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Hybrid development of physical products based on systems engineering

Abstract: Hybrid process models combine elements of agile approaches
with stage-gate processes from systems engineering to address the specific
challenges of developing physical products. However, there is currently no
established hybrid product development process model that has been widely
adopted in the industrial practice of new product development (NPD). The aim
of this paper is to develop a hybrid product development process model that has
a high practical suitability for the development of physical products. Our paper
begins by defining the fundamental principle of agile development with regard
to engineering design methodology. Subsequently, we analyse Stanford’s
hybrid ME310 process model’s practical suitability for the development of
physical products, both theoretically and empirically. Based on the process
model’s limitations identified in these analyses, we create a new hybrid process
model called ‘Systematic Engineering-Design-Thinking’ (SEDT), which builds
on the ME310 process model but integrates essential methods from systems
engineering to improve solution space exploration.

Keywords: agile product development; hybrid product development; design
thinking; systems engineering; product design; product innovation; product
development process models; design theory and methodology.
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This paper is a revised and expanded version of a paper entitled
‘The challenging combination of agility and convergence in hybrid product
development processes: an empirical analysis of Stanford’s ME310 process
model’ presented at the 23rd International Conference on Engineering Design
(ICED21), Gothenburg, Sweden, 16-20 September, 2021.

1 Introduction

1.1 Initial situation and problem statement

In recent decades, manufacturing companies have had to face the challenges of shorter
technology and product life cycles, increased customer requirements, and greater product
complexity (Ehrlenspiel et al., 2020; Ulrich et al., 2020; Schuh and Ddlle, 2021). A high
degree of flexibility and adaptivity has become a crucial competitive factor, as are
innovative capability and customer orientation in new product development (NPD)
(Soltani et al., 2013; Kettunen et al., 2015). Although the traditional stage-gate process
from systems engineering shows considerable limitations in dealing with these
competitive factors (Sommer et al., 2015), it is “still the most widely adopted NPD
process” (Cocchi et al., 2021). The separation of problem analysis and solution
development typical of such stage-gate processes is well suited for systematic solution
development of well-defined problems, such as the development of a successor product
generation. However, since radical product innovations usually require a fundamentally
new understanding of the problem, which is often only gained during solution
development, stage-gate processes tend to create rather incremental innovations (Bagno
et al., 2017). Separating the understanding of the problem from solution development
also makes it difficult to adapt flexibly to a dynamically changing environment.
The so-called agile development approaches, which originated in software development,
have therefore recently gained attention in the development of physical products
(Atzberger et al., 2020; Conforto et al., 2014; Schmidt et al., 2018). However, the
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understanding of agile development differs significantly. It can refer both to a mindset
and culture (“being agile”) and to the use of specific agile methods and practices (“doing
agile”) (Denning, 2016; Goevert et al., 2019). Thus far, a consistent definition of the
fundamental principle of agile development of physical products in terms of engineering
design methodology is lacking. This paper’s understanding of physical products are
mechatronic products that not only have a signal flow in their electronic components, but
also an energy and/or material flow in their mechanical carrier system.

Attempts to directly transfer agile development approaches known from software
development to the development of physical products have not yielded the desired
success (Simpson and Hinkle, 2018). In practical implementation, a variety of difficulties
emerged, the central causes of which are rooted in the so-called ‘constraints of
physicality’ (Ovesen, 2012; Schmidt et al., 2018; Schmidt et al., 2017), which can
essentially be traced back to two fundamental problems:

1  The effort and time required for building and testing physical prototypes, especially
when involving potential customers (Schmidt, 2019; Ovesen, 2012; Cooper and
Sommer, 2018) as well as

2 The process-related and contractual integration of suppliers in the course of
increasingly inter-company collaborative product development. (Schroder, 2020;
Klein, 2016; Atzberger et al., 2020).

As a consequence, hybrid product development process models combining different
methods of agile product development with stage-gate processes from systems
engineering have been developed (Cooper and Sommer, 2016a, 2016b; Cooper and
Sommer, 2018; Edwards et al., 2019; Ovesen and Sommer, 2015; Heimicke et al., 2020).
Said approaches differ both in terms of the selection and scope of agile methods and in
terms of the development phases into which these methods are integrated (for a current
systematic literature review of hybrid product development processes see Cocchi et al.
(2024)). However, there is currently no established hybrid process model for the
systematic development of physical products.

1.2 Aim and scope of this paper

The knowledge gaps identified in Section 1.1 give rise to two central research questions
of high theoretical and practical relevance:

1 What is the fundamental principle of agile and, derived from this, hybrid
development of physical products in terms of engineering design methodology?

2 What might a feasible hybrid process model for the development of physical
products look like?

Among the currently existing agile product development approaches, design thinking in
particular has the potential to develop a fundamentally new understanding of an existing
problem (“reframing”) due to its pronounced user-centricity (Cocchi et al., 2021). For
this reason, the agile part of the hybrid product development process model to be newly
developed should be based on a design thinking approach. The starting point for
developing the new process model is the ME310 process model developed at the Center
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for Design Research at Stanford University. Rooted in a design thinking approach, this
process model also defines milestones to structure the entire product development
process and to control the convergence of solution development. The ME310 process
model has been used for several years in Stanford University’s ME310 Design Innovation
Course to develop innovative products for real-world design challenges from cooperating
industrial companies. We analyse the ME310 process model’s practical suitability for
developing physical products both theoretically and empirically. From the process
model’s limitations identified through these analyses, we derive specifications for the
design of a new hybrid process model. Finally, we create a new hybrid process model
called ‘Systematic Engineering-Design-Thinking (SEDT)’. This process model builds on
the ME310 process model’s macro-logic but integrates essential methods from system
engineering to improve solution space exploration and convergence of the development
process.

1.3 Structure of the paper

In Section 2, we first define the fundamental principle of agile product development in
terms of engineering design methodology and illustrate its implications for the
development of physical products from which the necessity for a hybrid development
process can be derived. We then delineate the different semantic and methodological
taxonomy levels of Design Thinking in the context of product development and introduce
the ME310 process model. In Section 3, we investigate the practical suitability of the
ME310 process model for the development of physical products through theoretical and
empirical analysis, and derive specifications for the development of a new hybrid process
model. The newly developed process model is presented in Section 4. Section 5 provides
a conclusion and outlines the need for further research.

2 Theoretical foundation

2.1 The fundamental principle of agile product development

“The situation is complex and uncertain, and there is a problem in finding the
problem.” (Schon, 1983)

Product development processes are creative problem-solving processes in which the
underlying problem often cannot be clearly and conclusively defined. Thus, the problem
space, primarily involving cognitive understanding, as well as the solution space,
focusing on technical possibilities, are generally open. The development of problem
space and solution space are mutually dependent since the understanding of the problem
depends on conceivable solutions to it (Rittel and Webber, 1973). The development of an
understanding of the problem and its representation by formulating requirements on
different aggregation levels is therefore an initial creative act, which limits the solution
space and already contains a preliminary vision of the solution. This process is referred to
as the problem formulation (Figure 1).
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Figure 1 Understanding of the problem, requirements and solution space (see online version
for colours)

Source: cf. Ponn and Lindemann (2011)
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A product development process can be described as a transformation process. Starting
from an actual user’s need, an understanding of the problem must first be acquired and
then operationalised by formulating requirements before the actual solution can be
developed, which, in turn, is finally intended to satisfy the actual user’s need (Figure 2).
At each step of this transformation process, deviations and information loss can occur,
which may lead to a misfit between the development result and the user’s need. Agile
product development methods, such as design thinking, try to prevent such mismatches
through a concomitant iterative development of problem understanding and solution. This
co-evolution of problem and solution space (Dorst and Cross, 2001) is guided by two
control loops: a validation and a verification control loop (Figure 3).

Figure 2 The product development process as transformation process (see online version

for colours)
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Figure 3 Validation and verification control loop of an agile product development process
(see online version for colours)
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The validation control loop is established between the development object and the actual
user need. Right from the start, user interaction tests are carried out, in which prototypes
of different scope and resolution represent different aspects of the emerging product.
With these tests an understanding of user needs develops, and requirements can be
derived and validated (Koppenhagen et al., 2021a, 2021b). The validation control loop
determines the user-centered evolution of problem understanding and thus defines the
basic direction of the development efforts. It prevents a mismatch between the
development result and the user needs. The verification control loop, on the other hand, is
established between the requirements and the development object and assures the
fulfilment of the defined requirements (Koppenhagen et al., 2021a, 2021b). For this
purpose, physical tests as well as numerical simulations are utilised. The verification loop
controls the technical realisation, i.e., the concrete solution development in the solution
space.

In principle, both the underlying understanding of the problem and the boundaries of
the solution space remain volatile during an agile development process. However, in
practical application, the validation control loop usually dominates the early phase of the
development process. After the validation control loop has settled, the focus shifts to the
verification control loop. The verification control loop ultimately brings about a
convergence of the solution development in the solution space. This is done through the
continuous addition and detailing of the requirements.

The dual control loop makes the agile development process inherently more adaptive
than a conventional systems engineering development process with only a single control
loop as described below and fosters the user-centered generation of radical innovations.
The practical implementation of agile development includes implications for the design
of the corporate organisation though. The co-evolution of problem and solution space



Hybrid development of physical products based on systems engineering 217

requires responsibility for the development of problem understanding and solution to be
unified both organisationally and personally. In other words, the people responsible for
understanding the needs and use contexts of potential users must also be responsible for
developing the solution (Koppenhagen and Wecht, 2023). Separating the responsibility
for understanding the problem and developing the solution, as is common in the
operational practice of most manufacturing companies today, prevents the establishment
of the validation control loop and thus also the implementation of the agile development
process.

In contrast to agile development, conventional systems engineering is characterised
by a clear separation between the problem understanding and the solution development
phases, which are run through sequentially. This is reflected in both the VDI 2221 (2019)
and the systematic development approach of Pahl et al. (2007), two established process
models from systems engineering. While the development of the underlying problem
understanding is still part of the original engineering design methodology of Pahl et al.
(2007), it is upstream of the actual development process according to VDI 2221 (2019).
In the VDI 2221 (2019), the underlying understanding of the problem is developed in a
pre-project phase, the so called product planning phase, the result of which is finally
handed over to the development organisation as a design request (Figure 4). In industrial
practice, the product planning phase is usually the responsibility of an organisational unit
with a direct market or customer interface (e.g., product management, sales, etc.), which
is normally not involved in subsequent solution development. The design request
comprises socio-demographic information on the target customer segment and formulates
the product’s performance profile necessary to achieve the intended strategic positioning
relative to existing competitive products. It describes, at a high level of aggregation,
requirements for the product to be developed and already implies certain solution
principles and concepts for their fulfilment, thus creating a fixed framework for
subsequent solution development.

Figure 4 The general model of product design according to VDI 2221 (2019) (see online version
for colours)
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In principle, changing the underlying problem understanding during solution
development is not intended in the VDI 2221 (2019). In the first step of this process
model, the problem understanding delineated in the design request is operationalised for
further solution development. This happens by clarifying specifications and detailing
requirements. During actual solution development, only a verification control loop is
established between the requirements and the development object to assure the fulfilment
of requirements (Figure 5). The process model does not include a control loop for
validating the requirements, i.e., for checking whether these requirements reflect the
actual user needs.

Figure 5 Verification control loop of conventional systems engineering and abstraction to
identify the essentials problems according to Pahl et al. (2007) (see online version
for colours)
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In the design methodology of Pahl et al. (2007), the problem formulation depicted by the
requirements is critically reviewed at least once before the start of solution development.
This is done through a systematic abstraction and broadening of the problem formulation
to identify the essential problems at the start of the conceptual design phase. It should be
checked, ,,if an extension of, or even a change in, the original task might lead to
promising solutions.” (Pahl et al., 2007). The abstraction of the problem formulation
should help designers to abandon cognitive solution fixations and conventions that might
have been included in the requirements while also preventing the solution space from
being prematurely narrowed down by an inadequate problem formulation.

Product development process models separating problem understanding and solution
development are ‘specification-driven’ (Reinertsen, 1997) and strongly focus on
convergence. The strength of these approaches lies in the systematic solution
development for well-defined problems. They face limitations, however, when it comes
to radical innovations, the development of which normally requires a new understanding
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of the underlying problem and the user needs associated with it. Since problem space and
solution space are not separate spheres but two sides of the same coin, a comprehensive
and deep understanding of the problem often only emerges during solution development.
Radical innovations therefore usually result from a user-centered iterative co-evolution of
problem and solution space, as is characteristic of agile product development approaches.

2.2 Implications of the agile development of physical products: the need for a
hybrid process model

Carrying out user interaction tests within the validation control loop described in
Section 2.1 requires respective product representations. In the development of physical
products, these product representations consist of tangible prototypes. Agile product
development processes are therefore always prototype-based development approaches.

The use of prototypes brings numerous advantages for the process of creative solution
development. A physical prototype enables three-dimensional visual and haptic
perception and provides designers or potential users with the opportunity for tangible
interaction. Opposed to a graphic or verbal representation of ideas, a prototype stimulates
significantly more perceptual channels (McKim, 1980; Edelman et al., 2009; Leifer,
2012). This way, the prototype can evoke significantly more associative links among
development team members than virtual product representations, which in turn can lead
to more and better ideas (Figure 6). In particular, the unfinished character of low
resolution prototypes, leaving room for ambiguous interpretation, can stimulate
generative discussions often leading to a fundamental change rather than just an
incremental improvement of the embodied ideas (Brereton and McGarry, 2000; Edelman
et al., 2009).

Figure 6 Connection between development object representations and inspiration of ideas
(see online version for colours)
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Prototypes also reveal the real-world properties and limitations of physical solutions
(Brereton and McGarry, 2000). They are able to correct flaws in the designers’ mental
models and contribute to a better understanding of the components and the existing
boundary conditions and restrictions (Viswanathan and Linsey, 2012; Bohmer et al.,
2017). As a result, prototypes lead to more technically feasible ideas in creative
development processes (Viswanathan and Linsey, 2012).

In contrast to technical drawings, 3D CAD models or numerical simulations, physical
prototypes are also able to represent qualitative elements that make a product meaningful
to a user (Edelman et al., 2009). In direct user interaction, they often lead to unexpected
discoveries from which requirements can be derived, some of which only become
apparent in practical testing (McKim, 1980).

Prototypes also improve both internal and external team communication. They
embody ideas concretely and make them easier to understand for team members,
potential users, and industry partners, thus preventing unnecessary misunderstandings
(Berglund and Leifer, 2013; Bohmer et al., 2017). They continuously represent the
maturity level of an emerging product with respect to different disciplines providing all
members of a multidisciplinary team with clarity about the project status (Béhmer et al.,
2017). Furthermore, prototypes convey a vision of the later product, which supports the
development of a shared project vision in the development team (Béhmer et al., 2017).

With respect to solution space exploration, a prototype-based development approach
is a double-edged sword. In contrast to software engineering, with physical products,
development and manufacturing are fundamentally separate processes. Building physical
prototypes involves significantly more effort than pure software development, especially
for complex products. In addition, for physical products, interactions between product
components and within the human-product system are not limited to the signal flow, i.e.,
to logical relationships, but include all interactions that can result from a flow of forces,
energy and materials. This means that testing and evaluating physical prototypes also
involves more effort than testing software versions.

Since building and testing physical prototypes is associated with considerable effort
and time, development on the overall system level can rarely be executed in a completely
agile manner, especially for complex products. Process models that are to be used in the
context of development projects with limited time and resources must therefore guide the
convergence of solution development. For this, two essential milestones must be defined
with respect to (1) the development of problem understanding and (2) solution
development:

1 amilestone, from which the underlying understanding of the problem is no longer
changed but is set as a fixed framework for further solution development

2 amilestone for concept selection, i.e., a principle solution on the overall system level
before complex system prototypes are built.

It should be noted that these milestones relate to problem understanding and solution
development at the overall system level. For certain subsystems, e.g., specific physical
subsystems or software scopes, development can still be carried out in an agile manner
after these milestones.

The two essential milestones separate the development process at the overall system
level into an agile and a convergent development phase. Such a separation is also the
prerequisite for a stable process-related and contractual integration of suppliers into the
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development process. Process models that provide this separation between an agile and a
convergent development phase are referred to as hybrid process models in the context of
this paper. In hybrid product development process models, there is thus an inherent
tension field between agility and convergence in solution development.

The greater effort associated with prototype-based solution development also
aggravates a tension field that generally exists in NPD: the polarity between parallel and
iterative solution development, i.e., between the breadth and depth of the solution space
exploration. Building and testing a physical prototype does generate greater gains in
knowledge with regard to the specific embodied solution, thus enabling deeper solution
space exploration than a purely virtual development. In the case of complex products,
however, parallel construction and evaluation of competing solutions quickly leads to
prohibitive effort, particularly at the overall system level. Although Dow et al. (2010)
have shown that parallel prototyping leads to better development results, agile
development approaches therefore tend to be characterised by an iterative ‘point-based’
(Sobek et al., 1999) solution development. This selectively deep but less broad
exploration of the solution space increases the risk of finding only a local optimum.

In contrast to the prototype-based solution development described in the previous
paragraph, the early phase of solution development in systems engineering is usually
characterised by greater breadth but less depth. In systems engineering, solution
development is primarily virtual in the early phases, i.e., absent of physical prototype
building. At least until the concept is selected, this allows for parallel development,
enabling the elaboration and evaluation of competing solutions both on the subsystem
and the overall system level. Moreover, the decomposition of the overall system being
characteristic for systems engineering allows for a systematic variation and combination
of solution components, facilitating the theoretical exploration of a large solution space.
Only from the moment of concept selection onward does further development of the
solution follow a point-based approach. However, the largely virtual development leads
to less knowledge gain when generating and evaluating solutions compared to prototype-
based approaches, which in turn increases the uncertainty in design decisions.

The adequate positioning in the three-dimensional tension field spanned by the
polarities of

1 agile and convergent development,
2 parallel and point-based development and

3 prototype-based and virtual development, is the central challenge in designing a
hybrid product development process model and defines its practical suitability
(Figure 7).

2.3 Semantic model of design thinking

Although several attempts have been made to develop a consistent theoretical frame of
reference for design thinking (cf. e.g., Carlgren et al., 2016; Hassi and Laakso, 2011),
the understanding of design thinking still varies greatly depending on the academic
perspective and practical application context. Design thinking is often understood as a
generic reference for an innovation process that is particularly user-centered and in which
the participants consider certain ways of thinking, attitudes, and working principles as
action-guiding paradigms, which, at the same time, also express a certain philosophy and
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culture (Gruber et al., 2015). In some cases, reference is made to individual techniques
and methods that are used in the context of design thinking (cf. e.g., Gerstbach, 2017),
but which do not originate from design thinking and are also frequently used in other
contexts. Thus, design thinking represents a rather loose umbrella term that can have
various meanings (Johansson-Skoldberg et al., 2013; Kimbell, 2011). The articulated
concepts, however, usually remain vague. Even people claiming to use design thinking
regularly in business practice often have difficulties explaining their understanding of it
(Carlgren et al., 2014). In the academic discourse on design thinking, the very question of
the need for a consistent definition is controversial: While some scholars, such as Badke-
Schaub et al. (2010), consider a consistent definition of design thinking a prerequisite
for systematic research on the concept, others, such as for example Johansson-Skdldberg
et al. (2013), regard the attempt to establish a “unique meaning of design thinking”
(Johansson-Skoldberg et al., 2013) as an improper simplification and narrowing of design
thinking’s multi-perspective and multi-facetted approach. Even the term Design Thinking
itself is partly controversial among proponents and users of the concept (Liedtka, 2015).

Figure 7 Three-dimensional tension field of hybrid product development (see online version

for colours)
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The lack of a consistent definition of design thinking makes it difficult to classify the
concept with regard to engineering design methodology. This is one reason why design
thinking has thus far received little attention in the academic discourse of engineering
design methodology. The limited number of studies analysing design thinking in terms of
engineering design methodology, such as in Gericke et al. (2010) and Schiittoff et al.
(2019), mostly compare different reference levels: on the systems engineering side, a
design methodology and process model for structuring an entire product development
process, with; on the design thinking side, an iterative working process for solving partial
design problems. This is also due to the fact that most design thinking process models do
not encompass an entire product development process.

This paper’s understanding of design thinking entails a model comprising three
semantic levels that are hierarchically tiered. These semantic levels also represent
different methodological taxonomy levels within the context of product development
(Figure 8).

parallel
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Figure 8 Semantic levels and methodological taxonomy levels of design thinking (see online
version for colours)
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The fundamental level describes the action-guiding principles that are constitutive for the
mindset and culture of the design thinking approach (cf. e.g., Carlgren et al., 2016). The
operational level illustrates the core cycle of design thinking, an iterative working process
representing the operational implementation of the fundamental level’s action-guiding
principles. From a design methodology perspective, the aforementioned core cycle is a
process designated for solving partial problems. This level is also referred to as ‘micro-
logic’ by Haberfellner et al. (2019). For the Design Thinking's core cycle, different
representations and descriptions can be found in the literature, in which both the number
and the naming of the individual process steps vary. Nevertheless, said representations
refer to an almost identical process at their core (Schiittoff et al., 2019).

The process models or, respectively, the phase models, both of which structure a
complete product development process are located on the third and final level, the project
level, also referred to as ‘macro-logic’ by Haberfellner et al. (2019). In contrast to the
operative core cycle, the phase models are only carried out once throughout the course of
an entire project. Design thinking process models must, on the one hand, transfer the
fundamental principles of design thinking to the higher project level, structuring the
overall process and integrating the iterative core cycle for solving partial problems within
respective phases. On the other hand, these process models must also guide convergence
during solution development on the overall system level with suitable milestones.
Said milestones must, in turn, synchronise participants’ cooperation in the
product development process, providing them orientation on the project stage that enables
them to derive not only the tasks to be performed but also the degrees of freedom
remaining within their area of responsibility. An extensive literature review indicates that
the only process model meeting these criteria is the ME310 process model, developed at
the Center for Design Research at Stanford University, which is described in the next
section.
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2.4 Stanford’s ME310 process model

ME310 is a project-based graduate course in which a Stanford University student team
collaborates with a foreign partner university’s team to develop innovative products
(ME310 refers to the course’s catalogue number; for an overview of the roots and history
of the ME310 course, see Carleton and Leifer (2009) and Carleton (2019)). The project
prompts comprise real-world design challenges from cooperating industrial companies.
Taking place over three quarters, the course’s duration translates to a total of thirty
weeks. Both teams are supervised by professors, lecturers and course assistants.

ME310 is also the name of the process model according to which students work on
their development projects. The following description of the process model’s individual
phases along with their assigned activities and intended results, is based on the ME310
ABC Course Reader (Kenyon et al., n.d.) (Figure 9).

Figure 9 Phases, activities and results of the ME310 process model (see online version
for colours)
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2.4.1 Needfinding (NF)

In the Needfinding phase (NF), starting from the project prompt, different ethnographic
methods are used to identify the users, their needs and problems, and the context of use.
This includes in particular user interviews and observations, but also putting oneself in
the position of the user. The information obtained is illustrated and summarised by
sketching an archetypal user according to the persona concept. Based on the model of the
value proposition canvas (Osterwalder et al., 2014), the most important ‘customer jobs’,
existing ‘pains’ and possible ‘gains’ are formulated. The result of this phase is an initial
problem formulation, which represents the starting point for the subsequent development
process.
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2.4.2 Benchmarking (BM)

The Benchmarking phase (BM), in which the strengths and weaknesses of existing
products in the defined problem space are analysed, already establishes a connection
between problem and solution space: on the one hand, this analysis improves the
understanding of the problem, as it becomes evident which problems have not yet been
satisfactorily solved. On the other hand, it also provides initial insights into the solution
space, since the structure of the products, the technical function carriers and their
effective principles to fulfil the functions become apparent. The Benchmarking thus
shows opportunities for innovative differentiation from existing products and, at the same
time, provides initial inspiration and starting points for subsequent solution finding. By
combining the results of the Needfinding and Benchmarking phases, an initial product
vision develops, which includes a strategic positioning of the product to be developed.

2.4.3 Critical experience prototype (CEP) und critical function prototype (CFP)

In the ME310 process model, actual solution development begins in the CEP/CFP phase
at the subsystem level. Critical experience prototypes (CEP) are built to make critical
core elements of the user experience from the product vision tangible. CEPs facilitate an
understanding of the problem space, which helps to derive and validate user
requirements. This is often done by using “Wizard of Oz”-prototypes, where the user
experience of a function is simulated without having already developed a technical
function carrier. Critical function prototypes (CFP), on the contrary, help to evaluate the
suitability of effective principles for selected function carriers critical to the overall
concept’s technical solution. Several CEPs and CFPs are built and further developed
iteratively within this phase. The CEP/CFP phase concludes with the formulation of
functional and physical requirements, which encompass both a definitive problem
formulation and a “coherent vision” (Domingo et al., 2020) of the product to be
developed, thus combining desirability with technical feasibility.

2.4.4 Dark horse prototype (DHP)
The dark horse prototype (DHP) phase is intended

1  to validate the acquired problem formulation, which, in other words, depicts the
understanding of the problem

2 to prevent the solution space from being prematurely narrowed down.

For this purpose, prototypes are built that involve a particularly risky, radical or
unconventional solution principle, perhaps initially regarded as infeasible within the
CEP/CFP phase (Bushnell et al., 2013). The creation of DHPs forces the development
team to abandon an underlying cognitive solution fixation (Domingo et al., 2020) and
scrutinise previous understandings of the problem. Dark horse prototypes can lead to both
a reorientation in the solution space as well as to a change in the underlying problem
formulation. This phase should result in a validated problem formulation, generating a
firm and reliable framework for subsequent solution development on the overall system
level.
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2.4.5 Funky system prototype (FKP)

The Funky system prototype (FKP) is the first system-level prototype to define the
overall concept and ensure its suitability. For this purpose, the most promising function
carriers from the CFP phase (and, if applicable, the Dark Horse phase) are to be
combined to form an overall solution. The FKP rarely represents the complete functional
scope, rather concentrating on the solution-determining main functions; its only purpose
is to technically verify the effective structure of the overall solution. Formal aesthetic
design features do not yet play a role in the FKP.

2.4.6 Functional system prototype (FCP)

In the functional system prototype (FCP) phase, the concept of the FKP is detailed and
optimised. The FCP is intended to represent the complete functional scope and serves to
consolidate system integration as well as optimisation on an overall and subfunction
level. It defines the embodiment design and should already have a value proposition
comparable to the final prototype.

2.4.7 Final prototype (FP)

The final prototype, marking the completion of development, should represent the
complete user experience of a product to be industrially realised. The main focus in this
project phase is on detail design and refinement to ensure a high-quality development
result. In addition, the manufacturing plan and the final product documentation are drawn
up in this phase.

The additional Part-X-is-finished prototype listed in some publications (e.g.,
Domingo et al., 2020) refers to the completion of a student’s component of choice in the
Final Prototype phase. This physically realised design freeze, which only refers to one
specific component, is intended to break the cycle of mutual geometric structural
dependencies existing in a product architecture and marks the crystallisation of the Final
Prototype. One can therefore regard the Part-X-is-finished prototype as an intermediate
milestone within the Final Prototype phase.

3 Investigation of the ME310 process model

3.1 Research methodology

In this section we assess the ME310 process model’s usefulness with respect to the
development of physical products. The fundamental nature of engineering design
complicates the assessment of design methodologies considerably. Since Engineering
Design deals with problems that have an open problem and solution space, there is no
single right solution to an engineering design process; instead, several solutions are
conceivable. The evaluation of these solutions not only involves objective, but also
subjective criteria related to the different perspectives and needs of the various
stakeholders. Thus, it is sometimes even difficult to agree on common criteria for
assessing the development result. However, if a purely objective evaluation of a design
solution is not possible, it is also not possible to assess the design methodology applied
to develop this solution through a formal, rigorous and quantifiable scheme (cf. Pedersen
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et al., 2000). We have therefore chosen a qualitative approach that combines a theoretical
and an empirical analysis.

In the theoretical analysis in Section 3.2, we first investigate the ‘structural
soundness’ of the process model, i.e., it’s ‘internal consistency’ according to Pedersen et
al. (2000). For this purpose, we analyse the individual process steps and their connections
and compare them with the established process models of systems engineering, i.e., the
VDI 2221 (2019) and the development methodology according to Pahl et al. (2007). In
particular, we examine whether “for each step [...] there is adequate input available, that
the anticipated output from the step [...] is likely to occur based on the input, and that the
anticipated output is an adequate input to another step” (Pedersen et al., 2000).

In the subsequent empirical analysis in Section 3.3, we investigate the practical
suitability of the ME310 process model for developing physical products. Since it aims to
combine agility and convergence in the realm of NPD, we wanted to determine whether,
in practice, convergence during solution development corresponds to the ME310 process
model’s theoretical specifications. Therefore, using a qualitative case study approach, we
analysed 10 of Stanford’s ME310 students’ product development projects. In these
projects, students developed physical products in response to real-world design
challenges coming from industry sponsors. Within the scope of our empirical analysis,
we examined the technical concepts of 177 prototypes and their underlying problem
formulations in detail. Thus, we were able to reconstruct the actual coevolution of
problem and solution space and compare it with the theoretical specifications of the
ME310 process model. From this comparison, conclusions about the process model’s
practical suitability for the development of physical products can be drawn. If the
development processes observed in practice deviate significantly from the process
model’s theoretical specifications, this can be seen as an indication of its limited practical
suitability for the development of physical products. For then, it was apparently either not
possible or not beneficial to achieve the development result in the way specified by the
process model, because certain process steps do not have adequate input or are not
suitable for providing the desired output for subsequent process steps on the basis of their
existing input.

By comparing and relating the results of the theoretical and empirical analysis, we
can finally derive specifications for the development of a new hybrid process model with
high practical suitability for the development of physical products.

3.2 Theoretical analyses of the ME3 10 process model

Our analysis of the ME310 process model and its comparison with the design
methodologies of Pahl et al. (2007) and the VDI 2221 (2019) is structured in such a way
that we examine the fundamental principles of the respective design methodologies along
the following five polarities:

i Agility vs. convergence in solution development

it Parallel vs. iterative solution space exploration

iii  Prototype-based vs. virtual development

iv  Overall system level vs. subsystem level in solution development

v Internal functional relationships vs. human-product-interaction



228 F. Koppenhagen et al.

i Agility vs. convergence in solution development

While the systems engineering approach usually clearly separates problem analysis and
solution development (see also Section 2.1), the ME310 process model is characterised
by a concomitant development of these two spheres in the early prototype stage
(Figure 10). The two milestones being constituent for hybrid development process
models, i.e., the final definition of (1) the understanding of the problem and (2) the
solution concept on the overall system level, are marked in the ME310 process model by
completion of the phases (1) Dark Horse Prototype and (2) Funky System Prototype,
respectively.

Figure 10 Development of problem and solution space in the ME310 process model, the
systematic approach of Pahl et al. (2007) and the VDI 2221 (2019) (see online version
for colours)
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In the ME310 process model, development is only completely agile during the
subfunction prototype phases (CEP/CFP and DHP), in which the understanding of both
the problem and, consequently, the boundaries of the solution space remain volatile
(Figure 11). The validation and verification control loop, which in their interaction
control the agile product development process (see Section 2.1), are hereby established
by the CEP and the CFP, respectively:

The user interaction tests based on the CEPs deepen the understanding of the problem
and enable the derivation and validation of requirements. The CEPs thus establish a
validation control loop that prevents a ‘mismatch’ between product features and user
needs. At the same time, the CFPs ensure the suitability of innovative effective principles
and the fulfilment of requirements for the solution-determining main functions; they thus
establish a verification control loop between the requirements and the development
object. Through an iterative development process guided by a stringent user-centered
approach, the CEPs’ and CFPs’ interaction implements the principle of the problem and
solution space’s coevolution. Thus, the CEP/CFP phase of the process model shows a
methodological self-similarity to the design thinking’s iterative core cycle.
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In contrast to systems engineering, the problem formulation in the ME310 process
model, meaning the formulation of requirements depicting and operationalising the
understanding of the problem, does not occur before the start of solution development but
rather after solution development completion at the subsystem level. Similar to the
original design methodology of Pahl et al. (2007), this understanding of the problem is
first critically reviewed before it is set as a fixed framework for further solution
development. In contrast to Pahl et al. (2007), this is not accomplished through a
theoretical abstraction of the problem formulation, but by building and evaluating
concrete solutions on the edge or outside of the preliminary boundaries of the solution
space using DHPs. Both approaches nonetheless pursue the same goal: avoiding a
premature and overly narrow limitation of the solution space through an inadequate
problem formulation.

After completion of the DHP Phase, a solution concept is developed in the FKP Phase
based on the validated problem formulation and finally selected upon completion of this
phase. The solution concept is then further developed into a complete overall design in
the subsequent phase of the FCP and finally detailed in the final prototype phase. In the
system prototype phases, thus, an increasing convergence and consolidation of the
development result is sought, which, as in systems engineering, is controlled by
supplementing and detailing requirements, leading to an increasing solution space
limitation. The deductive solution development on the overall system level in the ME310
process model strongly resembles the development methodology according to Pahl et al.
(2007) and VDI 2221 (2019). In all three of these design methodologies, a principle
solution is first developed and then elaborated on, resulting in an overall design defining
the geometric layout of the product.

Figure 11 Theoretical convergence path of the ME310 process model (see online version
for colours)
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ii  Parallel vs. iterative solution space exploration

In contrast to systems engineering that normally involves parallel solution development
both at the overall and at the subsystem level until the concept is selected, parallel
development in the ME310 process model is only intended for the level of subfunction
prototypes. On this level, several CFPs are built in parallel to evaluate different effective
principles for fulfilling the solution determining main functions of a possible concept,
with the different CFPs in turn being further developed iteratively. Parallel construction
and evaluation of competing concepts at the overall system level, i.e., parallel prototyping
in the FKP phase, is not intended. Although the FKP only represents a principle solution
and still has a comparatively low resolution, the effort involved in building different
concepts on the overall system level is still prohibitive, especially in the case of complex
products. In this respect, the approach of the ME310 design methodology is, like all
prototype-based approaches, even more point-based than the traditional systems
engineering design methodology (cf. Section 2.2). The solution space explored at the
time of concept decision is smaller overall, increasing uncertainty in concept selection.

iii Prototype-based vs. virtual development

In this section, the use of prototypes and the role of virtual development in the ME310
process model will be examined and compared with systems engineering. This paper’s
understanding of virtual development includes all non-physical product representations.
Said representations include not only computer-aided geometry, calculation, and
simulation models, but also manually created drawing and sketches, for example.
Prototypes on the contrary are understood as physical objects that represent certain
functions or properties of an evolving product (cf. Lauff et al., 2017; Otto and Wood,
2001). Prototypes are used to increase knowledge about the development object, thus
reducing uncertainties in design decisions. According to Grauvogl (2018), the following
objectives of prototypes can be distinguished (cf. also Camburn et al., 2017;
Hallgrimsson, 2012):

e Explore: The prototype supports problem space exploration, i.e., it helps to better
understand the problems and needs of potential users, and to guide the basic
direction of development. Regardless of the specific technical implementation, it
should answer the question of what should be developed. This is done through user
interaction tests, where the prototype enables requirements to be derived and
validated.

e Communicate: The prototype helps to communicate and explain ideas and their
degree of maturity to potential users, company partners or members of the
development team.

e Technically verify: The prototype is used to verify the fulfilment of requirements by
the function carriers. It helps to evaluate concrete technical solutions, e.g., to assess
the suitability of effective principles. This is done through functional tests, i.e.,
physical quality assurance. The focus is on answering the question of zow something
is to be realised.
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e Refine: The prototype aims to refine an idea that has already been implemented,
usually with the aim of incrementally optimising certain often qualitative product
properties. In a refinement, the resolution of the prototype, i.e., its level of detail and
degree of maturity, is usually increased.

In systems engineering, the use of physical prototypes is not a constituent part of the
design methodology, but only a means of property assurance during the development
process. In order to save costs and time, development remains virtual for as long as
possible, especially in the case of high product complexity. This includes not only the
geometric description of the product, but also the simulation of almost all product
functions and properties as part of virtual quality assurance. Even though certain design
decisions in early development stages, such as, e.g., determining the formal appearance
of a product, are partly supported by physical product representations, prototypes are
usually only used in later development stages, when digital development is almost
complete, i.e., when most design decisions have already been made. These prototypes
generally already have a high resolution and are used to validate the results of virtual
quality assurance or to ensure the fulfilment of product properties that cannot yet be
assured virtually (Figure 12).

Figure 12 Prototype based vs. Virtual development in the ME310 process model and systems
engineering (see online version for colours)
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In contrast to systems engineering, the building of prototypes is integral to the ME310
design methodology; they are the main drivers of the development process. Within all
phases, prototypes are used not only for verification and refinement but also for exploring
and communicating solutions. The different kinds of prototypes define the process
model’s milestones, which structure the overall development process and guide
convergence of solution development.

Early subfunction prototypes (CEPs, CFPs and DHPs) are usually built within the
ME310 process without prior virtual development. They are often created through
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practical improvisation. Intensive virtual development usually starts before system
prototypes (FKP, FCP and FP) are built, as their increased complexity necessitates virtual
development prior to their construction.

iv  Overall system level vs. subsystem level in solution development

The entire solution development process according to VDI 2221 (2019) is characterised
by a permanent oscillation between the overall and the subsystem level, i.e., a continuous
alternation between a top-down and a bottom-up approach (Figure 13). At the beginning,
a functional modelling of the overall system takes place through establishing function
structures, which mark the starting point for explicit functional decomposition. Actual
solution finding then starts at the subsystem level, at which effective principles and
function carriers for the fulfilment of the identified subfunctions are sought. This
discursive process is usually supported by the use of classification schemes (e.g.,
morphological chart). By systematically varying and combining different effective
principles, several solution concepts are then generated at the overall system level, from
which one solution concept is finally selected by means of a technical and economic
evaluation. The selected concept is subdivided into modules which, after appropriate
definition of the interfaces, represent the starting point for developing the embodiment
design. The partial designs for the individual modules are finally integrated into an
overall design.

Figure 13 Solution development between overall and subsystem system level in VDI 2221 (2019)
and the ME310 process model (see online version for colours)
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In the practical implementation of the ME310 process model, ideas for possible overall
solutions are generated at the beginning of the CEP/CFP phase. Usually, the team of
developers use brainstorming for this purpose. In principle, however, other intuitive or
conventional solution methods can also be used. The generated ideas are often
characterised by a particularly innovative effective principle for one or more solution-
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determining main functions. The identification of these solution-determining main
functions takes place in free discussion without methodological support by the process
model.

In addition, the ME310 process model does not provide any methodological support
for the design of the overall system. What, in particular, does not occur at all is the
functional modelling of the overall system, i.e., the establishing of function structures;
and this has two major implications. First, the basis for an explicit functional
decomposition is missing. Second, it complicates the analysis of functional relationships,
respectively technical interactions between function carriers in the overall system. Such
an analysis is, however, crucial to the development of a technical concept. Therefore, no
methodological support exists for:

1  the identification of the product vision’s solution-determining elements that should
be embodied during the CEP/CFP phase

2 the identification of compatible combinations of different CFPs to form the first
overall solution, the FKP. Both have to be addressed implicitly by the development
team, a substantial challenge, especially for complex products.

Indeed, the modelling of an overall system and its decomposition into subsystems is
crucial for handling complexity because it is an indispensable prerequisite for breaking
down the development task into manageable subtasks (Kersten and Koppenhagen, 2002;
Koppenhagen, 2011). The lack of such an explicit approach to complexity reduction
limits the application possibilities of the ME310 development methodology.

A development of different solution concepts and their systematic evaluation finally
leading to a concept selection is not part of the ME310 process model. Instead, after
creation of the FKP, the intended goal of the process model is only a continuous
extension of the functional scope and an increase in resolution leading to the Functional
System. Since the FKP is the first system prototype that can be used to test and analyse
the interaction of the different function carriers, this approach seems overly optimistic,
especially for complex products.

v Human-product interactions vs. system design

Even though the development methodologies according to Pahl et al. (2007) and the VDI
2221 (2019) both start by describing the overall function of a product to be developed,
which also includes the human-product interactions, the focus of development is clearly
on the system design, i.e., on the internal interactions of the various subsystems and
components. This applies to all stages of the development process. Both in the creation of
function structures and effective structures, the analysis and design of the functional
interactions between different components is the focus of the development efforts. This
continues in later development stages with the design of the components and the modules
with their respective interfaces. Both the design methodologies according to Pahl et al.
(2007) and the VDI 2221 (2019) are thus characterised by a pronounced introspection
(Figure 14). There are no milestones that explicitly refer to the human-product
interactions. Optimising usability and improving the user experience is neither a main
focus of the design methodology according to Pahl et al. (2007) nor the VDI 2221 (2019).
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Figure 14 Human-product interaction vs. system design in systems engineering and the ME310
process model (see online version for colours)
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In this respect, the ME310 design methodology clearly stands in contrast to the
established design methodologies from systems engineering. From the outset, the design
of the human-product effect system is the central guiding paradigm of its development
efforts. The focus in all prototype phases is on testing user interaction to evaluate and
improve usability and the user experience of the evolving product. The key elements of
the user experience are investigated with CEPs before technical solutions are even
developed to fulfil the respective functions. The ME310 design methodology is thus
characterised by a user-centred approach generally characteristic of design thinking. The
system design with the analysis and design of the interactions between subsystems and
components is done almost incidentally and is not explicitly described methodologically.
The conclusions that design thinking is not suitable for the development of ‘very
technical issues’ (Schiittoff et al., 2019) or of products that “have no user interaction at
all” (Gericke et al., 2010) therefore seem plausible.

3.3 Empirical analyses of the ME310 process model

3.3.1 Research questions for the empirical analyses

The objective of the ME310 process model’s empirical analysis explained in Section 3.1
is operationalised by the following research questions:

1  How many of the different prototypes were built on average in the development
projects?

Which objectives were associated with the different prototypes?
What percentage of the different prototypes were tested with external users?

What percentage of the different prototypes were built in parallel?

“wn b~ W

Did the development of the problem formulation follow the theoretical specifications
of the process model?

a  How often and in which project phases did changes in the underlying
understanding of the problem occur?
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b In which project phase was the Final Prototype’s underlying problem
formulation defined?

¢ Were the changes in the underlying understanding of the problem triggered
internally by members of the development team or externally by the teaching
team or representatives of the cooperating industrial company?

6  Did the concept development follow the theoretical specifications of the process
model?

a  How often and in which project phases did concept changes occur?
b In which project phase was the Final Prototype’s concept defined?

¢ Were the concept changes triggered internally by members of the development
team or externally by the teaching team or representatives of the cooperating
industrial company?

d In how many projects was a CFP prototype developed in the CFP phase actually
adopted in the funky system prototype?

3.3.2 Methodology and sample of the empirical analyses

Our empirical study investigates students’ quarterly team project reports, which
document the development process in detail. Since our work focuses on the development
of physical products, we pre-selected projects based on the object of development. For
this purpose, 124 development projects from the years 20062019 were Iinitially
classified with regard to the development object and divided into three categories:
physical products, software applications and service/business process models. From the
55 projects that aimed to develop physical products, we finally selected 10. To reach this
selection, we focused on the time period between 2014 and 2019 and took care to ensure
that development documentation allowed for the complete traceability of all development
paths. Also, in order to limit company-specific influences on the analysis, we confirmed
that no industry sponsor was represented more than once in our final selection. We have
included the following development projects in our empirical analysis; with each labelled
by the name of the industry sponsor and the year of project completion, they are:
VolvoCE (2014), Mabe (2014), Ford (2016), Shoelnn (2016), Renault (2016), IKEA
(2016), Audi (2017), Safran (2018), Panasonic (2019), and Volkswagen (2019). The
empirical evaluation of their respective development processes thus comprises thirty
project reports with a total of 3578 pages. From these project reports, we assessed the
technical concept of each prototype and its underlying problem formulation. This allowed
us to trace the prototype paths in the projects and to analyse the connections between
consecutive prototypes.

Problem formulations, depicting the understanding of the problem, were determined
based on verbal descriptions in project reports. The following text passages from the final
project report of the VW 2019 project each document different understandings of the
underlying problem. Based on the project prompt given by the cooperating industrial
company, the development team defines the initial problem formulation:
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“The exact prompt given to us by our corporate partner, VW, is the following:
“How will future robotic, on-demand vehicles gracefully and safely
accommodate wheelchairs and similar devices?” This prompt is essentially
asking us to design a wheelchair securement system that riders can operate
independently and is also crash-worthy and ergonomic.”(Aravindan et al.,
2019, p.23)

The initial problem formulation is then being changed before DHPs are built:

“Although our team’s problem statement is focused on the securement of the
wheelchair, our team notices that throughout our testing from Fall quarter, a
common note from users was that it is very difficult for them to manoeuvre
their wheelchairs in tight spaces. [...] For our team, a prototype focused on
something other than the securement of the wheelchair would be a dark
prototype because it is tackling a different problem space than the one, we had
been focused on all of Fall quarter.”(Aravindan et al., 2019, pp.157-158)

Finally, based on the knowledge gained during the testing of the FCP, the final problem
formulation is defined, which is then extended to the problem of wheelchair users
boarding the autonomous taxi:

“Immediately following our return from visiting UNAM over Spring break, we
knew we wanted to focus on the issue of entry, and to do that we wanted to
prototype different ways of automating the ramp.” (Aravindan et al., 2019,

p.81)

The analysis of the prototypes’ technical concept, which is defined by the effective
principles of the functional carriers and their connection to fulfil the prototype’s solution-
determining main functions, was based on two pillars:

1 the verbal descriptions in the project reports

2 the evaluation of the development artefacts depicted in the project reports, such as
sketches, diagrams, technical drawings, screenshots of 3D CAD models, and photos
of the built prototypes (Figure 15).

Figure 15 Examples of illustrated development artefacts (see online version for colours)

Sketches, diagrams and technical drawings Screenshots of 3D CAD models
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Source: Pictures taken from Al-Khalil et al. (2016), Aravindan et al. (2019)
and Brody et al. (2014))
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The following passage, which also comes from the report on the VW 2019 project, shows
an example of how the effective principle of a CFP is described:

“One of the most interesting ideas that came up during our brainstorming
sessions for a CFP was that of a liquid floor, that deforms around any kind of
wheelchair or even other objects like suitcases, strollers etc., and then solidifies
to lock the object in. Even though it seemed really funky and futuristic at the
time, serendipitously, we came across the method of Particle Jamming, which
was very much in line with our idea of a liquid floor.

Particle Jamming is a method that utilises the particulate nature of various
kinds of grains that allows them to be deformable when air is allowed flow in
between them and locks them together when the air is vacuumed
out.”(Aravindan et al., 2019, p.117)

The next passage describes how this effective principle is dismissed and replaced by a
different one for the construction of the FCP:

“We did away with using particle jamming as a mechanism to clamp the
wheels as the clamping force it offered was not comparable to the cost and
space that a complex pneumatic system would take.”(Aravindan et al., 2019,
p.179)

We analysed the verbal descriptions in the project reports, as well as illustrations and
photos of experimental setups and tests performed, to determine

1  the objectives associated with building and testing each prototype
2 whether prototypes were developed iteratively or in parallel
3 whether the prototype was tested with external users.

The following excerpt documents the parallel development and testing of several CFPs to
determine the most suitable particles for the implementation of the effective principle
‘particle jamming’ described above. This evaluation of different geometric and material
characteristics of an effective principle corresponds to the objective ‘technically verify’
(see Section 3.2). The images referred to in this extract (F.22 and F.23) are shown in
Figures 16 and 17.

“To choose the particles, we tested with three different particles. Coffee
grounds, plastic packing beads, and bean bag foam. As a control, they were all
tested inside Ziploc vacuum bags (See Figure F.22) To quantifiably compare
between the various particles, we used a pull test on one of the wheels of a
wheelchair, using ratchet straps and a force scale to measure the force required
to dislodge the wheel from the vacuumed bag of particles. The setup we used is
shown in Figure F.23.

From these tests, we observed that the bean bag packing foam did not give any
significant clamping force. The forces required to dislodge the wheel from the
coffee grounds bag and the plastic beads bag were comparable. Since coffee
grounds were more readily available and cheaper, we decided to proceed with
coffee grounds.”(Aravindan et al., 2019, pp.170-171)
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Figure 16 Figure F.22 from Aravindan et al. (2019) (see online version for colours)

Figure F.22: Ziploc vacuum bags filled with (from left to right) coffee grounds, bean hag
foam, plastic packing beads.

Figure 17 Figure F.23 from Aravindan et al. (2019) (see online version for colours)

Figure F.23: Setup for testing the force required to pull the wheel of a wheelchair from
particle jammed bags filled with different particles
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The entire selection process and analysis outlined above was conducted independently by
two of our senior researchers specialising in industrial product development. If
differences in their assessments arose, their results were consolidated with yet another
expert’s assistance.

3.3.3 Results and discussion

Figure 18 shows an example of a project’s prototype paths, depicting connections
between prototypes, concept changes, and changes to the underlying problem
formulation. The figure also illustrates the level of detail involved in our analysis of
individual projects’ development paths (for complete database and supporting
information regarding possible connections between prototypes, see Appendices A—C).
The results of the research questions formulated in Section 3.3.1 are presented and
discussed below.

Figure 18 Visualisation of the prototype paths of the VW 2019 project (see online version
for colours)
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Research question 1: How many of the different prototypes were built on average in
the development projects?

Figure 19 shows the average number of different kinds of prototypes built in the 10
projects examined. Critical function prototypes were built most frequently with an
average of 6.3 CFPs per project. Considering that CFPs are the main instrument for
developing and validating effective principles for solution-determining subfunctions in
the ME310 process model, this number seems small and indicates selective, point-based
exploration of the solution space even at the subsystem level. The same applies for CEPs,
which were built second most frequently at 3.3 per project. Given that CEPs are intended
to explore the problem space and guide the direction of development, this number also
seems rather low. In comparison to that, the number of DHPs, which were built on
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average as frequently as CEPs, seems high. This indicates that particular emphasis was
placed on the DHP phase of the project, which involves building radically new and
unconventional solutions. On the system level, only 1.9 FKPs and FCPs were built on
average in the projects. The small numbers of system prototypes built illustrates that — as
described in Section 2.2 — agile solution development at the overall system level is hardly
possible for complex physical products. In each project, one Final Prototype was
eventually built, marking the end of development.

Figure 19 Results for research question 1 (see online version for colours)
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Research question 2: Which objectives are associated with the different prototypes?

Figure 20 shows the goals associated with building and testing the different prototypes in
the projects. According to Section 3.2, the goals were divided into explore, communicate,
technically verify and refine. Although several objectives were usually associated with
the construction and testing of a prototype, distinct objective profiles can be identified for
the different types of prototypes that conform to the objectives intended for the respective
prototype by the process model. The comparison of the subfunction prototypes CFP and
CEP showed that the focus of the CFPs, at 81%, was on the technical verification of
effective principles, while the CEPs, at 85%, were mainly used for exploring the problem
space. At 52%, the CEPs were also frequently used to communicate ideas. Both the
‘communicate’ and ‘explore’ objective are closely linked since identifying user needs in
user interaction tests also requires communicating the idea and the direction of
development associated with it. In the case of the CFPs, the refinement of the solution
was, at 22%, the second most important objective, since the built CFPs were often
iteratively further developed in order to optimise the material and geometric
characteristics of the respective effective principle.

The DHPs were used almost equally for the objectives ‘communicate’ (48%),
‘explore’ (45%) and ‘technically verify’ (39%). This seems plausible in light of the
general purpose of the DHP according to the ME310 process model: The DHPs should
critically question the underlying understanding of the problem and the basic direction of
development associated with it (“explore”) and, at the same time, verify the suitability of
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the often-risky effective principles (“technically verify”). Since the solutions embodied
for this purpose are usually unconventional, the communication of these solutions is also
of particular importance.

Figure 20 Results for research question 2 (see online version for colours)
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With the FKP, which is the first prototype to realise an effective concept at the overall
system level, the focus, at 84%, was clearly on the technical verification of this concept.
The FCP, on the other hand, showed a more balanced picture: The two objectives,
‘refine’ and ‘technically verify’, were almost equally important here, with 56% and 61%,
respectively. The importance of the objective ‘refine’ is due to the fact that the FCP
should already have a perceived quality comparable to the later product, i.e., the
resolution of the FCP has to be greatly increased compared to the FKP. The high
relevance of the objective ‘technically verify’ results from the increase in the functional
scope, i.e., the larger number of function carriers and the associated increased technical
complexity of the prototype, which must be physically assured accordingly.

Research question 3: What percentage of the different prototypes were tested with
external users?

Figure 21 shows the percentage of prototypes that were tested with the help of external
users. The results are consistent with the objectives intended for the respective prototypes
according to the process model. While only a few CFPs (5%) were tested involving
external users, this is true for almost all CEPs (94%). This also applies to the DHPs and
the system prototypes. The DHPs were tested 76% of the time with external users.
Critically reviewing the underlying understanding of the problem using the DHP requires
a high degree of user integration. Since the focus of the FKPs is primarily on the
technical verification of the overall concept, only 42% were tested with external users. In
terms of usability and design, the FCP should already have a value proposition
comparable to the final prototype. In contrast to the FKP, this requires much greater
involvement of external users, which is reflected in the value of 83%. Overall, the results
illustrate the intensive involvement of potential users in the development process, thus
underscoring the user-centeredness of the development approach.
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Figure 21 Results for research question 3 (see online version for colours)
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Research question 4: What percentage of the different prototypes were built in
parallel?

Figure 22 shows the extent to which parallel prototyping took place for the different
kinds of prototypes. It is evident that parallel prototyping only took place for the
subfunction prototypes and here only for the CFPs to any significant extent. For the
system prototypes, the development entirely followed an iterative point-based approach.
This result reflects the fundamental problem associated with a prototype-based
development approach explained in Section 2.2.

Figure 22 Results for research question 4 (see online version for colours)
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Research question 5: Does the development of the problem formulation follow the
theoretical specifications of the process model?

Figure 23 shows how often and in which project phases problem formulations changed
and when the final problem formulation was established. In the CEP/CFP phase, during
which the actual coevolution of problem and solution space should take place according
to the ME310 process model, an adjustment of the underlying problem formulation rarely
occurred. Most changes to the problem formulation took place during the Dark Horse
phase, which, corresponding to the process model, is a phase intentionally devoted to the
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critical questioning of the previously developed problem formulation. The problem
formulation was, however, still frequently modified in the subsequent system prototype
phases, in particular the FKP phase, despite the specifications of the ME310 process
model. 63% of changes to the underlying problem formulation were triggered internally
within the student teams. In only four of 10 projects we examined, the final problem
formulation was determined (as specified by the process model) upon completion of the
Dark Horse phase. However, in three projects, it was determined no earlier than the Final
Prototype phase.

Figure 23 Results for research question 5(a) and (b) (see online version for colours)

a) Number and temporal distribution of b) Praject phase in which the final
changes to problem formulation problem formulation was defined
TOTALS: 27 @ 2,7 per project

deviating from according to deviating from
process model Arocess mad process model

CEP/CFP Dark Funky Func- CEP/CFP Dark Funky Func- Final
Horse - System tional Horse - System tional
System System

A possible explanation for the frequent reframing of the problem in the system prototype
phases is that each prototype built in the CEP/CFP phase only represents the effective
principle or user experience of different subfunctions. Thus, these prototypes do not
provide a sufficient basis for questions that can contribute to the development of a
comprehensive understanding of the problem on the overall system level. This could also
explain the relatively high number of problem space changes in the FKP Phase, in which,
for the first time, a prototype is built that roughly embodies the solution-determining
main functions and their interaction on the overall system level.

Research question 6: Does the concept development follow the theoretical
specifications of the process model?

Figure 24 shows, starting with the FKP phase, when and how often the technical concept
was changed and the phase in which the concept of the Final Prototype was developed.
The concept initially defined in the FKP phase is changed frequently during the very
same phase. Even after completion of the FKP phase, one can observe a high volatility of
the technical concepts in play. Remarkably, even in the Final Prototype phase, there were
still 17 concept changes spread over eight development projects. 78% of these concept
changes were triggered within the team. Only in one project was the final concept,
conforming to the specifications of the ME310 process model, determined after
completion of the FKP phase. In eight projects, however, the concept of the Final
Prototype was only defined in the last development phase. Furthermore, only in one out
of 10 projects was a function carrier, respectively an effective principle, from the CFP
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phase part of the FKP. In all projects investigated, CEPs and/or CFPs are built up again in
the later system prototype phases.

Figure 24 Results for research question 6(a) and (b) (see online version for colours)
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As expected, the changes in the problem space, which often required at least a partial
restart in development, also entailed changes in the technical solution concept. Concept
development showed an overall higher and prolonged level of volatility compared to the
problem formulation. Thus, on average, the concept was changed 1.8 times after the final
problem formulation was defined.

One reason for the low number of function carriers transferred from the CFP phase to
the FKP may be the lack of methodological support for the design of the overall system.
Since an analysis of the effective interrelationships between the function carriers is
missing in the ME310 process model, evaluating whether they can be reasonably
combined to an overall solution is considerably more difficult. The frequent concept
changes at the overall system level can probably be attributed to the stronger point-based
orientation associated with the prototype-based development approach. In contrast to
systems engineering, there is no parallel development and evaluation of different
concepts so that the explored solution space on the overall system level is comparably
smaller at the time of concept decision, which, consequently, is detrimental to the
stability of the concept decision.

3.4 Conclusion from the empirical and theoretical analysis and derivation of
specifications for the design of a new hybrid process model

Reflecting the findings from the theoretical analysis of the ME310 process model, the
results of our empirical analysis show that the development approach is characterised by
intensive user-centeredness. The defined prototypes fulfil their intended purposes in the
practical implementation of the design methodology. However, it also turned out that
the observed development processes did not follow the convergence path specified by the
process model. Even after completion of the Dark Horse phase, changes in the underlying
understanding of the problem occurred frequently. The same applies to the technical
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concept, which was also still frequently changed after completion of the FKP phase and,
in most projects, was ultimately defined no earlier than in the Final Prototype phase. On
the one hand, this deviation from the theoretical convergence path of the process model
can be attributed to the insufficient methodological support of the overall system
development. Without a functional modelling of the overall system, the basis for the
explicit functional decomposition of the overall system and the analysis of the functional
relationships between function carriers in the overall system is missing. This makes it
considerably more difficult to identify critical functions and to determine reasonable and
compatible combinations of function carriers. These issues first became the focus of
interest within the FKP phase and often led to a complete reorientation in both the
problem and solution space in the projects. This is impressively shown in the frequent
concept changes in the FKP phase and in the low rate of CFPs transferred from the
CFP/CEP phase to the FKP. On the other hand, there is a lack of theoretical exploration
of a larger solution space prior to the concept decision. The small number of prototypes
built and the low degree of parallel development illustrate that the solution space was
explored rather selectively, which has a negative impact on the stability of the concept
decision.

For the development of a new hybrid process model based on the ME310 process
model, the following three specifications can therefore be derived:

1 Before starting the search for solutions at the subsystem level, a functional modelling
of the overall system with explicit functional decomposition must be carried out.

2 The prototype-based solution development must be supplemented by a virtual
development in the early phases of the development process in order to enable the
theoretical exploration of a larger solution space.

3 Prior to the concept decision a virtual parallel development must at least take place at
the overall system level as well, in which several competing concepts are developed
and evaluated.

4 Systematic engineering-design-thinking (SEDT) — a new process model
for the hybrid development of physical products

Figure 25 shows our newly developed hybrid product development process model:
systematic engineering-design-thinking (SEDT), which builds on the ME310 process
model. The needfinding and benchmarking phases, which are used in the ME310 process
model to develop an initial understanding of the problem and a product vision before the
actual solution development begins, remain unchanged. Our process model builds on the
ME310 process model’s macro-logic, meaning that the different types of prototypes from
the ME310 process model also serve as milestones to structure the development process
and guide the convergence of solution development in our process model. Thus, the basic
structure of the ME310 process model with an agile development on the subsystem level,
the subsequent formulation and validation of the problem understanding and finally a
convergent development on the overall system level, has also been adopted.
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Figure 25 Systematic engineering-design-thinking (SEDT) (see online version for colours)
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Our changes focus on the phases of actual solution development, which have been
extended and supplemented at several points in order to implement the specifications
derived in the previous section. For this purpose, selected methods from systems
engineering were integrated into the ME310 process model to enable the theoretical
exploration of a larger solution space and to provide methodological support for the
overall system design. The individual sections of the new process model are described
below.




Hybrid development of physical products based on systems engineering 247

Step 1-5: The CEP-/CFP-iteration — agile development of principle solution at the
subsystem level

Before building the CEPs and CFPs, a function structure for the overall system is
established, which is used for identifying the solution-determining subfunctions. For said
subfunctions, CEPs and CFPs are built and tested accordingly. The findings from testing
the CFPs are used to correct and detail the functional modelling of the system and guide
the development and selection of effective principles. The CEPs, on the other hand,
deepen the understanding of the underlying problem and can sometimes even lead to a
reorientation with respect to the initial problem understanding and the product vision
based on it. In this phase, the process model is completely agile.

Step 6-7: Requirements and Dark Horse prototype — depicting and scrutinising the
problem

The depiction and scrutinisation of the problem understanding corresponds to the
procedure in the ME310 process model. After completion of solution development at the
subsystem level, first, the underlying problem understanding is depicted by formulating
functional and physical requirements. With the construction of DHPs, this problem
understanding is then critically scrutinised. As a result, the DHPs can lead to both a
confirmation and a change of the underlying problem understanding. In the latter case, a
return to the CEP/CFP phase takes place.

Step 8-10: Funky system prototype iteration — concept development at the overall
system level

As in the ME310 process model, concept development, i.e., the development of a
principle solution at the overall system level, builds on a fixed and validated
understanding of the problem, meaning it is not agile, but aimed at convergence. The
difference to the ME310 process model is that the construction of the FKP is preceded by
a parallel virtual concept development. Here, just as in systems engineering, multiple
concepts are developed by combining different physically and geometrically compatible
solutions at the subsystem level into effective structures at the overall system level. This
procedure can be supported by using a morphological chart. The evaluation of the
developed concepts can build on the knowledge gained during the practical testing of
CEPs and CFPs. The technical verification of solution-determining function carriers, in
combination with functional modeling, leads to an improved understanding of the
interaction of these function carriers in the overall system, increasing the reliability of
concept evaluation and therefore the stability of concept selection. The FKP’s main
purpose is physical concept verification. Since the process model is no longer agile at this
stage, an iterative design or testing of several different FKPs is not intended.
Nevertheless, unanticipated technical problems might become evident during
construction or testing of the FKP, which might force a modification or even fundamental
change of the technical concept leading to at least a partial redesign of the FKP.

Step 11-14: Functional system prototype iteration — embodiment design

The process of developing the embodiment design after concept selection and verification
based on the FKP is similar to the VDI 2221 (2019) and Pahl et al. (2007). First, the
concept is subdivided into modules representing the embodiment-determining main
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function carriers. As in systems engineering, actual embodiment design then starts at the
subsystem level by creating partial designs for the defined modules which are eventually
integrated into an overall design physically represented by the FCP. During this process
the functional scope, which in the FKP was still limited to the solution-determining flow
of the function structure, is completed and formal aesthetic aspects are also considered.
Since the FCP represents the complete functional scope of the later product, its design
and construction are correspondingly time-consuming. At this point, the solution
development should therefore have already converged to such an extent that the iteration
based on the FCP is limited to the optimisation of partial aspects of the solution. Such an
optimisation can, for example, refer to the improvement of certain subfunctions, the
interaction of system components or the quality impression. A complete redesign of
solution-determining function carriers, or even of the entire FCP, is explicitly not
intended within this process model.

Step 15-16: The final prototype — completion of development

In the final development phase, the virtual product representation is detailed and, if
necessary, corrected based on the findings obtained during the testing of the FCP. The
manufacturing plan and the final documentation are elaborated upon. Lastly, the Final
Prototype is built, representing the complete user experience of a product to be
industrially realised and marking the completion of development.

5 Conclusion and outlook

In this paper, we have designed a new hybrid process model for the development of
physical products based on systems engineering and design thinking. For this purpose, we
first defined the fundamental principle of agile development with respect to engineering
design methodology and illustrated the implications of the agile development of physical
products. Subsequently, we analysed Stanford’s hybrid ME310 process model both
theoretically and empirically to investigate its practical suitability for the development of
physical products. Our analysis has revealed deficits in Stanford’s process model with
respect to solution space exploration that impeded convergence in solution development.
From the identified deficits, we have derived specifications for the design of a new
hybrid process model. Said specifications have been implemented accordingly in the
development of the process model SEDT. SEDT combines the ME310 process model’s
agile design thinking approach with the systematic solution space exploration of systems
engineering to reap the benefits of both design methodologies in the development of
physical products.

Further research should aim at validating the newly developed process model by
proving its practical suitability in real development processes. This can initially be done
in the controlled academic environment of student development projects at the graduate
level. Based on the knowledge gained during these investigations, the process model can
be further developed iteratively, if necessary, before it is first applied in real world
industrial product development. A general difficulty here is the problem of developing
and operationalising criteria for evaluating the suitability of a development process
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model, as described in Section 3.1. The longer time horizon of industrial development
processes and the large number of actors involved also considerably increase the effort
required for process tracking. Furthermore, there are many internal and external factors
that also affect the development process, making it difficult to determine the specific
influence of the process model.

In addition, the development project organisations of most manufacturing companies
are still strongly oriented towards the process models of systems engineering thus
including a strict separation between the responsibility for developing the understanding
of the problem and the responsibility for developing the solution. Before using the newly
developed process model in industrial practice, a project organisation must first be
established that integrates this responsibility organisationally and thus supports the
coevolution of problem and solution space in the early phase of the development process.
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Appendix A: links to the project reports of the investigated projects

The student project reports analysed in this publication can be found in the Stanford
Digital Repository under the links provided in the table. In most cases, project reports of
the fall quarter (and sometimes also the winter quarter) were not archived separately but
integrated into the final project report of the spring quarter. However, the authors had all
30 reports of the individual quarters (fall, winter and spring) of the 10 investigated
projects available for their analysis.

Project name Link

VolVoCE (2014) https://searchworks.stanford.edu/view/td675km9733
Mabe (2014) https://searchworks.stanford.edu/view/gk257x{6317
Ford (2016) https://searchworks.stanford.edu/view/dj561gb3422
Shoelnn (2016) https://searchworks.stanford.edu/view/yr390pd3005
Renault (2016) https://searchworks.stanford.edu/view/gw697cc5138
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Audi (2017) https://searchworks.stanford.edu/view/w;j7332q9620
Safran (2018) https://searchworks.stanford.edu/view/vv534gd3897
Panasonic (2019) https://searchworks.stanford.edu/view/dy270yj7833

Volkswagen (2019) https://searchworks.stanford.edu/view/zp684gc4352

All links were last accessed on 29 August 2022.
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Appendix C: analysis of the connection between prototypes and the
development of problem and solution space

Type of prototype connection Description Graphic representation
Previous prototype and subsequent PT X PTY
. prototype share the same concept
Concept connection (e. g. Further development /
improvement of a prototype).
Adj tin soluti P
Previous prototype triggers a concept PTX PTY

change of the subsequent prototype.
Both prototypes have the same
underlying problem formulation.

discernible influence of the previous
prototype.

Trigger connection Adijust tin probl
X ) o PTX PTY
Previous triggers a change in problem
formulation of the subsequent | - . — . —. —. » @
prototype
{automatically entails a concept
change of subsequent prototype).
Subsequent prototype tackles a PTX PTY
. different problem space without an:
Hopping P P v 1
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