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Abstract 

Free and open-source hardware (FOSH) is rapidly gaining momentum because it provides 
customized research hardware with over 90% savings compared to the costs of proprietary 
tools. However, the focused skill sets of researchers who aim to facilitate their own research 
limit FOSH complexity. The most expensive research equipment normally requires an 
interdisciplinary team. To overcome this complexity barrier and obtain large returns on 
investment for research funders by replacing the most expensive research equipment with 
FOSH, new development funding mechanisms are needed. To guide such research policy, 
this paper provides the first analysis of the strategic national benefit of applying the FOSH 
approach to major research equipment for any nation.  The results of an example analysis for 
a single nation indicate Finland’s science funders could save between 2.84-27.7m€/year 
directly on scientific equipment purchases if research hardware is converted to FOSH and the 
nation would likely garner the well-established concomitant benefits of increased research 
innovation within their economy. Finally, a detailed generalized model for determining 
national research policy in hardware development is derived and research policy mechanisms 
for accelerating FOSH deployment and greater accessibility to research equipment are 
discussed.  

Keywords: economics of science; equipment; research tools; open source; open source 
hardware; research expenditures 

 

1. Introduction 

The inflated costs of highly-specialized proprietary scientific equipment restricts access to 
research tools for experimentalists throughout the world (Pearce, 2014). This challenge is 
most acute in regions with low scientific expenditures as the countries that spend the most on 
scientific tools and researchers to use them have the highest scientific outputs (May, 1997; 
Man et al., 2004). However, even in the wealthy countries of Europe (Man et al., 2004) and 
the United States (National Science Board, 2012), rarely do research labs have unrestricted 
access to the best research tools or as many of them as necessary to optimize their rate of 
discovery and innovation. Lack of access to the optimal research tools because of costs thus 
slows the rate of scientific and technical development in every field (Pearce, 2014;2017).  

Free and open-source hardware (FOSH) (Powell, 2012; Gibb, 2014) builds on the same 
sharing philosophy and rights of users that underlies the success of free and open source 
software (FOSS)1. FOSH is hardware whose design is shared publicly so that anyone can 
study, modify, distribute, make, and sell the design or hardware based on the design 
(OSHWA, 2018). Thus, both FOSS and FOSH go beyond open access, granting users 
substantial freedoms to build on the intellectual work of others2. FOSH provides the “source 
code” for physical hardware including the bill of materials (BOMs), schematics, computer 
aided designs (CAD), and other information such as detailed instructions needed to recreate a 

                                                             

1 The superiority of FOSS method for software development is well-documented (Raymond, 1999; Zeitlyn, 
2003; Lakhani & Von Hippel, 2003; Weber, 2004; Comino et al., 2007; Lee et al., 2009; Herstatt & Ehls, 2015).  
2 It should be noted that the FOSH definition from OSHWA demands these freedoms, however, in the open 
source software community there is a splitting of the freedoms, which are only available in pure FOSS while not 
necessarily for licenses in some open source software listed by the Open Source Initiative (OSI) 
(https://opensource.org/licenses). Some of the licenses allowed by OSI are not FOSS (e.g. some code is only 
free for non-commercial usage, but cost for commercial purposes or can not be commercialized) (FSF, 2016). 

https://opensource.org/licenses
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physical item. As well established in FOSS development,1 research-related FOSH is now 
demonstrating improved product innovation (Dosemagen, et al., 2017; Yip & Forsslund, 
2017). FOSH is rapidly gaining momentum because it provides customized research 
hardware for cost generally 90-99% less than similar commercialized proprietary tools (they 
thus can be produced for 1-10% of their commercial counterparts).3 These savings are 
possible because of the proliferation of  enabling FOSH such as distributed direct digital 
production with 3-D printers (Jones et al., 2011; Bowyer, 2014) as well as the rise of FOSH-
based electronics such as the Arduino microcontroller (Pearce, 2012; Baden et al., 2015; 
Coakley and Hurt, 2016).  

Hundreds of FOSH research tools already exist (Pearce, 2014; Baden et al., 2015) as 
researchers design (Oberloier & Pearce, 2018), share and build on one another’s work 
(Harnett 2011). Similar to FOSS (Subramanyam & Xia, 2008), most FOSH is developed by 
scientists to “scratch an itch” – i.e. solve a problem for themselves in their own labs (Pearce, 
2012). In practice, this has resulted in wide coverage of relatively simple tools4, which have 
purchase costs less than 10,000€. The complexity of FOSH is currently limited by the 
focused skill sets of researchers, who know how to use the tools, but not necessarily how to 
design them. The most expensive equipment normally requires an interdisciplinary team of 
scientists, engineers and computer programmers, which are not frequently available in all 
laboratories. This complexity barrier represents a significant opportunity cost to the scientific 
community. It has already been shown that investing in FOSH development of even modestly 
complex tools (e.g. syringe pump (Wijnen et al., 2014)) in the 100€-1,000€ range, can create 
a return on investment (ROI) more than 1,000% in only a few months (Pearce, 2016).  

To overcome this complexity barrier for FOSH development and obtain similar ROIs on the 
most expensive research equipment, funding mechanisms are needed at the national level. In 
this paper, the theoretical approach to fostering national FOSH developed proposed by the 
U.S. National Academy of Engineering (Pearce, 2017) is applied to Finland. The main 
contribution of this study is a new method that is developed and demonstrated on an example 
nation to determine the best strategic investments for a nation for FOSH development. The 
method follows five steps: i)  the most-representative university in the country is selected for 
a detailed analysis of research equipment purchases greater than 10,000€ over the past 20 
years; ii) the equipment is classified into four categories ((1) characterization, (2) electronics, 
(3) processing and (4) space improvements) and then refined to sets of instruments;  3) these 
are compared to available FOSH; iv) evaluated for future FOSH development; and v) the 
origin of the equipment classes are determined to investigate balance of trade impacts. Using 
this approach national research priorities are recommended for Finland. Finally, the Finnish 
example is made useful for those in other countries using a detailed generalized model is 
derived for determining national research priorities in hardware development and appropriate 
research policy mechanisms are investigated. 

2. Background on Finland 

This paper specifically targets policy improvements for Finland, which are based on the 
National Systems of Innovation (Lundvall, 2010) or National Innovation Systems (Sharif, 

                                                             

3 There are many studies that document enormous economic savings with FOSH (Fisher and Gould 2012; 
Pearce 2012;2017; Murillo and Wenzel, 2017; Damase et al., 2015) and argue for open source science 
(Willinsky, 2005; Hope, 2009; Robertson et al., 2014; Friesike et al., 2015; Nosek et al., 2015). 
4 Examples include: handheld micropumps (Bravo-Martinez, 2017), turbidimeters (Kelley et al., 2014), optics 
equipment (Zhang, et al. 2013; Salazar-Serrano et al., 2017) or automatic feeders for animal experiments (Oh et 
al., 2017). 
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2006) approach. This approach argues that technological flows and technology development 
interactions are often more frequent within national boundaries (Niosi, et al., 1993; Edquist, 
2010; Lundvall, et al., 2002; Lundvall, 2010). These national systems of innovation can be at 
least in part a function of government at the national level (Nelson, 1988; Nelson and 
Rosenberg, 1993). National economies are enhanced by science as both innovation draws on 
science as well as the demands for innovation force the creation of science (Rosenberg and 
Landau, 1986; Caraça, Lundvall, and Mendonça, 2009). Thus, with FOSH showing both an 
innovation and direct economic benefit, this national example attempts to determine the best 
FOSH investments for Finland to support their national system of innovation within 
university-industry-government interactions. 
    
2.1 Background on Finland and University Selection 

Finland, a sparsely populated northern European country with about 5.5 million people, has 
taken a holistic and systematic approach to education (Sahlberg, 2012) that resulted in a 
reputation as one of the best education systems in the world (Morgan, 2014). Finland has 15 
universities (yliopisto), which provide free education to all qualified citizens, which are 
selected in a fully transparent, merit-based, and objective process (e.g. no human factors, 
extracurricular, or application essays).  Universities put a lot of effort towards research, 
which provide some of the highest per capita outputs globally (Man, 2014; Oksanen et al., 
2003). Students obtain a theoretical education and the most talented students are encouraged 
to join research groups.  

 
In addition to Finland’s clear commitment to educating their citizens, Finland is an early and 
aggressive adopter of telecommunication technology and one of the most wired nations 
(based on mobile phone and Internet usage) (Ibrahim, 1997; Cooper, 2016). The appeal of 
advanced communication is clear as Finnish values include a devotion to equity and 
cooperation (Sarjala, 2013) – even being called “a nation of cooperators” (Leonard, 2000).  It 
is thus not surprising that a Finnish university student developed an operating system 
(Torvalds & Diamond, 2001) and then shared it with the world in a way that provided the 
origin of the open source movement (Bonaccorsi & Rossi, 2003;2006). Linux, the resultant 
free and open source operating system, now dominates proprietary rivals with 94% of the 
world’s top 500 supercomputers (Noyes, 2012), 75% of the top 10,000 websites and 98% of 
enterprises using open-source software (Rosenberg, 2010). In addition, Android, a Linux-
based operating system accounted for 84% of the smartphone market in 2016 (Gartner, 2016) 
and is now making inroads in smart TVs, thermostats, Amazon’s Kindle e-reader, drones, and 
self-driving cars (Finley, 2016). This spirit of cooperation responsible for birth of the open 
software movement is the reason Finland is selected as the example country. In addition, 
previous empirical findings in Finland indicate that the adoption of technologically advanced 
strategies requiring complex legal and managerial knowledge, such as those using an open 
source strategy, demands relatively highly educated people (Harison & Koski, 2010) that 
Finland’s education system can provide. Researchers operating in Finland already have a 
high degree of cooperation and productivity and thus would appear to be primed to take 
advantage of the benefits of FOSH in research.  
 
The University of Helsinki is the largest and makes up more than 20% of the Finnish higher 
education system. Aalto University and the University of Turku both make up more than 10% 
and the remaining universities are smaller than 10% of the student population. Due in part to 
data access, Aalto University was chosen over Turku University as medium-large university, 
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which is heavily technology focused as the best representative of the research equipment 
infrastructure of Finland. 
 
2.2 Background and Description of Aalto University 

Aalto University (Finland’s second largest with 17,500 students) is a relatively new 
university established in 2010 as a merger of the Helsinki University of Technology 
(established 1849), the University of Art and Design Helsinki (established 1871) and the 
Helsinki School of Economics (established 1904). The merger was intended to foster close 
collaboration between the scientific/engineering, design and business communities for multi-
disciplinary education and research, which appears ideal for FOSH development and 
deployment.  

Aalto University has defined four fundamental competence areas (Aalto University, 2018): 1) 
ICT and digitalization, 2) Materials and sustainable use of natural resources, 3) Art and 
design knowledge building and 4) Global business dynamics. In addition to these areas, the 
university invests in three integrative multidisciplinary themes that focus on solving 
challenges that are important globally and for the Finnish economy (Aalto University, 2018): 
5) Advanced energy solutions, 6) Human-centered living environments and 7) Health and 
wellbeing. 

Aalto University showcases Finland’s experiment in higher education with several 
internationally known innovations including: The Aalto Design Factory, Aalto Ventures 
Program and Aalto Entrepreneurship Society (Aaltoes) as well as the digital fabrication 
facilities at the Design Factory, A-Space, the Learning Centre’s Fab Lab and the ADD lab 
(specializing in additive manufacturing research and development). Combined these 
multidisciplinary initiatives have contributed substantially to the emergence of Helsinki as a 
hotbed for at least 500 startups (Kennedy, 2017). This multi-disciplinary approach as well as 
ready access to digital fabrication tools are essential ingredients to advanced FOSH 
development.   

 

3. Materials and Methods 

3.1 Data Source and Frame of Analysis 

This paper evaluates the research expenditures over the last 20 years at Aalto University. 
Aalto University Procurement provided raw data in Finnish including the type, supplier, price 
and purchase date for all instruments priced over 10,000 € purchased by Aalto University in 
the last 20 year. The economic analysis is from the position of the nation of Finland scaling 
the results from Aalto University to the country scale for the reason described in Section 2. 
The goal of the analysis is to maximize the value of the return on FOSH investment for 
Finland by offsetting research equipment costs. 

3.2 Procedure 

The text data was translated from Finnish into English. Then, the type of instrument was 
classified into the following categories: (1) characterization, (2) electronics, (3) processing 
and (4) space, building, or room improvements. Next the three non-space constrained 
categories were further refined into their top two sub-categories (1a) characterization non-
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imaging and (1b) characterization imaging and (2a) electronics-specialty and (2b) electronics-
IT and (3a) bulk processing or (3b) nanoscale processing and finally lasers, which can be 
used for both characterization and processing.  

All sub-classes were evaluated in detail with the research expenditures for major equipment 
being compared to what is available or under development in the FOSH community now.  

3.3. Calculations 

The highest value of future FOSH opportunities in Finland, VFinland(j), was identified for in 
the two major classes (characterization and processing) for all instruments (j) using: 

𝑉𝐹𝑖𝑛𝑙𝑎𝑛𝑑(𝑗) = 𝑑𝐹𝑂𝑆𝐻 ∑ 𝑐𝑗
𝐿𝐹𝑖𝑛𝑙𝑎𝑛𝑑
𝑖=1

(𝑖) × 𝑛𝑗(𝑖)   (1) 

LFinland is the total number of research labs in Finland, cj is the cost per unit of j instrument, 
and nj is the number of j instruments in i lab. dFOSH is 1 minus the expected discount from 
replacing a proprietary tool with FOSH and is taken as a range of savings from 90-99% 
(Fisher and Gould 2012; Pearce 2012;2017; Murillo and Wenzel, 2017; Damase et al., 
2015).5 This can be calculated as the sum of the lab equipment at each university and the sum 
of all universities: 

𝑉𝐹𝑖𝑛𝑙𝑎𝑛𝑑(𝑗) = 𝑑𝐹𝑂𝑆𝐻 ∑ ∑ 𝑐𝑗
𝐼𝑈𝑛𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦
𝑖=1

(𝑘) × 𝑛𝑗(𝑘)
𝑈𝐹𝑖𝑛𝑙𝑎𝑛𝑑
𝑘=1    (2) 

This is further approximated by using data from a single representative university: 

𝑉𝐹𝑖𝑛𝑙𝑎𝑛𝑑(𝑗) ≈ 𝑑𝐹𝑂𝑆𝐻 × 𝑆𝑟 × ∑ 𝑐𝑗
𝐼𝑟
𝑖=1

(𝑘) × 𝑛𝑗(𝑘)   (3) 

Where UFinland is the total number of universities in Finland (15), Iuniversity is the total number 
of labs at university i. For a specific representative (r) university a scaling factor (Sr) can be 
determined based on the ratio of total expenditures. Here Sr is estimated to be ~6.6 for Aalto 
University using data based on ratio of research funds at Aalto University (196 m€) and the 
total sum of all Finnish universities (1,294 m€) in 2016 (Vipunen -- Education Statistics 
Finland, 2018).  

In addition, to determine national economic impacts, the nationality of firms supplying the 
equipment was evaluated.  Using this approach and data for Aalto a generalized model for 
determining national research priorities is derived and discussed. 

4. Results and Discussion 

In the past 20 years Aalto University has invested 49.146m€ items in 625 individual of 
scientific equipment costing more than 10,000€ per item. The average expenditures for the 
last ten years was 4.3m€/year and was generally limited to no more than three tools over 
0.5m€ per year. Using the semi-quantitative estimated based on the literature that FOSH costs 
only 1-10% (see footnote 3) of proprietary tools, it is calculated that if all major research 
infrastructure were converted to FOSH, Aalto University would save between 0.43m€ and 

                                                             

5This range is dependent on the proportion of the equipment that can be digitally manufactured by researchers. 
As the proportion increases the costs near those of the materials and the savings approach 99% or more 
(Hietanen, et al., 2018). It should also be noted that this is the most common range of savings, savings can be 
less and far greater savings have been demonstrated with FOSH on individual components (e.g. a 
USD$4,000.00 slot die can be replaced with one that costs USD$0.25 (Beeker et al., 2017)). 
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4.2m€ annually on research equipment expenditures. Similarly, following equation (3), 
Finnish science funders could save between 2.84m€ and 27.7m€ annually. Ideally, such 
savings would be reinvested in research to provide access to more and better equipment for 
more of Finland’s researchers. 

The results of the percent classification of high-value research expenditures is shown in 
Figure 1. The most expensive tools, which cost more than 1m€, were for magnetic resonance 
imaging (MRI) and transmission electron microscopy (TEMs) in the classes of 
characterization and imaging.  

 
Figure 1. Distribution of Aalto University research expenditure in percent of the classes of 
research tools costing more than 10,000€. 

As can be seen in Figure 1, characterization equipment dominates expenditures at 46% with 
over 22.6m€ invested. Within characterization, nearly half of the equipment is for imaging. 
Many FOSH imaging tools have been developed for the low and medium-end microscopy 
work. including: a one-piece 3-D printed flexure translation stage for open-source 
microscopy (Sharkey et al., 2016), light-sheet microscopes and optical projection tomography 
(Gualda, et al., 2013), automated 3-D microscopes (Wijnen, et al., 2016), fluorescence 
microscopy (Chagas, et al., 2017), microscope-based cytometry (Gordon et al., 2007), and 
two photon microscopy (Roseneggar, et al., 2014). Although there was some optical 
microscopy purchases in the data set6, the largest investments for imaging is for nanoscale 

                                                             

6  Most optical microscopes and their accessories cost less than 10,000€. 

Characterization 
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imaging using transmission electron microscopes (TEM) at 4.5m€, scanning electron 
microscopes (SEM) at 2.4m€ and scanning probe microscopes like atomic force microscopes 
(AFM) and scanning tunneling microscopes (STM) at 0.7m€. Several research groups have 
developed their own AFM/STMs and thus a high-quality FOSH AFMs and STMs can be 
expected in the near term (Babu et al., 2014; Kang, 2015; Li et al., 2016; Loh et al., 2017; 
Open AFM, 2018). However, the development of both SEM and TEM technologies come 
with significant hurdles because of the complexity of the technologies and there is thus an 
opportunity for Finland to benefit from developing FOSH versions of these technologies. 
Conservatively assuming that the FOSH SEM and TEM would cost 10% of the cost of 
current commercial offerings, 0.69m€ would provide the same technology abilities as has 
already been invested by Aalto University thereby saving 6.2m€. Using equation (2) if these 
two FOSH tools could be developed, Finland as a whole could save over 40m€ to obtain the 
equivalent level of nano-scale imaging. Thus, relatively modest investments to design the 
FOSH SEM and TEM (on the order of a few million €) would result in a substantial ROI 
directly (Pearce, 2016). In addition, there has been considerable progress on the development 
of open source software (e.g. the Gnome X Scanning Microscopy (GXSM) software (Zahl, et 
al., 2010), Gwyddion (Nečas & Klapetek, 2012), and the X-windows based microscopy 
image processing package (XMIPP) (Sorzano, et al., 2004), which could be leveraged to 
accelerate these projects. Finally, the public domain imageJ software program could be used 
for the image analysis (Collins, 2007; Schneider, et al., 2012) providing a completely open 
source toolchain. 

Electronics and processing both make up about a quarter of the expenditures at around 12m€ 
each. Within electronics, mass produced items with dual uses in information technology 
sectors (e.g. servers) make up 6.8m€ investment, while specialty electronics only accounts for 
5.3m€. Providing open source solutions that can directly compete with mass manufactured IT 
equipment is more challenging than directly targeting open source specialty electronics, thus 
specialty electronics makes a better target for FOSH developed scientific tools. One of the 
earliest successful FOSH projects was the Arduino electronics prototyping platform (Banzi & 
Shiloh, 2014), which enables research applications including: behavioral experiments 
(D’Ausilio, 2012), electrophysiology (Newman, et al., 2012), traps and data loggers for 
arthropods (McMunn, 2017), pressure monitoring (Russell et al., 2012), lab rotator/mixers 
(Dhankani et al., 2017), drop velocity measurements (Fobel, et al., 2013), microscopy 
(Gualda, et al., 2013), Skinner boxes (Pineño, 2014), low-cost UAVs for oceanographic 
research (Busquets, et al., 2012), and multi-spectral in-vivo optical image acquisition (Sun et 
al., 2010). Finally, the Arduino-enabled self-replicating rapid prototyper can be converted to 
a printed circuit board mill (Anzalone, et al., 2015); so that FOSH circuit designs can be 
fabricated using only FOSH tools. In addition, there is already a robust open source 
electronics industry and well-developed business models (Seidle, 2012;Pearce, 2017b). 

The majority of processing technologies purchases were for nanotechnology related 
processing for more than 9.3m€, while macroscale processing was only 3.6m€. Nanoscale 
processing technologies offer more opportunities for FOSH development because of the 
relative impact of the materials costs on nanoscale vs macroscale development. In addition, 
there are only a few examples of FOSH development of macroscale technology (Macul & 
Rozenfeld, 2015; Osunyomi, et al., 2016), which are primarily based on agriculture and not 
research. Within the nanoscale processing technologies, atomic layer deposition (ALD) 
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systems or components were the most numerous. This is particularly interesting as ALD was 
first developed independently in Finland and today Finland has a strong leadership presence 
in the scientific community as the technique has expanded around the globe (Puurunen, 
2014). ALD is a thin film deposition method in which a film is grown on a substrate by 
exposing its surface to alternate sequential gaseous precursor pulses. In each of these pulses 
the precursor molecules react with the surface in a self-limiting way, providing 
unprecedented control of material growth. ALD can thus be used to tailor interface properties 
by depositing high-quality thin films with precise thickness control, very good uniformity 
over large areas and excellent step coverage on non-planar surfaces (George, 2009).  ALD 
has already proven itself as an enabling technology for the miniaturization of transistors 
(Kim, et al., 2009), which enables it to play a major (and growing) role in the semiconductor 
industry. ALD also has other rapidly expanding applications including flexible electronics 
(Maydannik, et al., 2014), OLED displays (Park, et al., 2011; Choi, et al., 2014), energy 
conversion and storage (Meng, et al., 2017; Yersak, et al., 2018), and solar cell fabrication 
(Niu, et al., 2015). In particular, Aalto University publishes aggressively in the field: 
according to Google Scholar more than 135 articles per year in the past 5 years including 
demonstrating the use of ALD for passivation of high-efficiency “black silicon” solar 
photovoltaic cells with incredible promise (Savin et al., 2015) and close to ideal photodiodes 
with a high conversion efficiency over a wide spectral range (Juntunen et al., 2016).    

Although, Aalto University has many more ALD systems than a typical research university, it 
still suffers from innovation delays caused by restrictions on machine availability.7 
Essentially, all institutions working on ALD would benefit from having access to more 
machines. As these ALD tools are already manufactured in Finland, funding for Finnish 
industry in collaboration with universities to create an open source desktop ALD specifically 
targeted at researchers may be an appropriate mechanism for accelerating the deployment of 
ALD applications throughout the world in industry. 

As shown by the results, Finnish science funders could save between 2.84m€ and 27.7m€ 
annually on scientific equipment purchases if all major research hardware purchases are 
converted to FOSH. However, it should be pointed out here that these values although 
quantified are themselves extremely conservative as they do not account for any internal (e.g. 
in-house or learning-by-using following Rosenberg (1982)) or external (e.g. learning by 
interacting following Lundvall (2010)) learning effects. Moreover, there is already 
convincing research that has shown that firms that adopt FOSS benefit from increased 
productivity (Nagle, 2018). This would be similarly expected of the companies that adopt the 
FOSH developed to directly support research although quantification of this benefit is left for 
future work.  In addition, science (which historically was unhindered by intellectual property 
concerns) and technology that is patented are no longer being separated (Nelson, 2004). This 
can restrict innovation, slow science and be detrimental to the economy.8 Thus by 
encouraging the development of new open source research tools, not only does the university 
                                                             

7ALD is in general a slow process (e.g. a few nm per minute), so to make one sample takes more time than using 
other tools in research environments where in general batch processing is not used.  
8 Many authors have argued that intellectual property restricts innovation and that science itself should be an 
open source collaboration (Eisenberg, 1996; Heller and Eisenberg, 1998; Takalo and Kanniainen, 2000; Nelson, 
2003;2004; Forero-Pineda, 2006; Boldrin and Levine, 2002;2004;2008; Pearce, 2012b;2013; Pagano, 2014; 
Biddle, 2014; Osborn et al., 2015). 
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save research funds, they also enable others to innovate faster. This moves research closer to 
what Pénin (2008;2011; Pénin and  Wack 2008) describes as an ‘open source innovation’ 
model that goes beyond the confines of the business focused ‘open innovation’ (Santos, 2015; 
West and Bogers, 2017). Research on the impacts of FOSS on economic growth (Greenstein 
and Nagle, 2014) provide some idea of how these values would dwarf direct savings. Overall, 
the increased network effect catalyzed by FOSH would be expected to increase research 
productivity and have economic benefits far outside of the labs either funded to do FOSH or 
that use it. 

Figure 2. Distribution of Aalto University research expenditures in percent of the countries 
of origin for research tools costing more than 10,000€. 

There are also direct national economic benefits that can be approximated. As can be seen in 
Figure 2, only 34% of research tools are purchased from Finnish companies, with the 
majority of equipment coming from outside of the country most notably from the USA, 
Sweden and Germany. Thus if all high-cost equipment were to be transitioned to FOSH, 
about 2/3rds of this would ‘on shore’ production currently carried out by equipment 
manufacturers in other countries and about 1/3 outside of the European Union.  However, 
even these values are somewhat misleading. For example, the majority of the SEM 
equipment was supplied by JEOL, which although having offices and sales points in 
Germany and Sweden and other countries throughout Europe is actually a Japanese company. 
For example, JEOL (Germany) GmbH is a subsidiary of JEOL Ltd. Tokyo. By ‘on shoring’ 
production of FOSH in Finland, Finland balance of trade stands to benefit as it would 
decrease the trade deficit with Germany and Sweden, while strengthening Finland’s trade 
advantage with the United States (Statistics Finland, 2018).   

 

Finland; 34 %

USA; 16 %Sweden; 18 %

United Kingdom; 4 
%

Germany; 15 %

Japan; 4 %

Canada; 1 
% France; 

1 %

Netherlands; 2 %

Other; 
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5. Generalizable National Policy 

5.1 Steps Towards National Research FOSH Policy 

Understanding that FOSH can both accelerate innovation and reduce costs and following the 
National Systems of Innovation approach discussed in Section 2, a generalizable five step 
process for fostering FOSH can be followed. Here the National Academy of Engineering 
model in the US (Pearce, 2017) was adapted for Finland. This adaptation would be necessary 
for any specific region based on the funding and organization structure present. 

First, a country should establish a task force or panel to identify the best opportunities to 
realize strategic national goals and a high ROI for the creation of FOSH. These goals can be 
directly related to obtaining more research for the funds invested in research, but as shown 
above could also have an impact on the balance of trade.  

Second, a country’s largest past research equipment expenditures of high-cost (>10,000€) 
equipment should be determined along with likely future expenditures (e.g. the European 
Strategy Forum on Research Infrastructures (ESFRI) or Academy of Finland’s Roadmap for 
Research Infrastructure (FIRI)).  The targets for FOSH can be ordered following equation (1). 
For large countries, doing this nation-wide without an existing database could cause 
unnecessary bureaucratic hardship. Most universities maintain their own databases of high-
value research equipment so equation (2) can be used. Where data availability or database 
analysis is limited, a subset of universities can be analyzed as was demonstrated here with 
Aalto University and then scaled up to determine national impact with equation (3). In 
addition, funders may want to collect this information for future grants to make more-
informed decisions on priorities in the future. Thus, the method outlined in this paper can be 
directly applied to small countries or it will need to be scaled up for larger countries to ensure 
a representative quantity of purchasing data is used. 

Third, existing national research funding mechanisms should be identified for the 
development of FOSH research equipment and then specific calls for proposals should be 
issued for strategic innovations. This can be accomplished with a combination of traditional 
calls for proposals: e.g. Academy of Finland FIRI, Business Finland funding for small and 
large companies cooperating with research organizations, EU H2020 and FP9’s funding for 
enabling technologies, and to some degree also the Strategic Council for Research and the 
Foresight activities of Prime Minister’s Office. In addition, funding agencies may wish to 
sponsor contests like the XPRIZE or “first to make” can promote progress toward specific 
technical goals by offering “bounties.”  

Fourth, governments can directly assist market development for FOSH by i) prioritizing 
funding for FOSH scientific equipment design over purchasing proprietary offerings, ii) 
ensuring that grant award guidelines direct PIs to consider lower-cost FOSH and iii) create a 
purchasing preference for all of Finland’s more than 70 government research centers (e.g. 
VTT), universities, 25 universities of applied science and other teaching institutions.9  

                                                             

9 It is clear that FOSH must exist before strong guidance for acquisitions for FOSH research equipment is put in 
place. However, FOSH is available for significant numbers of tools today and (particularly) at the low end can 
be effectively used as STEM teaching tools (Herger et al., 2015; Schelly, et al., 2015). 
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Fifth, create a free online database of tested, -vetted, and validated FOSH, with the bill of 
materials, digital designs, instructions for assembly and operation, and source code for all 
software and firmware. Funding for this vetting is needed to eliminate the technical risks for 
labs to adopt the use of the FOSH, while simultaneously making the research equipment 
future proof (in contrast to proprietary equipment that can become obsolete when a company 
loses key personnel, discontinues a product line, or goes out of business). The database would 
be equivalent to the digital twin model used in industry (Sierla, et al., 2018). There have been 
efforts on this front with for example in the US. NIH 3-D Print Exchange10, which provides a 
portal for custom labware (Coakley et al. 2014; Coakley and Hurt 2016). Three scientific 
publishers have also started to do the same: 1) Public Library of Science’s Open Source 
Toolkit11, 2) Elsevier’s HardwareX journal for publishing validated studies of scientific 
FOSH and 3) Ubiquity Press’s broader Journal of Open Hardware.   

Following these five steps will encourage entrepreneurs to scale production of manufactured 
components that are not easily digitally distributed (e.g., microcontrollers, -sensors, 
actuators) often called “vitamins” as they are necessary to make a piece of FOSH research 
equipment. 

5.2 Limitations 

There are several limitations to this study. First, it only evaluated data from a single 
university. Although the university was carefully selected to be the most representative of 
research investments within the nation, future studies could add to the robustness of the 
example country by studying more or even all of the purchasing data from other universities 
in Finland. This would be approachable because Finland is a relatively small country. 
However, it is a single country, which is the second limitation of this study. There are 
significant differences between countries in terms of their national strategies, research 
priorities, available funding, etc., which limit the results of this study from being universally 
applicable. Finland is also well positioned to implement pro-FOSH policy because the 
already has a large focus on cooperation using a network approach (Schienstock and 
Hämäläinen, 2001) and a relatively strong national innovation system (Godinho et al., 2005; 
Castaldi, 2009). Other countries may be less receptive as well as may be lacking the require 
infrastructure. For example, Woodson et al. finds that 3-D printing is not an overly inclusive 
innovation tool in Brazil because of lack of government support and lack of access at the 
individual level (2019). In the case of Finland, 3-D printing is routinely found at public 
libraries, and is already accessible within the university system so it may represent an outlier 
in terms of personal access. However, as this study is specifically focusing on the high-end 
research tools, it can be assumed that most labs purchasing those tools would have access to 
digital manufacturing technologies that cost less. In addition, future work is needed to 
determine the impact on the overall scientific equipment industry. If a large amount of open 
hardware begins to flourish in the scientific community could it reduce the number or quality 
of commercial products or would the increased competition drive innovation? 
 

5.3 The Dilemma of Innovation Parasites and Profiting from FOSH  

Although benefits for developing and using FOSH equipment are clear (e.g. increased 
researcher control, lower costs, more customizability and novel experiments, future proofing, 
                                                             

10 https://3dprint.nih.gov/  
11 https://channels.plos.org/open-source-toolkit  

https://3dprint.nih.gov/
https://channels.plos.org/open-source-toolkit
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avoiding vendor lock in, shorter lead times, etc.) a nation may be tempted to wait for others to 
invest in FOSH and simply be pure users. Similar to parasites in nature that utilize resources 
from a host (the open source community) but never benefit it, some users or even nation 
states may be tempted to forgo their own FOSH (or FOSS) development. In the open source 
community, this is often referred to as the “free loader” dilemma. This section will address 
the question: Why should a small country or one with a limited scientific budget invest in 
FOSH?  

In addition, to the well-established economics of research and development of all kinds 
(Evenson, et al., 1979; Griliches, 1991; Salter & Martin, 2001; Bilbao‐Osorio & Rodríguez‐
Pose, 2004), freeloading on FOSH development loses the national benefits of 1) an 
accelerated  National Systems of Innovation and 2) from increased business opportunities 
directly related to FOSH.  

Businesses that are close to academic research have a major advantage over those located at a 
distance (Mansfield & Lee, 1996). It is highly likely, for example that a FOSH project 
developed at a university results in one or several businesses to provide the FOSH 
commercially or the vitamin kits to make it. For example, Italy benefits materially from 
Arduino having been developed there first, where it continues to be manufactured profitably 
despite not being a major national player in microelectronics manufacturing (Arduino, 2018).  
Similarly, companies are beginning to offer FOSH for specific research applications spun out 
of research groups such as OpenTrons for fluid handling, Pax Instruments for temperature 
monitoring, OpenQCM for quartz crystal microbalances, OpenPCR for thermocycling, and 
RedPitaya for FPGA (field programmable gate arrays).  

Li et al. (2017) identified five economic motivations for FOSH companies, which can be 
applied to nations wanting to capitalize on the opportunity that open source affords: 1) reduce 
research and development costs as discussed above, 2) reduce recruiting costs using open 
source records of researcher skills, 3) eliminate patent intellectual property costs, 4) build a 
platform (e.g. Arduino) or 5) provide a related service (e.g. RedHat). Defying conventional 
wisdom open source innovators can profit handsomely from sharing with for example, 
RedHat earning more than $2 billion per year on a version of Linux that is technically free 
although they invest heavily to develop it (Callaway, 2017). FOSH business models have also 
been successfully applied in the scientific hardware sphere for both selling hardware directly 
as well as services around them in addition to using low-cost FOSH to provide outsourcing 
services for researchers (Pearce, 2017b).  

Researchers are particularly well-positioned as potential customers interested in a reliable 
open hardware option as they have the capacity to improve them. Empirical studies of 
innovation have found that end users frequently develop important product and process 
innovations (von Hippel, 1976;1986;2005; Shaw, 1985; Franke and Shah, 2003; Shah, 2000; 
Harhoff, et al. 2003), which can be major benefits to a FOSH-based company. Everyone 
benefits from the free sharing including users that can reproduce the innovation and benefit 
from using it and the original innovator and manufacturers are in a position to refine the 
innovation and sell it to all users (Harhoff, et al. 2003).  Even before the open source 
movement, innovating users often did not sell or license their innovations to manufacturers 
and instead freely reveal details of their innovations to other users and to manufacturers (von 
Hippel and Finkelstein, 1979; Allen, 1983). In addition, some of the technical communities 
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such as high energy physics have already have an established open access system through 
publishing preprints with arXiv (Gentil-Beccot, et al., 2010).  This free sharing of “open 
source” information is critical to the success of both FOSS and FOSH. Firms that benefit 
from this approach can add to it without being ‘pure’ in terms of libre. Hippel and Krogh, for 
example, detail the benefits of a “private collective” innovation model (2003), which still 
provides real free and open source contributions from members. For a nation, to take the 
largest potential advantage of FOSH development of research tools, it is necessary to be 
active participants in the development itself. 

6. Conclusions 

In the example country presented in this article, Aalto University was used as a representative 
university in Finland and strategic FOSH design targets were discovered. The analysis of the 
national FOSH research priorities for Finland include developing open source TEM and SEM 
microscopes and ALD systems. Conservatively, FOSH development of the two electron 
microscopy tools would save Finland over 40m€ to obtain the equivalent level of nano-scale 
imaging. Similarly, millions of Euros would be saved nation-wide, while significantly 
strengthening Finland’s ALD-related research excellence by strategically releasing a FOSH 
lab-scale ALD.   Overall, the results indicate Finnish science funders could save between 
2.84m€ and 27.7m€ annually on scientific equipment purchases if all hardware costing over 
10,000€/item is converted to FOSH. Furthermore, about 2/3rds of this would ‘on shore’ 
production currently carried out by equipment manufacturers in other countries and 1/3rd 
outside of the European Union. It should be noted, that the economic benefits quantified here 
are minimums because none of the benefits of open innovation were determined. The 
literature supporting these benefits is well developed and the catalytic effect increased 
innovation in the lab that FOSH produces would be expected to catalyze economic growth 
similarly to standard scientific innovation. 

The results of this example country analysis provide not only clear potential positive impacts 
for policy interventions to support strategic FOSH development in Finland, but they also 
provide generalizable directives for other nations. First, the method used in this study can be 
directly replicated in other highly-educated, scientifically and industrially advanced nations. 
All the nations with some form of national innovation systems in place can immediately 
benefit from support for FOSH development and deployment for domestic high-technology 
products used in research (e.g. similar to the open source ALD potential for Finland). In 
larger and more diverse nations, it may be appropriate to apply this model over smaller 
geographic areas (e.g. states within the U.S. or by funding agencies focused on a specific 
discipline or set of problems such as the NIH). Also with increased resources, a large country 
(e.g. China) or entity like the European Union could perform a study over representative 
research institutions to enjoy the benefits of increase FOSH deployment domestically. In 
conclusion, the model used for Finland here can be generalized and could be used by any 
nation for determining national research policy and research policy mechanisms for 
accelerating FOSH deployment in research.   
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