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AS in Stavanger and more than 800 prototypes were collected at TrollLABS, NTNU. At 
TrollLABS, NTNU, the 800 prototypes have been captured by a total of 48 individual users 
(mostly MSc and PhD students) working on PD projects and challenges from industrial 
collaborators. Figure 9 is included to show the extent of the dataset of prototypes 
captured at TrollLABS, NTNU. In this figure, prototype captures are sorted by time-of-day 
along the horizontal axis and by weekday along the vertical axis. The colours in this figure 
indicates users, where each user is represented with a separate colour grading. 

Additionally, some 300 prototypes were collected by the system described by Sjöman et 
al. (2017), and several (more than 200) prototypes have been captured and used by the 
author for training the various machine learning applications described in Section 4.4, 
though these are not included in the dataset described in this section.  

4.2 Captured Prototypes from a Single Early-stage PD Project 

 
Figure 10 - Timeline of the 82 captured prototypes from the presented project case, taken from J. F. Erichsen, Sjöman, et 
al. (2019). 

As presented in Section 3.1, one of the functional requirements for implementing the 
method for capturing prototypes is that the captured data should be of such a level-of-
detail that the data can be used for deciding when and where to apply existing, more 
resource demanding methods. J. F. Erichsen, Sjöman, et al. (2019) present a complete 
early-stage PD project and its prototypes to exemplify the value added for the PD 
researcher when all prototypes created during the project are captured as the project 
progresses and can then be analysed. In said project, one graduate student had the 
challenge of developing new concepts for Cardiopulmonary Resuscitation (CPR) 
simulators in collaboration with Laerdal Medical, and the project was continuously 
worked on from October 2017 through May 2018. The graduate student was tasked with 
‘rethinking the chest of a CPR mannequin’, an open task requiring building, testing and 
evaluating of various concepts, as well as interactions and prototype-testing with both 
novices and experts performing and training for CPR. 

Key findings from this project are presented and discussed by Auflem et al. (2019). The 
project had two critical functionalities discovered through extensive user-interaction and 
testing; a realistic physical response and deformation of the mannequin’s thorax and the 
simulated breaking of ribs during extensive CPR. The project’s findings include that the 
majority of CPR training simulators on the market were unrealistic due to the use of 
spring-based compression mechanisms. Moreover, none of the investigated CPR training 
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4.3 Analysis of a Single Project Using Manually Categorised Prototypes 

 
Figure 12 - Summary of the materials, tools and disciplines used to make the 82 prototypes presented in Table 2, taken 
from J. F. Erichsen, Sjöman, et al. (2019). 

This section aims to exemplify how the data presented in Section 4.2 can be analysed to 
identify key observations, aiding researchers in choosing when and where to prioritize 
resources and applying the existing research methods. J. F. Erichsen, Sjöman, et al. (2019) 
argue that the rich data captured for each prototype described in Section 4.2 enables a 
quantitative assessment of a project by categorising the prototypes with respect to e.g. 
materials, tools and solution principles used to make the prototypes. To exemplify such a 
categorisation, J. F. Erichsen, Sjöman, et al. (2019) present a manual categorization of the 
82 prototypes presented in Table 2. This manual categorisation included categorising: 

• The material used in each prototype 
• The tools used to produce each prototype 
• The disciplines required to produce each prototype 

The result from this manual categorisation is summarised in Figure 12, and is shown in 
detail in Figure 13, Figure 14 and Figure 15. Figure 13 shows the materials used, Figure 14 
shows the tools used and Figure 15 shows the solution principles used to make the 
prototypes. In these three figures, every prototype on the horizontal axis (labelled 
‘Prototype Number’) corresponds to the same specific prototype number in Table 2—i.e. 
‘Prototype 37’ in Figure 13, Figure 14 and Figure 15 is the manual categorisation of the 
prototype shown through multi-view images in Figure 4. 
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Abstract This article is rooted in the automotive industry as 

starting point, and discusses the topic of leveraging tacit 
knowledge through prototypes. The aim of this study is to make 
the case of using reflective and affirmative prototypes for 
knowledge creating and transferal in the product development 
process. After providing an overview on learning and knowledge, 
the Socialization, Externalization, Combination and 
Internalization (SECI) model is discussed in detail, with a clear 
distinction between tacit and explicit knowledge. Based on this 
model, we propose a framework of using said reflective and 
affirmative prototypes in an external vs. internal 
learning/knowledge capturing and transferal setting. Rounded by 
two case examples from the automotive industry we end by 
identifying the emergent research questions and areas. Using 
prototypes and prototyping may hold a monumental potential to 
better capture and transfer knowledge in product development, 
thus leveraging existing integration events in engineering as a 
basis for knowledge transformation.  

Keywords knowledge transfer; internal reflective prototypes; 
prototyping; tacit knowledge; integration events; product 
development; automotive engineering 

I.  INTRODUCTION AND BACKGROUND 

In this paper, we argue for increased usage of reflective and 
affirmative prototypes for knowledge creating and transferal in 
the product development (PD) process. This paper attempts to 
make two literature contributions. The first is to provide a 
mapping of relevant literature on knowledge in PD. This 
section includes an overview of select topics, including 

organizational and individual knowledge, in addition to some 
current practices on knowledge transfer. A brief introduction to 
learning mechanisms is given, with integration events and 
knowledge owners as key aspects for lean product development 
in systems engineering. Furthermore, a synthesis on the 
Socialization, Externalization, Combination and Internalization 
(SECI) model [1] is presented, with its relation to tacit and 
explicit knowledge. 

The second contribution is to provide a short overview of 
prototypes and prototyping, and their relation to knowledge 
transformation processes in PD. This paper proposes a model 
of four prototyping categories, with each aspect of the model 
briefly explained with examples. Examples on contextual 
internal, reflective prototypes from real-world settings are 
provided, and their relation to knowledge acquisition and 
transfer is emphasized. Lastly, the possibilities within said 
research space are presented, with a coarse mapping of 
interesting topics that need further investigation.  

The automotive industry is subject to an immense pressure 
to develop new products ever faster due to steadily increasing 
competitive pressure. Being an industry in constant evolution, 
with increasing focus on both reducing lead times and 
emphasis on quality, a lot of research is targeting aspects of 
knowledge and the mechanisms of increased learning in new 
PD. For example, knowledge-based development has been 
established as a viable method [2] for extracting the base points 
of  PD process [3]. In this paper, we will focus onto 
knowledge, its creation and its transfer in a PD organization.  



In the automotive industry, making mistakes may cost you 
dearly. With (relatively) low cycle times, the costs of making 
mistakes in the later stages of PD are immense, having major 
implications further down the value stream. Also, automakers 
cannot develop knowledge from scratch every time they start 
new projects. Thus they aim to keep a large base of 
standardization of parts and processes within a product-
technology platform to ease the burden on the PD team(s). 
Hence, managing and controlling the knowledge within the 
company becomes an important issue.  

For our research, we have access to several industrial 
liaisons, including a multinational automotive tier 1/2 supplier 
company. Many of our insights and proposed discussion points 
are gathered from case-examples, semi-structured interviews 
and conversations with said liaisons [4].  

II. THEORY: KNOWLEDGE IN PRODUCT DEVELOPMENT 

There are numerous definitions of knowledge provided in 
the literature [5]. Wisdom and knowledge are differentiated by 
[6], defining -

- [7] argues that knowledge can be 
divided into individual and organizational knowledge. 

Organizational knowledge is defined as the sum of what is 
learned, perceived, experienced or discovered (by individuals) 
during a project (in the organization). Individual knowledge 
has three main categories; experience-based, information-based 
and personal knowledge [8]. Interactions of individuals are the 
main ingredient of organizational knowledge, and that this 
knowledge exists between (and not within) individuals [9].  

A. Defining Integration Events and Knowledge Owners 

Most companies use a stage gate process in PD. However, 
stage gate is an investment-based governance process. Hence 
there is a call for more event-driven approaches for improved 
organizational learning as this aspect becomes increasingly 
important in competitive consumer businesses. One of the 
more recent practices is the use of so- integration events  
[10]. These events are reported to ensure better insights and 
information while preserving other know-hows, providing a 
basis for transforming project knowledge into organizational 
learning. Integration events are  where 
informal knowledge is formalized (made explicit), and formal 
knowledge is interpreted. When these events are systematically 
applied, they become learning loops [11]. Hence, the key to 
organizational learning is in the mutual exchange of knowledge 
between the individuals and the organization.   

 

Fig.  1 - Learning Mechanisms in Product Development, adopted from [11]. 



As a catalyst for this exchange of knowledge, many 
companies deploy key experts or learning facilitators. These 
are engineers and so-called knowledge owners  within each 
project, providing organizational grounding, previous insights 
and know-how for the PD team. For example, Toyota is well-
known for using functional managers to employ existing 
knowledge within projects, and chief engineers to challenge the 
existing standard by being the customer representative [3]. As a 
result of being part of the development team, these knowledge 
owners gain insights and experience  thus contributing to 
organizational learning as long as they are part of the ongoing 
projects. In (Fig. 1), adapted from [11] and [12], three different 
types of learning loops within the PD knowledge acquisition 
processes are illustrated. 

B. Tacit and Explicit Knowledge in PD 

Closely linked to organizational knowledge, is the 
differentiation between tacit and explicit knowledge. Explicit 
(i.e. formal) knowledge, learning loop one,  includes 
information-based, fact-based [13] learnings that are 
summarized in knowledge artifacts [14]. An example of 
knowledge artifacts within the automotive industry is the use of 
A3s, described by [3] and [15]. Tacit (i.e. informal) knowledge, 
learning loops two and three, is the know-how, the craft, the 
skill and learnings of the product engineering individuals [16]. 
Tacit knowledge is hard to formalize and to make explicit, as 
this kind of knowledge is stored within interactions, 
experiences, instances and discoveries. We argue that one key 
dimension of tacit knowledge is the interactions with (and use 
of) objects and experiences in the product engineering 
processes, often referred to as prototypes in one form or 
another.  

C. The SECI-model and Transfer of Knowledge in PD 

In [1], the prevalent model for dynamic knowledge creation 
has been proposed. Here, the SECI process (Fig. 2) is 

presented, explaining the enhancement of knowledge creation 
through conversion of tacit and explicit knowledge. The SECI 
process spirals through four stages, including socialization, 
externalization, combination and internalization. The model 
further proposes certain knowledge assets as facilitators of 
knowledge creation. Knowledge assets are categorized as 
experiential, conceptual, systemic and routine. This model has 
gained major traction, and a study by [17] concludes 
conceptual knowledge assets (i.e. early stage PD insights) to 
have the most effect on knowledge creation.  

The socialization (tacit-to-tacit), internalization (explicit-to-
tacit) and externalization (tacit-to-explicit) stages of the SECI 
process describe the setting of tacit knowledge creation and 
transfer in development teams and organizations. Socialization 
in the context of transferring tacit knowledge includes creating 
a work environment which encourages understanding of skills 
and expertise through practice and demonstrations, while 
internalization includes conducting experiments, sharing 
results, and facilitating prototyping as a means of knowledge 
acquisition [1]. The study conducted in [17] concludes 
conceptual knowledge assets to be the most efficient tool in 
facilitating internalization and externalization. Conceptual 

[1]  and although not 
explicitly identified in the definition  it can be argued that 
prototyping is encompassed by the term conceptual knowledge 
assets. 

D. A Proposed Model of Prototyping Categories 

In general, prototypes are defined n approximation of 
the product along one [18], 
thus including both physical and non-physical models, e.g. 
sketches, mathematical models simulations, test components, 
and fully functional preproduction versions of the concept [19]. 
Further, prototyping is defined as the process of developing 
such an approximation of the product [18]. 

 
Fig.  2 The SECI model, with highlighted areas of interest [1]. 

 

 

 
Fig.  3 A proposed model of four prototyping categories. 



Taking a broad perspective, we propose that prototypes and 

prototyping may be divided in a two-by-two metric (Fig. 3). On 
the first axis, the intent (of the prototype) can be split into two 
sub- affirmative . On the second 
axis, inspired by [20]

 By using this two-by-two metric, we map four 
different prototyping categories. These four are:  

1) External, affirmative prototypes: These prototypes 
display an approximation of a nearly finished pre-production 
model, and are typically the prototypes presented for validation 
or showcasing purposes, or namely alpha/beta prototypes [21]. 
Both appearance and relative functionality is high, and these 
prototypes are often used for marketing or external validation 
(e.g. New Car Assessment Programme (NCAP) tests) etc.  

2) Internal, affirmative prototypes: These prototypes are 
focused in terms of function, and can be subject to function, 
reliability and manufacturability testing. Examples of these 
prototypes are the combination of subsystems, fatigue testing 
of a conceptual prototype or a project milestone to validate the 
progression of the team. These prototypes are rarely shown to 
external audiences. 

3) External, reflective prototypes: These prototypes are 
often concepts displayed to external sources for feedback in 
early stage development. The response and reaction gathered 
from observing a user interacting with a prototype expressing 
the basic functionality of a concept can provide useful insights 
and be a time-saver. 

4) Internal, reflective prototypes: These are the prototypes 
the PD team uses to learn internally and conceptualize their 
ideas. Internal reflective prototypes are learning tools. Their 
purpose is conceptualizing ideas, and might focus on certain 
functionalities or suggest appearance of a product concept [22]. 
Internal, reflective prototypes are used for learning, enabling 
experiences and insights through interactions. Generally, these 
prototypes are low fidelity [20], and often thrown out after the 
projects are finished.  

The insights, experiences, interactions and learnings, 
created by means of the internal, reflective prototypes lay the 
foundation for the tacit knowledge accumulated within the PD 

team. How this knowledge is captured, stored and utilized, 

however, is not well described in the literature. 

In [23], Simon identifies a gap between professional 
knowledge and real world practice. The foundation of a 

optimization from statistical decision theory. He thus lays the 
basis for a scientific approach of treating knowledge.  

This is criticized in [24] by Schön for its presumption of 
technical rationality. He argues instead that the real challenge 
lies not in the treatment of well-formed/modeled requirements, 
but in the extraction of these, often unknown, requirements 
from real-world situations. The practical unknown unknowns 
are the core challenge. In [25], he thus proposes reflective 
iteration rounds as the learning tool with the biggest potential. 
Schön also points out that creation/translation of explicit 
knowledge, is a major difficulty. Together, Simon and Schön 
thus represent the knowledge creation spiral in the SECI 
model.  

III. EXAMPLES: KNOWLEDGE TRANSFERED FROM PROTOTYPES 

In the following sections, we attempt to exemplify the 
internal, reflective prototypes by providing findings from two 
case studies. Both cases come from an automotive concept 
setting at Stanford University, with the prior being the 
development of a multi-modular vehicular research platform, 
and the latter being a dynamic hunter-gatherer approach [26] to 
the future autonomous driving experience. 

A. Case I: Real Industry Case with Reference 

Collaborative efforts between the Dynamic Design 
Laboratory [27] and Product Realization Laboratory [28] at 
Stanford University to create a steer-by-wire prototype. This 
project, later dubbed as the P1 , was an electric vehicle with 
independent rear-wheel drive, and also independent left and 
right steering mechanisms. This car was first done as a one-off 
to test steering mechanism redundancy, independent torque 
control, maximize handling performance and minimize tire 
wear, but the project was later extended in another project, 

  

As the P1 was first built as a research vehicle, the team had 
several insights as to how to improve this setup for further 

 
Fig.  4  

 
Fig.  5 Finished X1 Experimental Vehicle  at Stanford University.  



testing when building the X1. Hence, the X1 was built to be 
modular, rather than fixed, with different testing modules and 
systems fitting together on a single test platform. During the 
early stages of the X1 project (Fig. 5), the team discovered that 
simple design decisions on single aspects of the car altered a 
vast amount of other aspects, making the planning of 
everything (i.e. in SECI-terms: both externalization and 
internalization) before building a prototype a very difficult 
task. Indeed, a CAD process failed utterly. As a result, the team 
planned the car structure (with modules, their relations and 
critical functions) in physical mock-up prototypes, using wood 
(Fig. 5) for convenience and learning speed. This way, they 
could iterate rapid designs, reflect, and gain new insights on the 
systems and their relations to each other in a short amount of 
time.  

B. Case II: ME310 Product Innovation Renault Prototype 

During the mechanical engineering course of ME310 [11] 
at Stanford University, a team working with Renault had the 
challenge of redefining the future autonomous driving 
experience, especially regarding passenger trust towards the 
vehicle. In (Fig. 6), we see an explorative prototype made by 
the team. The prototype is a plate, mounted in the passenger 
foot well to represent pre-queuing braking motion by small 
actuation in fully autonomous vehicles. The prototype was 
used as an initial road test within the development team, and 
lead to a new insight; that is, the interaction with the prototype 
facilitated increased passenger comfort. The insight is not 
captured within the prototype (the object), but rather within the 
interaction with the object. It is worth noting that the 
development team had a hard time understanding the cause of 
increased level of passenger comfort.  

IV. RESEARCH POTENTIAL OF USING PROTOTYPES IN 

KNOWLEDGE CAPTURING AND TRANSFERRING 

There is certainly a need for further exploring the transfer 
of insight, learning and knowledge, especially through the use 
of physical tests and prototypes. The product developers and 
engineers of tomorrow will need a broad understanding of 
systems, enabling improved problem-defining (rather than 

problem-solving) skills, as the challenge in PD as a whole is to 
both define and solve problems. An experiment conducted in 
[29] focuses on the role of prototyping in the detection of 
design anomalies in a course of engineering students. When 
presented with initial examples containing certain bad features, 
some groups were made aware of the bad features, while others 
were not. The study concludes that certain bad features were 
excluded in the students own initial prototypes (i.e. before 
testing), while other bad features predominantly were not 
excluded until after the initial prototypes were tested. As stated 
in [29], there is a call for more research on understanding the 

, their understanding 
of systems, and the effect on both as a result of physical 
testing. 

It is with respect to these insights that we define future 
research areas  and possibly fields. The research space of tacit 
knowledge transfer within PD is one promising focus. We 
would like to especially encourage exploring how prototypes 
(and prototyping) can be used as a catalyst for the tacit 
knowledge transfer. If the insights, experiences, learnings and 
interactions with prototypes accumulate tacit knowledge in the 
PD processes, how can one facilitate the PD process in such a 
way that most of the tacit knowledge is transferred  both 
internally (socialization), but also within the organization 
(externalization and internalization)? The ambiguous nature of 
tacit knowledge poses some challenges, especially regarding 
the capture of this knowledge, as this externalization is very 
difficult to automate. 

After raising the question on how to accumulate (more) 
tacit knowledge, one can also argue that we need more 
understanding on how to capture the knowledge. How can the 
organization internalize the tacit knowledge, making it usable 
for others, and how can it be externalized back in the PD 
process when needed? We see a need to explore the importance 
of the human aspect of this tacit knowledge. How do human 
interactions influence the accumulation and transfer of tacit 
knowledge, and can we alter this for the benefit of the PD 
process? Can tacit knowledge be transferred by interactions 

through pictures?  Are there instances, events or arenas that 
leverage the transfer of tacit knowledge, and how can we better 
design the PD processes for this purpose? Can we use objects 
(prototypes) as tacit knowledge artifacts, and can we use these 
to alter the learning or the PD team? If we find ways of 
accumulating, capturing and transferring tacit knowledge, how 
do we employ these methods and practices with minimum 
effort?  

Ultimately, we are questioning whether there are there 
methods that can work for a) better internalization, and b) 
better externalization of tacit knowledge? How do we capture 
experiences, interactions and insights, and how do we store 
these? Can we use artifacts like pictures, video and text for 
capturing this knowledge? Are there prototypes that are better 
for capturing said knowledge, and if so, what are their 
properties? Are there any systematic tools that can be used for 
capturing and leveraging tacit knowledge? These are all 
questions that need attention in coming research. 

Fig.  6 Early prototype on increasing autonomous car passenger comfort. 



V. CONCLUSION 

The purpose of this article has been to propose a new 
research space, including prototypes and their use and impact 
on knowledge acquisition and transfer within PD organizations. 
This paper aims at taking a comprehensive view on the 
different kinds of knowledge provided in the literature, and 
bringing this into the context of engineering design. Individual 
knowledge and organizational knowledge have been 
differentiated, and some current knowledge capturing practices 
in the automotive industry have been briefly discussed.  

A model on prototyping categories is proposed, mapped in 
a two-by-two metric in (Fig. 3). These categories are briefly 
presented, with the four categories being external, affirmative 
prototypes, internal, affirmative prototypes, external, reflective 
prototypes and internal, reflective prototypes. Two small case 
studies have been presented, with emphasis on prototypes and 
their effects on developing knowledge.  

Lastly, this paper has attempted to map future opportunities 
within said research space. The need for a better understanding 
of how to deal with tacit knowledge  both within the PD team 
and the knowledge value stream of system engineering 
organizations  is evident. The use of prototypes in relation to 
tacit knowledge transfer is of particular interest. We expect 
their deployment to lead to more event-driven and thus leaner 
PD processes. This is a call for more research towards the use 
of prototypes and prototyping, especially covering the 
socialization aspects of knowledge transfer in engineering 
design. 
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Abstract 

This article discusses the aspect of learning activities in product development by leveraging a strategy for capturing and 
transferring tacit knowledge through the extensive use of reflective prototyping. With the overall aim of finding new ways for 
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1. Introduction 

In this article, we investigate learning in product 

development, and the influence of concept representations at 

varying levels of affordance. Specifically, this includes 

exploring the role of reflective prototyping and design 

fixation. This article attempts to make two contributions to 

current literature. 

Firstly, we review the relevant literature relating to 

creation and transfer of knowledge in product development. 

Furthermore, we review the role of several types of 

prototyping, design fixation and the concept of affordance 

in the context of product development. 

Secondly, we propose an experimental setup on the role 

of concept representations in (early phase) product 

development. This experiment is intended for a R&D 

department of a global automotive tier 1/2 supplier. 

The automotive industry is subject to steadily increasing 

demand for faster development cycles and higher quality 

products. Making mistakes leads to costly and time 

consuming rework. The product life cycles are generally in 

the order of five to ten years. Thus, changes have major 

implications on manufacturing process and planning. 

In the early phases of automotive product development 

projects, the problems and concrete solutions are yet 

undefined. The main focus is on mapping possible 

directions for the R&D team. In this phase, quick learning 

cycles and continuous evaluation and selection of concepts 

are key. Poorly based decisions will lead to rework. In this 

regard, learning from past projects and managing the 

company’s tacit and explicit knowledge is of high 

importance. The proposed experiment attempts to uncover 

some tangible aspects of how to approach these issues. 

2. Theory: Learning Activities in Early Stage Product 

Development 

In (1, 2), Simon lays a foundation for a “science of 

design”. This is drawn up due to the recognition of the gap 

between professional knowledge and real world practice, 

applying methods from optimization within statistical 

theory; thus, laying the groundwork for a scientific 

approach to treating knowledge in design work. 

This is criticized by Schön (3) for assuming technical 

rationality. He argues the focus should be on the extraction 

of requirements from real-world conditions, rather than the 

*Manuscript in PDF
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treatment of already well-formed ones. In (4), he further 

argues for reflective iteration as a learning tool, and 

elaborates on the difficulty of treating and directly creating 

explicit knowledge, without taking the tacit dimension into 

consideration. 

2.1. SECI-model and Knowledge in Product Development 

In (5), the theory of “Organizational Knowledge 

Creation” is proposed as the capability of a company as a 

whole to create new knowledge, as a result of studying the 

success of certain Japanese companies. This is further 

elaborated in (6) by establishing the SECI-model of 

dynamic knowledge transfer and creation. The SECI-model 

spirals through the stages of Socialization (tacit-to-tacit), 

Externalization (tacit-to-explicit), Combination (explicit-to-

explicit) and Internalization (explicit-to-tacit). Through 

these stages, tacit and explicit knowledge are transferred 

alternately. To quote the original authors; “When tacit 

knowledge is made explicit, knowledge is crystallized”. 

Thus, in a learning perspective, the most interesting stages 

of the SECI-model are those transferring explicit to tacit 

knowledge, or vice versa (i.e. Externalization and 

Internalization), when considering individuals. Additionally, 

transferring tacit to tacit knowledge (i.e. Socialization) is 

interesting when considering groups.  

Another contribution of (5, 6) is the establishment of 

knowledge assets, which are Experiential (e.g. individual 

skills, interpersonal relationships), Conceptual (e.g. product 

concepts, images), Routine (organizational routines, culture) 

and Systemic (e.g. documents, databases, patents). The 

study performed in (7) concludes Conceptual knowledge 

assets to be the most efficient tool in facilitating 

Internalization and Externalization. They are defined as 

“knowledge articulated through images, symbols and 

language” (6), and although not specified in the definition, 

this can be understood to include sketches and physical 

models.  

2.2. The Concept of Affordance 

The concept of ‘affordance’, first introduced by Gibson 

(8, 9), describes the relation between an object and the 

actions that an animal could perform as a result of this 

object’s properties. This was slightly modified by Norman 

(10), who stated that “the term affordance refers to the 

perceived and actual properties of the thing, primarily those 

fundamental properties that determine just how the thing 

could possibly be used”. The latter definition has gained 

major traction within certain product design communities. 

Despite some confusion around the use (and misuse) of the 

term in certain product design communities (11), the term is 

most often used as for describing physical objects and their 

meanings.  

When using the term prototype affordance to describe 

both physical attributes and meanings of a product in 

engineering design, it is useful to make the distinction 

between prototype affordance and semantics (12). We 

differentiate between object meaning in prototype 

affordance and semantics, as affordances cover all 

perceivable information provided by the object itself. On the 

other hand, the semantics cover perceived (and user-

processed) product meanings provided by the object and 

context. Hence, prototype affordance – in our setting – is all 

the physical properties and all information embodied in the 

given object, before any interpretation (i.e. in SECI-model; 

internalization) is done by the participant. 

2.3. The Role of Prototypes in Learning Activities 

In (13), prototypes are defined as “an approximation of 

the product along one or more dimensions of interest”, and 

prototyping is defined as “the process of developing such an 

approximation of the product”. 

For the purpose of distinguishing between prototyping 

activities by their function, the authors propose categories in 

(14), dividing prototypes by the prototyping intent 

(reflective or affirmative) and the target audience (internal 

or external). The referenced work is focusing on physical 

prototypes, while this paper is focusing on the prototyping 

activity. However, we argue that the categories are 

transferable (Figure 1).  

External, affirmative prototyping is typically used for 

approximating a nearly finished model, and may be termed 

alpha or beta prototypes (15). These prototypes are highly 

detailed, and may be made for external validation (e.g. 

certification test for customers etc.), showcasing, or in-depth 

customer interaction.  

Internal, affirmative prototyping is intended for function, 

reliability and feasibility testing. Examples include 

subsystems, fatigue testing of separate parts, or project 

milestones as a means of measuring the progress. Despite 

the high fidelity this prototyping is rarely done for public 

display. 

External, reflective prototyping is building models for 

feedback from external sources. The responses and reactions 

are recorded, and the user interaction is carefully observed 

for further improving the concepts.  

Internal, reflective prototyping is a learning activity. It is 

applied by product development teams for learning and 

conceptualizing ideas. This category of prototyping is 

exploring, understanding and experimenting with 

functionalities essential for the final product’s success. The 

low-fidelity nature of the prototypes means there is less 

investment in the idea for the originator, and there is a 

relatively low threshold for criticism, change, or discarding. 

Figure 1 - A model of four prototyping categories (14). 
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Examples of internal, reflective prototyping are sketching 

and low-fidelity physical prototyping. This has been used in 

several industry cases (14).  

Former studies have shown interaction with physical 

prototypes during idea generation to yield better performing 

designs than those only interacting with sketches (16). In 

addition, physical models contribute the most to the 

acquisition of knowledge (i.e. learning) (17). However, 

sketching during idea generation is argued in (18) to be the 

quickest way for designers to influence each other’s mental 

models.  

Both low-fidelity physical prototyping and sketching fall 

under the category of internal reflective prototyping. Thus 

they illuminate the distinction between high affordance 

internal, reflective prototyping (i.e. physical modelling) and 

low affordance internal, reflective prototyping (i.e. 

sketching). 

2.4. Design fixation in requirements elicitation 

In (19), design fixation is defined as “a blind adherence 

to a set of ideas or concepts limiting the output of 

conceptual design”. That is, fixation on examples, and the 

inhibiting effect it has on further idea creation. Several 

studies have been made to examine attainable measures for 

minimizing design fixation. Some suggested solutions to 

design fixation are incubation (20) and design-by-analogy 

(21). Function trees have been shown to yield less design 

fixation than sketching (22), and what has been coined “the 

preference effect” shows that people fixate on their own 

ideas at the expense of those shared by others (23). 

With respect to requirements elicitation, we apply 

terminology from the tacit knowledge framework (24, 25), 

using the terms “knowns” and “unknowns”. The reflective 

prototyping categories aim at exploration, thus uncovering 

the unknown problems/concepts – the ‘unknown unknowns’ 

(i.e. non-articulated problems with unknown solutions). 

Coming from this perspective, we argue that known 

problems/concepts are best discovered analytically, while 

unknown problems/concepts are best solved exploratory. 

A positive effect of testing physical models in mitigation 

of design fixation has been shown in (26). The studies made 

in (28, 29), both done with industrial design students in 

groups, conclude sketching to be the best representation aid 

for originality in the designs made during idea generation, 

while physical modelling yields more functional designs. 

Thus, indicating there is more design fixation involved 

when doing physical modelling than sketching, and that 

testing the physical models reduces fixation. 

The role of the “sunk cost effect” (29) explains this by 

pointing out the investment in the design made by the 

designer, i.e. the more time and effort put into a concept, the 

less likely a designer is to discard it. With respect to the 

“sunk cost effect” one would assume a correlation between 

affordance and design fixation. However, studies have been 

done comparing sketching (i.e. low affordance) and physical 

modelling (i.e. high affordance), with no sign of this 

correlation (16, 30). A possible explanation is raised in (30). 

The “sunk cost effect” suggests designers are more devoted 

when a significant amount of effort is put into a design. The 

controlled studies (16, 30) had shorter time for idea 

generation and building than the studies done by observing 

real teams (27, 28), and consequently may not have had 

time to be sufficiently invested.  

Further, the controlled study in (16) is evaluating the 

designs of groups and nominal groups (i.e. results from 

individuals completing the experiment put together in 

nominal groups after completion). The study concludes the 

ordinary groups to fixate more than the nominal groups. 

Thus, indicating that designers in groups – while able to 

build upon each other’s ideas and creating more functional 

concepts – also fixate more. 

2.5. Hypotheses 

Grounded in this theory, and with the aim of exploring 

the impact of altering prototyping affordances during early 

stage engineering design activities, we propose three 

hypotheses; the Problem and Concept Understanding 

Hypothesis, the Design Fixation Hypothesis and the 

Learning Activity Hypothesis. 

2.5.1. Problem and Concept Understanding Hypothesis 

Based on the framework around internal, reflective 

prototyping, we aim to gain a better understanding of 

prototype affordance and how this affects the participants’ 

ability to evaluate concepts. Hence, the hypothesis is: 

Interaction with high affordance prototypes will lead to 

greater problem and concept understanding (during concept 

evaluation) than interaction with low affordance prototypes. 

2.5.2. Design Fixation Hypothesis 

Further, based on the framework around internal, 

reflective prototyping and design fixation, we aim to gain a 

better understanding of how prototype affordance affects the 

participants’ fixation when designing. This translates into: 

Prototyping with high levels of affordance will lead to 

more fixation (when designing) than prototyping with low 

levels of affordance. 

2.5.3. Learning Activity Hypothesis 

Lastly, based on the framework around internal, 

reflective prototyping as a learning activity, we aim to gain 

a better understanding of how prototype affordance affects 

the participants’ learning outcome when designing: 

Figure 2 – Proposed experimental scheme. 
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Prototyping with high levels of affordance will lead to 

higher quality designs than prototyping with low levels of 

affordance. 

3. Proposed Experimental Setup 

The hypotheses stated in the previous section will be 

evaluated in a proposed design experiment (Figure 2). This 

section is devoted to elaborating said experiment. The 

evaluation of the hypotheses is divided into a two-part 

controlled experiment setup. All participants are randomly 

assigned to either of two conditions, also describing the kind 

of internal, reflective prototyping activity they will be using 

for the duration of the experiment: ‘Low Affordance’ and 

‘High Affordance’.  

When starting the experiment, all participants are handed 

the initial problem definition. This problem definition is 

stated as a written text, together with a requirement 

specification and an illustration. As we are working with a 

global automotive tier 1/2 supplier, our initial problem 

definition is mechanical, and closely related to problems the 

participants might face in everyday engineering design 

activities. 

As we are interested in the participants’ problem and 

concept understanding, and their ability to utilize this 

understanding, the experiment consists of two subsequent 

tasks. The first task is to do a round of concept evaluation, 

where participants are asked to evaluate a number of pre-

defined concepts, all trying to satisfy the initial problem 

requirements. This task is referred to as ‘evaluation round’. 

The second task is to re-iterate a new and improved design, 

still based on the initial problem requirements. Lastly, the 

participants are asked to pick one concept, and finalize this 

for expert evaluation at the end of the second task. The 

second task is referred to as ‘iterative design round’. 

3.1. Participants 

The experiment is intended for automotive engineers 

who are experienced in the field of product development. 

The participants are expected to be familiar with concept 

evaluation and generation. There will be a minimum of 12 

participants per independent variable (N ≥ 24). Prior to the 

experiment, experimental pilots have been run, with 

mechanical engineering students as pilot participants. 

3.2. Tools, Equipment and Materials 

All participants, regardless of group assignment, are 

given an identical copy of the initial problem definition. 

Each copy includes a written problem text, a specification 

stating the requirements of the designs, and an illustration of 

the problem. As the group conditions also describe the 

affordance of the internal, reflective prototyping equipment 

they will be using throughout the experiment, the two 

groups will be provided slightly different equipment in each 

round.  

Prior to the experiment, four concepts have been made 

according to the initial problem definition, and these will be 

used in the evaluation round. All four concepts are 

represented by both low and high affordance prototypes. 

The high affordance prototypes (Figure 3) are physical 

models, made in a modular, aluminum building kit 

(MakeBlock
TM

). All pre-made concepts are based on a 

mechanical test rig, which includes two linear rails and two 

mounting brackets – interfaces used in the design task. This 

rig is made from the same building set. The low affordance 

prototypes (Figure 4) are represented by multiple isometric 

drawings, which are drawn using the high affordance 

prototypes for reference.  

During the evaluation round, all participants are asked to 

fill out a Pugh-diagram (i.e. evaluation matrix), containing 

pre-selected evaluation criteria. Normally, Pugh charts 

contains weighted categories, but as the aim of the 

evaluation round is to check both problem and concept 

understanding, this weighing is left blank for the 

participants to fill out. A short description on using the 

Pugh-diagram is provided along with the task description, 

though it is expected that all participants are familiar with 

the diagram prior to the experiment. 

During the iterative design round, participants under the 

low affordance condition will be given lower affordance 

tools while iterating their new designs, here represented by 

standard sketching tools (i.e. squared paper, pen, pencil, 

ruler, eraser, protractor, compass). Conversely, participants 

under the high affordance condition will be given higher 

affordance tools, represented by the same anodized 

Figure 3 - Example of a high affordance prototype. Figure 4 - Example of a low affordance prototype. 
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aluminum building kit as in the evaluation round. The 

participants under the high affordance condition are also 

allowed to use and interact with the high affordance 

prototypes for the duration of the experiment. 

During the finalizing of the concepts in the iterative 

design round, all participants (regardless of group 

condition), will be handed the same tools, including a pre-

made rig for testing the mechanical interface of the 

concepts. This way, both groups will use more time on 

assessing critical functionality of their designs. 

To make the experiment as realistic as possible, the 

experiment area is set in a standard meeting room, with a 

centered medium-sized table and office chairs. The room is 

closed off to any persons not taking part in or running the 

experiment. Before each participant enters the experiment 

area, the room layout is reset, and all necessary tools and 

equipment are laid out on the table surface. The 

experimental area is equipped with video-cameras, as the 

participants will be filmed for the duration of the 

experiment. There is also a dedicated camera for filming the 

participants’ final concept presentations after the iterative 

design round. 

3.3. Proposed Experimental Procedure 

Before starting the experiment, all participants are 

greeted and welcomed into a waiting area. Here, they are 

asked to fill out a consent form and told that further 

communication during the experiment will be provided in 

written text. The participant is given the initial problem 

definition handout, and is given five minutes to read and 

contemplate on the problem. When the participant is handed 

the initial problem definition, the experiment is considered 

as running, with only one participant at a time.  

3.3.1. Evaluation Round 

After the first five minutes of reading, the task 

description for the evaluation round is handed out, along 

with an empty pre-made Pugh-diagram for evaluating the 

different concepts. The pre-made concepts are thereby 

presented, with level of affordance according to group 

condition. Participants are given fifteen minutes for 

evaluating the pre-made concepts, after which they are 

asked to hand in the complete Pugh-diagram. 

3.3.2. Iterative Design Round 

Upon handing in the Pugh-diagram, each participant will 

be handed the task description for the iterative design round. 

In addition, each participant will get prototyping equipment 

according to their group condition. Each participant is given 

twenty minutes to improve and iterate a better design than 

the four previous concepts. After these 20 minutes, all 

participants (regardless of group condition) are handed a 

physical prototyping kit, and get instructions to finalize a 

conceptual prototype for evaluation. Finally, each concept is 

handed in for external evaluation. This is done by each 

participant getting to record a two-minute demonstration in 

a video-log format. 

3.4. Proposed Metrics for Evaluation 

In this section, we will cover the necessary steps in 

gathering metrics for evaluating the three stated hypotheses. 

This includes both definition and quantification of all 

variables. In this experiment, we are using three expert 

ratings, somewhat similar to what has been done in (16, 31). 

3.4.1. Independent Variables 

For all three hypotheses, the independent variable is 

prototyping affordance. As we do not intend to quantify this 

beyond stating that we are using high and low levels of 

affordance, this is a categorical variable, with two discrete 

conditions. Note that we differentiate between high/low 

affordance prototypes (i.e. objects) and high/low affordance 

prototyping (i.e. activities). However, the independent 

variable is the level of affordance being used, we view this 

as the same independent variable for all practical purposes.  

3.4.2. Dependent Variables 

For the problem and concept understanding hypothesis, 

we include two dependent variables; ‘problem 

understanding’ and ‘concept understanding’. Both variables 

are measured by using an expert ranking system, getting 

three independent experts ranking the pre-made concepts in 

the same Pugh-diagram as the participants. The experts’ 

ratings of weighted categories are used as a baseline for the 

‘problem understanding’ variable, and the ratings of each 

specific concept is used as baselines for the ‘concept 

understanding’ variable. Each participant’s deviation is 

compared to the experts’ combined baseline, indicating the 

participant’s level of (problem and concept) understanding. 

We argue that by observing this deviation, we can 

extrapolate whether or not the participants have sufficient 

understanding of each concept. 

To test the design fixation hypothesis, the number of 

neutral and negative fixation features present, in each of the 

finalized conceptual prototypes (after the iterative design 

round), is identified by three independent experts. These 

neutral and negative fixation features are based on the pre-

made concepts, thus giving a measure of how fixated the 

finalized conceptual prototypes are. 

For the learning activity hypothesis, we are using ‘quality 

of design’ as the dependent variable. This variable is 

quantified by using the same independent expert ranking 

(i.e. using the same Pugh chart), and comparing the 

finalized conceptual prototype to the pre-made concept 

prototypes. Here, the ‘quality of design’ variable is defined 

as the deviation from the pre-made concepts, where positive 

deviation indicates better quality, and negative deviation 

indicates lower quality than the experiment baseline. 

4. Discussing the Proposed Experiment 

As this paper aims at proposing an experimental setup, 

we are aware of several limitations that may apply. We have 

chosen to focus our efforts on exploring how affordance 

will affect learning outcome. Therefore, we are using the 

same two group conditions for each of the rounds. One 
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could argue that, to do a more thorough evaluation of the 

hypotheses, we could divide the groups after the evaluation 

round, and arrange participants from each condition into 

new conditions for the iterative design round. This has been 

avoided, mostly due to the experiment being aimed at a 

professional company setting. Therefore, the number of 

participants available is somewhat limited. 

Also, one can argue that participants who are using the 

high affordance prototyping kit during the whole 

experiment have a major advantage when finalizing designs 

in the second round. We try to mitigate this effect by giving 

all participants a pre-assembled testing rig, making the gap 

between low and high affordance as small as possible. 

We are dealing with professional participants from a real 

engineering design setting, and hence there will be an effect 

from pre-experiment biases, difference in experience and 

other considerations not taken into account. 

5. Conclusion 

In this paper, attempts have been made to understand 

learning and learning activities within product development 

(both individual and organizational), and the influence of 

the concept of affordance on learning outcome. With this in 

mind, roles of different prototyping categories have been 

presented, with emphasis on internal, reflective prototyping 

as a learning activity.  

Furthermore, the article has proposed an experimental 

setup and procedure to test three hypotheses: a hypothesis 

on concept and problem understanding; a hypothesis on 

design fixation; and a hypothesis on learning activity 

outcome. A framework for evaluating said hypotheses is 

presented, complimented by some considerations on the 

limitations of this experiment. Initial piloting of the 

experiment has begun, and early piloting indicate that high 

affordance prototypes may lead to both more problem and 

concept understanding. 

Ultimately, this experiment is intended for professional 

practitioners in engineering design, and we hope this will 

help understand the learning mechanisms of internal, 

reflective prototyping in a real-world setting. 
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Abstract 

Rooted in the automotive industry, this article discusses the topic of leveraging tacit knowledge through prototyping. After first providing an 

overview on learning and knowledge, the Socialization, Externalization, Combination and Internalization (SECI) model is discussed in detail, 

with a clear distinction between tacit and explicit knowledge. Based on this model, we propose a framework for using said reflective and 

affirmative prototyping in an external vs. internal learning/knowledge capturing and transfer setting. Contextual examples from select automotive 

manufacturing R&D projects are given to demonstrate the importance and potential in applying more effective strategies for knowledge 

transformation in engineering design. 
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1. Introduction and Background 

In this article, we argue for the use of explorative and 

analytical approaches in product development processes by 

discussing tacit knowledge accumulation and transfer through 

prototypes. With this intention, we attempt to make several 

contributions to current literature.  

Firstly, we present a mapping of relevant literature on the 

topic of knowledge, especially related to product development. 

In this section, we are exploring organizational and individual 

knowledge, the differentiation of tacit and explicit knowledge, 

in addition to some current practices on the transfer of (tacit) 

knowledge.  

The second contribution is to present a model of prototyping 

categories, with special emphasis on the differentiation 

between learning and verification as the main intent for 

prototyping activities. A model of four prototyping categories 

is proposed, and discussed in relation to dealing with known 

and unknown problems concerning tacit knowledge in product 

development.  

The article closes by exemplifying the previous two sections 

by providing insights from two industry cases. The use of 

analytical and explorative approaches to prototyping are 

discussed, and several possible research opportunities are 

presented. 

The automotive industry an industry with steadily 

increasing demand for faster development cycles and higher 

quality products is subject to increasing competitive pressure. 

Making mistakes is costly in an industry where product life 

cycles are in the order of five to ten years, and late-stage design 

changes have major implications for manufacturing planning 

and processes. In addition, automakers need to rely on previous 

experience, and cannot start from scratch in each development 

project. The use of process and part standardization within the 

product technology platforms is a well-established practice to 

reduce the burden on the development teams. Hence, much 

research is currently targeting knowledge and learning 

mechanisms in new product development. Examples include 

knowledge-based development (1) a method for extracting 

basic 

(2).  

In this paper, we focus on analytical and explorative 

approaches, and their relation to both creation and transfer of 

tacit knowledge in product development. 
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2. Theory: Knowledge in Product Development 

In (3), Ulonska presents numerous definitions of knowledge 

found in product development. Rowley differentiates 

knowledge and wisdom (4) by defining knowledge as 

- whereas 

wisdom is defined -

Additionally, it can be argued that knowledge can be further 

divided into individual and organizational knowledge (5). The 

sum of what is learned, experienced, discovered or perceived 

(by individuals) during a project (in the organization) defines 

organizational learning. The interactions of individuals are the 

main ingredients of organizational knowledge, and the 

knowledge of these individuals is called individual knowledge. 

This is categorized in three categories; experience-based, 

information-based and personal knowledge (6). Nonaka and 

Takeuchi argue that the organizational knowledge exists 

between (and not within) individuals (7).  

2.1. Defining Integration Events and Knowledge Owners 

Most product development organizations use stage-gates for 

decision making. The stage-gate model is a financially-based 

governance method, which leverages the importance of 

financial decisions during development. However, this type of 

process governance often makes event-based technological 

decisions harder. Hence, there is a call for a more event-based 

governance model in product development (8). An example on 

-

-called learning cycle gates, and 

aim at ensuring better insights and information while 

preserving previous project know-how and learnings. This 

way, large product development organizations aim at 

transferring project (individual) knowledge into organizational 

learning. Here, informal knowledge is formalized (made 

explicit), and formal knowledge is interpreted (by the 

individuals). The key to successful organizational learning is a 

mutual exchange of these two kinds of knowledge. 

Some companies employ key experts or learning facilitators 

as catalysts for the exchange of knowledge within their 

organization. These so-called knowledge owners are usually 

technical or functional managers, who help preserve and 

facilitate the learnings and insights. Examples of key experts 

are Toyota s functional managers who owns the technology. 

The functional managers employ existing knowledge within 

projects, while so-called chief engineers challenge the existing 

standard by being the customer representative. By spending 

time with and on the development team, these key experts gain 

experience and insights, which in turn will contribute to 

organizational learning inside the company. 

By taking a closer look at learning mechanisms in product 

development in Fig. 1 first introduced by Eris and Leifer (9), 

and then further iterated by Leifer and Steinert (10) the 

distinction between formal and informal knowledge is 

clarified. Key experts are usually working in the informal area 

(i.e. learning loops two and three), whereas the organization as 

a whole operates in the formal area (i.e. learning loop one). 

2.2. Tacit and Explicit Knowledge in PD 

The terms tacit and explicit knowledge are closely linked to 

formal and informal knowledge. Explicit knowledge consists 

of information, facts and numbers that have been formalized 

(learning loop one from Fig. 1) (11), and they can be 

summarized into so- (12). 

Examples on these knowledge artifacts include the widespread 

use of A3 sheets in the Toyota product development system 

(2,13), which usually contain condensed explicit information 

about a project or system. Tacit (or informal) knowledge 

includes everything non-explicit, hereunder learnings, know-

how, craft and skill of the product engineering individuals, 

Figure 1 - Learning mechanisms in product development, adopted from (9) and (10). 
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accumulated in learning loops two and three (14). We argue 

that one key dimension of tacit knowledge is the interaction 

with (and use of) objects and experiences in the product 

engineering processes, often referred to as prototypes in one 

form or another.  

2.3. The SECI-model and Transfer of Knowledge in PD 

First proposed by Nonaka, Toyama and Konno (15) as a 

prevalent model for enhancement of knowledge creation 

through conversion of tacit and explicit knowledge, the SECI 

process (Fig. 2) can be used for describing the different stages 

of knowledge transfer. The SECI model consists of four stages, 

including socialization, externalization, combination and 

internalization, and is used to describe how various knowledge 

is transferred (in an organization) by spiraling through the four 

stages. Four knowledge assets are presented as facilitators of 

knowledge creation, and are categorized as experimental, 

conceptual, systemic and routine. The latter has gotten 

increasing support since its first appearance, and a study by 

Chou and He (16) concludes conceptual knowledge assets (i.e. 

PD insights) to have the most effect on knowledge creation. 

By further studying the model, we can categorize the three 

stages socialization (tacit-to-tacit), internalization (explicit-to-

tacit) and externalization (tacit-to-explicit) as forms of either 

creation or transfer of tacit knowledge in development teams. 

The last stage, combination (explicit-to-explicit), can be 

described as an implemented knowledge repository, where the 

formalized knowledge within the organization might be 

distributed to sub-groups that require this knowledge. In the 

context of transferring tacit knowledge, socialization includes 

creating a work environment that encourages understanding of 

expertise and skills through practice and demonstrators. 

Externalization, or the act of formalizing the tacit knowledge, 

aims at feeding this into the organization. Similarly, 

internalization aims at interpretation of formal knowledge, and 

includes conducting experiments, sharing results, and 

facilitating prototyping as a means of knowledge acquisition 

(15). Chou and He (16) also conclude that conceptual 

knowledge assets i.e. 

(15) are the most efficient 

tool for facilitating externalization and internalization. 

2.4. A Proposed Model of Prototyping Categories 

In (17)

including both physical and non-physical models. Examples 

include (but are not limited to) sketches, mathematical models, 

simulations, test components and fully functional pre-

production versions of the concept (18). 

We argue that prototyping can be divided into four different 

categories (Fig. 3) (19). The horizontal axis the intent of the 

prototype is split into two sub-

. The vertical axis, displaying the target audience 

of the prototype, is spit into  This two-

by-two matrix gives four different prototyping categories 

which will be briefly explained below.  

2.4.1. External, affirmative prototyping 

Typically used for making pre-production models, this kind 

of prototyping approximate a nearly finished model, and are 

often termed alpha and/or beta prototypes (20) intended for 

validation or showcase purposes. These prototypes are high 

fidelity (i.e. highly detailed) models, used for external 

validation (e.g. certification test etc.), marketing, or in-depth 

customer interaction. In an automotive setting, these may be 

the cars subject to road testing, being pre-production cars tested 

on closed test circuits by external users. 

2.4.2. Internal, affirmative prototyping 

Focused in terms of function, this type of prototyping is 

intended for function, reliability and feasibility testing. 

Examples include combinations of subsystems, fatigue testing 

of conceptual prototypes or project milestones to validate team 

progression. Although high in fidelity (regarding function and 

complexity), these prototypes are still rarely shown to public 

audiences. Automotive examples on this kind of prototyping 

includes running lifecycle testing of components, like shock 

absorbers, axles and other moving parts. 

2.4.3. External, reflective prototyping 

Companies often seek feedback from external sources by 

showing off concepts. User interaction is carefully observed 

and recorded for further study, and responses and reactions are 

used for further improving other concepts. This kind of 

prototyping is used for observing interaction with external 

sources, enabling the design team to take a step back and learn 

from the observations. In the automotive industry, automakers 

often show off one-of-a-kind concept car projects at large 

automotive venues to gather external feedback and reactions. 

2.4.4. Internal, reflective prototyping 

Internal, reflective prototyping is a learning activity, used by 

the product development team to learn and conceptualize ideas. 

These prototypes are rough, made for exploring, understanding 

Figure 2 - The SECI-model, with blue areas highlighted as areas of interest, 

adopted from (15). 
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and experimenting with functionalities that are essential for 

product success, with the aim of creating new insights within 

the product development team (21). Typically, internal, 

reflective prototypes have low fidelity (22), and therefore 

regarded as waste after a project is finished. These prototypes 

may prove especially useful when facing high complex 

problems, like the component layout of an automotive engine 

bay. 

By using terminology from the Tacit Knowledge 

Framework (23,24)

Both affirmative prototyping categories are linked 

to analysis, as they are dealing with known problems and 

requirements the  (i.e. known articulated 

problems with known possible solutions). Adversely, reflective 

prototyping categories aim at exploration, and thus at dealing 

with unknown problems  (i.e. non-

articulated problems with unknown solutions). Coming from 

this perspective, we argue that known problems are best solved 

analytically, while unknown problems are best solved 

exploratively.   

3. Examples: Learning from Prototyping 

 In the following subsections, the theory presented in the 

previous section will be accentuated to show the influence of 

internal, reflective prototyping in product development. The 

first case considers applying a physical prototype to an analysis 

for evaluating the numerical method and consequentially 

learning about the method and saving time in the process. The 

second case presents a failed crash box, once designed for a 

new car model that was well analyzed but still failed due to 

an overlooked design-manufacturing detail. A discussion of the 

mistakes is made in light of the theory presented. 

3.1. Case I:  Applying Physical Computation for a Rotational 

Spiral Spring 

In (25), a case illustrates the effects of combining numerical 

computations with testing a physical representation of the 

design. The time required to design a concept by using 

analytical tools in complex cases can be greatly reduced by 

applying a physical prototype for testing and comparison, as 

proposed in the article.  

The case studies a rotational spiral spring that is analyzed by 

setting up a numerical model (using mechanical spring theory), 

predicting stiffness and maximum stress of the rotational spiral 

spring. Meanwhile, a physical model is made with MDF 

(Medium Density Fibreboard) and tested (Fig. 4). The output 

data reveals a striking similarity, though the stiffness is 

somewhat overestimated in the analysis. Although the results 

are not identical, the combination of the physical and numerical 

computations shows the numerical analysis to be transferable 

to the physical dimension and may be scaled further. 

Combined, these methods yield satisfactory results in a very 

short time. 

This case shows very well how time can be saved by 

applying internal, reflective prototyping early in the product 

development process to facilitate faster learning. This approach 

may prove especially applicable for complex cases, reducing 

complexity by understanding which analytical tools might be 

appropriate and saving time by doing so. As for all internal, 

reflective prototyping, the prototype used for the physical part 

of the computation is not applicable in the finished product. 

However, ng of how their 

analytical problem transfers into the physical domain. Internal, 

reflective prototyping is used to learn from internally, either 

individually or as a collaborative group, as they typically are 

low fidelity in nature, but educational and time saving. 

3.2. Case II: Crash Box Failure Due to Lack of Variability 

Testing 

In this case, we use an example from a large European 

automaker, which had designed a crash box for topological 

optimization, to be fit into a new car model. Crash boxes, 

separate deformation elements between the front bumper and 

the front longitudinal rail, are designed to deform on low-speed 

impact to prevent damage to the rest of the car to reduce the 

repair cost. The production method of the crash box was 

extrusion of one open cross-section that was bent, cut, pierced, 

and welded into a closed box configuration with an integrated 

foot plate mounted to the rails. 

The Danner crash test (26) rates cars at the impact of 

collision in their ability to minimize costs of repair at 0-

an insurance premium base. In the Danner test, the crash box 

Figure 4 - MDF prototype with markings used to estimate the flex of the 

rotational spring (25). 

Figure 3 - A proposed model of four prototyping categories. 
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of the said model was expected to crush in a controlled manner 

upon collision test impact without damaging expensive 

components or activate the air bags, which are the costliest to 

replace. In the numerous FEA simulations done to optimize the 

system, the welding configuration was assumed to be 

geometrically perfect, starting at the very end of the box. 

However, in production (MIG) welding, start and stop of the 

weld seam tend to create minor groove of varying magnitude at 

the very end, depending on dimensional accuracy of the 

individual part, and other control parameters.  Hence, the 

accuracy of the FEA model was not capable of capturing the 

local stress state in the vicinity of the grove (as illustrated in 

Fig. 5). Instead of failing by controlled crushing as predicted in 

the FEA model, occasionally, the weld seam failed like a zipper 

starting from the very end of the box once the bumper folded 

and contacted the very end of the crash box. The fluctuations 

(in the force deformation curve) triggered the air bag sensors, 

resulting in the airbags deploying in low speed tests at 15 km/h. 

This type of failure is considered catastrophic as a consequence 

of the repair costs associated with replacing the airbags.  

The influence of small variations imposed by manufacturing 

(welding) is a very complex matter. Sensitivity testing of the 

crash box with the same production-intent premises as the 

serial produced product would have prevented encountering a 

failure such a long time after launch. This clearly demonstrates 

the risk of failing to integrate the product development process 

and the manufacturing process. The design engineers did not 

related to end configuration (of the weld) remained an 

unknown until several vehicles were retested after launch.  

If the team had engaged in internal reflective prototyping 

activities, the influence of such critical design features could 

have been uncovered. The learning outcome in this case could 

have led the team members to acquire the necessary knowledge 

to see the disconnection between the manufacturing process 

and the intended design, possibly identifying a low-cost 

solution (process or design change) to such a fairly fixable 

problem.  

In this case, properly done internal, affirmative prototyping 

could have uncovered the problem. However, we would argue 

that doing internal, reflective prototyping in the early stages of 

the development process would have facilitated important 

learning. As a result, the early development process would be 

less complex, and problems not otherwise perceived as 

problems would be uncovered. Hence the value of prototyping 

and testing to learn not only to verify could have 

significantly saved time, money and averted the ultimate failure 

of the design.  

4. Research Potential of Using Explorative and Analytical 

Methods for Learning in Product Development 

Furthermore, the insights, experience and learnings present 

a unique research opportunity, since improved understanding 

of the creation and transfer of tacit knowledge will alter how 

we facilitate the product development process. Hence, there is 

a call for more research concerning how tacit knowledge 

influences the development of products with high levels of 

complexity, especially when dealing with many unknown 

unknowns.  

As identified in (27), there is a gap between professional 

knowledge and real-world practice. In his works, Simon 

applies methods of optimization from statistical decision 

theory, thus laying a foundation for a scientific approach to 

treating knowledge. Adversely, Schön (28) argues that the real 

challenge lies not within the treatment of well-formed 

requirements, but rather the extraction of such requirements

practically unknown unknowns from real world situations. In 

(29), Schön presents reflective iteration rounds as a learning 

tool of great potential. Taking this perspective, we argue that 

reflective prototyping may be used as a learning tool in 

handling unknown unknowns in product development. 

Ultimately, we argue that, in reality, product development 

requires balancing of the tacit and the explicit, the explorative 

and the analytical. We have seen that disconnection between 

product development and manufacturing processes cause major 

implications for entire value chains. In hindsight, exploration 

and experience of manufacturing techniques and challenges 

could have led to the discovery of potential risks and problems 

in the product development process (unknown unknowns), 

and if so how to best balance analysis and exploration for 

uncovering these unknowns in a cost and resource efficient 

manner?   

5. Conclusion 

The purpose of this paper has been to accentuate the 

possibilities of using prototyping in product development for 

manufacturing settings. An attempt has been made to map 

future opportunities, both for industry and academia, and a call 

for the recognition of prototyping as a time saving learning 

tool. The potential of applying exploration by interaction with 

prototypes related to knowledge capture, transfer and learning 

is demonstrated in the context of the automotive industry. Thus, 

a call for increased focus on mixing analytical (e.g. 

simulations) and explorative (e.g. prototyping) approaches is 

presented as a viable direction for further efforts in both 

industry and academic communities.  

Altogether, the importance of understanding the interplay 

between (tacit) knowledge, explorative and analytical 

Figure 5 - Exemplification of a crash box, with highlighted area of interest. 
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approaches to problems in product development and 

manufacturing, and the role of prototyping for learning are 

topics that require further pursuit.  
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Fig. 1. A repository for capturing, elaborating and sharing the process 
and artifact output from design activity.
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Abstract— In this paper, we argue for building a repository 

for capturing, tagging and sharing design output (prototype) and 

activities (process), enabling researchers to better discover and 

understand causalities in early stage product development (PD). 

Ultimately, we want to understand how to handle uncertainty, 

ambiguous information, and vast solution spaces in early-stage 

PD by studying the designers’ ability to learn (i.e. reflect and 

adapt). This paper presents a theoretical view, and serves as a 

starting point for researching the output of the early-stage PD as 

output from the activities done by the participants (i.e. 

designers), accumulated over time. Further on, such sequential 

outputs (and activities) may be uploaded into a shared repository 

that can be used for both research and practice. To show how 

this theoretical framework translates into actual projects, we 

describe a use-case of prototyping injection molding tools, 

followed by showing a tangible example of starting such a 

repository. As gathering data on activity and output in product 

development is a cumbersome and time-consuming process, the 

instrument must be nonintrusive and time-efficient. 

Keywords—design output; capturing output; prototyping; 

prototypes; design repository; 

I.  INTRODUCTION 

In this paper, we describe a theoretical framework for an 
evolutionary repository for capturing information and 
knowledge from real industry projects, and sharing this output 
for both researchers and practitioners in engineering design 
(Fig. 1). The described approach will be supported by a use-
case with the potential to benefit from such a repository and a 
technical instrument for applying this concept in practice. This 
paper researches the early stages of Product Development (PD) 
and engineering design—more precisely the pre-requirement 
stage of development. In the ‘fuzzy front end’ [1] of 
engineering design, practitioners are typically facing 
ambiguous information, uncertainty (as a result of not having
requirements and specifications) and vast solution spaces. 
Because what is done in these early stages greatly impacts cost, 
quality and many of the following development activities 
closer to the launch of the product(s), there is a need to 
fundamentally understand the causalities of early-stage 
development. In this context [2, 3], we explore the challenges 
of dealing with such ambiguity [4] and uncertainty, as well as 
unknown unknowns [5], when dealing with complex problems 
and products in a socio-technical system.  

This exploration aims to understand people, interactions, 
decisions and learnings of development projects. According to 
[6], the output of most design activity is twofold; one part 
being information (explicit knowledge), and the other being 
experience (tacit knowledge). The output might be formalized 
in terms of text, numbers or simulation data, or crude, 
reflective prototypes used within the team [7, 8], which we 
summarize as ‘artifacts’.  

Aiming to understand both design activity and output in 
product development, we are focusing on projects doing design 
of physical and mechatronic prototypes, with the research goal 
of observation and quantification of said design activity. Focus 
is placed on capturing tangible artifacts created as output from 
design activity, with the future aim to create a repository (Fig. 
1) for storing the design output (artifacts from real industry 
examples) for future re-use.  

There are two main reasons for capturing the output from 
development projects; the first for researching the output, 
aiming to quantify prototyping tools and methods. The second 
is to help the designers during (by supporting documentation) 



and after (by providing access to previous project output) their 
projects. In the continuation we will mostly focus on the first of 
these two motivations, as our main goal is researching 
prototyping use and impact. However, one of the major 
practical challenges in researching variety of case examples 
from real world industry projects is getting access and interest 
from the industry. We argue that one of the reasons why this is 
hard is due to the lack of mutual benefit from such 
collaborations. Hence, this repository would a) help researchers 
in understanding the correlation between design activity and 
project output [9] and b) aid designers in reflecting and 
improving their product development capabilities [10], thus 
creating value for both researchers and industry collaborators. 

It is worth noting that while there has been much work 
aimed at supporting designers through various digital and 
physical repositories, typically aimed at later-stage 
development projects for more formal workflow or 
documentation routines. Both the design and the engineering 
design communities have been addressing these challenges for 
some time [11 – 16]. Hence, the novelty from this project is not 
addressing the support of designers dealing with physical 
projects, but rather enabling researchers to study and quantify 
case examples concerning development of physical products. 

The goal of researching the evolving output from 
development projects is understanding learning in product 
development, and how PD projects evolve through multiple 
learning cycles [17]. The practical challenges will be capturing 
and quantifying the design output, and we claim that a pre-
requisite for gathering this data is a hassle-free user experience.  

II. THEORETICAL FRAMEWORK OF THE REPOSITORY 

Using a theoretical analogy, we formulate the total output 
of the development project as the (value added) activity 
increments done by the project participants (i.e. designers), 
accumulated  over time. Building on this, we aim to compare 
the relations between time (both ‘spent’ and ‘not spent’), 
processes and output.  

As measuring the learning in design activity is very 
difficult, we need proxies for measuring the learnings (output). 
In our research laboratory setting, most of the tangible output is 
either written ideas, sketches or low-resolution explorative 
prototypes (both communicative and functional) that are used 
within the design-teams for learning and sharing ideas [2]. We 
state that these tangible artifacts can be used as proxies for 
explicit design output, knowing that we are not able to fully 
measure the tacit output, as described in [7]. Therefore, we are 
aiming to study input/output (and thus cause/effect) relations 
by capturing artifacts over time-series. Following this 
theoretical perspective, a repository would then be the 
collection of all the design outputs created, captured and made 
reusable. 

To research the various activities and people that interact 
within this context,  we are linking quantitative sensory 
measurements and activity monitoring [18, 19] with qualitative 
assessment and observations of output to get a holistic 
overview of early-stage design activities. In this way, we intend 
linking designers (both teams and individuals), time, 
performance, tools and activities to see patterns in an as 
nonintrusive way as possible; i.e., to reduce both threshold of 
use and time spent for recording data as far as possible. This 
quantification of output is limited to multiple images with 
adjacent information and annotations. However, we aim at 
including other measurements (e.g. 3D-scanning, weight, 
volumetric information (height, width, length), material 
properties, etc.) as soon as possible.  

From the designer’s perspective, we are aiming to make 
this process of capturing output as seamless as possible, 
enabling feedback to the team as a side effect of recording data. 
With measurement and assessment tools working in tandem, 
one could imagine to alter the activities, workshop tools, 
equipment, materials and layout or team composition to 
compare project outputs in terms of various measurements, 
such as quantity, resolution, time spent per iteration, 
complexity, newness, innovativeness, user involvement, etc. 

While studying input/output relations in design activity 
over time, we argue that we need short time increments (high 
sampling rate) of data, as we prefer to down sample high 
fidelity data rather than interpolating over low fidelity data. 
Further, we expect that the usefulness of researching the 
input/output relations increases with frequency of output. For 
example, if one record output with a six-month sampling rate, 
getting a sensible overview over impacting factors will be 
practically impossible. Conversely, doing weekly (or 
preferably faster) samplings might provide a more nuanced 
overview of different activity and output. With a higher 
sampling rate, we also enable both researchers and designers to 
‘zoom out’, getting a wider perspective of the processes, while 
learning effects that accumulate over time. The notion of 
having a high sampling rate is arguably a positive feedback 
loop for the designers, meaning that recording output often will 
increase the usefulness of the tool, both helping in 
documenting projects and in remembering past learnings and 
reflections. The cost of this higher fidelity will be the physical 
time spent capturing the information, which leads us back to 
the requirement that the capturing of the design output should 
be as effortless as possible and seen so beneficial that it is 
perceived less hassle to do the capturing. It is worth noting that 
a low sampling rate in this setting could mean one of two 
things; either low activity levels of development or low 
interaction with the device(s) that do the sampling, e.g. 
perceived the capturing less enjoyable. 



Fig. 2. Case example prototypes in the same picture. 

Fig. 3. Example output from prototyping activity. 

III. THE NEED OF A REPOSITORY: CASE EXAMPLE OF 

PROTOTYPING INJECTION MOLDED COMPONENTS

To show how this theoretical framework translates into real 
world projects, we will in the following describe one case 
example in terms of the repository. In an article by Kriesi et al. 
[9], the authors were challenged to create small series injection 
molded components rapidly and cost efficiently as a part of a 
research project investigating the transfer and handover 
between CAD-models, 3D-printed prototypes and injection 
molded components. In this design process, 3D-printing was 
deemed suitable only for investigating visual purpose since it 
could not offer the mechanical properties and similar final 
‘feel’ as injection molding as the components will be used as 
user interfaces and functional parts in chairs. However, as the 
products are intended for injection molding, there is 
considerable difficulty in assuring that the final injection 
molding process would provide the capabilities planned, and 
also that the molded component would have the required 
structural integrity. The original idea was to make a simulation 
model that would verify that each tool would create products 
that had no defects already before moving into production. 
After the first attempts to simulate the problem, it was evident 

that the non-linear behavior of the injected materials (in this 
case Polypropylene) makes the simulation inaccurate and 
potentially time consuming at this stage of development. 
Moreover, altering the design of the products requires attention 
from a design analysis specialist. Based on these 
considerations, the designers ended up prototyping their way to 
design a hand operated desktop sized injection molding device 
that could mold simple test geometries. In this project, the 
molding device itself was a result of a prototyping journey. 
However, after the concept was proven, also the ways of using 
the machine with different materials for the molding tools were 
prototyped. The goal was to see how far the authors could go 
with this simple approach of using desktop injection molding 
and direct rapid tooling. They started with 3D printing by early 
attempts to print the tools with all the available machines. This 
inspired the authors to use also a milling machine for materials 
such as wood and aluminum. The natural continuation for the 
project was trying out different coatings for the tools. This 
strategy generated a lot of prototypes, as seen in Fig. 2. 
Eventually, the insights were fed back into the process and  the 
high potential approaches were chosen to go forward towards 
the full-scale production. Then, the tools produced with direct 
rapid tooling were taken to a production level injection 
molding machines to see how they performed in an actual 
production settings.  

In this case example, designers were doing fast in-situ 
documentation by (mostly) snapping quick photographs of the 
various output with their smartphones or tablets. This is a quick 
way of saving a moment or memory—however,  it is not a very 
convenient strategy for other designers who would ultimately  
need access to the same photographs without the photographer 
having to actively share the photo with other team members. 
Also, the project requires these pictures to be stored in an 
organized way for documentation purposes. Sometimes also 
just going forward in the project would benefit from the 
inspiration of the designer’s old projects or others’ projects. 
Typical outcome of a prototyping round is illustrated in Fig. 3. 



  

Fig. 4. The User interface of the repository in ‘Designers view’ showing the example project in pictures. 

It is worth noting that these pictures and additional 
information were created significantly later than the prototypes, 
based on handmade notes and an additional photographing 
session. This way of working might also leave out 
documentation of many of the failed prototypes that could have 
been interesting to see for other people as well. 

Overall, this project lacked an easy process could aid in 
recording data from process and output, before organizing this 
data and thus making the knowledge and experience more 
explicit. In the case example, there was a steady flow of new 
prototypes and by enabling designers to do continuous 
documentation this would have made it easier to manage the 
project. Moreover, third parties cannot access the data and 
learnings, meaning that the data cannot generate value outside 
the project environment. This case is an example of a project 
with a lot of output in the form of prototypes made in a number 
of iteration cycles.  

IV. CONCEPTUAL MODEL OF THE REPOSITORY

As seen from the case example above, both the designers 
taking part in the project, as well as researchers studying the 
design activities, would have benefited from having a 
repository of the design output. In short, the principle of 
creating the repository should be making the threshold and 
time needed for interaction as low as possible. Our hypothesis 
is that by offering quick and easy experience for laboratory 
users (i.e. designers) to document projects, we (as researchers) 
would gain better insights of the activities of the research lab in 
the form of quantified data. We argue that a low threshold of 
use is of key importance. On the other hand,  creating yet 
another complicated tool for documenting projects generates a 
risk that quality and consistency of the data could decline to a 

level that it is unusable for research purposes. By creating 
incentives for the laboratory users to use a repository—both to 
add and extract information—we increase the possibility of 
recording all the outputs of the design activities in the 
laboratory.  

We argue that since the repository should be expandable, as 
the various input methods evolve as we learn more about both 
design activity and output. This means that both inputs 
(sensory and other) and outputs are intentionally left open for 
modification, with the core idea that we do not want to remove 
raw data as the repository grows. Therefore, sensory inputs can 
be added, interfaces can be changed and the repository itself 
can grow steadily without losing previously gathered 
information. For example, infrared (depth sensing) cameras 
and load cells could be added, giving access to volumetric data 
and wheight for each entry. Note that this would only add the 
new sensor inputs to new entries, as old entries in the 
repository would lack this information. 

The repository will need to fulfill several functions, as 
detailed in Fig. 1. Firstly, the repository needs user (designer) 
input. Here we limit ourselves to describing capturing artifacts 
as this input, but this could also easily include sensory 
measurements and other interactions [19]. Secondly, there must 
be an interface that can be used for a) visualizing content 
(extracting information) and b) adding information or 
elaborating on existing inputs. Lastly, the repository itself will 
need to provide the capability to store all the inputs, preferably 
in a safe and accessible location, either physical or network-
based. Below we detail out how to start exploring these core 
functions of such a repository. 



  

Fig. 5. The imagined user interface of the repository in ‘Researcher’s view’ with visualized project inputs and outputs. 

V. VISUALIZING THE REPOSITORY 

The repository does not create any value before the user or 
the researcher can have a look at the recorded data in a 
meaningful way. The user interface to the repository offers a 
view to the history of the laboratory. Ideally, the laboratory 
itself records everything that happens inside it as an input 
(usage of tools, interactions, etc.) and the user interface of the 
repository shows a representation of the prototypes as an 
output (in this case pictures). The repository can be visualized 
in many ways, and we have decided to use the timeline of the 
activities as a default view since it offers a quick overview of 
the data. Also, the input dimensions can be visualized in the 
same interface that will be called the “researcher’s view”. Here 
it is possible to zoom in to a certain period or zoom out and 
look at the activities from a more distant perspective. Time was 
picked as the most important dimension since finding out 
causalities means finding correlation between the events 
occurring in sequence. Fig.  4 illustrates the “designer’s view” 
of the interface limited to pictures, attached data and time. Here 
the ‘photo reel’ type of presenting prototypes is chosen because 
it instantly creates a connection between the designers’ 
information and the actual artifact.  

In the researcher’s view interface, the user can choose what 
to display from the database: Only the photographs, or e.g. the 
usage of the machines. This is depicted in Fig. 5. Also, data-
wise filtering is possible: A researcher can filter the data based 
on people, groups, machine usage, time or any dimension 
added to the repository. From this view, a researcher can easily 
see the quantities of the prototypes and whether a project is 
creating linear/sequential or parallel prototypes. The raw data is 
downloadable from the repository if a researcher would like to 

access it for other purposes than visualizing, for example, data 
mining of patterns inside data. 

An important quality for the interface is how the creation, 
deletion, insertion and updating of the repository works. The 
intended workflow is to automatically create a data entry from 
a physical prototype. Then, by displaying an entry in the form 
of a picture, one can elaborate the most important qualities of a 
prototype (or question) straight in the repository. 

The hypothesis is that the users will find the best ways to 
leverage the repository accordingly. That is why the data model 
inside the repository should not be fixed and thus new fields of 
data can be added. This way the usage of the repository will 
emerge as needed by the project at hand. Each picture of a 
prototype is connected to a project and a person—and vice-
versa.  

In the next section, we will elaborate one input method of 
semi-automatically inserting data to the repository: a prototype-
capturing device named ‘Protobooth’.  

VI. CAPTURING OUTPUT FOR THE REPOSITORY – 

PROTOBOOTH IN DETAIL 

To lower the threshold for using the repository, we have 
created a prototype system that has instant access to create data 
entries in the repository. It is a physical booth that is situated in 
a research laboratory, located in NTNU (Norwegian University 
of Science and Technology). In this section, we elaborate on 
the design decisions and rationale behind component and 
system choices. The Protobooth and its RFID user interface is 
depicted in Fig. 6. 



  

Fig. 6. Picture of the Protobooth prototype and its interface 

A. The workflow

The workflow is simple and it should take less than 10 
seconds to operate the instrument. After (or while) using the 
laboratory, the users would set their prototype inside the 
Protobooth and show their own RFID access cards (provided 
by the organization for everyone) to the RFID reader that 
would ignite the photographing process of two webcams. 
Everything else happens automatically from this point on. The 
pictures are uploaded to the repository server and a data entry 
of the metadata is populated with the information of the time 
and user. At any given time, the users can view and modify 
their entries to add more detailed descriptions in addition to the 
pictures, i.e. more traditional documenting of the project 
through the web interface. 

B. Hardware of the Protobooth 

The prototype system of the Protobooth has the following 
components: 

• Fabric on a wooden frame 

• Logitech webcam 2x 

• IKEA Lamp 

• USB router as power supply 

• Parallax RFID reader 

• Arduino Uno 

• RaspberryPi 3 model B 

• Tplink WiFi router 

A small semicircular enclosure is built to provide a 
standard background for the photos. The enclosure is attached 
to a table on wheels to give users a more rigid yet easy-to-
move experience. Two cameras are used to gain a close to 360-
degree view of the photographed prototypes. The RFID reader 
was chosen since it matches the existing protocol of the access 
cards of the building. The interface for the RFID reader was 
connected to an Arduino Uno, which was linked through a 
serial connection to a RaspberryPi that handles all the outgoing 
data traffic within a Python framework.

C. The Database, the Foundation of the Repository 

The prototype repository and interface was created with: 

• MongoDB database, running on a Debian7 Linux 
server 

• Node.js, Express.js and React, as a visualizing front-
end 

The MongoDB database acts as the foundation for the 
repository where Protobooth is inserting its data. It gathers all 
the information required for visualizing the documentation of 
the prototypes. MongoDB is a NoSQL document database that 
can accept very different kinds of inputs. For now, it has a data 
structure for the photos, as well for the user identities. In the 
user collection, the projects, people and access card IDs are 
connected and, as mentioned earlier, any of those can be used 
as filters in the user interface. Following our approach, one can 
add any given data (not only pre-defined) as the input 
variables, such as tool usage, who was present in the 
laboratory, or material consumption. 

VII. CURRENT STATUS AND PRELIMINARY RESULTS 

At the time of writing this paper, the described research 
setup has been pilot tested for 3 months in our research 
laboratory, and has accumulated over 300 entries. These entries 
include mostly student projects, industry cases, as well as some 
sporadic noise. There are 50 students participating in the pilot 
testing, some of which are doing courses, while others are 
graduate students working on research topics and theses.  

Pilot testing has shown that a low threshold for making 
entries ensure that the Protobooth is used more regularly. 
However, we see that annotating and editing entries happen far 
less regularly than the entries themselves, which indicate that 
the chosen approach for modifying input and annotating entries 
needs further improvement. Moreover, although the picture 
quality from the entries is sufficient for most uses, we aim at 
improving both lighting and camera quality, including adding 
multiple views (i.e. more cameras or the option to rotate the 
subject).   

Although this paper is limited to using pictures for 
capturing artifacts, we imagine the possibility of implementing 
more technologies in the future. This may include—but is not 
restricted to—3D-scanning and video input. We also envision 
adding activity measurements from the laboratory 
environment, including machine and tool usage and 
interactions [19]. We are also investigating the use of artificial 
intelligence solutions to automatically connect  different inputs 
to the according outputs. 

VIII. THE FUTURE OF THE RESEARCH REPOSITORY 

This paper outlines a conceptual and practical take on 
aiming to make an artifact and activity repository of fuzzy-
front-end product development for use in both early stage 
product development research and practice. While the work 
detailed out here represents a small start for making such a 
repository project, we argue that there are still many features 
and considerations that need to be addressed in the future.  



By mapping causalities between activity and output in 
early-stage development projects, we seek to understand how 
to more effectively and efficiently face the uncertainty and vast 
solution spaces. Gathering data on both activity and output in 
product development is currently a cumbersome and time-
consuming process, and we want to gather this data in a 
nonintrusive and time efficient way as possible.  

In addition, we expect several effects from creating and 
elaborating such a repository. Firstly, we hope to see an 
increase in laboratory activity after the users are starting to 
interact with the repository. Secondly, we expect to get a wider 
overview of the type of activity that are ongoing in this 
laboratory setting, broken down and decomposed into 
dimensions like time, activity, tool use, materials, and output. 

There are several challenges that became apparent while 
working with this  repository. As we are relying on capturing 
data of people interacting with a laboratory environment, 
keeping data both safe and available will be an important 
concern in the future. Additionally, such a repository must be 
continuously maintained, as we are aiming to capture large 
quantities of data simultaneously. Careful consideration of 
future expansions or modifications are also necessary, 
especially for keeping a low threshold for user inputs.  

In this paper, we have emphasized capturing design 
artifacts as a proxy for learning  and have limited this capturing 
to taking multiple-view photographs of prototypes. We do 
realize that only recording pictures as proxies for learning also 
pose some challenges. The benefits of using pictures is that 
pictures and drawings can be used for shape recognition and 
understanding principles. However, obvious downsides include 
losing tactile information about the artifacts, including material 
texture, structural integrity, flex, strength and ‘feel’. 
Additionally, it remains to be defined how we can capture 
multiple states of an artifact; for example, from the case project 
how the tools look attached and detached. One solution might 
be to include several pictures of the same artifact, applying 
state labeling. This is something we intend to explore further. 
Moreover, we are currently exploring adding other sensory 
inputs, such as weight (load) and 3D-scanning. 

Ultimately, we seek to understand how to handle 
uncertainty, ambiguous information, and vast solution spaces 
in early-stage product development by studying the designers’ 
ability to learn (i.e. reflect and adapt). This paper has attempted 
to outline some of the practical challenges that–once 
overcome–will enable a wider set of research challenges to be 
addressed. With this, we aim to use the repository for further 
generating new hypotheses and research questions. 
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Abstract 

Prototyping is one of the core activities of product development, and understanding prototyping should therefore be of great interest to both 
researchers and professionals. Yet, when considering the many definitions of prototype in engineering design literature, prototyping is not fully 
understood. Aimed at engineering design researchers, this article compares various efforts that attempt to understand prototyping by capturing 
design activity. This comparison is used as a basis for discussing various methods, tools and resources available to the engineering design 
researcher, as well as the contexts of the studies (i.e. laboratory, intermediate and in-situ studies).  
From this comparison of studies on capturing prototyping in engineering design research, the authors identify that many of the studies have 
relatively low robustness i.e. the ability to generalize and apply the findings to a wider engineering design context. The authors argue that the 
factors that contribute to the relatively low robustness of these studies are a combination of the methods, tools and resources (including 
participants) available to the researchers for both capturing and analyzing the data. Therefore, the authors conclude that to increase the robustness 
of research on prototyping in engineering design i.e. ensure that relevant, realistic and representative data is captured more suitable tools and 
methods are needed. 
 
© 2019 The Authors. Published by Elsevier B.V. 
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1. Introduction and Background 

Prototyping is one of the core activities of Product 
Development (PD) [1], and has been a relevant topic in industry 
and academia for decades [2]. Wall et al. [3] state that 

key interest to the engineering design researcher yet 
Camburn et al. [4] 
simultaneously one of the most important and least formally 

 

1.1. Motivation and Aim 

Though prototyping is a core activity in PD, it is not fully 
understood by the engineering design research community as 
shown by Jensen et al. [1]. Hence, there is motivation and need 

for further investigating the use of prototypes and prototyping 
in PD. There are many efforts on capturing prototyping in 
engineering design research, with the underlying assumption 
that there are insights to be gained from observing and 
(retrospectively) analyzing the activity. This article aims to 
compare various efforts on capturing prototyping and design 
activity in engineering design research, and to discuss what 
steps can be taken in order to increase the robustness of studies 
capturing prototyping. 

1.2. Defining Prototypes and Prototyping 

Underlining the statement from Camburn et al. [4], Wall et 
al. [3] highlight the importance of prototyping without actually 
defining the activity, but rather by describing what defines a 
prototype. Similarly, Eppinger and Ulrich [5] define 
prototyping simply as the activity of producing prototypes. 
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However, the authors argue that prototyping is more than 
the activity of producing prototypes it is a learning activity 
that contributes in generating information, skills and 
knowledge for the designers involved [6]. Therefore, in this 
article, the term prototyping is used to describe the activity of 
exploring various concepts and ideas during the PD process. 
This includes designing, building and testing various aspects of 
concepts and ideas, which often creates output in the form of 
prototypes. While there are many definitions of prototypes in 
engineering design literature e.g. the 19 definitions listed by 
Jensen et al. [1] this article uses the term prototype as tangible 
output from the activity of prototyping. Following this 
definition, prototypes can be physical artefacts, but can also be 
virtual e.g. Computer Aided Design (CAD) models or 
drawings.  

1.3. Scope and Structure 

Ideally, to understand all aspects of prototyping, it would be 
very helpful to the engineering design researcher to be able to 
fully capture the prototyping activity in all possible formats, 

including what the designer is thinking and conceptualizing, as 
well as the artefacts that are created during the activity. There 
are many contributions in engineering design literature that 

explicitly using the word 
prototyping yet, the authors still consider some of these 
activities prototyping.  

This article presents a brief overview of contexts for 
capturing prototyping, before discussing the types and number 
of participants, as well as the methods, tools and resources 
available for capture and analysis. This article identifies that 
robustness the ability to generalize and apply the findings to 
a wider engineering design context is relatively low for some 
of the studies, and argues that this a result of the methods, tools 
and resources available to the engineering design researchers. 
Based on these findings, the article presents a discussion on 
possible steps and approaches for increasing the robustness of 
future studies. 

Fig. 1. Number of participants used in literature studying design activity in a professional (left, shown in red) and educational setting (right, shown in blue). 
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2. Contexts for Capturing Prototyping 

Cash et al.  identify different contexts of empirical 
engineering design research, ranging from studying activity in 
design practice to studying activity in laboratories, with 
intermediary studies as somewhat of a middle ground between 
the two former e.g. 

. These three contexts 
vary in realism and controllability. Experiments in the 
laboratory are controllable (and constrainable), allowing for 
detailed examination of a single, less complex phenomenon, 
while observing practitioners in-situ allows for higher degrees 
of realism. Intermediate experiments allow for a compromise 
between controllability and realism, as these experiments often 
use practitioners as participants. Cash and Culley  emphasize 
the importance of conducting both practice and laboratory 
studies, aiming to draw from strengths of both the detailed 
examinations in a laboratory and the realism of studying 
practice. They on serves to 
support both theory building and theory testing  both of which 
must be considered in order to develop meaningful 

 
While in-situ observations of design activity offer greater 

realism regarding both participants and nature of the task, these 
studies often have few less than 20, sometimes even less than 
10 participants . The number of participants in 
laboratory studies also vary from larger i.e. more than 20 
participants controlled and semi-controlled experiments 

 to smaller design sessions considering a handful of students 
. 

In the laboratory, the availability of and proximity to 
students make it possible for researchers to capture larger data 
sets. The use of students as substitutes for professional 
participants leads to questioning if the studies capture realistic 
data. Findings from Salman et al. [29] include that there is no 
significant difference in code quality when using software 
engineering students as substitutes for software engineering 
professionals when doing relatively small programming tasks, 
and correspond with findings from Höst et al. [30]. However, 
Smith and Leong [31] capture significant differences between 
students and professionals doing simulated design tasks in 

eal differences exist between 
the processes used by the student groups and the processes used 
by the professional groups ere is not enough 
evidence to state that students are a fully realistic substitute for 
practitioners especially in the context of PD. 

Fig. 1 is included to show the number of participants used 
in the studies considered in this section, and differentiates the 
studies using professional participants (shown in red) from the 
studies using student participants (shown in blue). The grey 
columns represent where the studies report ambiguous or 

-
implies that there were minimum 12 and maximum 18 student 
participants .  

3. On Robustness of Studies Capturing Prototyping 

There are two trends that are apparent in Fig. 1; many of the 
studies have low sample sizes e.g. when using practitioners 

and the many of the studies are using 
student participants. The use of low sample sizes makes it 
difficult to generalize findings because of low statistical power 
and potential inflated effect size. While the observations found 
in the studies may be valid for the context they were observed 
in; the use of low samples sizes implies that the observations 
may not be reproducible or generalizable to a wider PD context.  

Many of the studies in Fig. 1 arguably capture highly 
relevant data for engineering design research yet assessing 
the applicability of the studies is difficult due to the use of small 
sample sizes and few investigated prototypes. Moreover, it is 
also difficult to assess the degree of realism of the studies 
extensively using student participants. The authors have 
identified this difficulty in assessing applicability and realism 
of studies capturing prototyping as a shortcoming of current PD 
research. To understand how to remedy this shortcoming, and 
to increase the robustness of research on prototyping in early-
stage PD, this article considers the following RQ: 
factors are causing the relatively low level of robustness of 
research on prototyping in early-  

4. Investigating the Methods, Tools and Resources 

Required for Capturing Prototyping 

To attempt to answer the RQ, the task and duration of 
current studies must be considered as must the methods, tools 
and resources required for capturing and analyzing the activity. 

4.1. Capturing Methods of In-Situ and Laboratory 

Experiments 

The method chosen in many of the in-situ studies is protocol 
studies, a method proving high fidelity and detailed transcripts 
of what the participants (often in teams) say and do 

. Protocol studies are exhaustive in both data 
gathering and analysis, and the protocols are often recorded 
from short meetings or sessions. There are efforts where the 
listed durations are longer, e.g. efforts by Ball and Christensen 
[11] and Christensen and Schunn , where protocols from 
nine hours of design meetings are presented. In a more extreme 
example of high fidelity capture, Cash et al.  present 12 
weeks of design activity captured on video (using multiple 
cameras for redundancy) of 7 practitioners doing regular design 
activity at their desks in a company.  

In the laboratory experiments, elaborate infrastructure is 
often in place, allowing for systematic capture of video and 
audio . For instance, to aid 
researchers in capturing design activities, the Design 
Observatory was built at Stanford University , based on the 
work from Tang and Leifer . Tang and Leifer  

analyze
with the underlying assumption that design activity could be 
observed and then forcefully changed (by facilitators) to 
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improve performance. The Design Observatory was developed 
to provide researchers with various tools and technologies for 
conducting design observations, and the observatory addressed 
two fundamental questions; 
thinking, and experiencing when they do design and how can 

analyze

intervention and although it was built without choosing a 
specific capturing technology, video was eventually the 
preferred format for capturing the activity .

4.2. Tools for Capturing Activity 

Notably, there are various technologies being explored to 
aid in capturing design activities.  suggest various 
alternatives for capturing activity using other technologies than 
cameras, e.g. using GPS trackers or wireless signals of 
connected devices. Similarly, Sjöman and Steinert  present 
a Radio Frequency Identification (RFID) based tool for sensing 
proximity in the design workspace, attempting to capture 
interactions through other means than cameras. 

Through advances in both video recording and (digital) 
storage technology over the last decade, video capture has 
become a benchmark for capturing design activities in design 
observation . In such sessions, multiple cameras and 
microphones record high fidelity images and audio, and this is 
often in stored large local storage systems. The sessions are 
often tuned towards particular activities in order to explore 
topics such as the prototyping media used by the design team 

 or to capture team dynamics and emotion . 
Törlind et al.  stress that video and audio quality are 
important factors to consider, yet emphasize that the main 
limitation of design observation through video recordings is 
resources required to analyze the captured data.  

4.3. Tools for Analyzing Captured Activity 

While doing video recordings require relatively low effort 
from researchers, the material is often manually coded by 
multiple coders that go through and interpret the data 

. Manual video coding is a laborious 
task , and these sessions are therefore relatively 
short often less than 60 minutes per team. However, there are 
exceptions where the studies are more longitudinal, e.g. studies 
by Cash et al. [7] and Ball and Christensen both these 
studies include professionals doing design activity captured on 
video for many hours, which would have required a 
monumental effort in (manual) analysis. These studies are 
notably high in both realism and relevance. 

There are indeed efforts that try to tackle the resource 
problem of analysis in design observations and protocol 
studies. Dong [24] and Dong et al.  present Latent Semantic 
Analysis (LSA) as a way of analyzing protocols, Wulvik et al. 

 present a method for preliminary analysis of longer 
video recordings captured from observational studies called 
Temporal Static Visualizations (TSV). This method uses the 

DTRS11 dataset  for pre-screening larger video recordings 
in order to find interesting events.  Moreover, Wulvik et al.  
have published an article on various tools and technologies for 
capturing body language in engineering design, aiming to 
exemplify other technologies that can be used in addition to 
manual video coding. 

5. Discussion 

From comparing the various studies on capturing 
prototyping in engineering design research, the authors argue 
that the factors that contribute to the relatively low robustness 
of these studies are a combination of the methods, tools and 
resources (including participants) available to the researchers 
for both capturing and analyzing the data. However, it is 
apparent that this relatively low robustness does not come from 
a lack of effort from the engineering design researchers, as 
many of the methods and tools used in the considered literature 
are labor-, cost- and resource-intensive, e.g. Cash et al. [7]. 

The comparatively low robustness is further underlined by 
Lloyd et al. problem with a [sic.] 

 
However, there are various efforts that attempt to increase 

the robustness of engineering design research. One such 
initiative is the datasets created for DTRS, a biennial effort 
where design researchers can share the same dataset for 
comparing and improving their methods . One of these 
datasets is presented by Ball and Christensen  for the 11th 
Design Thinking Research Symposium (often referred to as the 

, they 
hours of video footage of the activities of a professional design 
team (with 7 team members) from a Scandinavian User 

. 
Törlind et al. [35] state that a substantial hindrance for 

observation-based design research is the effort required to do 
thorough analysis of the data. One solution for overcoming this 
hindrance is to use computational analysis methods for 
(automated) audio and visual classification, e.g. TSV as shown 
by Wulvik et al. [43],  to identify points-of-interest in larger 
datasets, and thus reducing the effort required for analysis. 
Such analysis tools should be further researched. Beyond 
purely focusing on improving the analysis methods, there is 
also the possibility to explore other inputs as supplementary 
data for analysis, e.g. body language [41]. 

Beyond the studies that attempt to capture design activity 
itself, there are various studies that specifically focus on the 
output of the activities  or 
sketches . Many of the empirical studies 
specifically targeting prototypes use them as deliverables, 
either in university courses  or in experiments . Here, 
prototypes are either photographed or physically collected 
through the experiments for later analysis
were taken again to capture the designs during these 

The pictures were captured from many different angles to 
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obtain sufficient details of the cars, so that if necessary, the cars 
. Notably, while many of these 

studies have more than 20 participants e.g. Youmans  
with 120 participants they are all using student participants, 
and not practitioners.  

To supplement such efforts, the authors suggest that 
researchers should also investigate physical prototypes, as 
these artefacts provide a tangible and available starting point 
for further investigation into prototyping, and capturing 
physical artefacts is more available (and is potentially less 
labor-intensive) than capturing the prototyping activity itself. 

6. Conclusion

This paper has investigated several studies that capture 
prototyping in an engineering design context, and has identified 
that the robustness of many of these studies is relatively low
mainly due to the extensive use of small sample sizes and use 
of student participants. This paper argues that the root cause of 
the comparatively low robustness can be traced back to the 
limitations of the tools, methods and resources available to the 
PD researchers. Therefore, the authors conclude that to 
increase the robustness of research on prototyping in 
engineering design i.e. ensure that relevant, realistic and 
representative data is captured more suitable tools and 
methods are needed. This is further emphasized by Cash [56], 

Lack of ability to use these research methods 
effectively prevents researchers from addressing important 
research questions and developing subsequent meaningful 
theory or robust scientific knowledge This is a bold 
statement, and one that must be addressed in order to further 
strengthen and advance engineering design research. 
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Abstract 

This paper attempts to exemplify prototype-driven development in the early stages of product development, the stages before requirements and 

specifications are fixed. This pre-requirement phase provides opportunities and uncertainties for the design team to explore, and this paper shows 

how this could be (and has been) done through extensive use of explorative prototyping. Prototyping, in this context, is the activity building and 

experimenting with various concepts with the aim of producing tangible insights as fast as possible. In prototyping, prototypes are tangible 

artifacts built to answer specific questions, in order to explore and gain new insights as the project requirements emerge. The context for this 

article is product development of patient simul

training to enable practice of treatment for conditions too rare or dangerous to perform on real patients. From this context, specific examples on 

prototype-driven development are shown through two case projects; Development of a chest for the training of cardiopulmonary resuscitation, 

and a fractured leg in order to train on realigning and stabilizing displaced fractures. These projects are user-centered design challenges within 

the medical education field. This paper also attempts to do a discussion comparing traditional, specification-driven development to prototype-

driven development, using the two case projects to exemplify the difference. The paper argues that before requirements and specifications are 

fixed, a more exploratory and prototype-driven approach is needed, in order to provide more informed requirements and specifications. This way, 

prototypes are the drivers of the development and the iterations impact the direction of the ongoing development. Specific aspects of prototype-

driven development such as user-interaction, prototype resolution, evaluation and testing are also discussed in this paper. 
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1. Introduction 

When exploring new opportunities within a product domain, 

the ambiguity and lack of constraints can lead development 

teams into doing premature decisions in projects. This could 

result in costly rework and products failing due to not meeting 

the targeted users  requirements or needs [1]. In this pre-

requirement phase of product development, the uncertainty and 

opportunities facing the design teams are important to explore 

in order to do informed decisions. Upcoming challenges and 

opportunities remain hidden unless elicited or made explicit in 

the ongoing development [2,3]. Hence, how to leverage 

unknown opportunities and accommodate future challenges is 

not evident yet important in product development [4]. 

By presenting two case projects we exemplify how 

prototyping have been utilized to explore and gain answers 

before requirements and specifications are made tangible or 

fixed. The cases are gathered from two early stage development 

projects focusing on development of medical training 

simulators further referred to as mannequins. In these projects, 

the design teams set out with no fixed or predetermined product 

requirements, and the goal was to investigate needs and 

corresponding opportunities for mannequins to improve or 

introduce new functionality for medical training and 

simulation.  
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1.1. Research Question 

Prototypes serve various purposes in product development 

and the importance of prototypes is frequently highlighted in 

research [5,6].  Schrage [7] propose that in order to create better 

products, organizational cultures must learn to create better 

prototypes. Further, it is discussed how companies should 

derive their product requirements from prototypes as a contrast 

to requirement driven prototyping [7]. While these statements 

are based on interviews with industry actors, there is a call for 

empirical data to support the statements. This paper will 

contribute to how prototypes could be utilized to explore and 

establish product requirements on a project level. By presenting 

examples and findings on the use of prototypes from two case 

projects, we will answer the following research question; How 

can prototypes be used to explore and establish informed 

requirements as opposed to using prototypes for meeting set 

requirements?  

1.2. Prototyping and Roles of Prototypes 

The use of prototypes in different settings, disciplines, and 

stages of development has resulted in several frameworks for 

defining prototypes and their purposes [8]. While some see 

prototypes as product approximations or tools for testing and 

verifying early designs, the generative role of prototypes and 

prototyping activities is of interest when exploring potentials in 

the early phases of product development. From case studies, [9] 

have derived three roles of prototypes within companies, where 

they present how prototypes serve as tools for communicating, 

learning and for informing decision making.  

As roles of prototypes and how prototypes are utilized in 

projects are described, prototyping is often explained as the 

creation and utilization of such artifacts [10]. The authors argue 

that the importance of prototyping ranges further than just the 

activity of creating prototypes. Prototyping is in this context 

considered a learning activity, cognitive and physical, and can 

enable new insights and generate knowledge in the process of 

designing, building and testing new ideas [11]. The outcome of 

prototyping is therefore generated knowledge and prototypes, 

tangible artifacts embodying this either explicit or tacit 

knowledge [12]. 

1.3. Answering Design Questions 

As prototyping is a tool for acquiring new insights, 

prototypes are built and tested to answer questions [5]. Hence, 

the prototyping medium is determined by the questions that 

need answering and both, physical, digital and analytical 

models can serve the purpose as prototypes [7]. The importance 

of prototypes is not how they are created or their closeness to a 

final product, but rather how they are utilized to gain answers 

to important open design questions [13]. 

In the context of this paper i. e. products designed for 

interaction with users many design questions require external 

feedback to be answered. An example is prototyping to answer 

how a product would s

interaction is perceived by the look and feel of an artifact [13]. 

Prototypes are a mode of communication and they enable 

interactions and design teams to explain concepts in a tangible 

matter and gain feedback [9]. As boundary objects, prototypes 

can be used to establish a common ground for this 

communication to happen by bridging both disciplinary and 

knowledge gaps.   

1.4. Prototyping Strategies 

In product development, the generative role of prototyping 

is effective when trying to come up with novel ideas and 

multiple alternatives for exploring a solution space. This 

concept generation is a divergent approach seeking out the 

potential solutions before converging down on one or multiple 

concepts to develop further. [14] shows how divergent and 

convergent thinking could be achieved by subsequently asking 

generative design questions and deep reasoning questions in 

development projects. Generative design questions are open-

ended, seeking to identify multiple possibilities not tied to the 

logical nature of the problem, while deep reasoning questions 

could measure the applicability of revealed alternatives and 

sort out unfeasible solutions or concepts [14]. 

In the early (i.e. pre-requirement) phase of product 

development, designers could benefit from using low-

resolution prototypes to gain rapid answers and insights. We 

consider the resolution of prototypes as the level of detail. Note 

that this is often differentiated from fidelity, as the latter is 

considered the closeness to the eventual (final) design [13]. 

Utilizing low-resolution prototypes their rough construction 

and unfinished attributes allows playing with the ideas, 

possibilities, and potentials rather than verifying design [7]. 

Also, using a lower resolution makes it easier to get inspiration 

and change or generate concepts from the gained insights, all 

which could prohibit designers from prematurely fixating on 

design solutions [15]. 

When investigating the potentials of ideas and proposed 

concepts, a higher resolution might be necessary in order to 

gain unbiased or unclouded feedback, as many questions 

require external answering in the design process. Designers 

must be aware and reflective what prototypes they present, and 

to what audience, as prototype attributes and intent not 

necessarily is communicated by the artifact itself [13]. 

2. Case Projects 

The development projects used as cases for this article were 

requested by a medical company and performed by two teams 

of graduate students. The first project is the development of a 

mannequin chest for training of cardiopulmonary resuscitation 

(CPR) and the second; the development of a leg for training of 

displaced bone fracture realignment. Mannequins are widely 

used in both skill training and education of health care 

providers. The aims of these projects were to create safe and 

repetitive training environments, that would appear realistic 

enough to enable users to transfer skill and knowledge into real-

world medical scenarios. 
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2.1. Case 1: Resuscitation Mannequins 

Resuscitation mannequins are no recent invention and 

commercially available products for training medical personnel 

and laypeople in CPR have existed for decades. The 

mannequins are most often human-like dummies that allow for 

chest compressions and artificial ventilation, as one would 

perform on a person suffering from sudden cardiac arrest. The 

project was proposed as; to rethink and develop a new chest 

concept for resuscitation mannequins to closer resemble the 

human chest and enable a more realistic chest compression 

experience for users in training. This was considered a response 

to the lack of realism found in currently used mannequins [16]. 

This project was carried out over a period of 9 months. During 

this period, a total of 84 prototypes was developed for a new 

mannequin chest concept. 

2.2. Case 2: Displaced Leg Fracture Task Trainer 

Advances in emergency care training and patient simulators, 

various tasks are now being taught using human-like 

mannequins. The second project was requested to explore the 

need for a mannequin-based trainer for realignment of a 

displaced leg fracture and subsequently the requirements for 

this functionality. Displaced fractures are common as well as 

challenging to treat for emergency responders, as these 

fractures could cause circulation issues and potential damages 

to tissue and vessels. The procedure of realignment and 

stabilization of fractures are taught both in theory and by using 

human markers. Human markers (i.e. actors) are used for 

training in securing and stabilizing the leg by fixing it using 

splints but does not enable training of the actual repositioning.  

Mannequins are products designed to prepare users for 

procedures and interactions too dangerous or rare to be trained 

on real patients or human markers. Hence lack of realism, by 

their ability to include functionality as found in the human 

body, could leave users insufficiently prepared for interactions 

with patients. Therefore, in the design of mannequins, it is a 

desire to approximate the physiological aspects required to 

perform a given task, but at the same time avoid introducing 

aspects not found in human patients. Such aspects could 

interfere with the simulation, sense of immersion, and 

potentially introduce sources of false learning.  

This development project of a new leg for mannequins was 

carried out over 4 months and resulted in more than 15 

conceptual prototypes. 

The following subsections show how prototyping has been 

extensively used to drive the development of the two projects 

and to identify and explore revealed product opportunities. 

2.3. Exploring Opportunities for Case 1 

In Case 1, the starting point for the project was to rethink and 

create a new chest concept for resuscitation mannequins. A 

chest would have to have the ability to be compressed and recoil 

as a human chest would do, to enable users to practice routine 

and motor skills for CPR. Already existing solutions for CPR 

training varies by concept, but there is a consensus about their 

lack of realism and simplified characteristics as compared to a 

human chest. This being the background for the project, the 

developers aimed to create a concept with functionalities closer 

resembling the human body, leaving users better prepared for 

an eventual real encounter of a cardiac arrest patient in need of 

chest compressions. 

Initial steps of the development consisted of simultaneous 

explorative prototyping and research in order to create rough 

prototypes of aspects of the human chest to investigate. 

Identified characteristics where split into two areas of interest; 

1: Whether patients ribs fracture during CPR and how this 

affects the rescuer? 2: How a chest deforms when compressed 

and how it feels to perform compressions? Generative low-

resolution prototyping resulted in three conceptual prototypes 

attempting to answer the two questions above.  

The first prototype, shown in Fig. 2, attempted to simulate 

ribs fracturing from excessive loading, while the two 

prototypes, in Fig. 3, were using different spring configurations 

Fig. 2. Example of one commercially available resuscitation mannequin. This 

uses a linear compression spring mechanism to enable chest compressions. 

Fig. 1. Rib fracturing model with mechanical features to the left and testing of 

the prototype shown on the right. 

Fig. 3. Spring configurations using (A) foam and (B) rubber for increased 

resistance and stability. 
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to simulate the tactility and deformation of a chest. While the 

questions concerned real-world interactions with patients, the 

clinical CPR experience and allow them to test and discuss the 

characteristics and functionalities of the prototypes.  

Experience as in inherited knowledge by the users is, 

however, not always explicit and articulated. More so, users 

from the field of medicine possess knowledge from their 

education, training, and work experience, making the 

disciplinary knowledge gap between medical personnel and 

design engineers vast. 

Prototyping showed potential in bridging this gap, as the 

users interacting and testing the prototypes could articulate their 

experiences by comparing them to the physical characteristics 

of the artifact. More importantly, this experience and tacit 

features were made tangible to the development team through 

the prototypes. Jargon and complex sensory experiences were 

translated into a physical/technical context that was able to 

influence future development.  

The testing and interaction resulted in new insights and 

unknown aspects of patient CPR identified as opportunities for 

the team to investigate.  The insights were made explicit as the 

following points: 

 

 The patient ribs fracture almost every time, and that this is 

easily sensed. It could be compared to breaking thin 

branches under a thick carpet as opposed to the brittle 

clicks provided by the presented prototype.  

 Chest compressions are not like compressing on the spring-

like prototypes, but more like a hard couch pillow. It 

becomes harder by the depth of the compression and is 

considered less responsive than a spring.  

 The stiffness of a chest is not constant, as it would reduce 

in stiffness and responsiveness after many compression 

cycles.  

2.4. Exploring Opportunities for Case 2 

Like the previous example, the team in Case 2 (developing 

a mannequin leg for repositioning training) developed low-

resolution prototypes to investigate the context of leg fracture 

and repositioning. Here, the procedure and interactions when 

first responders come to aid a patient suffering from a displaced 

fracture. In this project it was observed how the team used 

prototyping and physical interaction with prototypes to 

understand and make their problem tangible. This is 

exemplified by the prototype, as seen in Fig. 4, that was made 

to accommodate their initial findings from research, that 

repositioning is important to relieve pain and ensure circulation 

to the distal part of the fractured leg. Open design questions 

were at this point how repositioning a leg is experienced from 

a  perspective and what tactile experience and 

challenges it might impose. In order to explore this interaction, 

the prototype was strapped to one of the team members legs, as 

seen in Fig. 5, and was then attempted repositioned by 

paramedics at the hospital. 

During realignment, the paramedics pointed out how the 

procedure is usually very painful, and that the patient must be 

given sedatives for them to perform it. Swelling and muscle 

tensioning around the fracture would also constrain the 

movement, and both sedatives and physical fatigue of the 

muscles is often necessary to realign the fracture. The 

paramedics reenacted the procedure and showed how 

repositioning requires the rescuers stretch the  leg by 

leaning back. Using his or her own body weight, as well as 

another person holding the patient, could be necessary in order 

to gradually elongate the muscles and reposition the fracture. 

Based on this feedback, simulating tiring and sedated 

muscles became a new feature to investigate. This had not been 

identified earlier by the team but was made apparent by users 

testing and interacting with the rough prototype. 

2.5.  Generating and Evaluating Concepts for Case 1 

From investigating the mannequin chest development, it 

became evident that the development team used prototyping to 

generate concepts that could adapt the feedback and insights 

revealed from the earlier testing and interactions with users. As 

prototypes were created, they were tested and iterated upon to 

reveal a potential for answering the identified opportunities. 

The team prototyped extensively within two domains, namely 

the chest deformation and characteristics, and rib fractures by 

haptic and audible response. 

The prototyping outcome, in form of prototypes, is 

illustrated in Fig. 6. In the figure, it is noticeable how different 

concepts were first evaluated on a rough principle level before 

being either discarded or further developed through concept Fig. 4. Broken leg model suspended by springs with arrows indicating the 

pull and rotate movement. 

Fig. 5. Paramedics attempting to reposition the broken leg model strapped to 

one of the team members. 
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iterations. As the team developed prototypes along two distinct 

paths of interest, each concept had the opportunity to be tested 

and compared to alternative solutions along that path. Having 

multiple prototypes to compare, decisions could be made based 

on relative performance measures.  

One example of this prototype evaluation is found along 

path A in Fig. 5. Concepts A3, A4, A5, and A6, were tested and 

compared, revealing strengths and weaknesses of the different 

concepts. As prototype, and concept, potentials were made 

apparent, the team got empowered to select which concepts to 

develop further by new prototype iterations. Concepts deemed 

promising 

developed further to investigate the potential and for meeting 

the targeted form and force characteristics for an adult chest.  

In this project it was observed how this iterative and 

selective approach, discarded unfeasible solutions before 

landing on one concept for each domain. Here, one was 

simulating the shape and deformation of the chest when 

compressed (A6.3), and one was simulating the tactile feeling 

of ribs being fractured from excessive loading (B9.2). As these 

prototypes had undergone several rounds of changes and 

testing, and the team deemed these as good approximations of 

the functionalities elicited from the medical personnel. As 

functional protypes, they were tested by medical personnel to 

enable feedback and evaluation of the proposed concept and 

the included functionality. Hence, these could provide answers 

to if, and how, a product could be realized and the 

corresponding requirements for the future product. 

2.6. Generating and Evaluating Concepts for Case 2 

The team investigating repositioning of displaced leg 

fractures had identified how muscles constraining the fracture 

played a crucial role for creating a realistic simulator. Hence, 

investigating the solution space for mimicking the 

biomechanics of a contracted muscle became a core objective.  

During the development of the broken leg simulator, 

generative design questions enabled widening the solution 

space and testing multiple alternative concepts through 

prototyping. Asking how many ways they could create a linear 

actuation mechanism constraining a fracture  resulted in the 

generation of low-resolution prototypes to be tested. The 

prototypes investigated different physical principles and how 

they behaved when pulled apart.  

Electromagnets, mechanical springs, hydraulics, 

pneumatics, air-muscles, and muscle-wire were investigated 

and tested resulting in multiple promising concept proposals. 

From internal testing, the team noted strength and weaknesses 

of their concepts before deciding on which to develop further. 

The team identified that ease of control for many of their 

prototypes, compromised the tactile feeling of a muscle as 

described by the paramedics. By evaluating the alternative 

concepts by prototypes, the team decided on moving forward 

using a pneumatic system. Pneumatic cylinders were evaluated 

as a robust and controllable principle, which also provided an 

 the air being compressed in the 

system allowed for subtle movements. 

 

Fig. 6. Retrospective mapping of the most influential prototypes developed throughout the timeline of the mannequin chest project. Path A investigating 

concepts for chest deformation and tactility and path B concepts for simulating ribs fracturing from compressions. 
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Investigating how pneumatics could be integrated in a 

mannequin leg, the team developed a proof-of-concept 

prototype to experiment with different pressures and 

connections constraining the leg as seen in Fig. 7. With this 

prototype, the team tried to answer questions concerning 

integration of the earlier revealed functionality. 

To gain answers to the usability, tactile experience and 

training procedure, the team further developed the leg model 

by hiding the mechanisms and replicating a rough look and feel 

of a human leg. This prototype was tested with paramedics to 

gain feedback on how the proposed concept could aid users in 

training, and if the captured functionality was accurate.  

2.7. Selected Concepts and Emerging Requirements 

Prototyping was utilized to translate the vision and ideas of 

the design teams back to users and the physical world and 

context of medical simulation. By proposing a concept 

prototype, the teams could gain important answers to if their 

earlier findings were substantial and accurate for the context of 

a new product. Hence both development teams utilized higher 

resolution prototypes to manifest their insights as requirements 

for future products.  

In Case 1, this process consisted of both internal testing, 

measuring the characteristics of the proposed prototype, and 

external testing with medical personnel at the hospital. Internal 

testing and measurements were carried out to quantify 

prototype characteristics and compare this to the feedback as 

well as physiology data found in research [17]. These efforts in 

testing and evaluating the proposed concepts were performed 

to settle the emerging requirements and manifest the 

opportunities as features to include in a product. The learning 

from this process provided suggestions to incremental design 

changes, as well as affirming the elicited functionality. 

In Case 2, the team integrated their proposed concept with 

an existing simulator enabling paramedics to attempt 

repositioning on a full-scale mannequin, as shown in Fig. 8. 

This enabled a realistic scenario for them to reenact the 

procedure and give feedback to the functionality and tactile 

experience of performing the procedure. In this process, the 

emerging requirements from prior testing and concept 

generation was made apparent and confirmed. For example, the 

slight movement and play of the pneumatic cylinder was 

considered a good approximation of the tactility of the tense 

muscles constraining the fractured leg. 

The results from this testing, confirmed the elicited 

functionalities in both projects. Additionally, it provided new 

insights for the teams to bring forward in the continuation of 

the projects. Based on how the presented prototypes performed 

and their evaluation from medical personnel, the teams could 

establish and communicate requirements for the future 

products to be realized. 

3. Discussion 

In the two presented cases, prototypes enabled a discussion 

with expert users on needed functionality and aspects important 

keep on the radar for the development teams. It is, however, 

worth questioning if similar insights would have been 

accessible by investing enough resources on upfront research. 

This would have required looking into, e.g. analytical 

simulations of the human body, research on biomechanical 

behavior of human physiology and in-depth interviews with 

stakeholders. While this method of establishing upfront 

requirements could have led to meaningful specifications and 

functionalities to include, using prototypes quickly made these 

insights, not only available but also tangible. Prototyping 

enabled eliciting sensory experiences from trained medical 

personnel and provided a common understanding of how this 

was either represented or lacking in the presented prototypes. 

As the identified functionalities were described and reenacted 

by using the prototypes, it is not evident that this tacit 

knowledge could have been accessed through interviews and 

research alone. 

The prototyping carried out by the two teams lead to the 

generation of multiple concepts and prototypes to be tested and 

evaluated in parallel. This was made possible by fast low-

resolution prototyping in both projects. The identified 

functionalities and tacit features were attempted realized as 

multiple conceptual prototypes providing the teams with 

critical answers informing the development. 

Concept generation through generative design questions 

was proven useful in covering a wider area of the solution 

space. Hence, having a better chance of finding a suitable 

concept for the specific design challenge. Further, the 

generation and testing of multiple concepts and ideas by 

prototyping avoided prematurely fixating on solutions. This is 

Fig. 8. Testing of proposed conceptual prototype with paramedics. 

Fig. 7. Proposed concept prototype of a broken leg for mannequins. 
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especially important when approximating aspects of the human 

body, as designing by the inspiration of physiology and 

copying human attributes could become a fixating element. 

By being able to test often and adapt concepts as 

requirements emerged and shifted, the development teams 

could do informed decisions -of-

functionalities for the two new products could hereby be tested 

and evaluated before being deemed ready for further 

development. This is a clear benefit of extensive prototyping as 

gaining answers fast and aligning development to fit  

needs and specifications is vital for eventually launching a 

successful product. 

The examples from the presented cases have shown the 

importance of prototyping when moving into and exploring a 

new product context. However, it is worth noting the 

limitations of only relying on prototypes and prototype driven 

methods. Prototyping is but one tool in the toolbox of design 

engineers and is complementary rather than opposing to other 

working modes in the early stage of product development. As 

requirements and product plans are being solidified, new 

questions arise for product developers to address. Hence, this 

would require different prototyping strategies, as well as the 

utilization of diverse engineering tools to gain answers.  

We propose this extensive use of prototyping as one way of 

accommodating the uncertainty of the pre-requirement phase 

of projects and using prototyping for learning to elicit and 

explore emerging requirements for new products.  

4. Conclusion 

The main contribution of this paper, and answer to the 

research question How can prototypes be used to explore and 

establish informed requirements as opposed to using 

prototypes for meeting set requirements? has been to give 

two concrete case examples of how to drive development and 

establish informed requirements using prototyping.  

By studying two case examples on prototype-driven 

development, it has been identified how prototyping activities 

for learning are important for eliciting and exploring 

functionalities and corresponding requirements for new 

products. In this context, prototyping has been observed to 

enable design teams to explore product potentials, 

communicate with users, and doing informed decisions by 

generation and evaluation of concepts. This paper has shown 

how prototype-driven development could be done to 

accommodate the uncertainty before requirements are made 

fixed or tangible. By this, prototyping is proposed as a 

complementary tool to be utilized for exploring and 

establishing informed requirements in the pre-requirement 

phase of product development projects. 
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