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Executive Summary: Changes in science funders’ mandates have resulted in advances in
open access to data, software, and publications. Research capacity, however, is still unequally
distributed worldwide, hindering the impact of these efforts. We argue that to achieve the
Sustainable Development Goals (SDGs), open science policies must shift focus from products
to processes and infrastructure, including access to open source scientific equipment. This
article discusses how conventional, black box, proprietary approaches to science hardware
reinforce inequalities in science and slow down innovation everywhere, while also
representing a threat to research capacity strengthening efforts. We offer science funders
three policy recommendations to promote open science hardware for research capacity
strengthening: a) incorporating open hardware into existing open science mandates, b)
incentivizing demand through technology transfer and procurement mechanisms, c)
promoting the adoption of open hardware in national and regional service centers. We expect
this agenda to foster capacity building towards enabling the more equitable and efficient
science needed to achieve the SDGs.

I. Introduction
Science funders, including government agencies,
philanthropic organizations, universities, private
funders, and multilateral organizations, play a key
role in making science more efficient and equitable.
Changes in funders’ mandates (Else 2021; OSTP
2022) now demand sponsored researchers to
practice open science, turning it into the new
paradigm for science, technology and innovation
worldwide (NASE 2018; UNESCO 2021). The
potential for open science to drive transformation is
still limited, however, as research capacity is
unequally distributed. While 92% of articles address
interventions in low and middle-income countries
(LMICs), only 35% of authors in global health are
from and work within LMICs (Iyer 2018). Beyond
North-South dynamics, in high-income countries,

other research capacity asymmetries exist between
rural and metropolitan areas (Moran et al. 2019) or
historically black colleges and universities (HBCUs)
and non-HBCUs (Williams and Davis 2019).

Shifting policy focus from research products to
processes can contribute to addressing some of
these asymmetries. The crucial role of open,
equitable, and sustainable knowledge
infrastructures is widely discussed in open science
(Budroni, Claude-Burgelman, and Schouppe 2019;
Ross-Hellauer et al. 2022). Infrastructure
discussions, however, tend to focus on the digital
(Ferrari et al. 2018, Aspesi and Brand 2020, Carver
et al. 2018). We bring attention to the overlooked
role that science hardware plays as an inseparable
component of research infrastructure. The software,
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data, and publications to be opened are supported
by a layer of hardware that determines which data
can be produced and who can produce it. This article
discusses how the dominant hardware paradigm is a
threat to research capacity strengthening (RCS)
efforts in the Global South, while slowing innovation
and scientific discovery globally. We then present
policy options to promote an open hardware
paradigm that can accelerate attaining the SDGs. We
argue that conventional, closed-source approaches
to science hardware make science inefficient and
reinforce knowledge production inequalities by
hindering access to appropriate, sustainable
equipment in LMICs and least developed countries
(LDCs).

The conventional approach to scientific equipment
today is based on black box hardware, meaning
devices for which design information is proprietary
and therefore cannot be studied, inspected, or
customized. Open science hardware, an emerging
alternative paradigm, is a young phenomenon
(Pearce 2018) and can refer to technology, a
movement or a discipline (Arancio 2021). In this
article “open science hardware” (OSH) is defined as:
“any piece of hardware used for scientific
investigations that can be obtained, assembled, used,
studied, modified, shared, and sold by anyone”
(GOSH 2016). It comprises standard lab equipment
as well as auxiliary materials, such as sensors,
biological reagents, and analogue and digital
electronic components. With “research capacity
strengthening” (RCS) we refer to the process by
which individuals, organizations and societies
develop abilities (individually and collectively) to
perform functions effectively, efficiently and in a
sustainable manner to define problems, set
objectives and priorities, build sustainable
institutions, and bring solutions to key national
problems (GFHR 2004). We also use “distributed
manufacturing” to refer to small, flexible, networked,
geographically diverse, and scalable manufacturing
units instead of long, linear supply chains,
economies of scale and centralization tendencies
(Srai et al. 2016).

II. Background: The challenges of research
capacity strengthening
Donor governments, multilateral agencies and
science funders design and implement RCS
programs with LMIC countries to increase capacity

in various research areas related to the SDGs, such
as health research (Malekzadeh et al. 2020) and
agricultural science (Schreiber et al. 2022).
Approaches to RCS have evolved over time
(Gadsby, 2011) from a top-down understanding of
RCS as technology transfer in the 1980s, to a focus
on developing individuals during the 1990s. Today,
a more systemic, demand-driven approach
considers RCS as the result of collaboration
between multiple stakeholders, prioritizing local
agency.

RCS programs often include investments in
durable equipment; however, these do not
necessarily translate into sustained capacity. For
example, a study of research equipment at
University of Zimbabwe identified that
departments face shortage of spares, lack of
maintenance expertise and funds, outdated
equipment, and technology that manufacturers
abroad are no longer able to support, with spare
parts, in most cases, being exclusively imported
(Nyemba et al. 2017). Ensuring sustainability of
infrastructure is key, however funding policies
often deem investments in research infrastructure
as non-eligible expenditures, impeding
infrastructure sustainability. The Special Program
for Research and Training in Tropical Diseases, a
significant initiative created in 1975 by
international organizations to promote and
conduct health research equitably, facilitated
institutional acquisition of laboratory equipment
for clinical research and diagnosis (Minja et al.
2011). Guidelines for investors highlight: “There is
little point in refitting a laboratory with expensive
and complex new equipment if there is no capacity
in-country to service the equipment, unless the
creation of the ancillary infrastructure is factored
in” (ESSENCE 2014).

Sustainable access to useful research equipment
became even more relevant during the COVID-19
pandemic. Conventional, centralized approaches to
design and manufacturing failed to respond to the
crisis in time, reinforcing inequities (Veselovská
2020; Chowdhury et al. 2021; Nikolopoulos et al.
2021) particularly for LMICs (Lewis and Martell
2021). Instead, the grassroots response that
followed allowed communities to access necessary
equipment with less dependence on global supply
chains (Maia Chagas et al. 2020). These ad-hoc, open
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innovation ecosystems connected businesses,
communities, universities, and government agencies
to provide customized, locally produced equipment
following a distributed manufacturing paradigm
(Bowser et al. 2021). Production included personal
protective equipment (Flanagan and Ballard 2020,
Ballard et al. 2021, Skrzypczak et al. 2020, Nicholson
et al. 2021, Hubbard and Pearce 2020), testing
supplies (Gallup et al. 2020; Manoj et al. 2021,
Abuzairi, et al. 2021a), sterilization equipment
(Bentancor, et al. 2021; Santhosh & Yadav 2021), and
electronics for ventilators (Pearce 2020a; Oberloier
et al. 2022), among others. Governments
coordinated these efforts to varying degrees of
success. The EUvsVirus hackathon, organized by the
European Commission, seized the advantages of
open innovation by promoting interactions between
civil society, innovators, partners, and investors to
generate ideas for tackling COVID-19-related grand
challenges (Bertello et al. 2022). In the U.S., several
federal agencies formed the COVID 3D TRUST to
compile, test, and evaluate 3D-printed PPE for
clinical use, successfully identifying high-quality
open-source designs (Bowser et al. 2020). Various
UN agencies are currently facilitating policy
discussions on seizing the potential of open
hardware towards the advancing SDGs (UNCTAD
2021; Pearce 2022; UNESCO 2021). 

In this context, for the first time, the 2021 UNESCO
Open Science recommendation includes open
hardware in an open science policy document. Open
science hardware advocates have been working for
the last decade on an alternative approach to
hardware that fosters openness and collaboration
(Pearce 2012; Gibney 2016; Arancio 2021; Stirling
and Bowman 2021). Advances in software for
hardware design (Medrano et al. 2017; Stirling et al.
2022) have made it possible to create, edit and share
digital files for adapting and reproducing tools in
numerous domains. Open licenses (Murillo et al.
2019) and standardization efforts (OSHWA 2010;
Bonvoisin et al. 2020) improve documentation.
Greater access to digital manufacturing
(Al-Mashhadani et al. 2021) allows one to envision a
distributed paradigm for science hardware, one that
fosters local provision of research tools with less
dependence on global production centers.

Two years after the start of the COVID-19
pandemic, there is an opportunity to accelerate the

SDGs agenda by bridging open science policy with
the distributed paradigm of open hardware
innovation. The SDGs agenda demands increasing
research capacity to quickly respond to global but
highly situated challenges, while enabling
equitable collaboration and interactions between
multiple stakeholders. Open hardware is an
opportunity for science funders to accelerate
impactful research towards the SDGs in a
transparent, collaborative, and inclusive way.

III. Science hardware today: Centralization,
dependency, inefficiencies
Lack of access to science hardware can reinforce
dependencies and systemic inequities in
knowledge production in multiple dimensions. At
a regional scale, although five African countries are
in the top twenty contributors to marine plastic
pollution, lack of access to analytical facilities
results in only 3% of the research published being
conducted in African contexts (Nel et al, 2021). In
the U.S., funding allocation data show that even
when the total federal R&D funding increases year
after year, these funds remain concentrated in a
relatively small number of institutions (NSF 2022).
Funding allocation follows a pattern that rewards
early success, increasing concentration of
resources and research infrastructure in already
well-funded teams and institutions (Bol et al.
2018). Outside academia, access to infrastructure
for research is often poor. As with many other
cases of community science around the world
(Brown et al. 2016; Rey-Mazon et al. 2018),
African American residents of Louisiana relied on
do-it-yourself devices to monitor toxic chemicals
in their ambient air, in a campaign against the Shell
Chemical plant adjacent to their community
(Ottinger 2010).

Due to their ubiquity, microscopes are a good case
study for problems associated with proprietary
hardware designs. The combination of microscopy
and scanning methods in whole slide imaging (WSI)
systems has recently been adopted as a standard in
anatomic pathology (FDA 2017; Retamero et al.
2020). WSI devices produce digital images of tissue
samples, generating data that aids doctors making
diagnosis (McClintock et al. 2022) and can be used
to train algorithms for automated detection
(Business Wire 2020). The COVID-19 pandemic
highlighted the importance of WSI systems due to
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their applications in remote education,
teleconsultation, image analysis and primary
diagnosis (Hanna et al. 2020; Mukhopadhyay et al.
2020; Liscia et al. 2020). Microscope manufacturers
are concentrated in western Europe, the U.S. and
Japan (Figure 1), with commercial digital WSI
systems ranging from US$30,000 to US$250,000
only for hardware, a cost that has remained
relatively stable during the last few decades (Patel et

al. 2021). The hardware costs are increased when
installing the same device in the Global South,
because of import fees and duties, exchange rates
and costs of transport/shipping along the supply
chain (Bezuidenhout 2020; Pearce 2020b;
Botero-Valencia et al. 2022). As budgets for R&D are
already smaller in LMICs, these differences in costs
result in even greater asymmetries in research
capacity.

Figure 1. Exports value and distance to destination show optical microscope suppliers are concentrated in Europe, East
Asia, and the US. Bubble size is proportional to country’s share in world exports; average distance value corresponds to
average distance between country and all partner countries weighted by corresponding trade values. (Data source:
https://trademap.org, accessed July 2022; Author: J. Arancio; full size interactive chart available at
https://thessaly.github.io/UNESCO-JSPG)

In addition to access to equipment, concentration of
hardware manufacturing impacts the
appropriateness of tools in countries that import
hardware (Patnaik & Bhowmick 2019). As design
activities are centralized and protected by
intellectual property regimes, users working in
contexts different from those of the design
environment frequently find that tools do not work
for their needs (Costanza-Chock 2020). Installing
high-end research hardware demands access to
stable internet connections, appropriate housing
facilities and servers to store data
(Ramoutar-Prieschl and Hachigonta 2020).
Connectivity is a challenge for LDCs where internet
infrastructure is still insufficient (ITU 2021).

Moreover, equipment is often not designed for local
environmental conditions and documentation is not
available in local languages (Nyemba et al. 2021).
When these constraints are not considered,
hardware becomes obsolete by design in LMICs and
LDCs (Maina et al. 2020).

Furthermore, sustainable research capacity is
directly influenced by the ability to locally adapt,
repair, and maintain hardware. Decades of
North-South cooperation show that accessing
equipment is relevant, but not enough for sustaining
research capacity in LMICs (WHO 2021; COHRED
2008). Studies show that equipment is a constraint
for research in Africa, and that dependency on
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foreign technical service is a main challenge (Oman
and Lidholm 2002; Malkin and Keane 2010).
Equipment donations are frequent, but sustainability
of the equipment is threatened by lack of access to
consumables and spare parts (Awuni and Essegbey
2014). An analysis of African research capacity on
microplastics pollution shows that none of the
equipment used for polymer identification, or their
replaceable parts, are manufactured on the
continent, making routine and mandatory
maintenance difficult and cost intensive (Nel et al.
2021).

Finally, black box hardware prevents scientists from
understanding how tools work, a requirement both
for developing local maintenance capabilities and for
ensuring researchers can conduct meaningful,
situated science. Scientists have been identified as
the users who modify their instruments the most, in
response to their ever-changing research needs (von
Hippel 1976). A recent study showed that scientific
equipment suppliers introduce more
new-to-the-market product innovations than do
other firms belonging to the same sectors and with
similar characteristics, and that university demand is
particularly important for explaining these
differences (Bianchini et al. 2019). The increased
complexity of instruments (Carminati and Scandurra
2021), combined with black box designs and lack of
interoperability (Hohlbein et al. 2022) result in
experimental settings that are extremely difficult to
inspect and customize. Today, lack of access to
equipment information is a barrier to innovation and
collaborative work; when possible, teams dedicate
already scarce research time to reverse engineering
devices.

IV. Enabling more and better research with open
science hardware
Implementing open science policies for hardware
access can be particularly useful to address the
described capacity building challenges to meet the
SDGs, particularly in the context of LMIC and LDCs
(Maia Chagas 2018). Local manufacturing of open
designs often results in more affordable products
(Wittbrodt et al. 2013; Petersen and Pearce 2017;
Pearce and Qian 2022). This trend is substantial with
open scientific equipment generally costing less than
87% of proprietary equivalents (Pearce, 2020b). For
example, syringe pumps are widely used for both
scientific and medical applications, to deliver

controlled doses of reagents in many laboratories.
An open-source syringe pump which is locally built
saves up to $2,500 anywhere it is fabricated (Wijnen
et al. 2014). The designs for this open-source device
have been downloaded over 10,000 times all over
the world. Estimated savings reach millions of
dollars when considering user downloads and
substitution value, even when the cost of developing
and sharing the design are considered (Pearce
2016). Being publicly available, local manufacturers
can download open-source designs to build devices
ranging from pipettes to complex polymerase chain
reaction (PCR) machines, enabling research that was
previously not feasible (Ravindran 2020).

Beyond access, open science hardware enables the
adaptation of designs, a key feature of meaningful
innovation. The Gorgas Project (Carrasco-Escobar et
al. 2020), an initiative at Universidad Peruana
Cayetano Heredia, illustrates the advantages of open
science hardware in LMICs. The Project was led by
two early career researchers (ECRs) studying how
human mobility influences malaria transmission in
indigenous Amazonian populations. The
conventional methodological approach (Papworth et
al. 2012) would have demanded dedicating most of
the budget to importing a small number of
proprietary devices. These devices, however, were
not appropriate to the research context: they
required connectivity features not available in the
Peruvian Amazon, were made of materials that were
not resistant to local weather conditions, and the
user interface did not encourage adoption by
research subjects (Arancio 2021). Thus, the research
team developed a wearable device, drawing on a
combination of open designs (Health Innovation Lab
2020). Using this approach, the team produced
relevant, situated data that informed authorities
about the relevance of human mobility for malaria
transmission, leading to health policy changes at the
national level (Arancio 2021).

In addition, access to open designs enables shorter
supply chains (Collins et al. 2020). Access to
microscopes, the gold-standard equipment for
malaria diagnosis (WHO 2016), is limited in African
countries where the disease is endemic (Maina et al.
2020). In 2015, Dr. Richard Bowman, an optics
scientist, started the OpenFlexure project to design a
3-D-printed, research-grade microscope. In
collaboration with a Tanzanian maker space,
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OpenFlexure microscopes are now produced locally
and used by clinical researchers at the Ifakara Health
Institute in Dar-es-Salaam (Knapper et al. 2021).
OpenFlexure devices reduce the cost of access to
high-resolution microscopy from more than
US$20,000 to less than US$200 (Collins et al. 2020).
As end-users are in close proximity, manufacturers
can address problems with the equipment locally
and incorporate improvements on demand (Stirling
et al. 2020). The available microscopes have
provided reliable data used by researchers to
explore new methods including automated
detection, and the manufacturer is in the process of
medical certification in Tanzania (Bezuidenhout et
al. 2022). Since 2015, OpenFlexure has grown into a
global community of users and developers on every
continent, including professional scientists,
hobbyists, community scientists, clinical researchers,
and teachers (Arancio and Dosemagen 2022). 

Finally, producing actionable, local research towards
achieving the SDGs demands new ideas and
approaches to be tested (UN 2015; WHO 2021b;
UNESCO 2021). Open science hardware enables new
actors to participate in knowledge production,
allowing neglected research questions to become
visible (Arancio 2021). For example, a group of
academics, family farmers, and activists in Argentina
are using open hardware tools to set up an “open
agroecology lab” (reGOSH 2022). Lab participants
include academic researchers, rural extension
workers, and social movements; they work on tools
for soil health research, a line of inquiry that is
overlooked by an official research agenda dominated
by industrial agriculture. Co-designing the tools with
farmers enables the community to learn about their
practice while providing evidence to consumers in
urban areas. 

V. Making “open” the default in science
instrumentation
The examples above illustrate how more equitable
open science demands considering hardware
infrastructure as a key component of RCS efforts.
Despite the potential of open science hardware for
accelerating more equitable innovation towards the
SDGs, the field is still limited by a series of cultural,
institutional, and technical challenges (Stirling and
Bowman, 2021; Arancio 2021). Science funders,
including governmental agencies, philanthropic
organizations, universities and multilateral

organizations, will play an important role in
unlocking the potential of open science hardware
(Heikkinen et al. 2020). We summarize these
challenges and opportunities in the agenda below:

i. Incorporate open hardware strategies as part of
open science policies
Open science mandates have effectively incentivized
open practices in academia (Piwowar et al. 2018).
Although open hardware in academia is directly
linked with open science values and practices, these
two communities are currently disconnected,
making it difficult for institutions to justify support
for open science hardware. To bridge this gap and
foster open science hardware, science funders can
incorporate open hardware as a recognized
component of their open science mandates.

Incorporating open hardware as part of open science
funders’ mandates for sponsored research would,
first, provide a pathway for open hardware
developers and maintainers in academia to
legitimize their work. Second, it would connect open
hardware practice with existing open science
communities in academia, accelerating adoption. If
funders ask grantees to provide the designs of
hardware resulting from sponsored research, this
will create an incentive for adoption of findable,
accessible, interoperable, and reusable (FAIR) data
protocols for building open hardware (Scheffler et al.
2022; Miljković et al. 2021).

Key stakeholders
Key stakeholders for this recommendation include
funders supporting research for hardware
development at universities and other research
institutions, librarians and institutional champions
providing support for open data and open access
initiatives at universities, and researchers
developing hardware prototypes as part of their
daily work.

Advantages
The work of designers and maintainers of open
hardware in academia, mostly ECRs, is not
recognized under current evaluation schemes (GOSH
2018). This recommendation would provide a
pathway for developers to make their work visible
while allowing universities to track ongoing,
unnoticed and potentially high-impact hardware
prototypes. This impact could be easily tracked.
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Similar to Altmetrics (Garcia-Villar 2021),
institutions can use several existing mechanisms in
repositories that quantify downloads to track open
hardware downloaded substitution value (Pearce
2015) without substantial effort, particularly when
application programming interfaces (APIs) are
available for the repositories.

Most universities maintain online repositories for
researchers to publish open data and publications
(Leonelli 2017). With little effort, these repositories
could also host open designs and documentation.
There is currently no comprehensive, vetted
repository or database of open hardware designs. As
recently proposed by the United Nations Conference
on Trade and Development (UNCTAD 2021), a
central database can make curated designs available,
accelerating discovery and innovation across all
sectors associated with the SDGs.

Disadvantages
Faculty members who are successful under current
models of performance may resist any change in
mandates or promotion processes, and
administrators may fear additional new metrics to
value faculty output. Moreover, asking researchers to
publish open hardware designs demands training
efforts for librarians and other focal points on best
practices for open hardware.

ii. Incentivize demand for open hardware through
funding and procurement mechanisms
A significant proportion of open hardware designs
are developed in academia and remain in the
prototype phase for long periods of time. There is a
need for business partnerships to professionalize
designs, supporting the process of meeting safety,
technical and environmental standards. Science
funders can support the uptake and
professionalization of open designs by incorporating
open hardware as a preference in procurement
processes (Bizarro and Ferreiro 2022; Fisher 2013).
Setting openness as another criteria for equipment
purchase in sponsored research would lead to
increased awareness and adoption of open science
hardware. Technology transfer offices can further
support business uptake of open hardware designs
by including an “open pathway” in their science
entrepreneurship programs.

Key stakeholders
Science funders who sponsor equipment purchase,
procurement and technology transfer offices at
universities and research institutions, and
researchers using grant funding to purchase science
hardware would be key to the implementation of this
policy.

Advantages
There are already well-established open hardware
business models (Pearce 2017) that allow firms to
capture value using open designs by providing
assembly, manufacturing, support, or consultancy
services. The open hardware community has
produced and maintains legal instruments such as
open hardware licenses or certification programs,
which can be easily adopted for evaluating vendors.

Disadvantages
Private enterprises that have benefited from past
public funding of intellectual property (IP) that is
then used for private profit may resist a push to
place research in the public domain. Resistance is
likely to be most substantial in countries with
U.S.-style patent laws and from patent law firms.
Furthermore, if purchase policy preferences are
enacted, existing firms using conventional IP
business models could be resistant to change due to
the costs associated with overhauling their current
IP system.

iii. Support the development of service centers based
on open science hardware
Science funders, particularly public agencies, can
tackle asymmetrical access to research equipment
through the creation of national or regional service
centers based on open hardware. These centers can
maintain records on locally available research
equipment, spare parts, and consumables,
harmonizing documentation in local languages while
maintaining a library of appropriate open science
hardware designs and training local technicians. The
centers can also function as a focal point for
developing local suppliers of open hardware (Kauttu
and Murillo 2017).  

Key stakeholders
Science funders at the national and regional scale,
existing research infrastructure facilities, laboratory
technicians.
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Advantages
The centers would allow researchers in LMICs to
tackle some of the common challenges related to
access to infrastructure, including dealing with
import restrictions, problems with supply chains,
and enabling appropriation of designs to local
contexts. Science funders can support these
activities by promoting the adoption of open
hardware within existing research infrastructure
centers. These centers often follow a self-sustaining
model based on provision of consultancy, design, and
training services for research institutions (Tsimidou
et al. 2022).

Disadvantages
Incorporating open hardware into service centers
demands training personnel and represents an
ongoing operational cost that would be competing
with other science funding programs.

VI. Consequences of inaction
The collaborative and inclusive approach of open
science to research can alleviate some of the
inefficiencies and inequities of our knowledge
production systems. For this approach to become a
transformative strategy, however, we need to
urgently move from product-focused policies

towards a process perspective that enables everyone
to participate. Two years into the COVID-19
pandemic, the open hardware paradigm that enabled
collaboration to save lives during the crisis can
become instrumental for achieving the SDGs.
Sustaining the current black box, proprietary model
of innovation in science hardware means
reproducing asymmetries in science and wasting
valuable and scarce time and resources in
reinventing solutions for urgent needs.

VII. Conclusions
Based on lessons from decades of international
cooperation programs, we argue here that open
science hardware as a paradigm presents
opportunities for reducing asymmetries in research
capacity worldwide. There is substantial evidence in
the literature that open source accelerates
innovation and reduces costs. When applied to
scientific hardware, open source allows new actors
to actively participate in research, enlarging and
diversifying the pool of ideas and solutions
necessary to achieve the SDGs. We proposed three
concrete recommendations to bridge open science
policies with open hardware innovation and enable
the more equal, flexible, and distributed
infrastructure needed to achieve the global SDG
agenda. 
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