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Abstract

With the maturation of digital manufacturing technologies like 3-D printing, a new paradigm is
emerging of distributed manufacturing in both scientific equipment and consumer goods. Hard-
ware released under free licenses is known as free and open source hardware (FOSH). The availa-
bility of these FOSH designs has a large value to those with access to digital manufacturing me-
thods and particularly for scientists with needs for highly-customized low-volume production
products. It is challenging to use traditional funding models to support the necessary investment
of resources in FOSH development because of the difficulty in quantifying the value of the result. In
order to overcome that challenge and harvest the current opportunity in both low-cost scientific
equipment and consumer products, this article evaluates the following methods to quantify the
value of FOSH design including: 1) downloaded substitution valuation; 2) avoided reproduction
valuation and 3) market savings valuation along with additional benefits related to market expan-
sion, scientific innovation acceleration, educational enhancement and medical care improvement.
The strengths and weaknesses of these methods are analyzed and the results show that the me-
thods are relatively straight-forward to institute, based on reliable freely-available data, and that
they minimize assumptions. A case study of a syringe pump with numerous scientific and medical
applications is presented. The results found millions of dollars of economic value from a relatively
simple scientific device being released under open-licenses representing orders of magnitude in-
crease in value from conventional proprietary development. The inescapable conclusion of this
study is that FOSH development should be funded by organizations interested in maximizing re-
turn on public investments particularly in technologies associated with science, medicine and
education.
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1. Introduction

With the maturation of digital manufacturing technologies like 3-D printing, a new paradigm of production is
emerging of distributed manufacturing [1]-[4] where users, whether scientists [5] [6] or simply consumers [7]
[8], fabricate products themselves from digital plans. As scientists have pushed 3-D printing technology to the
limits of advanced materials, nanoscale and bioprinting [9]-[12] following conventional technological and eco-
nomic development, there has been an exponential rise in designs for hardware released under open-source, cre-
ative commons licenses or placed in the public domain [13] including the 3-D printers themselves [14] [15].
Such free and open source hardware (FOSH or open hardware) is shared by providing the bill of materials,
schematics, assembly instructions, and procedures needed to fabricate a digital replica of the original. Open
hardware is thus hardware benefiting from the mass-scale peer review and collaboration, which has been shown
to be a successful method of developing free and open source software [16]-[18]. The availability of these de-
signs has a large value to those with access to digital manufacturing methods [13] and has driven the explosive
growth in 3-D printing [19]. For scientists that need access to highly-customized low-volume products, this al-
ternative method of manufacturing can have extremely high value [5] [20] [21]. Although some of the designs
for both scientific equipment and more common household goods were developed by professionals or high-
ly-skilled amateurs, the majority of the designs are relatively unsophisticated leaving considerable opportunity
for improvement with an investment in the design of FOSH. It is challenging to use traditional funding models
to support the necessary investment of resources in FOSH because of the difficulty in quantifying the value of
making such an investment. In order to overcome that challenge and harvest the current opportunity in both
low-cost scientific equipment and consumer products this paper: 1) reviews the methods to quantify the eco-
nomic value of developing free and open source hardware designs; 2) compares the strengths and weaknesses of
the methods and 3) provides recommendations to policy makers for maximizing the return on investment in re-
search and development in any field accessible to open hardware design.

2. Methods

Three methods and their variations are explored to quantify the value of FOSH design: 1) downloaded substitu-
tion valuation; 2) avoided reproduction valuation and 3) market savings valuation.

2.1. Downloaded Substitution Valuation

The downloaded substitution valuation uses the number of times that a FOSH design is accessed on the Internet
to quantify the value of the design. The downloaded valuation for substitution savings, V,, is:

Vo (t)=(C, —C; )xPx Ny (t) (1)

where C, is the cost to purchase a traditionally manufactured product, C, is the marginal cost to fabricate it
digitally using a distributed technique, P is the percent of downloads resulting in a product, and N (t) is

the number of times the digital design has been downloaded at time t. P is subject to error as downloading a
design does not indicate that it was manufactured and on the other hand, a single download from a distribution
website could be fabricated many times, traded via email, memory stick or posted on P2P sites that are not

recorded. The savings from FOSH digital manufacturing (S =C,-C; ) have been shown to be substantial in

the developing world for appropriate technology [8] and for consumer goods (e.g. cellphone cases) [13]. S is
maximized for custom low-volume products such as scientific equipment where C; is generally only 1% - 10%
of C, [20] [21]. However, S can change with time and the number of total downloads would increase with
time. These future values are unknown, but can be extrapolated by a number of methods to give the total down-
loaded valuation (V,;) discounted to the present:

o (1+ i)t

Vor =i(cp(t)—cf (t))xPx[MJ (1b)

where i is the discount rate. Predicting the use of technologies in the future is challenging and there are many
innovation diffusion models that can be used for specific products [22]-[25].
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2.2. Avoided Reproduction Valuation

A variation of the downloaded valuation is the avoided cost of reproduction value V, for a single company,
which is given by:

Vp =hxw (2a)

where h is the number of design hours needed to replicate the product and w is the hourly wage of the
workers needed to produce the replication. This method of capturing value can also be extrapolated to all firms
(and individuals that would hire firms or freelance designers to complete the design) to obtain the total value to

society and is given by:

~ T (thxPxND(t))

Ve () =2 B (2b)
=} (1+i)

where i is the discount rate and it is assumed that there is no variation in wages or design time efficiency.
Taking both of these variables into account provides:

V. (t)= i h, xw, (2c)

where the variable time to complete the design and wages needed to do it are taken into account for J types of
jobs. To account for the value for all of time (t):

] | &M
Lm)‘]_; 1+i) &9

2.3. Market Savings Valuation

The third approach assumes that sometime in the future the exponential rise in digital replication technologies
such as 3-D printers [19] is saturated and that the distributed manufactured item is either so superior because of
cost savings or customization options that it can approximately capture the entire market for a given product.
The value of the entire market is thus:

Vu (1) =M (t)=(C; (t)x N, (1)) (3a)

The sum of the market over T years can be calculated and converted to a net present total market value (V,,; )
by:

W SLUCRCICEINO))

3b
-1 (l+ i)t (30)

where M (t) is the current market in year t in US dollars and N, (t) is the total number of products of a
specific type that make up market M .

2.4. Secondary Streams of Value

All three core methods can be extended, as there are additional second order effects in providing value to the
commons. Additional value can be tallied for educational benefits (V) , health benefits that increase longevity
and productivity (V,,p ), those that enhance science and engineering development (Vg ), and a catch all of
others (Vyq,, ). Thus, Equation 1(b) from the downloaded substitution valuation is expanded to provide the total
value for all time:

[Vep (t) +Vigen (1) +Vsgy (1) +Vory (1) ]
(1+ i)t

,
Vir =Vor +Y (42)
t=1
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Similarly, Equation 2(d) from the avoided reproduction valuation method 2 becomes:
t) +Vyep (1) +Vaer (1) +Vor (1) ]
A\t
(1+i)
Finally, in the market savings valuation, the total market for a given product would likely expand because of
the lower costs, superior customization or a combination of both. As the cost of the product has decreased by S,

an extra value, V., is derived from expanding the market. Thus, the total value of market savings and these
additional benefits (market total plus or V,,; is now given by:

Vir=Vur + Zi: [VEC (t) +Veo (t) +Vn(/|15[> (t)t) +Vgc (t) +Vory (t)]

(4b)

TV
VR,T :VRT+Zl|: ED(
t="

(4c)

3. Case Study

The abstract equations above are conceptually simple, yet can be challenging to adapt to real-world conditions.
To demonstrate how to extract the calculated values with the lowest possible error a case study to determine the
value of an open-source syringe pump (OSSP) design [26] is analyzed to represent scientific tool, which may be
government funded for scientific innovation acceleration, but also have applications in STEM education and
medicine.

An OSSP library [26] was designed using open-source and freely available OpenSCAD, which is script-based
and parametric CAD software possessing powerful 3-D modeling capabilities [27]. The majority of the pump
parts can be fabricated with an open-source RepRap 3-D printer and readily available parts such as a stepper
motor and steel rods [28]. The design, bill of materials and assembly instructions are globally available to any-
one wishing to use them [29]. The OSSP can be used as a wireless control device attached to an open-source
Raspberry Pi computer [30]. Performance of the OSSP was found to be consistent with the quality of commer-
cial syringe pumps [26]. The low-cost OSSPs are completely customizable allowing both the volume and the
motor to scale for specific applications such as any research activity including carefully controlled dosing of
reagents, pharmaceuticals, and delivery of viscous 3-D printer media among other applications.

3.1. Method 1 Vpr

The designs for the OSSP were released in Sept. 2014 and in one month the designs had been downloaded from
two digital repositories a total of N, =424 times (114 on Thingiverse [31] and 310 on Youmagine [32]). The
cost to purchase a traditionally manufactured syringe pump, C,, ranges from $260 - $1509 for a single pump
and $1800 - $2606 for a dual pump [26]. C, for the materials for a single OSSP is $97 and for the double
OSSP is $154 [26]. The time to assemble either the single or double OSSP is less than an hour and can be ac-
complished by a non-expert. Although the time to print the components is less than four hours on a conventional
RepRap, workers can do other tasks while printing. The assembler hourly rate is assumed to be $10/hour be-
cause no special skills are needed. P was assumed to be 1 as informal discussions with 50 RepRap owners
found that the vast majority of designs downloaded were printed. This assumption has some error associated
with it as P could be less than one if downloaders decided not to make one; however, P could be greater
than one if downloaders made multiple copies or much greater than one if a single downloader decided to com-
mercialize the syringe pump. This provides a savings, S, for substituting the OSSP for a commercial one of
$153 to $1402 for a single and $1636 to $2442 for the double pump. Thus, following equation 1a the value V.
of the OSSP library after one month ranged from over $64,000 to over $1,000,000 for P =1. Performing even a
simple linear extrapolation in Equation 1(b) for a single year provides a V,,; between $778,000 and $12.4 mil-
lion. Obviously, this calculation can be expanded out for more years, but then as equation 1b shows the discount
rate must be taken into account, which can vary depending on the organization or individual performing the
analysis.

These results provide a factor of 12 spread in potential value based off the purchase price of syringe pumps. It
should be pointed out that the low end value is from a simple infusion pump with considerably less functionality
than the FOSH syringe pumps. Although it is possible that some of the downloaders only needed a simple infu-
sion pump, the majority would be likely to be replacing more sophisticated devices. In addition, the FOSH li-
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brary allows for more programmable control than any of the other pumps on the market, thus it appears reasona-
ble to estimate the value using a mid-range pump such as the GenieTouch Syringe Pump for $675 (S =$568).
This provides a V,,; following method 1 of over $240,800 for the first month and about $2.9 million extrapo-
lated for year one in value to the global scientific commons.

Some points should be made here concerning the potential errors in the V,; estimates. Although the instruc-
tions for the OSSP had been accessed 5745 times, only 424 people (or about 7%) chose to download it. It is
possible that similarly the behavior of downloaders could distort P up or down and detailed survey studies
would be needed to better assess its value. In addition, using the OSSP library it is possible to make even more
sophisticated and valuable equipment. For example, for $308 in parts one can construct a quad-syringe pump
using the FOSH design library, but to purchase a Cole-Parmer Continuous Flow Syringe Pump with four sy-
ringes costs $3947, which isan s of over $3600 for a single download.

3.2. Method 2 Vir

The mechanical designs for the OSSP were completed by experienced engineers in <6 worker-hours. To print
and revise the five 3-D printed components took 3 hours, assembly less than 1 hour and software development
and Pi wiring less than 16 hours. The total design and prototyping time was less than 26 hours (h). This schedule
was possible because the designers were experienced with similar designs and had access to all of the compo-
nents. According to Glassdoor, the median annual salary for a CAD engineer is $89,000 [33] and for a software
engineer it is $90,374 [34] so using $89,000/year and ignoring overhead and benefits costs to be conservative for
a 50 week year working 40 hours per week the w is $44.50. V, from Equation 2(a) is thus $1157. With the
cost of the parts for a single OSSP being $97, the total cost for the first pump for a firm designing it is $1254,
which is more expensive than the lowest-cost syringe pumps, but still would provide savings for the high-range
products. Thus, it would be rational for syringe pumps to have been designed in-house before and there is some
evidence of this as there are some published syringe pump singular designs [35]-[37]. These other designs were
not pump libraries, although they would provide solutions for a sub-set of syringe pump users. It should be
noted that less-experienced designers would take considerably longer to make a syringe pump and as syringe
pump design outside the core competency of most firms it is unlikely that in-house syringe pump design is very
widespread. A detailed survey would be needed to ascertain this with certainty, but is unnecessary for the pur-
poses of calculating values of FOSH designs.

Now using the N, =424 as a proxy for firms that may be willing to either complete the design themselves
or hire a freelancer, Equation 2(b) after the first month is over $490,000 and using the same extrapolation to the
first year would be over $5.8 million. If the slightly more sophisticated granular resolution on the wages is used
the values of Equation 2(d) becomes $1167.99 ($11 difference from 2b).

3.3. Method 3 Vu

Methaod 3 is the most straight-forward calculation if solid data on total market size, which are often tabulated by
marketing firms and industry trade groups, can be obtained. Despite the OSSP being superior technically and a
lower cost than commercial pumps it would not capture the entire market in the first year. Determining when
this would occur based on a month of downloading statistics would obviously cause significant error. In general,
method 3 should only be used for products that have been available long enough to gain a significant market
share. For the purposes of demonstration in this case study it is assumed that the market penetration reaches
maturity in five years as syringe and infusion pump manufacturers adopt the design and eliminate their existing
products or simply leave the market because of price pressure from FOSH firms. Transparency Market Research
[38] determined the global infusion pumps market was valued at $5.4115 billion in 2012 and of that roughly $1
billion was from syringe pumps and is expected to grow at a compound annual growth rate of 5.3% to reach an
estimated value of S1.3 billion by 2019 [38]. To be conservative, it is assumed that it there is a step function in
value at year five and it is assumed that this market is made up of only low-cost ($260) pumps so the 2019 mar-
ket is ~5 million pumps. Thus, if the FOSH syringe pump captured the entire 2019 market it would result in
about $767 million in value saved for the global community that year and every year after. It is unlikely that all
of the research syringe pumps were included in this total approximate market determined by TMR, but the value
is so much greater than the conservative estimates of the linear extrapolations of downloads that this un-
der-approximation will be ignored. The greatest source of error with this method is determining the market pe-
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netration rates and time until total market capture. To occur this demands a robust and growing open-source
hardware business community.

3.4. Secondary Streams of Value

By necessity the calculations of the secondary streams of value are the most speculative with the largest margin
for error without the use of focused studies. For the OSSP, four additional revenue streams will be discussed:
increased market, research and educational benefits, and medical benefits.

3.4.1. Increased Market

As the OSSP represents a savings of between 59% - 93%, if it gains significant market penetration it can be ex-
pected to increase the market for syringe pumps. To determine the scale of this market response the price elas-
ticity of demand is needed, which is the quantity demanded of a good to a change in its price (e.g. the percentage
change in quantity demanded in response to a one percent change in price). The elasticity of demand for goods
in general and syringe pumps in particular can be affected by several factors [39]. First, there are no real substi-
tutes for a syringe pump indicating that demand would be inelastic [40]. Syringe pumps in general are not pur-
chased by consumers—rather hospitals and laboratories. While they are expensive they represent a small per-
centage of such institutional income or budgets. Thus, the income effect will be insignificant and demand inelas-
tic [41]. The relatively long lifetimes of syringe pumps would again make them less elastic. Brand loyalty would
be expected to offer the largest barrier to OSSP adoption, particularly for medical applications although even
researchers may be less likely to adopt a pump if they are not completely sure its reliability is vetted. This would
result in inelastic demand [41]. Thus, it is not prudent to assume that the syringe pump market is perfectly elastic.
Here, if a relativity inelastic ratio of 1% demand increase for each 10% drop in price the syringe pump market is
assumed, the market might be expected to increase between about 5.9% - 9.3%, which in 2019 would be be-
tween an additional value of $45 - $71 million. This value is cut in half as an approximation of value, as the first
extra OSSP sold saves very close to values calculated. However, for the last extra unit sold the benefit is equal
to the new cost, so there is no net savings.

3.4.2. Research and Educational Benefits

The OSSP was originally designed for university research labs and published in the peer-reviewed literature. As
the pump meets the standards for research and has already been vetted it seems reasonable that it would be
mostly likely to be adopted university labs first. Thus, there are potential additional value that the FOSH design
provides for both scientific research and education.

The value of the FOSH in labs is not only the dollar amount saved for research, but also includes the value of
the overhead (indirect costs) charged on grants to purchase the equipment. The national average of overhead
costs among universities is 52% [42]. These overhead rates are primarily used to subsidize administrative sala-
ries and building depreciation [42] and have lead to a practice of rating universities by research expenditures,
which perversely provide an incentive to increases these rates while depressing the use of FOSH [43]. This
would lead to FOSH values of over $4.3 million and over $2.7 million for methods 1 and 2, respectively.

By decreasing the costs of research equipment more resources are available to do science. For example, if a
quad syringe pump is fabricated for a molecular biology lab the savings would be enough to hire a summer stu-
dent presumably increasing the scientific discovery rate. In addition, if syringe pumps used for electrospinning
novel materials represented a bottleneck to scientific discovery for a chemistry lab, being able to make between
2 to 14 OSSPs for the price of commercial alternatives would relieve that bottleneck and increase the rate of
scientific discovery. Quantifying the value of an increased rate of discovery entails a specific study in each lab
that would need to be done after the discoveries were made with controls for similar labs operating with less or
inferior equipment. Qualitatively, however, it is clear that FOSH that has scientific applications and that costs
less than commercial offerings has values set by the minimums of the three core methods.

Similarly, if because of its lower costs the OSSP was able to be used in the classroom or lab courses at either
the university or pre-college education, the improved education that students received because of access to it
would be positive as would the tertiary effects of their contribution to the economy. Again, future work is
needed in specific case studies to ascertain this value, however, for the purposes of this study it is clear that any
FOSH that have educational applications and that costs less than commercial offerings has values set by the mi-

nimums of the three core methods.
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3.4.3. Medical Benefits

The primary market for syringe pumps is in the applied medical field. The OSSP could technically be used for
medical applications now, however, outside of areas where technical viability dominates use patterns (e.g. de-
veloping world) the pump would need to go through extensive testing and certification because of liability con-
cerns. For this to occur either an NPO, government agency or one or several businesses will need to make the
investment in the certification and testing. When the vetting and certification is complete and the OSSP is being
used at several hospitals a study could be run investigating the effect of the decreased costs for the use of sy-
ringe pumps has on the hospitals overall cost of care. This could be calculated in terms of quality adjusted life
years (QALY) [44] and then multiplied by the pro-rated value of a human life [45]-[47]. Regardless of which
model is used to calculate the value of a human life it is clear that even a fractional life saved would result in
additional value created by FOSH development that had medical applications. It should also be pointed out that
these values would tend to accrue in regions where low-cost medical equipment is sorely needed now [48] [49].

3.4.4. Other Value

Finally, there are other potential values from FOSH development. It has been shown that in most cases distri-
buted manufacturing using 3-D printing has positive environmental benefits over traditional centralized manu-
facturing and shipping [50]. It can be assumed that the distributed manufacturing of the OSSP would have some
additional value because of reduced environmental impact. For distributed manufacturing of 3-D components
the potential to use recyclebots to produce filament from waste plastic [51] or to use solar-powered 3-D printers
[52] reduces the environmental impact further. In this particular case this impact is small because of the size of a
syringe pump but could be significant if scaled to the entire market and can all be quantified, by adding up the
benefits of pollution prevention [53].

4. Discussion

The values determined by the methods are summarized in Table 1.
The case study supports the results that should be self-evident that the following three relationships are true
for the three primary methods of evaluating the economic benefit of OSH:

Vy <Vir <V ()
Vp <V, <Vgr <Vir (6)
Vi <Vur <Vyr ()

The three methods provided in this paper all benefit from the fact that the inputs are generally available, have
low associated errors and the calculations are straight forward. Method 1 is simply scaling economic savings
from distributed manufacturing that has been previously demonstrated [13]. Method 2 using development costs
is similar to that employed to calculate the value of Linux [54]. Method 3 is only valid when the FOSH has
dominated the entire market and should thus be viewed as an upper bound, with the market elasticity caveat.
Table 2 summarizes the advantages and disadvantages of each method. These methods are superior to the more
amorphous methods used to calculate the value of larger projects such as maps by Google [55], GPS [56], or the
value of the Internet [57]. The methods presented in this paper all have the advantage that if minor errors are al-
lowed in P detailed studies can be avoided. It should be noted with modest improvements in FOSS for 3-D
printing to count actual prints in an anonymous and secure way, a technique such as those used to estimate the
value of Apache, could greatly decrease the error in P [58]. Before then, the work of environmental economists

Table 1. Summary of values by the different methods for Case Study 1.

With Research, Education,

Method (estimate) Value With Market Increase With Educational Overhead Medical and/or Other Benefits
1 (Low) $240,832 NA $366,064 >$366,064
1 (High) $2,889,984 NA $4,392,775 >$4,392,775
2 $5,886,816 NA $8,947,960 >$8,947,960
3 (High) $767,000,000 $800,000,000 NA >$800,000,000
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Table 2. Advantages and disadvantages of the methods to determine FOSH design value.

Method Advantages Disadvantages
V, Easy to quantify as inputs known Only at specific time, small error in P
Solid input for some products. . .
V : )
o future extrapolation has low error Demands future extrapolation and resultant errors for all inputs
\/ Provides total value with low error Demands future extrapolation, difficult quantification of secondary benefits
V, Easy calculated precise value for single company Only useful for single company
Y Np available and generalized Uses P and associated errors, assumes all firms have
" cost assumptions tolerable similar costs and values, demands future extrapolation
Ver Captures value throughout time P errors, Firm value/costs errors, demands future extrapolation
V! Captures total value with P errors, Firm value/costs errors, Demands future extrapolation,
RT solid foundation for direct costs quantification of secondary benefits difficult
Only true if mass-scale distributed manufacturing
Vi Basy to calculate established at single time, misses all secondary benefits
v Relatively easv to calculate Only valid if mass-scale distributed manufacturing established,
mT y easy demands future extrapolation and resultant errors
v/ Approaching the optimal Only valid if mass-scale distributed manufacturing established, demands
MT deployment and thus value of OSH future extrapolation, estimation of secondary benefits and resultant errors

using conjoint analysis from marketers, in order to try to estimate consumer values for products that do not cur-
rently exist [59] [60] is necessary. Virtually all of this work is based on exhaustive, tedious, expensive and time-
consuming survey research. For the purposes of calculating the return on investment (ROI) in FOSH design the
methods here are adequate to provide an economic value for most decision makers. It should be pointed out here,
particularly for entities that are trying to leverage their investments for the greatest common good that FOSH
development has extremely high potential ROIs as seen by comparing the values in Table 2 and the develop-
ment costs outlined in Method 2. This provides two or three orders of magnitude in the return. Whereas tradi-
tional investments in proprietary development would not come close to such a return, nor would the source be
available for others to immediately begin working on rather that the 20-year external innovation hiatus necessary
with the current patent system [61].

By publishing open source hardware design that can be manufactured digitally, all development costs are
eliminated and barriers to production greatly decreased for everyone throughout the world. As the designs are
reusable, with solid modeling and 3-D printing, designs can be expanded or joined together rapidly increasing
the rate of innovation following similar observations of FOSS [16]-[18]. The results of the case study confirm
these enormous potential values and agree with the sentiment of Nobel laureate Sir John Sulston that research
that is open to everyone is at least nine times more valuable to society than research that is closed [62]. The In-
ternet is an example of what happens when channels of communication are left open for participation and
growth and FOSS work [63] has demonstrated not only how well the Internet can be used for collaborative de-
velopments such as FOSH, but also the efficiency, profitability and opportunities of the open source paradigm
over its proprietary counterparts.

5. Conclusion

This paper successfully provided three methods of quantifying the value of free and open source hardware in
order to provide economic justification for the support in FOSH development investment. The methods are rela-
tively straight-forward to institute and are based on reliable freely-available data with minimal assumptions. The
case study presented found millions of dollars of economic value from a relatively simple scientific device being
released under open-licenses. This represents orders of magnitude increase in value from proprietary develop-
ment. It is clear that FOSH development should be funded by organizations interested in maximizing return on
public investments particularly in technologies associated with science, medicine and education.
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