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Abstract

Scientific progress is held back by the high cost of proprietary equipment and the restrictive nature
of patents, which slow innovation and limit scientific novelty. Free and open-source hardware offers
a proven alternative, reducing costs generally by more than 90% for equivalent or lesser proprietary
hardware while accelerating technological development through collaborative design and
distributed digital manufacturing as well as commercial pathways. Despite these benefits, funding
for scientific hardware development predominantly follows the antiquated proprietary model,
creating a gap between scientists” ability to purchase proprietary equipment and their inability to
finance lower-cost open source alternatives. This article analyzes four financial models for open
hardware development: (1) philanthropy model, where funders (non-profits or governments)
shoulder all design risks; (2) standard investor model, where investors assume risk for design and
sales in order to earn a return on investment (ROI); (3) crowd-sourced model, where the scientific
community funds development and shares risk; and (4) a new decoupled risk investor model, which
separates open hardware design risk from risk of an ROI by introducing a guarantor. A case study
demonstrates that the decoupled risk investor model provides success for conventional science
funders at marginally higher cost while enabling global access to low-cost designs and healthy ROIs
with lower risk for investors. Comparative analysis highlights advantages and limitations of each
approach, providing actionable recommendations for science funders. This work aims to derisk open
hardware design financing, expand adoption, and democratize access to scientific tools globally
while fostering innovation and cost savings across research disciplines.

Keywords: open hardware; finance; derisk; business model; open source; funding; open source
economics

Introduction

Scientific progress is hampered by lack of resources. In financially constrained laboratories this
is often due to lack of conventional proprietary scientific equipment, which can be prohibitively
expensive [1]. Some of these cost barriers come from lack of innovation and now there is a significant
amount of literature shows that patents slow innovation [2-8]. This is because the process is slow and
restrictive as only the inventor and licensees may legally work with a technology. In contrast, the
open-source model of technological development has been shown to be a powerful driver of
technological progress first in the free and open-source software (FOSS) industry where FOSS is
distributed under licenses that enable anyone to use, copy, study, and modify the source code [9].
Open source licenses include a "viral clause,” requiring all adaptations be shared under the same
license, which encourages a virtuous cycle of collaboration and improvement [10]. Open source
licenses initiate a "gift economy" [11], that spurs rapid innovation [12,13]. This has driven commercial
success and global scaling[14]: 100% of the top 500 supercomputers in the world run FOSS[15]; 90%
of cloud servers run open-source operating systems, including those of household names Amazon,
Facebook, Google, X, and Yahoo[16]; 90% of the Fortune Global 500, including non-tech firms like
McDonalds and Wal-Mart use FOSS for operations [17]; over 70% of smartphones operate on open-
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source platforms[18] as well as over 70% of Internet of Things (IoT) devices and 97% of embedded
systems run FOSS [16,19].

One way to reduce the cost of scientific equipment is to apply the same free and open source
model that drives innovation in software to scientific hardware. The resultant, open hardware[20] is
now well-established as a reliable way to reduce the capital costs of scientific hardware.[21,22] Open
hardware has provided cost savings for scientists in biology[23], medicine[24-26], chemical
handling[27,28], electronics [29-31], physics [32] and education [33-35]. In a review open hardware
was found to reduce the costs of scientific equipment as a whole by 87% compared to equivalent or
lesser proprietary tools (and up to 94% if open source electronics and digital manufacturing are
incorporated). [36] Digital manufacturing of open hardware designs has proven particularly useful
for lateral scaling of low cost solutions[37,38] as well as during the public health crisis.[39-42] The
downloaded substitution value[43] as scientists download and manufacture hardware for themselves
with digital replication tools like 3D printers, CNC mills, and laser cutters, provides extremely high
returns on investment (ROIs) for scientific funders [44]. There is a very strong case to be made that
all government funded hardware should be made open source by default [45], which is even
supported at the EU level[46]. Even if distributed manufacturing is not used, open source does not
limit commercialization as there are several viable open source hardware-based business
models[47,48]. There are many companies that provide open hardware specifically to the scientific
community (e.g., the OpenFlexure microscope[49], Jericho data loggers [50], OpenQCM open quartz
crystal monitors[51], or the IoRodeo potentiostats [52]) as well as academic entrepreneurship[53].
There is now even a global network of local open science hardware vendors and manufacturers at
the Open Science Shop [54].

Yet funding of scientific hardware development remains largely closed. The conventional closed
model of development relies on patent monopolies, which slow innovation and raise costs. There is
a distinct barrier in place now in that the people that use scientific equipment (scientists) have funds
to purchase equipment but not to develop equipment. To overcome that barrier this article explores
several models and proposes a new model to reduce the risks of developing open hardware for the
scientific community. These models are critically analyzed for benefits and drawbacks, compared
and conclusions are drawn for recommendations for different types of scientific funders.

Open Hardware Development Models

Philanthropy Model

The first model of open hardware development follows the standard science funding model as
outlined in Figure 1. Philanthropists (whether private, not for profit or public) fund open hardware
designers. For example the U.S. National Science Foundation has the Pathways to Enable Open-
Source Ecosystems (POSE) program [55], which can be used to support open hardware. Designs
funded by the philanthropist with an open hardware license can then be either manufactured by
the scientists themselves for the cost of manufacture following lateral scaling or be purchased from
one or several manufacturers using conventional open hardware business models. Manufacturers
like SparkFun can make a profit the same as any standard business by selling FOSH for more money
than it costs them to produce the open source scientific equipment [56].

In this model the philanthropist bears all the risk of design failure and funds the designer. The
funds from the scientists are used to either purchase materials or the finished products from
manufacturers. It should be noted that these funds for purchases often normally come from the same
philanthropists. The major drawback on this model is that the philanthropist is not only fully funding
the FOSH development but also takes all of the risk that the project fails. This form of funding FOSH
development is relatively uncommon for a singular project as equipment development is rarely
funded as a whole, but is often falls under the umbrella of performing a new scientific experiment
that requires some customization of scientific hardware.
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Figure 1. Philanthropic (private or state) funded FOSH development.

Standard Investor Model

In the standard investment model shown in Figure 2 investors put up the up-front capital for
the FOSH design that is part of a company. When the FOSH design is complete, it is manufactured
by the company and then it is sold to the scientific community with a profit, which provides a return
of 1% to the investors. There are several other business models for the company including: 1) kit
suppliers (e.g., Adafruit that sells electronic kits)[57], 2) specialty components (e.g., Backyard
Brains)[58], 3) validation services (e.g., MakerFab validation of IoT devices), 4) open hardware
vendors (e.g., OpenTrons fluid handling robots), and 5) businesses using secondary supplier
models (e.g., NECi Superior Enzymes selling open source photometers[59] to build additional
markets for their enzymes). Open hardware businesses can also base drive profits using service
business models including: 1) consulting services (e.g., AB consulting on embedded and wireless
systems), 2) subscription model (e.g., Crowd Supply that launches open hardware products and
offers services like fulfillment, marketing, and e-commerce to creators), 3) open hardware book
publishers (e.g., No Starch Press) and 4) open hardware education via courses, certification,
workshops, or training (e.g., Open Source Ecology[60] for building large faming equipment and now
open source houses), 5) consulting to make more complicated open hardware or fulfil research grants
(e.g., Jericho Labs), 6) manufacturing support open hardware firms (e.g., Seeed Studio) and 7) open
hardware repositories[61] (e.g., Open Source Hardware Association Certification).

é Company

Investors Scientific
- Community

Figure 2. Standard investor model for FOSH development.

In this model the investors fund the design and take on the risk of design failure and sales failure.
This model is common for proprietary hardware, but the lack of a monopoly to ward off competitors
and copy-cats reduces some investors’ willingness to invest. Open hardware, however, enables a
strong community, which can increase customer perceived value, speed product development while
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decreasing costs, cut sales cost and the need for advertising, and incubate startups with external
expertise and resources.[62]

Crowd Source Model

In the crowd-sourced financing model shown in Figure 3, people from the scientific community
that want the open hardware pay up front for the designer. If the design is successful normally the
designer would provide manufactured tools to the same scientists (e.g., Crowd Supply, Kickstarter,
Indiegogo or Fundable). As the designs are open source, scientists can manufacture them as well.

Lateral Scaling

=X

—)< Manufacturer ; |—_§-

Figure 3. Crowd-sourced FOSH design model.
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In this model the scientific community pays for the open hardware development and shoulders
the risk. They also pay for the hardware. Crowd Supply and other crowdfunding websites do derisk
this somewhat because many FOSH designers do preliminary work to provide assurances to the
backers that they will perform. It should be noted that some crowd funded projects either fail to reach
their funding requirements or completely fail to provide the finished designs.

Decoupled Risk Investor Model

In the derisked investment model shown in Figure 4 investors invest I to provide the initial
capital for the FOSH designer to complete the design. A philanthropist guarantor, guarantees that
the investors will enjoy a return, r, if the FOSH is successful. This guarantor can also act as the first
point validation of the performance of the open hardware or determine success of the open hardware
project[63]. The scientific community enjoys the open hardware either by making it themselves with
lateral scaling or purchasing it from a manufacturer.
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Figure 4. Decoupled risk investor model for FOSH design.
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In this model the risk of the hardware design being successful is decoupled from the risk of
earning a return through sales of the hardware. This model also enables conventional science funders
labeled as philanthropists (whether private or public) to leverage their funding by taking on a
relatively minor risk that the hardware is successful.

As this is both new and the most complicated model a case study is presented to illustrate how
it works. If a scientific funder like the National Science Foundation (NSF) was considering purchasing
100 scientific bottle rollers to supply a new laboratory course rolling out at several partnered state
universities. Thermoscientific offers a proprietary bottle roller (Figure 5a) for $2,439.25 [64], but the
upfront cost of $234,925 is high enough that it would justify investigating the possibility of providing
a $100,000 grant to make it open hardware under the assumption that they could be made for 1/10t
the cost[36]. Then the total cost would be $100,000 FOSH development + 100x$244 =$124,400 and thus
save over $100,000 using the Philanthropic model. There is a risk that the open hardware design
process may not work, however and thus the initial $100,000 could result in nothing of value and the
NSF would still need to pay $234,925 to purchase the bottle rollers for a total cost of $334,925. In the
decoupled risk investor model, investors would put up the initial investment, I, of $100,000 under a
contract that ensured if the design is successful and the investors would earn $110,000 from the NSF
providing them with an r of 10% ($10,000). The NSF would then pay $110,000 for the guarantee of
success of an open hardware bottle roller to the investors that costs $244 x100 to build. Thus, the
total investment is slightly more ($10,000) than the conventional philanthropic model to pay for open
hardware — but success is guaranteed. After the open source bottle roller’s designs are released then
other scientists all over the world can get access to bottle rollers for 1/10t the costs as well.

Figure 5. (a) Proprietary bottle roller, (b) an open source bottle roller.

As it were, in the real world an open source bottle roller shown in Figure 5b has been developed
and only costs $150 in parts to manufacture [65] as it uses open source electronics and the mechanical
parts are 3D printed (purple in Figure 5b). Thus, as the open source system already exists the NSF
could purchase the bill of materials for over 1,500 units instead of only 100 units. The kits could be
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supplied to the schools with the open source directions so students could build the bottle roller they
would use in subsequent labs.

Discussion

Funding remains one of the core challenges to scaling open hardware[66]. Funding can be
provided for open hardware using four different mechanisms summarized in Table 1. Table 1 shows
who pays for the FOSH design the FOSH hardware and who takes on the risk for design failure and
ROI from sales. In all the models the scientific community pays for the hardware, but of course they
can be funded for the purchases through private philanthropy or from government grants. In the
philanthropic model the philanthropist pays for the design and shoulders all the risk for design
failure. In the investor model, the investors not only pay, but they shoulder the risk for the design
and the ROIL The crowd source model eliminates the second risk and partially mitigates the second
by the means that crowd funding sites use. The new decoupled risk investor model, has the
investors paying for the development and shouldering the risk of failure of the design but the
philanthropists shoulder that risk for them. The new model has advantages over the three current
models in that it separates the risk into potentially more palatable amounts for both investors and
more conventional science funders.

Table 1. Who pays and who shoulders the risk in the various FOSH design models.

Who Pays for the Who Shoulders Who Shoulders | Who Pays for
Design? the Risk of Design | the Risk for ROI? the
Failure? Hardware?
Philanthropy NA
Model
Standard

Investor Model

D &
AP
P

This derisking can provide access to capital and help overcome some of the challenges to open
hardware manufacturing [67]. Open hardware company founders have internal and external

Crowd Sourced
Model

(external
internal)

and

Decoupled
Risk Investor
Model

motivations[68]. They often feel a moral obligation, altruism and extrinsic motivations such as market
obligation, faster time-to-market, a lowered research and development (R&D) and a reduced costs
for customer support [69]. For conventional investors that are supportive of a given hardware
technology but are concerned about the risks of investing without a monopoly, the new derisking
model provides a greater assurance that an ROI will be realized. This could provide a new class of
ethical investing in open hardware for science in general or specific sub-areas like the broad
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sustainability field or more focused regenerative agriculture. The core disadvantage of the new model
is that is more complex. Not only is it necessary to identify funders but they must be coupled with a
second organization willing to shoulder to vet the design and shoulder the risk of ensuring an ROI.

Finally, it is possible to combine the three conventional models with the decoupled risk model.
First, non-profit organizations or the government could act as investors and earn a ROI for
developing open hardware directly (in addition to indirect acceleration of science). Second, investors
could also act as guarantors but could earn a return indirectly. This is perhaps easiest to observe with
a secondary supplier model. Thus, investors in company “A”, that sells “a” goods, would be willing
to act as the guarantor for open hardware “b” even if they were not selling it directly as company
“B”, if a low-cost easily accessible “b” hardware were in wide use. Finally, a crowd source campaign
can be used to fund the initial investment while still having a guarantor in a secondary organization
to vet quality. This approach may help drive additional investment from the crowd to for example
allow for scaling of manufacturing equipment. Similarly, crowd funding could be used for the
guarantor to provide an ROI if successful. Again, it would lower risk for the crowd to see open
hardware become reality.

Conclusions

Funding for scientific hardware development remains an impediment to the velocity of scientific
progress because funders continue to follow obsolete proprietary models that raise costs and slow
innovation. This counterproductive inertia stems largely from perceived risk of investors to fund
open hardware development. This study analyzed four financial models for open hardware
development: (1) philanthropy model, (2) standard investor model, (3) crowd-sourced model, and (4)
a new decoupled risk investor model. The latter can derisk investment for models 1-3 by separating
open hardware design risk from risk of an ROI by introducing a guarantor. A case study
demonstrated that the decoupled risk investor model provides a means of reaching scientific goals
for conventional science funders at marginally higher cost. The benefits, of enabling open hardware
creation for science, enabling global access to low-cost designs and faster scientific progress. This also
provides good ROIs with lower risk for investors interested in ethical investing in open hardware.
Although the new model is more complex and requires two separate sources of funding, it splits the
risk of making investments thus making them more palatable to both for-profit and not-for-profit
organizations.
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