robustness scores compared to the group
averages from the experimental assignments with and without RSPs (compare Fig. 9 to the bottom in Fig. 7).
Figure 10 further illustrates the improvement in the robustness when applying the new RSPs. Here, showing a
map of successful (green) and failed (red) regenerations for “Industrial sketch 3” with ±30% variation applied
with a Latin Hypercube design6. Figures 10d and 10e show two maps7 of the solution space, with and without
the RSPs applied, where the axes are dimensions of two sketch constraints. Several design configurations fail
due to modes I, II, and III (see section 2), or a combination of the different modes when relying on the current
practice (without the RSPs). In contrast, all markers are green in the corresponding map when applying
the RSPs, meaning that all design configurations successfully regenerate (see Fig. 10e). As discussed, such
successful regeneration is crucial when dealing with DOE methods that rely on few evaluations, exploring the
solution space boundaries. For example, a fractional factorial design can benefit significantly from the new
RSPs, and the effort spent on increasing sketch robustness is regained from the effort that otherwise is put
into manually re-configuring the designs to avoid regenerations failures.

6DOE type changed as the movies were created in 3DX/Parametric design study, which only enables Latin Hypercube design.
7Movies, showing how regeneration maps develop and all corresponding design configurations for the red and green markers,

can be found here;

Video C: Industrial sketch 3, Original - URL: https://vimeo.com/567458911

Video D: Industrial sketch 3, with RSPs - URL: https://vimeo.com/567457371
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To exemplify the typical regeneration failures, Fig. 10a shows a regeneration that fails due to overlapping
lines at point B (failure mode 1) together with a successful regeneration in Fig. 10c. The software detects the
regeneration failure, and the design configuration is marked by red in the design map. However, the regeneration
in Fig. 10a also has incorrect design intent (failure mode III), since the “neck feature” (at point A) is inverted
(compared to Fig. 10c). Unfortunately, failure mode III is not automatically detected by the software. As
illustrated by Fig. 10b, such software limitations can cause an incorrect design intent to pass successfully
(marked with green, see Fig.10d), which in turn influence subsequent DOE studies or optimizations. In fact,
relying on regenerations with incorrect design intent can lead to unfortunate designs when combined with
automated optimizations procedures. A fortunate side benefit of the new RSPs is that they limit incorrect
design intents significantly. For the case in Fig. 10e, all regenerations showed correct design intent when
applying the RSPs, ensuring valid structural behavior (see footnote 7).

7 Concluding remarks

The present study underlines the need for improvements of robust sketch practice. Applying more than ±1%
variation is likely to cause one or more of the sketch failure modes identified in Section 2.1, which complicates
the use of FEA-based variation simulations to explore the solution space. The main contribution of this work
is the new Robust Sketch Principles (RSPs) presented in Table 1 developed to increase sketch robustness. The
study shows that engineers with very different expertise levels can achieve a statistically significant increase
in sketch robustness by applying the RSPs after only 30 minutes of training. The findings of the study are
essential for several reasons outlined below:

1. The current sketch practice by the participating groups yields critically low robustness. The consequence
of the current sketch practice and limited sketch robustness is an inefficient design process, where
resources are wasted on the manual re-configuring CAD sketches. Furthermore, sketch robustness is
a critical barrier for FEA-based variation simulation, which requires an uninterrupted process flow of
data between CAD, DOE, and FEA to be efficient. Based on the assignment results (see Section 5),
dimensional variation in the tolerance range (±1-5%) is just within reach with the current practice,
but it is not guaranteed. Therefore, it is unrealistic to perform parameter exploration (≥ ±10%) and
automated parametric optimization unless the participants incorporate an appropriate sketching practice
like the new RSPs.

2. Design experience does not improve sketch robustness; specific training does. While experience usually
increases performance (see [30, 5] focusing on feature structuring), the present study indicates no increase
in sketch robustness with design experience. In contrast, the robustness seems to converge towards a
critically low level, possibly due to a lack of focus on the topic or an acceptance of poorly modifiable
CAD models (see Fig. 7).

3. Production drawing and design sketching must be kept as separate disciplines. An unfortunate conse-
quence of experience with production drawings is the possible crossover effect into sketching. Production
drawing dimensions applied to control tolerances are vital and a well-researched engineering topic, but
the same techniques do not apply to sketches suitable for dimensional variation. The results from the
assignments could indicate that some participants use the tolerance principles during sketching, and it
has an unfortunate negative impact on the robustness. Thus one must clearly distinguish between CAD
sketch constraints and dimensions applied to drawing indented for production. The present work outlines
such new Robust Sketch Principles (see Table 1).

The goal should be to reach 100% robustness for any magnitude of dimensional variation to provide unlimited
access to the solution space (e.g., for automated optimization). However, even the authors’ attempts to apply
the new RSPs to the assignment sketch did not reach 100% robustness for all levels of variation. Instead,
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the robustness starts decreasing at ±50% variation, raising the questions: What is the theoretical maximum
variation possible while maintaining 100% robustness when all sketch dimensions are varied?, which is a topic
for future research. Although the number of participants and number of sketches is limited, a statistically
significant increase in sketch robustness is demonstrated, indicating the value of the RSP. However, in scope
for a future study is to include a broader range of participants and number/types of industrial sketches. The
purpose is to evaluate and generalize the RSP’s value across different engineering industries. Based on the
current findings, a robust design process should be governed by: (i) Using Skeleton Modeling for assembly
control, i.e., interfaces, gaps, and contacts between components, (ii) applying Resilient Modeling for controlling
and creating a robust sequence of features, and (iii) adopting the new RSPs to maximize sketch robustness.
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Sketch constraint methodology experiment
Part 1

Figure 11: Only the sketch to the left is usable.

The image presented in Figure 12 is a sketch which forms the profile of a revolve feature revolved around
the z-axis. It is unclear exactly what the dimensions of the sketch should be. Therefore, the sketch should be
defined with as much flexibility as possible so it can be easily modified. If lines criss-cross after modification, the
revolve feature will not be able to rebuild, illustrated in Figure 11. The sketch should therefore be constrained
so criss-crossing is as unlikely as possible to happen for any dimension modification.

In SOLIDWORKS, CATIA or Creo. Make a copy of the attached sketch and rename it:
Part1_Firstname_Lastname

• Fully constrain the sketch to be maximally changeable (use lengths or angles). In Creo, use hard
dimensions.

• Constrain the sketch so no lines will criss-cross

• Do not change existing constraints

• You may not vary any dimensions to investigate robustness

Please e-mail your result to: s052250@student.dtu.dk to receive part 2.
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Figure 12: Sketch basic outline
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Sketch constraint methodology experiment - Part 2

Introduction
The purpose of this experiment is to develop CAD that can be used for parametric optimisation and design
exploration not production. When optimisation is carried out, the CAD model is changed and then its per-
formance is analysed, usually with a FEA-simulation. If the CAD model fails to rebuild, the FEA-simulation
will also fail, costing time and money. Robust CAD is therefore a crucial element in parametric FEA-based
optimisation. This part will attempt to improve on the results from part 1 by introducing a method.
Implementation of a method
In SOLIDWORKS, CATIA or Creo. Make a copy of the attached sketch and rename it:

Part2_Firstname_Lastname
Part 1 is now repeated but with a few rules for constraining the sketch.

• Only lengths on lines may be used. Do not use point to line or point to point dimensions. In Creo, use
hard dimensions.

• Length dimensions must be stacked along their respective axis (horizontal or vertical) as illustrated in
Figure 13. When geometry is multilayered, create several lines of chaining as shown in Figure 16.

• When a chaining line is interrupted by a gap. Instead of assigning a distance between lines or points.
Add a horizontal, vertical or perpendicular construction line between them and put a length dimension
on it as shown in Figure 15.

For a short video example follow the link: https://youtu.be/kssRRk3utrE
CAD systems allow features, that are not unambiguously defined, to swap place, illustrated in Figure 14.
When a sketch is rebuilt with a dimensional change, the program can in some cases swap the dimension which
mostly ruins the sketch. Construction lines with lengths on them are more resistant to accidental swapping in
CATIA, in which, the results of this test will be analysed. Construction geometry is explained in Section 7.
Please e-mail your result to: s052250@student.dtu.dk
Construction Geometry
A construction line is a regular sketching line which has been marked as "for construction" this means that it
will not be used to generate any features, it is an invisible line used only to guide other geometry. Figure 17
shows how turn a line into construction geometry in SOLIDWORKS. Figure 18 shows how to do the same in
Creo.
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Figure 13: Chaining illustrated. The dimensions are stacked along the coordinate axis

Figure 14: A distance between a point and a line. Both sketches are equally valid in a geometrical sense,
but only the one to the left will rebuild the CAD feature made from it. The sketch on the right has lines that
criss-cross and it will not rebuild
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Figure 15: Replace dimensions with construction geometry (dashed line) where there are gaps that needs to
be constrained

Figure 16: Create multiple lines of chaining to deal with multi layer geometry. Create construction lines
(dashed lines) to fill gaps in the chaining lines
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Figure 17: In SOLIDWORKS, click on the line, the option to make it a construction line appears in the menu
to the left. The line will now not be used to generate any features

Figure 18: In Creo, click on the line, the option to make it a construction line appears in the popup menu.
The line will now not be used to generate any features
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Raw results of participant sketch assignment 1 and 2

Table 4: Robustness results from assignment 1, no principles applied.

Participants ±1% ±5% ±10% ±30% ±50% ±80%

A 100.0 85.9 42.2 7.0 2.3 0.8

B 100.0 76.6 60.9 19.5 5.5 1.6

C 100.0 100.0 67.2 15.6 7.8 6.3

D 100.0 76.6 71.1 7.8 3.1 1.6

E 100.0 76.6 59.4 21.9 21.1 10.2

F 100.0 53.1 16.4 0.8 2.3 3.1

G 67.2 33.6 21.1 1.6 7.8 7.0

H 100.0 100.0 90.6 37.5 18.8 14.1

I 100.0 100.0 84.4 21.1 12.5 4.7

J 100.0 100.0 99.2 84.4 47.7 28.1

K 95.3 50.0 21.9 0.0 0.0 0.0

L 100.0 21.9 3.9 0.0 0.0 0.0

M 100.0 85.9 21.9 3.1 0.8 0.0

N 100.0 91.4 69.5 18.0 0.8 0.0
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Table 5: Robustness results from assignment 2, with RSPs applied.

Participants ±1% ±5% ±10% ±30% ±50% ±80%

A 100.0 100.0 97.7 48.4 38.3 18.8

B 100.0 100.0 100.0 68.0 44.5 25.0

C 100.0 100.0 90.6 35.2 19.5 17.2

D 100.0 100.0 98.4 61.7 37.5 31.3

E 100.0 100.0 100.0 82.8 59.4 32.0

F 100.0 71.1 57.0 17.2 8.6 5.5

G 100.0 100.0 100.0 81.3 67.2 40.6

H 100.0 100.0 100.0 71.1 41.4 21.9

I 100.0 100.0 100.0 100.0 93.0 62.5

J 100.0 100.0 100.0 81.3 57.0 18.0

K 100.0 95.3 75.8 22.7 7.8 3.1

L6 100.0 100.0 100.0 82.0 39.1 26.6

M 100.0 100.0 100.0 65.6 43.0 21.1

N 0.0 19.5 16.4 10.2 0.0 0.0
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