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Abstract

Hardware-based startups risk having longer times-to-market, deterring investment in the
clean technologies that are critical to a sustainable future. We interviewed 55 leaders at
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Author summary

or iteration. Interview analysis reveals the prototyping team’s choice of development style
is a major factor affecting timeline. We define two development styles: natural and struc-
tured. On average, natural development takes 35% less time than structured, and is thus
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expectations. When pivoting to a new product or market, returning to a natural style is
beneficial.

Introduction

Successful commercialization of hardware products is essential to a sustainable future by com-
bating climate change with renewable energy technologies, screening for disease with medical
diagnostics and devices, and increasing production efficiency with robotics, among many
other critical applications. Unfortunately, hardware product development (PD) is often less
attractive to investors due to the barriers of long commercialization timelines and large
upfront investment [1,2]. Commercialization timelines are shown in Fig 1, with the years to
exit (merger, acquisition, or initial public offering) for cleantech, medical, and software sectors
are compared for the years 2006 to 2011 [1].

Software companies with three-year modal average exit times are the most attractive to
investors who start receiving a return on investment (ROI) at that time. Medical device startups,
often slowed by hardware timelines and medical regulations, have longer exit times than soft-
ware. Sustainable hardware technologies, called cleantech in this paper, are the slowest to exit
and have the fewest total companies overall with a bi-modal distribution and peaks at four and
eight years. The slower time-to-market for cleantech is especially problematic due to the urgent
need for sustainable solutions today. Furthermore, long timelines lead to less investment overall
and therefore less technology development to help with the goal of sustainability long term.

The overarching goal of this work was to find the PD steps that most need acceleration and
determine levers that practitioners can use to accelerate PD timelines, hastening time-to-mar-
ket and attracting more investment for technologies critical to a sustainable future. We focus
on hardware product development with an emphasis on sustainable, or clean technologies,
which is shortened throughout the work to ‘PD’ for simplicity. Questions we intended to
answer include: How long do PD steps take for early-stage hardware startups? What are the
parameters determining the lengths of the longest PD steps? What levers are available to accel-
erate PD? What are some best practices or strategies to overcome limiting parameters in PD?

This work sits in the intersection of engineering and social science, as we aim to understand
how to accelerate PD by gathering actionable data from startups using social science methods.
Within engineering, there is ample research on innovation and new product development
methods and strategies (i.e., the application of the agile product development movement to
hardware) [3,4,5,6,7,8]. Within policy, business management, and finance, there is also a large
body of social science and technology research that focuses on improving innovation and
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Fig 1. Years to exit for startups in cleantech, medical, and software sectors. Number of startups that successfully exit in a merger and acquisition or initial
public offering plotted against how many years from incorporation it took to exit. The dotted line indicates the envelope around software with which hardware
startups compete. Raw data provided by Benjamin Gaddy from [1].

https://doi.org/10.1371/journal.pstr.0000101.9001
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development outcomes with solutions and frameworks for either policymakers or institutional
investors [9,10,11,12,13,14,15,16]. There are few papers in the literature that address early-
stage hardware startup product development from the viewpoint of the practitioners them-
selves [17]. This paper focuses on individual companies and their PD timelines to address
practitioners within early-stage hardware startups directly. Through a series of semi-structured
interviews with practitioners, company workflows are mapped, bottlenecks identified, and a
strategic framework for acceleration in hardware startups developed.

Analyzing 55 interviews with hardware startups, 20 of whom were cleantech, lasting on average
over one hour, this work aims for a unique combination of breadth and depth. Identifying the
root-causes for long development timelines in hardware startups requires a broader database than
typical case studies can offer. Developing a framework for accelerated development demands a
deeper analysis than encompassed in the scope of typical short surveys. With the findings of this
work, we hope to inform early-stage cleantech hardware startups and facilitate accelerated hard-
ware product development for technologies that can enable a sustainable and prosperous future.

Results
Interview data collection for qualitative and quantitative analysis

We developed and implemented a facilitated survey (interview) combining engineering
domain expertise and sociological research methods, both quantitative and qualitative. The
interview included sections encompassing product planning, requirements, modeling, concept
generation and selection, complexity, prototyping, manufacturing, and more. The final inter-
view contained approximately 170 questions, lasted between 45 minutes and two hours, and
the majority were conducted in person. Over 80% of the interviews (45) were recorded for
transcription and an online survey form [18] was filled out by the interviewer in real time.

A geographically diverse set of startup companies participated with 35 (63%) from North
America, 7 (13%) from Europe, and 13 (24%) from Asia. All of the companies interviewed cre-
ate hardware products, and the focus of the interview was on the development timeline leading
up to the first production quality product.

Cleantech hardware companies were originally the sole target for this study including start-
ups working on battery, wind, and solar technologies as well as energy efficiency, greenhouse
gas sensing, EV charging, and more. However, the set of available companies matching this
description that had completed at least one prototype was a prohibitively small sample size.
Therefore, the facilitated interview was opened to any early-stage hardware startup creating
physical products including scientific equipment, medical devices, quantum computing, con-
sumer electronics, food technologies, microfluidics, and more. The inherent similarities in
early-stage hardware product development independent of sector meant that the other hard-
ware startups brought valuable data to the study. They also provide a point of reference to see
what differences cleantech startups may have. In the end, almost half of the companies inter-
viewed identified as cleantech with the remaining half including companies from medical,
robotic, aerospace, and other sectors.

In this sample, the majority of companies had core intellectual property (IP) in a novel
application or service provided. The remaining companies in the sample had IP in novel mate-
rials, processes, assemblies, or business models. Furthermore, the competitive strategy of most
companies was in the technology itself rather than customer focus or cost leadership. Over
93% of the interviewees (51) were technically trained as engineers or scientists and have an
education level beyond a bachelor’s degree. The position of over 90% of the interviewees (50)
at the time of the interview was as an executive and/or founder of their company. The remain-
der of the interviewees were lead engineers or scientists.

PLOS Sustainability and Transformation | https://doi.org/10.1371/journal.pstr.0000101  March 20, 2024 3/18


https://doi.org/10.1371/journal.pstr.0000101

PLOS SUSTAINABILITY AND TRANSFORMATION Prototyping styles could accelerate cleantech hardware development

First Discussed a Target Market
Month 1

Analytical Modeling Started
Month -8 |

* Concept Generation |Sta rted

Month -9

First Talked to Customer
Month -4 |

Computational Modeling Started
Month 26

First Discussed Manufacturing
Month 29

First Discussed Standards
Month 29

Incorporation
Month 0

First Pilot
Month 2

Cost Modeling Started
Month 11

Prototype 1 - Feasibility - 87 days
Prototype 2 - Form Factor Feasibility - 10¢

Prototype 3 - Form factor, Custom PCB

Prototype 4 - Form factor, Reliability

Prototype 5 - Reliability, Technical Configuration

Prototype 6 - Form factor, still Reliability

Prototype 7 sequence - Final design for sale, DFM, aesthetics, assembly at scale

Incorporation B \odeling E» First Discussed or Planned
mmm» Prototyping Cost Target Market
Concept Generation Analytical Talk to Customer
Pilots Computational Manufacturing

Fig 2. Product development workflow timeline. An example of a workflow timeline developed through interviews. Incorporation (orange),
prototyping (blue), modeling (red), and operational milestones (green) are key components.

https://doi.org/10.1371/journal.pstr.0000101.g002

In this work, a hybrid of quantitative and qualitative analysis often referred to as mixed
methods was used to explore what the bottlenecks in the PD process are and how they can be
overcome. The quantitative parts of the survey included workflow mapping and product com-
plexity metrics. An example of a company workflow mapping and its components are shown
in Fig 2. We developed a workflow for each startup interviewed and used the timing needed
for each prototype as well as development ‘milestones’ such as incorporation, modeling start
date, etc. to calculate times for PD tasks seen below in Fig 3. To our knowledge, the mapping
of PD timelines and calculation of task timing for over 50 hardware startups has never been
done before.

To complement the quantitative data gathered, open-ended questions about each PD step
were asked. To analyze these results and find conclusive insights, qualitative research methods
from the field of sociology were employed. The main method used in this work is qualitative
coding on all transcribed interviews, which is "a way of indexing or categorizing the text in
order to establish a framework of thematic ideas about it" [19]. More information about this
methodology is provided in the methods section.

Using this mixed methods approach, we first endeavor to answer our initial research ques-
tion of how long PD steps take for early-stage hardware startups.

Prototyping is the longest PD activity with an average time per prototype
of 19 weeks

By aggregating timelines from the interviews in Fig 3, we find the amount of time in years each
PD step takes to complete. Total prototyping time is the longest PD step at around 2.5 years
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Fig 3. Elapsed time during product development steps, n = 55. Left: product development process times in years, Right: Number
of weeks per prototype for the first five prototypes.

https://doi.org/10.1371/journal.pstr.0000101.9003

for 5 prototypes while the remaining PD activities have a median of less than one year. Here
prototypes are defined as preliminary examples of a product used to evaluate design and per-
formance [20]. Gathering user preferences and targeting a market are next in length with
medians of over half a year. In the early-stage PD studied herein companies typically create
multiple, iterative prototypes before arriving at a final design ready for mass production.
There were no significant differences found in the timelines of cleantech vs other hardware
startups.

To understand prototyping time from a different angle, we plot the amount of time taken
per prototype and find a median time between 17.5 and 20.5 weeks. For the first three proto-
types, the time to completion grows slightly with each iteration. However, overall, the amount
of time it takes to prototype stays close to consistent for each iteration, suggesting a "character-
istic prototyping time" of about 19 weeks per prototype. Taking this characteristic prototyping
time and multiplying it by 5 prototypes total results in 1.8 years. This number is below the 2.5
years median obtained from the workflow analysis for the overall prototyping period. The dis-
crepancy is due to downtime between iterations, which was not included in the time for single
prototypes. This downtime accounts for an additional six weeks on average per prototype.
This time is often spent using that prototype for demonstrations and marketing as well as
determining what to do for the next iteration.

To understand how the interviewees perceived the length of each PD step, we asked what
PD step slowed them down the most and what they thought could realistically be accelerated.
Most of the interviewees believe that prototyping is the slowest PD step, matching reality. Also,
they believe uniformly that prototyping could realistically be made faster. There is less confi-
dence by the interviewees in speeding up any PD activities other than prototyping.

Given this outcome, we now focus our next research question on prototyping as the longest
PD step: What are the parameters determining the lengths of the longest PD steps?

Product complexity is not correlated with time to prototype

One hypothesis we pursued while designing the interview was that complexity is positively
correlated with development timeline, meaning the more complex the product, the longer it
takes to create. In literature, product or engineering complexity is usually defined by breaking
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the concept into key dimensions or metrics, for example, complexity based on size, component
count, interfaces, control, assembly, etc. [21]. In this work, we designed a set of questions for
interviewees to gather key complexity parameters adopted from literature and supplemented
to target our specific hypothesis. The complexity parameters and literature used are described
in detail within S1 Text and S1 Fig. In Fig 4, we plot complexity parameters against prototyp-
ing times with ordinary least squares (OLS) regression trend lines.

The major finding from Fig 4 is that we found no significant correlation between how com-
plex a product is and the time it takes to prototype was found. This is a surprising result as
intuition would suggest that a more complex product would take longer to prototype. In Fig 4,
the cleantech companies are in green and the other companies are in blue. There are no signifi-
cant differences in the complexity parameters between these two categories. The only visible
trend is possibly even more counterintuitive: prototyping time decreases with the number of
functions the product performs. The cause of this trend is unclear. We speculate that it could
be due to several things; one is that for products the interviewee conceived of as simpler, there
is a tendency to enumerate more non-essential functions, whereas for complex products, the
interviewee focused on the one or two main functions. It could be that of feature creep or
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overengineering occur more frequently in simpler products during development. Overengi-
neering describes the process of designing a product to be overly complex, having more fea-
tures or greater robustness than is necessary for its functions, which leads to inefficiencies.
Feature creep is the expansion of product requirements during prototyping by adding features
beyond the original scope of the product [20]. Another reason for this could be that product
complexity is managed by modularity, and that the more modular the product has, the less
time it takes to prototype [21]. To validate this trend a more rigorous definition of essential
functions vs. other functions would be needed. This is an area for future research.

Due to the lack of correlation between complexity and time to prototype within these com-
panies, we continue to search for drivers of prototyping time. To do this, we use qualitative
codes to investigate the impact of PD processes on prototyping.

Development styles correlate with time to prototype

One qualitative grounded code that emerged from the analysis deals with the interviewees
placing their development process on a spectrum from organic and natural PD to highly struc-
tured PD. The section of the interview on defining requirements prompted many responses
pertinent to this spectrum. While responses varied between companies, a division between a
more natural approach and a more structured approach was apparent.

For example, some companies describe their design decisions mentioning the lack of structure:

Interviewer: “So, did you use traditional engineering requirements?”

C.6 (consumer electronics company): “No. We didn’t do anything traditional. It was
pretty organic.”

Interviewer: “Okay. So, would you say official, loosely worded, or no requirements were
discussed?”

C.6: “I would say the middle one. Less official, loosely worded. Just like, ‘We kind of need
this. Let’s try it.” We built this hacky solution and fixed it.”

This exchange demonstrates one approach to PD that we propose to define as natural and
organic. No formal requirements were used and there was a description of things “just happen-
ing” or evolving naturally as the team worked toward designing and building prototypes. These
descriptions were common among the startups interviewed, with descriptions such as “going
with the flow,” letting the design “evolve,” and undertaking “organic” or “natural” processes.

On the other end of the spectrum were companies that approached PD in a rigorous, struc-
tured manner. There were a few categories of these companies: those with an investor or grant
that imposed structure, those with experience in industry using structured PD, and those that
had recently practiced structured PD in a university setting. For example, one company work-
ing in medical device design explained:

Interviewer: “Were traditional engineering requirements used?”

C.5 (consumer electronics company): “It was imposed, right? It’s required because it’s an
FDA regulated product. So, there’s no optionality there. If you want to bring something to
the market, you have to because the FDA requires it.”

This enforced structure can be beneficial to some companies. For example, another com-
pany expressed that the structure mandated by their government grant in the form of mile-
stones was a useful strategy:

Interviewer: “Looking back, would you spend more or less time on requirements
creation?”
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C.8 (cleantech company): “On the requirements creation. No, I don’t think so. I mean it
definitely seems like a necessary part of the process and it’s good to have those [grant] mile-
stones to try and hit. So, I mean, I think it’s a pretty good strategy.”

In the above interview excerpts, the division between natural and structured PD models is
evident. Before detailing more analysis on how prototyping times are affected by these two
development styles, both natural and structured, we define the two sides of the spectrum.

We define natural innovation as a flexible process in which prototyping iterations evolve
following the intuition of participating engineers generally without rigid planning or require-
ments. Natural innovation allows for free-form ideation, rapid switching between designs, and
exploration of a comprehensive design parameter space.

We define structured innovation as an ordered process in which prototyping iterations fol-
low prescribed and codified plans including defined engineering requirements with proce-
dures in place for altering plans. Structured innovation creates order that ensures the design
meets functional and cost targets, ensures the product can be manufactured, and facilitates
communication about the design and the fabrication process.

Each interviewed company falls somewhere on the spectrum from natural approaches to more
structured approaches. Using analysis from the interviews, we developed a method for placing com-
panies on this spectrum. Each time an interviewee mentions in the interview one of the steps on the
spectrum in Fig 5, they are assigned one point at that position on the spectrum. We outlined eight
steps ranging from “directly mentioning a lack of structure, organic, or natural style” on the natural
side, to “following traditional engineering requirements” on the structured side. Once all the tran-
scripts were processed, the overall totals were summed, normalized, and a number between 0 and 1
was calculated placing the company in one of the three categories: natural, hybrid, and structured.

We find that companies using highly structured processes for prototyping had an average of
31 weeks per prototype including the downtime before the next prototype. Using the average of
six weeks downtime, this was 25 weeks per prototype. Companies using natural processes aver-
aged 19 weeks for prototyping time plus downtime, or 13 weeks prototyping time, about half
the time of structured processes. Hybrid companies were at 28 weeks prototyping time plus
downtime. This result points to natural processes being the better choice if prototyping quickly
is the only goal. Several excerpts from the interviews back up this finding, including:

Interviewer: “If you could go back in time and do things differently, would you spend
more or less time on requirements? Could you speed up the process?”

C.1 (cleantech company): “I probably would spend a little bit less time arguing about
whether it should be this value or that value cause really at this stage, it doesn’t matter. You
just have to pick something and go with it. You’re going to learn how to adjust it. . . One of
our early angel investors gave me a piece of advice that is a soundbite motto, but I found it
very useful. He basically said, “There’s no good decisions and bad decisions. There’s just
decisions and then you work to make them good.” So, it’s basically saying don’t waste time
analyzing it to all hell.”

In this quote, the interviewee is pointing out that early in the PD cycle, flexibility and speed
are key to iterating quickly. However, we learn from the interviews that structured processes
also have a role in efficient PD.

EL: “If you could go back in time and do things differently, would you spend more or less
time on requirements? Could you speed up the process?”
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C.9 (cleantech company): “Actually, I would spend more time on requirements. In the pro-
cess, we made a number of different prototypes, which I think looking back is not neces-
sary, if we had proper detailed requirements already done. That could also speed up the
process.”

In this excerpt, we see that the company may have lost time by not having requirements
defined and understood early enough leading them down some wrong paths. At some point,
once the technology, implementation, and market have aligned, structure in the form of rigor-
ous requirements can enhance PD efficiency rather than slow it down.

The crux in implementing a development style for startups is the question of when to use a
natural approach versus when to deploy a structured approach. From Fig 5 in conjunction
with overall analysis of the interviews, it seems that for the first few prototypes natural PD pro-
cesses is likely the best approach, as structure can bring paperwork, extra tasks, and careful
evaluation which explains the much longer prototyping time. However, at a certain point in
the life cycle of a company, structure can actually accelerate PD by avoiding timely and expen-
sive distractions. Therefore, there is a balancing act that startups must perform to get through
prototyping efficiently, having a natural process long enough to move quickly and creatively at
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first, but bringing in structure soon enough to not waste time in the long run. One CEO
explained this tension and his compromise between these two extremes in a hybrid approach:

Interviewee: “How important was defining requirements for you?”

C.26 (electronic equipment company): “It didn’t happen like I sat down and I came up
with the requirement. While making the thing it evolved. . . It’s a compromise because you
can perfect one design and make sure that it’s going to work in [the] first shot. But the
other approach is just to do it fast. Okay, let’s get it, try it, fix it, fix it.”

From this qualitative analysis, we have found that a balance between natural and structured
PD is one way to potentially accelerate PD for many hardware companies.

A case study about the pitfalls of deploying the wrong PD style

In this section, we highlight a specific case study of a cleantech company that was efficiently
prototyping in a natural regime, but experienced large slowdowns in product development
later in the process. For this company, the first five prototypes had a median prototyping time
similar to that found for all companies in the study. After the fifth prototype however, there
was a total redesign for prototype 6 that fell victim to both overengineering and feature creep,
taking a total of 1.5 years to finish. As the company was running out of money and was close
to collapse, a new CEO, former investor stepped in to overcome these issues. He explained:

C.44 (cleantech company): “Unbeknownst to the salespeople that were trying to sell [the
product] and to the board of directors, [the company] undertook a top to bottom redesign
of the product. It took over a year before another unit was in the field.”

Interviewee: “Did it fix the problem?”

C.44: “No. Actually, nothing was better. Everything was worse. It was more complicated,
more expensive, more difficult to make, more sources of failure.”

After the new CEO was brought on, there was a year-long reversing of the over-complicated
prototype, resulting in an extra 2.5 years of development time that could have been shortened
or completely avoided (Fig 6):

In this example, the first five prototypes were accomplished relatively quickly beginning
with a natural development regime and gaining more structure over time. Then for the sixth
prototype the company pivoted to a substantially new, untested design that did not emphasize
design simplicity, maintainability, or other key requirements. The team was also by this point
using a more structured development style, and the product became overly complicated lack-
ing rapid testing and user feedback. This demonstrates the need for reverting to a natural
development style for each major design pivot as the new concept must be rapidly built, tested,
and verified in the hands of the customer. If the company needed to pivot, then using a natural
development style may have prevented such a lengthy slowdown. And, if the company had not
pivoted and was using a structured style for the long-tested design, then the slowdown may
also have been avoided. This example shows the perils of using structure on brand new designs
before the technology, implementation of that technology, and market type have coalesced
into one product goal [22].

This example could also shed light on why product complexity is not correlated with proto-
typing time. One hypothesis is that there is a tendency toward perfectionism and overengi-
neering with simpler products as compared to more complex products. In the example above,
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|> Join Hardware Accelerator

) Company Incorporation D> First Discuss Manufacturing

Cost Modeling Started

> First Talked to Customers > CEO change

Prototype 1 13 wks

Prototype 1 Testing | 1wk

Prototype 2: Add Sensors 13 wks

Prototype 2 Testing | 1wk

Prototype 3: Custom PCB 13.2 wks

Prototype 3: Iterations and testing - 15 wks 2.5 year slow down

Prototype 4: Investor focus 13 wks 1

Prototype 4 Testing W o wks I 1
Prototype 5: Extended Development Cycle 30.4 wks

Prototype 5: Pilot I 6 ks

Prototype 6: Total Redesign 74 wks

Prototype 7: Redo over-engineered product, simplify 56.6 wks
Prototype 8: Pilot I 22 wks

Fig 6. Example of company delaying time to market by being stuck in the natural style of prototype development. Timeline for company that struggled
with overengineering and feature creep which slowed the PD down by over 2.5 years.

https://doi.org/10.1371/journal.pstr.0000101.g006

the design pivot made the product overly complicated potentially due to the designers’ percep-
tion of the product’s straightforwardness. If a product is known by the team to be complex,
there may be a greater prerogative to do “quick and dirty” natural prototyping and decision
making due to the constant pressure to get something working. However, for products seen as
less complex or “simpler” by the team, there may be a tendency to try to make a prototype per-
fect or add unnecessary features rather than just getting something working. These competing
effects might cause an averaging out of how long it takes to prototype leading to no trends
with complexity. Some of the interviewees working on less complex products mentioned with-
out prompting that there was a risk of “feature creep” for their products due to simplicity of
core functions. The example above with Company 44 demonstrates the harms of complicating
a design with new features especially when working in a structured development regime. This
hypothesis and its potential toward revealing why less complex products take the same time to
prototype as more complex products is a promising future research direction.

Strategically deploying natural and structured styles to accelerate PD

We see from the interviews that bringing structure in at the right time could potentially accel-
erate overall PD but could also slow down PD if brought in at the wrong time. Therefore, an
important question becomes: how do startups know when to migrate from natural to struc-
tured PD and back again? Several best practices were distilled from the interviews for when to
deploy different PD styles.

One point in PD at which bringing in structure is advisable is when the team expands
beyond the first founding members. For example, one company CEO, who first approached
design naturally said:
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Interviewer: “Do you use traditional design requirements?”

C.15 (cleantech company): "So we kind of go through the prototypes quickly instead of
having a really rigorous computation of all the requirements required. . . [We] made some
decent progress but then when I brought in other people. . . I noticed that that process just
doesn’t work for certain people. .. And then I realize that I need to bring in the more for-
malized project management structure. It’s through that that we will write down the differ-
ent design requirements."

The need for structure in this case involves the need for clear communication and expecta-
tions. With new team members who must be brought up to speed and understand company
expectations, structure is crucial.

Another point at which structure should be brought in is when communication with part-
ners becomes necessary. Several companies expressed that a lack of documentation and struc-
ture made initial interactions with manufacturers or other outsourcing firms inefficient and a
time sink. For example, one company explained that an entire prototype was wasted, as their
outsourcing partner did not understand what they verbally described and produced something
unworkable. After structure was introduced with formal documentation and review, this prob-
lem was overcome.

Another example of the need for structure when dealing with outside partners comes from
Company 28 in this exchange:

Interviewer: "If you could design or build anything differently, or outsource more or less
would you have done something differently?"

C.28 (consumer electronics company): "We would have worked with our contract manu-
facturer and brought him into the design sooner. . . Just documentation. It’s an investment
that pays off. The more you do the better. And it’s never too early to give the design to your
contract manufacturer once the industrial design is done."

Without structure, communication was ineffective between the stakeholders in these exam-
ples. Structure is shown to be incredibly important when bringing in outside partners who
must understand the intricacies of the product and agree to the conditions of PD.

Discussion

Innovation is complex. Hardware innovation is even more so, because the long timelines
between “investment” and “return” mean that more factors can influence outcomes. Various
parameters in the innovation process change with time (e.g., customer needs & willingness to
pay, competing tech, and more), thus long innovation cycles face difficulties converging to a
marketable product. We see a clear need to accelerate hardware-development timelines. We
see evidence in our data, that hardware-development timelines can be compressed by adopting
natural and structured development styles strategically throughout PD.

What levers are available to accelerate PD? What are some best practices or strategies to
overcome limiting parameters in PD?

In this work we have focused on prototyping as the main lever to shortening PD timelines,
as it is the longest PD activity and the one most practitioners believe can be sped up. We find
that technical complexity of the product does not necessary correlate with prototyping times.
Changes in complexity cannot then easily be used as a lever to accelerate development. There-
fore, we focus instead on the environment external to the product itself such as processes,
funding, team makeup, etc. for levers with which to accelerate prototyping. We find several
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potential levers through qualitative coding including a division between natural and structured
development processes. We find that a natural style of PD is about twice as fast as structured
when working with early prototypes, but that a structured style must be adopted at some point
for optimal PD.

The natural and structured modes of development can help lend depth to the strategies and
theories of innovation and product development found in literature. In The Lean Startup, Eric
Reis defines a process by which a startup can find success through iterative build-measure-
learn cycles with continual customer feedback [23]. At each iteration, during the learn part of
the cycle, the team decides whether to pivot to a new design/idea/prototype or to preserve and
move forward with the current. Reis suggests that a successful startup would work to accelerate
this feedback loop. What the framework of natural and structured development styles brings
to this picture is that a prototype’s development cycle needs to be accompanied by the appro-
priate development style. When working on a prototype’s development cycle at the beginning
of creating a product, a natural process of rapid prototyping with little to no documentation
and an emphasis on speed is preferred. However, as the design matures during later develop-
ment cycles, if this natural style persists, the prototype will become stuck in a premature stage
unable to graduate to a commercializeable product. However, if structure in the form of docu-
mentation, requirements, and clear deliverables, is brought in after 2-3 prototypes the product
can evolve toward market readiness.

A key point that is revealed by this framework is that if the team determines that a pivot is
necessary, a reversion to a natural style of prototyping is needed for rapid development of the
new idea. The transition from natural to structured development in some ways is organic as
more team members are brought on, outsourcing begins, and the design of the product grows
more precise. However, a reversion to a natural style of working from a structured one is not
as easy. In the Innovator’s Dilemma, Christensen describes some of this difficulty within the
context of large incumbent companies being poor innovators or new product developers [24].
Within the natural and structured framework of development, this can be explained by the
fact that large companies have entrenched structure and processes for development, making it
difficult to work with a natural style within these organizations.

Some large companies recognized this and work to create an insulated team or internal
division that is not beholden to the structure imposed on the larger organization to foster
innovation and new PD. A prime example of the success of such an effort is Lockheed Martin’s
Advanced Development Programs, also known as Skunk Works [25]. This internal organiza-
tion is given autonomy and freedom to perform research and development activities outside
the usual bureaucratic regime of the larger organization. This program was widely successful
and the term “skunk works” has been used by many other corporations or institutions trying
to create such an agile internal team.

These issues are often not thought of as problems that startups face as they are by definition
early-stage and should have more flexibility to be in the natural PD regime. However, what we
find in this study is that startups must walk a fine line between natural and structured PD to
get a product to market with the limited resources available to them. The natural to structured
development spectrum outlined herein is a framework that we hope startups can use to inform
strategy as they move through prototyping.

Within this study we highlight some key milestones that indicate readiness to move from
natural to structured development and back depending on the stage of prototype readiness
and team makeup. For example, we find that a company is poised to move toward a structured
process if the company has completed a design, verified market fit, and started to hire new
employees or begun to work with multiple outside partners or vendors. On the other hand, as
demonstrated with the case study of C.44 (Fig 6), if a company is pivoting toward a new
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market or completely new design, a reversion to natural development is recommended to
avoid costly slowdowns.

We find in the interviews, that many times transitions between natural and structured
development are executed by startups without clear strategic intent as the transition itself hap-
pens organically. Conversely, pivots back to a natural process once structure has been intro-
duced can be harder to accomplish. We encourage startups to use the natural and structured
PD framework to change development styles with strategic intent. This means, during times of
pivoting toward new markets or designs, startups would intentionally move back into a natural
development style. Furthermore, this means startups would bring structure in strategically
when pushing a fully designed and verified product to market, bringing on more team mem-
bers, and engaging with manufacturers. With these strategies intentionally deployed, we expect
this framework can help accelerate PD for hardware startups.

Furthermore, there are emergent productivity tools that can aid these transitions including
sentiment analysis for understanding user preferences, generative design tools to explore the
parameter space of design while enforcing design for manufacturing principles, and machine
learning based tools to accelerate hardware development. We envision these emerging tools
making transitions between natural and structured styles of product development easier for
startups in the future.

Materials and methods
Sample selection and data collection

Our goal in choosing the subjects was to find a sample that best represents the larger popula-
tion of companies generally. For this work, a purposeful sampling technique was used meaning
that the sample was selected based on characteristics of the population and our goal of answer-
ing the research questions outlined in the introduction [26]. To answer these questions, we
needed to sample from hardware startups in general with a focus on the subset of participating
cleantech companies. These hardware startups needed to have at least two prototyping itera-
tions complete and preferably more to provide the data we needed. With several market seg-
ments involved, the data can be compared between sectors including cleantech, medical,
consumer electronics, IoT, and others. We were most focused on sustainable, or cleantech
companies, and 20 of the final 55 companies identified as cleantech. The companies that
agreed to participate came from around the world with 63% from North America, 13% from
Europe, and 24% from Asia. Over 70% of the interviewees were engineers or scientists with
qualifications beyond a bachelor’s degree, either a Master’s of Science, Doctorate, or Masters
of Business Administration. Over 90% of the interviewees were executives (CEO, CTO, etc.)
and/or founders of their company. The remainder of the interviewees were lead engineers or
scientists.

Participants were contacted through online forms, LinkedIn connections, and publicly
available email addresses. Of the over 500 cold contacts made, around 40 agreed to the inter-
view, an acceptance rate of less than 10%. The companies chosen for an interview were there-
fore based on willingness to participate, making it a non-probability sampling technique. This
brings some amount of bias to the sample companies as they self-selected to be interviewed.
However, there were some factors combating this including a countervailing snowball sam-
pling effect. For example, one company CEO would introduce us in person or by email to
other company leaders for the study. The likelihood of these subjects participating was much
higher than if contacted cold. In the end, 55 companies from around the world agreed to par-
ticipate. Out of the 55 interviews, 50 agreed to be recorded, and were subsequently analyzed
via audio file and through transcription. This resulted in 1175 pages of transcription to
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process. In addition, each answer was documented by the interviewer in Qualtrics survey soft-
ware which was then exported into spreadsheets for analysis. The interview questionnaire can
be found in S1 Questionnaire.

This work was submitted to the Committee on the Use of Humans as Experimental Subjects
(COUHES) at MIT for approval as it includes human participants. The study, protocol
#1812621468, was determined to be exempt after review by the COUHES pursuant to Federal
regulations, 45 CFR Part 46.101(b)(2). Informed consent was received verbally by all partici-
pants in the study.

Interview methods

We chose a facilitated survey format for this interview combining engineering domain exper-
tise with sociology research methods both quantitative and qualitative. The sample size, n, was
between 30 and 55 for individual questions depending on the company. The sample size and
interview length were targeted for a mix of breadth and depth allowing for a broader under-
standing than what typical case studies allow as well as a deeper analysis than the scope of typi-
cal surveys. This unique study provides a new "bottom-up", interdisciplinary, and mixed-
methods perspective on the hardware PD process.

The content of the interview is outlined by the Product Design and Development textbook
by Ulrich, Eppinger, and Yang [27], used in the MIT product engineering class to guide stu-
dent through the PD process as it might happen within a company setting. The generic PD
process was adapted from this text for the interview as can be seen below in Table 1.

Quantitative and qualitative analysis methods

The quantitative parts of the survey include the workflow mapping, complexity metrics, and
jobs to be done opportunity landscape [28]. These quantitative metrics are gathered to gener-
ate numerical findings and work toward generalizing any conclusions from the timelines. An
ordinary least squares (OLS) regression analysis was done on the complexity metrics enumer-
ated in Fig 4 to understand if complexity is a driver of prototyping times. We wanted to under-
stand, for example, if the total number of parts in the prototype had any correlation with time
to prototype. Standard continuous error bars were plotted for the standard deviation of the
trendlines.

To complement the quantitative data gathered, open ended questions about each PD step
are asked. To analyze the results and find conclusive insights, qualitative research methods
from the field of sociology are employed. The main method used in this work is qualitative

Table 1. Interview Contents from Product Development Process.

Section Interview Section # of Questions
1 Introduction 6
2 Personal and Company Info 26
3 Product Planning 16
4 Requirements 15
5 Modeling 25
6 Concept Generation and Selection 26
7 Complexity 24
8 Prototyping 22+
9 Manufacturing 12
10 Overview 5

https://doi.org/10.1371/journal.pstr.0000101.t001
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coding which is "a way of indexing or categorizing the text in order to establish a framework of
thematic ideas about it."[19] There are two main types of coding. One is data-driven
(grounded) which is when the researcher allows themes to emerge from the documents with
no pre-existing framework. The other is concept-driven a priori which is when the researcher
applies a pre-existing framework when analyzing the documents. With either of these
approaches, coding is an iterative process of code refinement and comparison to the source
text [29].

In this work, we used a mixed approach using two kinds of codes, concept-driven and data-
driven. Data-driven or grounded coding allows themes to emerge from the documents, while
concept-driven a priori coding applies pre-existing theoretical frameworks to analyze the doc-
uments [19]. Trained engineer and the interviewer for the study, Erin Looney employed con-
cept-driven coding with pre-existing hypotheses and framework. Andre Buscariolli, a trained
sociologist, employed data-driven coding with no pre-existing framework. Through a series of
meetings, the codes found in common or mutually agreed upon through compelling evidence
by both coders are pursued. Through this work, over a dozen codes were found for the 55
interviews and were iterated upon until several specific coded themes developed, and the team
focused on the theme that emerged around natural vs. structured development styles.

Conclusions

Hardware startups generally, and cleantech startups specifically risk having longer times-to-
market, deterring investment. Prototyping is the longest development step regardless of proto-
type complexity or iteration. To be competitive and therefore promote a sustainable future, the
cleantech startup community must find and adopt levers to shorten prototyping times. We
find that the startup’s choice of development style is one lever that can affect timeline. On aver-
age, the natural PD style defined in this paper takes 35% less time than the structured style,
and is thus preferred for early iterations, but adopting structure at strategic points is needed
for timely commercialization. We find that startups should transition to a structured style
when adding new team members or engaging external partners, which demand clear commu-
nication and expectations. We further find that when a startup pivots to a new product or mar-
ket, returning to a natural style is beneficial. Using these levers and more, we hope cleantech
startups can get to market faster, creating the changes we need to realize a sustainable future.
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