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ABSTRACT 
 
 
This study explores the value of visualizing the prototyping activities in a new product development 

process from idea to production. Through a case study of a hardware startup, we present a retrospective 

and longitudinal study of their prototyping processes, from early idea to the introduction of several 

product generations to market. We call the visualization technique ProtoMapping and we use the 

qualitative and quantitative data captured by the ProtoMap to understand how prototyping strategies 

change over the course of product development processes. Specifically, we focus on the prototyping of 
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parallel concepts, iterations of concepts, manufacturing processes used for prototypes, prototype media, 

prototype tests, as well as prototyping of isolated or integrated systems. Based on this longitudinal 

analysis, we present a number of insights that were possible to uncover with ProtoMapping. We observe 

how parallel prototypes of isolated systems can be used to explore the solution space and later be 

synthesized into prototypes for integrated systems. Furthermore, we understand how the need to scale up 

production can lead to increased prototyping activities, as several parts of a product must be redesigned. 

This study illustrates the utility of a retrospective visualization approach and serves as the first step in 

formulation of generalized guidelines for prototyping strategies in holistic product development. 

 

INTRODUCTION 
 

Prototype early and often. This is the advice from several studies explaining how 

prototyping in the early stages of hardware development can help to explore new ideas 

[1], reduce uncertainties [2], increase feasibility [3] and engage with users [4, 5]. 

Prototyping has long been recognized as an essential part of new product development 

[2, 5], but in recent years there has been an important shift in the understanding of 

when and how to prototype.  

Traditional linear design processes may show ‘prototyping’ as a single, separate 

phase in the later part of the development process – a validation of a design before a 

product is produced and released to market [6, 7]. However, adaption of the agile 

frameworks in hardware development [7, 8] as well as new methodologies such as the 

Design Sprint [8] and Lean Startup [9] has led to circular and iterative representations of 

the design process. Prototyping can no longer be defined as a single phase in a linear 

process; it is a continuous and iterative activity covering the entire progression from 

idea to production [8, 11]. 
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Recent years witnessed a growing body of literature discussing how to prototype 

effectively and efficiently [1, 11]; how to reduce cost and fabrication time while 

prototyping [12] and how prototype fidelity can influence the perceived risk of a 

concept [13]. While these works provide a better understanding of prototypes and 

prototyping activities, most of them focus on narrow timeframes within the early and 

explorative phases of product development and report on building prototypes at a 

single point in time.  

Prototypes fulfill many roles in companies and startups, but prototyping 

activities are not planned using structured methods [14] and the knowledge generated 

through prototypes are not managed or documented systematically [15]. There is still a 

need for a more holistic understanding of prototyping strategies in relation to the 

product development and realization [16]; how prototyping activities change over the 

course of the product development and how early-phase prototypes may affect the 

prototypes made later in the process. Understanding these relationships can allow us to 

contextualize current prototyping strategies so they fit the varying stages of new 

product development.  

Overall, we need to learn more about how prototypes are used in practice [1, 

11], but we rarely have the opportunity to observe prototyping activities in the context 

of a product development process. We argue that there is a strong need for a 

systematic approach for the documentation and management of knowledge for 

hardware prototyping. This would allow us to understand the existing practices and to 

be able to assist practitioners with their prototyping strategies.  
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Research Aim 
 

New insights about prototyping can be gained by visualizing the prototyping 

activities in product development processes. A prototype is a materialization of the 

questions, hypotheses, knowledge and ideas at a given time in the development process 

for a product. By mapping these variables against each other in a structured way, we 

expect to be able to identify relationships between prototypes and prototyping 

activities, observe when they change over time, and understand how they influence the 

final product. 

The objectives for this paper are two-folds: (1) to provide a template for the 

structured visualization of the prototyping processes in a hardware startup and (2) to 

exemplify the value and potential uses of this visualization by presenting the learnings 

from the case. This leads to the overall research question: Which new insights can be 

gained by analyzing a visualization of the prototypes in a product development process? 

The open-ended exploration of insights derived from such a visualization is guided by 

following sub-questions:  

 RQ1.1: How do prototyping strategies change from early phases to later phases of 

development? 

 RQ1.2: How does prototyping affect product realization? 

 

Our case study is based on the product development data that has been 

accumulated by the hardware startup ‘PeeFence’ over the past six years. From the 

sketches of early ideas to a product on the market, PeeFence has accumulated various 
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types of data on their product development activities. This paper utilizes this data to 

visualize the entire product development process of PeeFence through their prototyping 

activities and uncovers how prototyping strategies are affected by different contextual 

factors. 

 

Contextual Prototyping Strategies 
 

When designers decide to build a prototype, they are confronted with a number 

of options for the embodiment of the prototype. Christie et al. [16] define a prototyping 

strategy as “the set of decisions that dictate what actions will be taken to accomplish 

the development of the prototype(s)”. In the same paper, the authors present nine 

factors to consider in terms of embodiment: (1) prototype a sub-system (isolated 

system) or an entire system (integrated system), (2) prototype multiple parallel 

concepts or a single concept, (3) iterative prototypes or 1 prototype per concept, (4) 

virtual or physical prototype, (5) outsourced or in-house prototype manufacturing, (6) 

physically scaled prototype, (7) functionally scaled prototype, (8) prototype of similar or 

different material than the final design, (9) similar or different manufacturing technique 

than the final design. Camburn et al. include these in their list of strategic decisions and 

add additional factors, such as the decisions on how to test prototypes [18]. 

The recent work in prototyping strategies stem from the fact that practitioners 

not always make a deliberate strategy for their prototyping activities [12]. The lack of a 

prototyping strategy can ultimately result in the failure of the project [16], whereas the 

proper use of prototyping strategies have shown improved performances of the final 
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design and a reduction of resources spent on prototyping [12, 17]. Therefore, several 

methods and frameworks have been proposed to assist designers in determining a 

suitable strategy for their prototyping [1, 12, 13, 17]. While these take different 

contextual factors into account, such as experience level and time constraints [18], they 

do not consider how strategies need to change over the course of the product 

development process.  

Timing in the process is considered to be defining for the selection of strategies 

[1, 6, 17]. Yet, we find limited guidance on how to prototype depending on timing. For 

instance, Tiong et al. present 10 prototyping heuristics, in which two principles consider 

timing broadly, stating “prototype for functionality early” and “integrate subsystems 

early” [11]. Similarly, Yang investigates whether the timing of prototyping activities in 

the design cycle can be associated with certain outcomes and finds that spending more 

time on prototyping in the early phases of a design process leads to better design 

outcomes [21]. Prototypes have also been defined by their purpose in the design 

process. Ullman describes how prototypes evolve from a proof of concept, to a proof of 

product, a proof of process, and finally a proof of production over the development 

process [22], while Ilg, Wuttke and Siefert illustrate which types of prototypes are 

suitable in the different phases of a product service system design process [23]. These 

are beginning efforts that need to be expanded and synthesized with the goal of 

providing actionable guidelines on the use of prototyping strategies in the context of a 

development process.  
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Visualized Prototyping Processes 
 

In the engineering design literature, we find two dominant ways for visualizing 

prototyping processes: (1) Visual models that present generalized or abstract 

representations of the prototyping process(es), and (2) data visualization projects that 

map data gathered from real development projects in a structured way.  

Some models illustrate the steps in a single prototyping activity, such as 

Thomke’s experimentation framework that presents prototyping as a four-step iterative 

cycle [19]. Such representations visualize detailed aspects of a prototyping activity, but 

often exclude the relationship between the many prototyping processes that are carried 

out over an entire design process. If we instead look at the product development 

process as a whole, we find a great number development models, such as the well-

known VDI 2221 for the systematic design of technical systems and products [24], or 

data visualizations, such as Seow et al.’s structural mapping of design innovation 

processes from four case studies [25]. Prototypes and prototyping may or may not be 

included as an activity, a phase or an outcome in these models. Regardless, these 

illustrations often have a high level of abstraction, making them too general to illustrate 

the prototyping processes in detail. 

We find a limited number of visualizations that provide details on a chain of 

prototyping activities. For instance, Camburn et al. [13, 20] use six of the previously 

presented prototyping strategies to model a “prototyping strategy space” with multiple 

parallel concepts and multiple iterations of each concept expanding the space (Figure 1). 

Böhmer et al. present a similar structure for a prototyping roadmap, visualizing 
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horizontal prototypes (testing different features) and vertical prototypes (increasing the 

level of detail for a feature) as part of agile hardware development [6]. In another study, 

Camburn et al. explores the use of topological vectors and wireframes to visualize 

search strategies for complex products, services or systems [26]. Menold, Jablokow and 

Simpson connect their ‘Prototype for X’ framework to the development process by 

showing how a prototyping activity can inform each development phase [10]. While the 

mentioned models show detailed aspects of the prototyping activities, there is no 

indication of how these change from the beginning of a project to the end.  

In connection to the need for contextual prototyping strategies, we need to 

expand our understanding of how prototyping processes are structured at the level of 

abstraction that make it possible to observe prototyping processes in detail, for more 

than a single activity at a time.  

The study presented in this paper takes its departure from the above-mentioned 

guidelines, tools and methods to create a visualization tool to analyze product 

development processes from a prototype-centric viewpoint. It differs from the existing 

work in three ways: First, it pivots on a complete and longitudinal case study that spans 

over entire product development process. Second, it provides a formalized approach to 

visualize multiple prototyping activities, and third, it provides the identification of 

prototyping strategies regardless of whether the designers have made deliberate 

strategic decisions or not.  

 
 
 
METHODOLOGY 
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To answer the presented research questions, we follow the research 

methodology illustrated in Figure 2. The research is initiated with the collection of 

product development data accumulated by the hardware startup ‘PeeFence’ over the 

last six years. The prototyping processes are visualized in an explorative process that 

seeks to structure the extracted data using the existing theoretical background in 

prototyping strategies.  

During the data analysis, both quantitative and qualitative parameters are 

considered to identify and characterize the prototyping strategies. The data visualization 

and analysis have an iterative nature, as the initial analysis guides the understanding of 

what and how to visualize PeeFence’s prototyping process. The result is the final 

visualization – a ProtoMap - illustrating PeeFence’s prototyping journey and a number 

of graphs presenting the change in prototyping strategies over time. Insights from the 

analysis are presented and discussed to answer the research questions. Finally, the 

perceived value for practitioners is evaluated with a questionnaire and follow-up 

interview with the case company. 

 

Case Study of PeeFence 
 

PeeFence is a hardware startup, which produces lightweight urinals (also called 

PeeFence) that are installed on the fences at festivals, street events, construction sites, 

and similar settings. PeeFence consists of a piece of plastic sheet that is fastened to 

fences with strips and rolled up in the bottom to form a trough to collect and lead away 
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the urine. The idea originated in 2013 through a collaboration between Denmark’s 

largest festival Roskilde Festival and the Technical University of Denmark, where 

PeeFence’s five founders studied at the time. 

Since 2013, PeeFence has evolved from an idea to a proven product with several 

generations. We have named the different product generations in Figure 3, using 

product version numbers (V1.0, V1.1 etc.) from the first point in time where PeeFence 

was paid by a customer. During the first four years, the PeeFence founders worked part 

time and the development efforts were focused around the months leading up to 

Roskilde Festival. However, from 2017-2019 two of the founders worked fulltime in the 

company, which led to a growing customer base and the development of PeeFence V2.0 

that is designed for direct sales rather than serviced rentals. 

Similar to other hardware startups, PeeFence has centered their development 

process around prototypes [15]. While they have documented their prototyping 

activities in a fairly structured way (especially through the use of pictures and videos), 

they have not made deliberate decisions in terms of using defined and structured 

prototyping strategies. 

There are two main reasons for choosing PeeFence as a suitable case for the 

visualization of prototyping processes. First, they have gone through many iterations of 

their products, from early ideas to scaled production, which provides data to analyze the 

longitudinal aspects of prototyping. Second, due to the fully mechanical nature of their 

product and the data that is collected, most of the changes in prototypes and product 

versions can be visually observed and assessed.  
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Product Documentation and Data Collection 
 

The purpose of the data collection is to identify the prototypes made by the case 

company from the beginning of concept development in 2013 until 2018. The 

prototypes were identified in three stages.  

First, an overview of the prototyping activities were obtained through an in-

depth interview with one of the founders. The interview was structured as a 

chronological investigation of the case company’s product development process. 

Together, the founder and the authors drew up a rough timeline of the case company’s 

development process including product versions, main prototypes, the knowledge 

gathered from prototyping activities and other contextual factors influencing the 

prototyping processes. 

Subsequently, the case company’s collection of data and documentation was 

analyzed to identify the prototypes made during the different phases of development. 

The investigated data consists of 1243 pictures, 17 videos, 87 CAD files, 58 technical 

drawings, 3 reports, 23 work sheets, 67 meeting notes, and 13 stakeholder 

presentations. The overall timeline was split into six branches for the development of 

each of the six product generations. Assessing the time-stamped documentation 

allowed us to identify and add individual prototyping activities to the respective 

timelines. The focus at this stage was to extract and capture the relevant prototyping 

data, while the question of how to structure and visualize the data for analysis was 

saved for later.  
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Lastly, a follow-up interview with the founder ensured that the prototypes had 

been identified correctly and no development steps had been overlooked. From this 

interview, the accuracy of the developed timelines was validated and additional detail 

collected on the motivations behind changes made to the product design. 

 
Developing the Visualization Method: ProtoMapping 
 

The main motivation for the development of the visualization is to organize the 

identified prototypes in a way that enables us to compare prototyping strategies in 

different parts of the product development processes. This is made possible by building 

the visualization from three layers of information: (1) the prototyping processes, (2) the 

utilized prototyping strategies, and (3) the flow of information across versions and 

generations that illustrate the contextual factors and connections across different 

prototypes. The following sections present the steps taken to build the visualization that 

is used for the analysis, structured as seen in Figure 4. We call this visualization 

technique ProtoMapping and the final visual a ProtoMap.  

 

General Structure of the Prototyping Processes 

Our visualization approach takes its departure from Camburn et.al.’s conceptual 

model [20], shown in Figure 1. This model is selected as its basic structure allows for the 

mapping of prototypes over time, while maintaining a level of flexibility that enables it 

to contain the unique prototyping processes from several different types of projects. 

Thus, the prototypes identified in our case study are illustrated either as a part of the 
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iterations (organized horizontally) or as explorations of parallel concepts (organized 

vertically).  

A challenge arises, as the relationship between iterations and parallel concepts is 

more complex than the existing prototyping strategy map can illustrate. The case 

company explored many parallel concepts on a sub-functional level and later 

synthesized some of these into integrated concepts. These sub-functional level 

prototypes can be considered both as iterations of integrated concepts as well as 

concepts being explored in parallel. The model presented in Figure 1 provides a high-

level conceptual understanding, but in order to capture the complexity of a real-life case 

study we have expanded the model to represent the transformation of Functions and 

Means that makes up the product [27]. Like the hierarchical structure of a Function-

Means Tree [27], our model illustrates how an overall integrated concept is realized 

through a number of functions and how each of these functions can be fulfilled through 

a number of alternative isolated concepts. As shown in Figure 4, our model distinguishes 

the concepts for integrated systems and the concepts for isolated systems in separate 

axes.  

Prototyping tests - explicit points of evaluation during the development process - 

are also added to the model to further analyze the outcomes from prototyping 

activities. Prototypes are commonly defined by their ability to be tested to answer a 

specific question [20, 28]. Using this definition, we expect an equal number of 

prototypes and prototype tests. For simplicity, we have only included the prototype 
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tests that go beyond internal evaluation of a design within the design team, e.g. testing 

with external elements (e.g. a fence) or with external stakeholders.  

Similar to the consideration of prototype tests, the visualization process 

demands constant evaluation of the level of abstraction and the definitions to use 

during the analysis. In order to reach a meaningful representation of the case company’s 

prototyping processes we make the following assumptions: 

 ‘Prototypes’ are defined broadly, and they refer to any representation of the design. 

However, for isolated systems only sketches transformed into virtual or physical 

models are considered prototypes. 

 A new iteration is defined as a change of media (e.g. a change from CAD model to 

physical model).  

 

Identifying Prototyping Strategies 

Next, we seek to identify the prototyping strategies that were utilized in the 

development. Through an initial analysis of the data, we have identified the use of 

several strategic factors, and selected a subset that is relevant to answer our research 

questions. The strategic factors analyzed in our model are presented in Table 1. The 

characteristics for each prototype or prototype test is indicated on the ProtoMap as 

seen on Figure 4.  

The three strategic factors prototype media, manufacturing technique, and 

prototype test are visualized as an attribute for each individual prototype or prototype 

test. The other three strategic factors, parallel concepts, iterations, and system level are 
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already illustrated through the visualization structure that exists when the identified 

prototypes are organized as previously described. These factors cannot be identified 

through the analysis of single prototypes. They materialize from the ProtoMapping 

process, as our view on prototypes transforms from an observation of ‘artifacts’ to an 

observation of ‘processes’. 

 
Information Flow across Prototypes 

The final layer of information added to the visualization model is the flow of 

information and data across prototyping activities. We emphasize the learnings that 

were acquired from prototyping and how they were used as input for subsequent 

prototyping processes. These provide context for the prototyping activities and illustrate 

how the outcomes from different prototyping activities affect the rest of the 

development process. 

 

Analyzing the Visualization 
 

The ProtoMap allows us to observe the use of prototyping strategies in the 

development process. In this study, we are guided by the research questions to focus on 

the change of prototyping strategies and how prototyping affects product realization. 

Both quantitative and qualitative insights are needed to answer these questions, as the 

quantitative data allows us to identify when and how often a prototyping strategy was 

used, while the qualitative aspects help us understand why it was used and what the 

consequences were.  
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The qualitative analysis uses the developed visualization structure to uncover the 

case company’s prototyping story as a whole. We also identify cases of interest where 

particular strategies were used, how and why they were chosen and how they affected 

the final product.  

Quantitatively, we analyze the frequency of different strategic decisions. From 

the developed ProtoMap, we are able to trace the occurrences for each strategic factor. 

This allows us to compare the use of the investigated prototyping strategies over each 

product cycle.  

 

Evaluating the Visualization 
 

Finally, we presented the ProtoMap and our insights to the case company and 

conducted an evaluation interview to understand the perceived value of the results 

from the viewpoint of the practitioners. The evaluation was carried out using a 

questionnaire and a subsequent interview with one of the founders of the case 

company. The answers from the questionnaire were used to inform the follow-up 

interview, investigating the reasons behind the answers and how to increase value in 

the future. 

 

RESULTS 
 
 

The main results from the data visualization and analysis are the ProtoMap 

showing PeeFence’s prototyping processes (Figure 5) and a number of associated graphs 
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that illustrate the change in popularity of the different prototyping strategies over the 

six developed product generations (Figures 6-11).  

 

The ProtoMap 
 

The ProtoMap in Figure 5 provides a coherent picture of a product development 

process over various generations of a product. We can describe PeeFence’s 

development as an iterative process spanning six product cycles, with an average of 19 

prototypes in each cycle. Figure 3 illustrates the evolution of the product and even 

though all of the versions look visually similar, our analysis uncovers that there are 

substantial differences in terms of functionalities and product characteristics that affect 

transportation, installation and scale of production.  

The ProtoMap reveals an example of an agile hardware development approach 

inspired by recent methodologies such as LEAN Startup [9], Design sprints [8], and 

Scrum [32]. These approaches all advocate development over several iterative cycles, 

where integrated prototypes are made to test and learn at several points during the 

development process. The integration points makes it difficult to distinguish between 

‘product’ and ‘prototype’ in PeeFence’s development process, which the founders did 

not do either. If a solution worked, then what was before a prototype may have been 

part of the products delivered to the customer. Their overall strategy can therefore also 

be described as evolutionary prototyping, consisting of a number of cycles that each 

improve the product over time [31]. 
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PeeFence has explored five holistic concepts in parallel – two in the beginning of 

the process and three new concepts at a late stage in the project. The prototypes below 

the horizontal axis represent eight sub-functions1 - parts and entities that must be 

combined to provide the full functionality of a PeeFence: (1) mounting on fence, (2) roll 

up of the trough, (3) drainage, (4) material, (5) dimensions, (6) print, (7) assembly of 

funnel and trough, and (8) assembly of funnel and hose. 

The ProtoMap in Figure 5 communicates the story of PeeFence’s development 

process through its prototypes. It is possible to read and understand the prototyping 

story without watching the ProtoMap, but it has emerged from the ProtoMapping 

process and would not have been uncovered in this detail without it. Below, we present 

a brief version of their story, which provides the basis for answering the research 

questions during the Discussion. In the text, we refer to areas of interest (#), marked on 

the ProtoMap. 

 

Cycle 1: Alpha prototype 

(1) PeeFence initiated their product development with two parallel concepts for 

fence-installed urinals. (2) They did not prototype these concepts at an integrated level 

before selecting one concept, which was split into six sub-functions. (3) Between two 

and four sub-concepts were prototyped for each of the sub-functions in isolation, using 

CAD models and 3D printing for the majority of prototypes. Simple functional tests 

determined which sub-solutions were selected for the integrated Alpha prototype. (4) 

                                                      
1 We realize that some of these are not actual functions. However, as we wish to illustrate PeeFence’s 
prototyping process accurately, we have applied their decomposition and definitions in the visualization. 
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The single Alpha prototype was installed at Roskilde festival during the festival week in 

2013. Here, PeeFence validated the functionality of the concept and the interest of the 

festival as future customers.  

 

Cycle 2: Beta prototype 

The goal for the following year was to improve the product design and produce 

10 PeeFences to perform a real user test at Roskilde Festival. This led to new 

prototyping activities for five of the six the sub-functions. (5) Only the solution for 

providing a print on the PeeFence was directly transferred to the Beta prototypes. 

Regarding the (6) drain, (7) roll up, and (8) mounting, PeeFence switched to standard 

parts that could be used instead of their own 3D printed designs. In contrast to product 

cycle 1, PeeFence did not prototype multiple concepts in parallel, but simply tested 

potential solutions to their improvement areas until satisfied. (9) Finally, 12 beta 

PeeFences were produced and tested at Roskilde Festival 2014. This test confirmed that 

users were willing to use the product and that it successfully reduced the amount of 

urine and smell along the fences. 

 

Cycle 3: PeeFence V1.0 

At Roskilde Festival 2015, PeeFence was paid to deliver 190 urinals to the 

festival. The increase in number of produced products was the main driver for finding 

new solutions. PeeFence needed to consider production methods and scalability in their 

product design, which manifests on the ProtoMap. For the first time, PeeFence started 
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to prototype production methods. (10) To find a more scalable solution for the drain 

they tested whether they could produce their own funnel using thermoforming. (11) 

Despite promising tests using spray paint for the print, this solution proved not to be 

durable in harsh weather and they had to return to the sticker solution used in the Beta 

prototypes.  

 

Cycles 4 and 5: PeeFence V1.1 and V1.2 

The ProtoMap shows many similarities in the development of PeeFence V1.1 and 

V1.2. After V1.0, PeeFence were satisfied with their overall product design, but wished 

to optimize for faster production and ease of installation. Consequently, we observe a 

high number of iterations in product cycles 4 and 5, but only for a few of the sub-

functions, e.g. (12). For half the sub-functions, solutions are not prototyped or changed 

during these product cycles, e.g. (13). (14) Product dimensions change so PeeFences fit 

standard pallets and (15) the tape that has been used to connect the funnel and hose is 

switched to a standard pipe connection. (16) Some of the changes within a sub-function 

automatically force design changes, and consequently prototyping, in other of the sub-

functions to ensure that sub-solutions fit together when integrated. 

 

Cycle 6: PeeFence V2.0 

In 2017, two of the founders began to work fulltime and they secured external 

investment to the company. PeeFence began to grow their customer base and decided 

to change their business model from serviced rentals to direct sales, which led to a scale 
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up of production to 2500 V2.0 PeeFences. (17) This caused a reconsideration of the 

concept as a whole, which can be seen by the introduction of three new integrated 

concepts. Deciding to sell the product to customers, changed product requirements and 

caused an increase in prototyping activities. (18) We observe how new parallel concepts 

are prototyped in several of the sub-functions. (19) As the product would not be used by 

multiple different customers, the stickers were dropped in favor of printing graphical 

elements directly on the urinals. (20) Furthermore, the standard pipe connectors that 

were introduced in product cycle 5 were changed to an injection molded custom design. 

With V2.0 finished by the beginning of 2019, focus shifted to sales rather than further 

product improvements. 

 

Quantifying Prototyping Strategies 
 

In total, PeeFence produced 114 prototypes and made 60 explicit prototype 

tests. Table 2 breaks down the use of different prototyping strategies in each product 

cycle and the graphs in Figures 6-11 illustrate how the strategies changed over time. The 

graphs show that the prototyping strategies can change substantially between product 

generations. Rather than observing linear gradual changes in the strategies, they 

fluctuate across development cycles.  

Figure 6 shows the prototype media used for each of the six product 

generations. In terms of media, physical prototypes were the most dominant in all 

product versions.  While virtual prototypes were present across generations, sketches 

were only used formally in the very early product cycles. The number of produced 
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prototypes varies over the course of the product development process, with the highest 

number of prototypes produced in the first and last product cycles, which contain 25 

and 27 prototypes respectively (excluding sketches). In contrast, only eight prototypes 

were produced in product cycle 4.  

On Figure 7, we observe how functional tests constitute the core of prototype 

testing (7.3 tests in average), whereas only a few user tests (usually one) were 

conducted in each cycle. Thus, PeeFence’s prototyping efforts have emphasized product 

functionality and optimization rather than the exploration of external feedback. As the 

scale of production increased in product cycle 3, testing of manufacturing processes also 

became a part of PeeFence’s prototyping activities.  

The use of integrated and isolated prototypes can be seen on Figure 8. PeeFence 

has employed a higher number of isolated prototypes than integrated prototypes, thus 

focusing their prototyping efforts on subsystems. Overall, 84% of prototypes were built 

to evaluate subsystems. Yet, in the later product cycles the number of integrated 

prototypes, where the whole product is prototyped together, start to increase. In the 

final product cycle, the percentage of integrated system prototypes is at its highest with 

30%. 

Figure 9 provides further detail on the use of isolated prototypes, as it shows the 

prototyping efforts that have been made for each individual function. It has been more 

challenging to find a satisfactory design for some functions than for others. The drain is 

the only function to be prototyped in all of the six product cycles, meaning that all six 

product generations have a different solution for the drain than the previous 
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generation. In contrast, the mounting of PeeFence onto fences has only been 

prototyped in three of the cycles. 28 prototypes were produced for the drain, while the 

assembly of funnel and trough required the smallest prototyping effort, needing only 

four prototypes until a satisfactory solution was found. 

Figure 10 shows to what extend PeeFence has employed parallel or iterative 

prototyping strategies. More often, prototypes were used to iterate a concept than to 

test a parallel solution. In product cycle 2, the efforts are almost equal, with six parallel 

prototypes compared to eight iterations. In contrast, product cycle 5 produced only five 

parallel prototypes compared to 14 iterations. When ‘Iterations per parallel concepts’ 

increases, PeeFence has spent more time iterating concepts than they have exploring 

parallel solutions, as it is the case in product cycles 4 and 5. 

On Figure 11, we see the different techniques that were used to fabricate the 

physical prototypes. Across six product cycles, PeeFence used nine manufacturing 

techniques to realize their prototypes. Each product generation was developed with the 

use of different techniques than the one before. For the Beta prototype, only two types 

of techniques were used, riveting and manual processes, while V2.0 combined six 

different techniques. The final product cycle is characterized by a reduction of manual 

processes and the introduction of more advanced techniques, such as injection molding. 

Figure 11 shows that 3D printing was the dominant prototype manufacturing 

technique in the initial product cycle, and that it was reintroduced in the later cycles, 

but to a lesser degree. A closer look at this phenomenon can be seen in Figure 12, which 

contains sections of the ProtoMap where 3D printing was used with changing purposes 
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depending on the stage in the product development. First, it was employed in a 

diverging process to explore alternative designs, later to test a tool design for 

production, and finally, for the detailed engineering design of the injection molded pipe 

connections. 

 

DISCUSSION 
 

The following sections draw insights on the presented results to discuss 

prototyping in the context of the development process and address the research 

questions. The insights derived from our analysis provide a holistic overview of 

prototyping activities in a hardware startup, rather than specific stages of the 

development process. 

 
How Prototyping Strategies Change from Early Phases to Later Phases of Development 
 

Within the context of our case study, we observe that developing a new product 

or making radical changes to a design leads to a higher use of parallel and integrated 

prototypes, whereas optimizing a particular component causes an increase in iterations 

of sub-system prototypes. We also find that timing alone does not explain changes in 

the prototyping process, as it cannot account for the unpredictability of a startup’s 

development journey. 

 

Isolated Prototypes in Early Product Cycles and Integrated Prototypes in Late Cycles 
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PeeFence’s prototyping strategy is characterized by a high use of isolated 

prototypes (Figure 8). Each product cycle follows a similar structure initiated by 

prototyping and testing of isolated concepts, followed by the combination of selected 

concepts into integrated prototypes. The first product cycle expands a ‘morphological 

chart’, that grows larger over each product cycle as new isolated concepts are explored 

[32]. Each new concept for a sub-function is a new sub-solution in the matrix, and it is 

synthesized with the other selected concepts at the end of each product cycle for the 

integrated prototypes.  

Through the first product cycles, all functions are prototyped, while the later 

cycles focus on prototyping concepts for fewer functions. In 30% of the development 

cycles that take place at a sub-functional level, no new prototyping activities are 

initiated. As soon as a concept is proven and no new inputs are derived from prototype 

testing, that concept is no longer prototyped. For instance, the roll up function is not 

prototyped after cycle 3, after an optimal solution was reached. In this regard, our 

findings support the argument that isolated prototypes can help reduce time and cost 

by focusing the prototyping efforts on the most essential questions [12] and utilize 

individual strategies for each subsystem [16]. 

As isolated solutions are designed and tested, it remains unknown how they will 

affect each other when they are integrated [33]. Thus, the need for holistic prototypes 

and integrated tests increase with time. Towards product cycle 5 and 6, PeeFence starts 

to prototype integrated systems more frequently. Integrated tests are easier and 

quicker to make at late stages where the subsystems have been prototyped over several 
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iterations. Thus, PeeFence’s prototyping strategies change from a high focus on isolated 

prototypes with few integration points, to a higher focus on integrated prototypes, 

where only selected subsystems are prototyped. 

 

 

Parallel Prototypes for Early Identification, Iterations for Late Optimization 

Figure 10 shows that the exploration of parallel concepts and iterations vary 

noticeably between the first and later product cycles. The initial product cycle shows a 

structured approach where several parallel concepts are iterated simultaneously until 

the end of the cycle, where the best concept is selected for each function. Needley et.al. 

consider this to be a good strategy as they observe that divergent prototyping improves 

the outcome of later iterations [34]. In the later phases, PeeFence usually iterates one 

concept at a time, until that concept is proven functional or not. At this time, they are 

not exploring various solutions, but reacting to specific design input. Therefore, they do 

not prototype alternative concepts, thus making their prototyping activities more 

effective.  

However, we consider whether it also limits opportunities to innovate. The 

ProtoMap shows that the exploration of new alternatives on the integrated system level 

in cycle 6 triggers further prototyping of the mounting, material and print subsystems. 

Similarly, further exploration of alternatives on an isolated system levels may have 

triggered changes in the overall concept leading to further prototyping on an isolated 

system level.  
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Another interesting observation is related to the development of a high number 

of parallel concepts in the last development cycle. This increase in parallel prototypes 

can be attributed to the change of business model. PeeFence moves from a 

product/service offering to a sales-based offering that transfers the ownership of the 

products to the customers. Dow et al. describe how iterating one idea can cause fixation 

as no other concepts are considered [35]. Our case study supports this notion, as the 

increase in parallel prototyping is linked with the most radical product changes since the 

first product cycle.  

We observe that parallel prototyping of integrated systems leads to more radical 

and innovative changes, while iterative prototyping of isolated systems leads to 

optimization of the product’s functionality. PeeFence did not produce integrated 

prototypes in the first product cycle, before starting to prototype on an isolated level. 

Therefore, it remains unknown whether radical changes would have been made in 

earlier product cycles if parallel concepts on an integrated level had been explored 

earlier. 

 

 

Changes in Prototyping Strategies Explained by Changes in Objectives, Scale of 

Production and Accumulated Knowledge 

Considering the longitudinal development process of a product with multiple 

generations, one might expect to observe steady trends such as a constant decrease of 

parallel prototyping activities over time, as observed by [6]. As mentioned, Figures 6-11 
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show visible fluctuations in terms of the prototyping strategies used in our case study. 

We argue that it is not effective to describe changes in prototyping strategies only in 

terms of the temporal aspects of the development process. Instead, we look at the 

reasons behind the change in strategies. We understand these reasons when we 

combine information from the PeeFence ProtoMap about what is prototyped at a given 

time with contextual information gathered through interviews. In PeeFence’s case, we 

identify three main reasons that lead to change of prototyping strategies: (1) changing 

objectives based on previous prototype tests, (2) scaling production, and (3) increase or 

decrease in knowledge of solution space. 

First, the choice of prototyping strategies depends on the specific objectives for 

a given product cycle. The objectives for product cycles 4 and 5 were to optimize for 

transportation and installation. Therefore, we find the highest number of iterations per 

parallel concepts in these cycles. Objectives were usually defined by findings from 

prototype tests rather than a project plan. Figure 7 shows that PeeFence has made 

several prototype tests in each product cycle, with a focus on testing functionality. Every 

integrated prototype test led to the acquisition of new knowledge that influenced the 

objectives and thus the prototyping strategies selected for the next product iteration. 

Second, we identify that scaling the production across product generations is 

one of the main drivers for PeeFence’s prototyping activities. We especially observe an 

increased number of prototypes in cycles 3 and 6; first from 12 to 190 and then from 

300 to 2500 units. Each of these cycles correspond to changes in manufacturing 
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processes that result in changes in the design, which in turn leads to an increase in the 

number of prototypes.  

Finally, we observe that the accumulated knowledge in the solution space affects 

the number of prototypes and the extent to which parallel concepts are explored 

(Figure 10). This is seen especially in product cycle 1, where PeeFence makes the first 

prototype with no previous knowledge and therefore make more prototypes than later 

cycles. 

We believe that all three aspects; design objectives, production scale and 

knowledge of the solution space will evolve naturally over the development process. 

Objectives will change from proving initial concepts to detailing a design while 

production scale and knowledge of solution space will increase with time. Therefore, it 

can be valid to provide insights on the use of prototyping strategies in different phases, 

especially if a linear, well-defined product development process is followed. For 

instance, PeeFence’s use of integrated tests increase with each iteration from product 

cycles 3-6, as it becomes easier and faster to make integrated tests over time.  

Yet, unforeseen events may force designers to make radical design decisions and 

employ strategies from earlier development phases [1]. This is clearly seen in product 

cycle 6, where PeeFence changes their business model to fit demands from new 

customers. In this case, the product needs to adapt to a previously unexplored solution 

space that requires prototyping strategies that are suitable for new product 

development processes. Consequently, this change explains why product cycles 1 and 6 

employ many similar strategies. Based on PeeFence’s case, we conclude that guidance 
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on prototyping strategies can be tied to a specific time or product phase. However, 

when objectives, production scale, knowledge or other factors change and do not follow 

the expected process, the prototyping strategies must change as well [1].  

 
How Prototyping Affects Product Realization 
 

In this section, we observe how the choice of prototyping tools and medium can 

affect product realization both positively and negatively. Prototyping can be used 

strategically to find the right production methods, but the choice of manufacturing for 

early prototypes can also lead to a redesign of the product. 

 

The Freedom of 3D Printing Can Lead to Altered Solution Designs When Scaling Up 

In PeeFence’s product development process, seven out of eight functions are 

fulfilled with a different concept than the one chosen in the first product cycle. Already 

from the Alpha to the Beta prototypes, three out of six solutions were changed. This was 

a surprise to the PeeFence founders who anticipated that only optimization of the final 

design would be needed after the Alpha prototype. 

During product cycle 1, PeeFence focused only on proving their concept by 

making a functional prototype. As seen in Figure 11, PeeFence designed and 3D printed 

almost all components themselves, which allowed them to test several parallel concepts 

quickly. By not committing to a particular production method PeeFence had a larger 

freedom for experimentation in the early prototyping phase [16].  

As the product evolved, the need for a more scalable solution became eminent 

as early as product cycle 2. However, only for one out of three sub-solutions, it was 
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possible to find standard parts similar to the 3D printed components that were 

prototyped earlier. Thus, the lack of consideration for production methods in the 

previous development cycle lead to the several redesigns. Design for manufacturing is 

considered to be one of the main challenges faced by hardware startups [36], and our 

analysis show that it was also the case for PeeFence, as they had to scale their 

production significantly in each cycle. Recent studies that investigate the negative 

consequences of additive manufacturing make similar conclusions [34, 35]. These show 

that designing for additive manufacturing leads to designs that are harder to 

manufacture using traditional processes, even when the designs are modified for 

conventional manufacturing.  Nonetheless, using prototyping-focused technologies such 

as 3D printing can be considered as a reasonable tradeoff as it allowed PeeFence to test 

their ideas and gain feedback quickly. 

 

Prototyping for Production 

In the early phases of product development, designers simultaneously validate a 

product design and a production method, but later in the process, these have to be 

validated separately. Similarly, PeeFence does not only prototype to find the right 

product design, but also to find the right manufacturing or tool design. This means that 

there has been no “leaps of faith” in their process, as most product decisions are based 

on the outcome from prototype tests.  

Figure 9 shows that manufacturing production tests are made first time in cycle 

3. Increasing the number of produced products in this cycle introduced new 

requirements for the ease, duration and cost of production. Therefore, PeeFence did 
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not only test the feasibility of their design, but also their production methods. For 

instance, molds were 3D printed to validate the tool design for thermoforming before 

the final molds were milled in aluminum. This is a viable way to test a design or 

production method before investing in an expensive tool, similar to using 3D printed 

molds for injection molding [39]. 

The main limitation in prototyping for production is that even higher quality 3D 

printed parts do not have comparable characteristics to an injection-molded part. This 

makes it difficult to test the exact behavior of the performance critical parts, such as 

their self-designed pipefittings in V2.0. According to PeeFence, they were not able to 

test the solution to their satisfaction before ordering the rather costly production tools.  

In summary, we observe that there is a significant shift in prototyping strategies 

across the multiple generations of the product. During the early product cycles, not 

being able to test a concept meant that they could not make it. In the later cycles, they 

were able to (and sometimes had to) produce their products through contract 

manufacturers, without being able to test them as prototypes. Thus, we find that the 

need for more advanced or conventional methods for larger scale manufacturing poses 

a challenge in terms of prototyping for production. 

 
 
Evaluation & Perceived Value of the ProtoMap 
 

From a research point of view, we believe that the ProtoMap provides a 

longitudinal perspective on hardware product development that is rather 

undocumented in the literature. However, we believe that this tool can also provide 
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valuable insights to practitioners. In this regard, we have conducted a semi-structured 

interview with the case company in order to evaluate their perceived value of the 

PeeFence ProtoMap.  

Table 3 summarizes their evaluation, and it shows that PeeFence ‘agrees’ or 

‘strongly agrees’ with four of the six statements. Specifically, they strongly agree that 

the ProtoMap accurately illustrates their development process (Q1) and agree that the 

documentation of prototypes can be valuable during a development process (Q6). 

However, documenting the prototypes themselves are not of highest importance to 

many hardware startups and PeeFence is no exception. What is often lost or forgotten is 

the knowledge that is inferred from the prototypes and the reasons why one concept 

was chosen over another. The ability to manage knowledge from prototypes in a 

visualization tool has a potential value for the practitioners and should be further 

explored. 

PeeFence also ‘strongly agrees’ that the ProtoMap inspires them to make more 

deliberate strategic decisions in the future (Q4). This indicates that the ProtoMap not 

only documents a process, but also helps practitioners understand the importance of 

making deliberate prototyping strategies. We observe that the visualization triggers a 

reflection from PeeFence about their strategic decisions, facilitating a discussion of how 

they can gain a deeper understanding of the motivation and arguments behind different 

strategic decisions. 

However, even though they are inspired to make more deliberate decisions in 

the future, PeeFence does not think that the ProtoMap in its current format can assist 
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them with this. To gain value from past insights, they need to be translated into 

actionable guidelines or checklists for future use. PeeFence sees a high potential for the 

ProtoMap to be the basis for such guidelines in the future. 

 
Contribution and Future Work 
 

This paper explores the value of visualizing the prototyping processes over an 

entire product development project. We consider three main contributions of this work 

as: (1) Validation and expansion of current visualization of prototyping processes 

through the ProtoMap, (2) new contextual insights on the use of prototyping strategies 

over a product development process, and (3) a beginning understanding for the support 

for practitioners. 

The ProtoMap presents an expanded view of the theoretical model presented in 

Figure 1; but it is developed though an empirical study with an emphasis on the 

relationships between different prototyping activities. We suggest that the 

ProtoMapping approach is applied to more cases to validate and possibly expand it even 

further, until we achieve a general representation that can encompass the varying 

structures in different types of development projects.  

In addition to representing the general nature of prototyping processes, 

ProtoMapping also presents a new way to generate knowledge about the use of 

prototyping strategies in the context of product development processes. The presented 

learnings from the case study could not have been gained only by interviewing the case 

company about their prototyping strategies or by analyzing each prototype in isolation. 

The learnings serve as examples of the value that can be generated from using such a 
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visualization to observe and analyze prototyping strategies in the product development 

process. 

Through this case study, we gather knowledge on how and why the use of 

prototyping strategies change and the consequences that some strategic choices can 

have for the further process and product realization. While our findings cannot be 

generalized to other product development projects without further data collection, they 

allow us to concretize and contextualize our current understanding of the different 

prototyping strategies. Understanding the possible implications from different strategic 

decisions is valuable even though we may not know how often they occur.  

The rich nature of the data captured in this case study further allowed us to 

identify other influencing contextual factors surrounding the prototyping activities. 

Naturally, this study alone does not present all the factors at play, but it provides first 

insights and proves the potential for future findings. Future studies should seek to 

increase the sample size, but also compare across different companies, design 

approaches and product domains.  

It should be noted that we focus on a few strategic factors in this paper, but the 

model has the potential for visualizing several more, such as prototype fidelity or costs. 

Although, this case study sees PeeFence successfully brining their product to market, it 

is unknown whether they could have done it faster or better if they had prototyped 

differently. Further expansion of the ProtoMapping technique to capture costs, 

fabrication time, or decisions made from prototyping can potentially allow us to assess 

the quality, efficiency and efficacy of the prototypes and prototyping activities. 
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This study also provides knowledge on how to utilize the generated knowledge 

for practitioners. The evaluation with the case company shows that there is a difference 

between using the ProtoMap for research and for product development in practice. The 

value for practitioners lies in the possibility to predict and improve future prototyping 

processes. This could be by answering practitioners’ questions, such as “When do we 

start making integrated tests?” or by enabling them to better plan their future 

development projects. In that regard, it should also be explored whether design teams 

can use ProtoMaps ‘in-situ’ to map knowledge, navigate their own prototyping 

processes and determine a deliberate use of prototyping strategies during agile 

hardware development processes. 

 
Limitations 
 

The condensation and encoding of information that happens in a visualization 

process always compose a risk of producing an over-simplified or ambiguous illustration 

[41]. The need to maintain a readable visualization also puts a limit to the amount of 

data that can be included.  The structure will enhance certain aspects of prototyping 

process and exclude others. Exploring digital and interactive versions of the ProtoMap 

could overcome the limitations of the current visualization. 

During the early stages of development, we explored several alternative 

structures and selected the one that most accurately illustrated PeeFence’s prototyping 

process. However, a different set of data or different research questions may have led 

to a different structure. It may be considered whether the ProtoMap is most suitable for 

projects where an evolutionary prototyping strategy similar to PeeFence’s is employed. 
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However, as the identification of their prototyping strategies were an outcome of the 

visualization and not the starting point, we believe the ProtoMap to be applicable in 

many types of projects employing different prototyping strategies.  

In the visualization process, a number of assumptions were made to be able to 

structure the data, such as our definition of a new prototype. For these assumptions, 

using other levels of abstractions will change the structure of ProtoMap and the 

consequent analysis. However, we asses that it will not change the provided insights and 

conclusions, which are also complemented by qualitative perspectives. 

As discussed earlier, the inherent limitation of a single case study is its ability to 

provide generalized conclusions. The ProtoMapping technique presented in this paper 

allows us to characterize PeeFence’s prototyping processes and infer insights, but we 

can only hypothesize about the transferability of our findings and conclusions to other 

cases. On the other hand, we believe that the longitudinality and the level of detail of 

the captured data makes this case study highly valuable, as it was possible to look 

deeper into the contextual effects of the investigated strategic factors. 

 

CONCLUSION 
 
 

This paper provides a case study of visualizing the prototyping activities in a 

hardware startup; from idea to production. An analysis of the developed ProtoMap 

provides a number of findings that leads to insights on the changes and effects of 

prototyping strategies in different parts of a product development process. We observe 

how the prototyping of parallel concepts, integrated systems, isolated systems and 
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iterations change over the course of the product development process. Further, we see 

how manufacturing methods in early stage prototypes can negatively affect product 

realization, but also how prototypes can be used strategically to prototype for 

production. Additionally, we find that timing is not enough to explain the change in 

strategies in a hardware startup.  

While these insights are tightly coupled with the presented case study, they 

illustrate the value of visualizing a prototyping process through its prototypes. The 

analysis provides a ProtoMapping structure for the documentation of a prototyping 

process that can be applied to other cases. It allows for a retrospective identification 

and comparison of prototyping strategies in different phases of a product development 

process. Insights from a broader range of studies may allow us to formulate 

contextualized prototyping strategies and provide generalized guidance to practitioners 

to choose and employ prototyping strategies in different stages of product 

development. 
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Table Caption List 

 

Table 1 Strategic factors included in this research 

Table 2 Overview of strategic decisions in each of the six product cycles 

Table 3 Evaluation from case company. Evaluation from case company. Reponses 

are given on a five point Likert scale 
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Figure Captions List 

 

Fig. 1 Camburn et al.’s prototyping strategy space expanded from iterations 

and prototyping of parallel concepts [20] 

Fig. 2 The research methodology consists of four phases: Data collection, data 

visualization, data analysis and final evaluation 

Fig. 3 Evolution of the PeeFence. Six generations have been made from 2013-

2018 

Fig. 4 The ProtoMap structures the prototyping processes by mapping parallel 

concepts vertically and iterations horizontally. Each square represents a 

prototype or a prototype test 

Fig. 5 ProtoMap visualizing PeeFence’s prototyping processes. Five integrated 

concepts have been prototypes, while eight sub-functions have been 

explored through prototyping of 34 isolated concepts. Areas of interest 

have been numbered on the figure and are referred in the text. A 

detailed version of the ProtoMap is available at 

www.prototypingplanner.com. Further explanation of the elements in 

the ProtoMap can be found here for those interested in ProtoMapping 

themselves 

Fig. 6 The prototype media used for each of the six product generations 

Fig. 7 The types of prototype tests performed in each product cycle 
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Fig. 8 The use of integrated and isolated prototypes in each product cycle 

Fig. 9 Number of prototypes produced for each function in each product cycle 

Fig. 10 The use of parallel concepts and iterations in each product cycle 

Fig. 11 The different manufacturing processes used to fabricate the physical 

prototypes in each product cycle. The technique indicated as ‘manual’ 

include the use of various hand tools 

Fig. 12 3D printing has been used with different purposes in different product 

cycles 
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Table 1 Strategic factors included in this research 

Factors Characteristics Visualized by 

Prototype media Hand sketch, virtual model, physical model Single prototype attribute 

Manufacturing technique [type of manufacturing technique for physical prototypes] Single prototype attribute 

Prototype test Functionality testing, user testing, process testing for manufacturing Single prototype attribute 

System level Integrated, isolated Visualization structure 

Parallel prototyping [number of parallel concepts] Visualization structure 

Iterations [number of iterations] Visualization structure 
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Table 2 Overview of strategic decisions in each of the six product cycles 

  Alpha Beta V1.0 V1.1 V1.2 V2.0 Total 

Prototyping media (Fig. 6) 40 9 16 8 14 27 114 
Virtual 11 1 4 2 4 10 32 
Physical 14 7 12 6 10 17 66 
Sketch 15 1 0 0 0 0 16 
Prototype test (Fig. 7) 11 6 14 5 10 14 60 
Functional test 10 5 7 4 7 11 44 
User test 1 1 1 1 1 1 6 
Manufacturing process test 0 0 6 0 2 2 10 
System level (Fig. 8 and 9) 40 9 16 8 14 27 114 
Integrated 3 1 1 2 3 8 18 
Isolated 37 8 15 6 11 19 96 
Parallel prototyping (Fig. 10) 19 6 10 3 5 14 57 
Iterative prototyping (Fig. 10) 28 8 16 8 14 23 97 
Manufacturing technique (Fig. 11) 13 6 11 5 8 13 56 
3D printing 8 0 0 1 1 1 11 
Manual 4 5 6 1 4 1 21 
Print 1 0 0 0 0 3 4 
Riveting 0 1 0 0 0 0 1 
Thermoforming 0 0 1 2 2 3 8 
Water cutting 0 0 2 0 0 0 2 
Milling, welding, turning 0 0 2 1 1 0 4 
Injection moulding 0 0 0 0 0 1 1 
Stamping 0 0 0 0 0 4 4 
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Table 3 Evaluation from case company. Reponses are given on a five point Likert scale 

 
 
 

 Question Response 

Q1 The visualization accurately illustrates our development process 5 

Q2 The visualization provides us with new insights about our prototyping activities, we didn't know before 4 

Q3 Insights from the visualization can teach use how to improve our prototyping activities in the future 3 

Q4 The visualization inspires us to make more deliberate prototyping strategies in the future 5 

Q5 The documentation of our past prototypes is valuable to us in our future work 3 

Q6 The documentation of prototypes could have been valuable to our team during our development process 4 
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Fig. 1 Camburn et al.’s prototyping strategy space expanded from iterations and 
prototyping of parallel concepts [20] 
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Fig. 2 The research methodology consists of four phases: Data collection, data 
visualization, data analysis and final evaluation 
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Fig. 3 Evolution of the PeeFence. Six generations have been made from 2013-2018 
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Fig. 4 The ProtoMap structures the prototyping processes by mapping parallel 
concepts vertically and iterations horizontally. Each square represents a prototype or 
a prototype test 
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Fig. 5 ProtoMap visualizing PeeFence’s prototyping processes. Five integrated 
concepts have been prototypes, while eight sub-functions have been explored through 
prototyping of 34 isolated concepts. Areas of interest have been numbered on the 
figure and are referred in the text. A detailed version of the ProtoMap is available at 
www.prototypingplanner.com. Further explanation of the elements in the ProtoMap 
can be found here for those interested in ProtoMapping themselves 
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Fig. 6 The prototype media used for each of the six product generations 
 
  

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Mechanical Design. Received June 15, 2019;
Accepted manuscript posted October 29, 2019. doi:10.1115/1.4045385
Copyright © 2019 by ASME

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/m

echanicaldesign/article-pdf/doi/10.1115/1.4045385/6441489/m
d-19-1443.pdf by Technical U

niversity of D
enm

ark user on 25 N
ovem

ber 2019



Journal of Mechanical Design 

 

MD-19-1443   Camilla Arndt Hansen & Ali Gürcan Özkil   54 

 

Fig. 7 The types of prototype tests performed in each product cycle 
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Fig. 8 The use of integrated and isolated prototypes in each product cycle 
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Fig. 9 Number of prototypes produced for each function in each product cycle 
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Fig. 10 The use of parallel concepts and iterations in each product cycle  
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Fig. 11 The different manufacturing processes used to fabricate the physical 
prototypes in each product cycle. The technique indicated as ‘manual’ include the use 
of various hand tools 
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Fig. 12 3D printing has been used with different purposes in different product cycles 
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