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Introduction and Background 
 

The NSF Convergence Accelerator sponsored an international, cross-sector, and cross-
disciplinary workshop which brought together more than 100 leaders from across academia, 
industry, non-profit community-based organizations, and government entities on the exciting 
emerging topic of Socioresilient Infrastructure (Ortiz and Spero, 2020) The reimagination, 
reconception, and redesign of infrastructure, the fundamentally entangled physical, digital, and 
social frameworks and systems that underpin society, hold enormous potential for addressing 
urgent environmental challenges, global health disparities, economic and social divides. The NSF 
Convergence Accelerator Workshop organizing team developed the concept of socioresilient 
infrastructure which addresses this imperative by envisioning a future where infrastructure is 
intentionally designed to empower human communities to cope with, and adapt to stresses and 
shocks such as social, political, environmental, or economic change. While there is increasing 
attention to sustainability and environmental issues, the critical integration of emerging 
infrastructure technologies with humanistic fields, including history, social sciences, including 
science, technology, and society studies, social justice, diversity, equity, and inclusion, remains 
fragmented and a significant challenge.  
 

During this workshop, a framework was explored (Figure 1) for the acceleration of use-
inspired convergence research in this area of national importance that integrates exciting 
advances across length scales from materials (materials science and engineering, chemistry, and 
mechanical engineering) to assemblages (civil, structural, and environmental engineering, 
architecture, art and design) to systems (engineering systems, computer science and 
engineering, urban studies and planning including civic design and engagement) with cross-
cutting research in material culture, social justice, community and equity-based design, 
environmental and social life cycle assessment, environmental justice, sociotechnical and 
sociological analysis (history, social sciences, including science, technology, and society studies). 
This workshop demonstrated that the merging of ideas, new computational and manufacturing 
technologies, research methods, across widely disparate disciplines holds great potential for the 
development of equitable, inclusive, and sustainable research breakthroughs, innovation, and 
commercialization of socioresilient infrastructure.  

 
There were four interconnected thematic areas: Systems, Assemblages, Materials, and 

Education. Taking a systems level view, the workshop framed the urgency of planetary crises 
(climate, nature or biodiversity, and pollution and waste) called for design that takes into account 
the full life-cycle, highlighting the tension often found between the drive for innovation and the 
need for regulation and policies to ensure equitable and safe ecosystems. Panelists offered new 
rigorous systemic frameworks for infrastructure design at the intersection of the technical and 
social involving big data, models, and methods (e.g. urban, global trade, social life cycle 
assessment) for more equitable and sustainable social outcomes. Approaches included the 
incorporation of community expertise and lived experience, neighborhood factors and 
inequalities, social vulnerability and environmental justice concepts, physical vulnerability, and 
hazard risk exposure. In the theme of materials, discussion centered on a new mode of precision 
circular materials design, which involves integrating sustainable material sources, design for 
structural modularization and self-assembly, with mechanisms for end-of-life material  
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deconstruction and reuse, powered by emerging molecular- to macro- multiscale computational 
methods such as artificial intelligence and deep learning. Throughout discussions, the power of 
narrative (that is, the words, numbers, and metrics that both serve to describe our world, fix or 
overreach boundaries) played a central role in connecting the themes and paths forward across 
disciplines and sectors. By mobilizing narrative as a research tool, the workshop participants 
offered strategies to create robust frameworks for materials design choices, frame sustainability 
with innovation and maintenance, and incorporate social and economic context, and pose 
questions to imagine more interconnected and robust futures. The fourth session focused on the 
future of education included systems approaches to advancing education at the intersection of 
infrastructure, equity, and resiliency, infrastructure for the future of community-engaged and 
equitable undergraduate education, designing equitable infrastructure for fostering pedagogical 
social capital, student success, and social mobility in higher education, and infrastructure to 
advance the science of equitable learning. Each thematic session was followed by a breakout 
discussion in small groups including one of the featured speakers, facilitator, and workshop 
participants.  The groups were encouraged to take a transformative and visionary approach to 
future change, each bringing their own expertise to the session topics. 
 
Systems Session 
 

The Systems session began with a call to action around three planetary interconnected 
crises caused by unsustainable production and consumption; 1) the climate crisis, 2) the nature 
or biodiversity crisis, and 3) the pollution and waste crisis, by Inger Andersen, Under-Secretary-
General of the United Nations and Executive Director of the UN Environment Programme (UNEP). 
This keynote address with the theme “Resilient and Inclusive: Infrastructure That Is Up to the 
Challenge,”  was grounded in evidence of the pressing reality of each of these crises across the 
globe, and highlighted several current projects supported by the UN Environmental Programme 
that offer practical solutions (Anderson, 2019). Technical issues included examples from around 
the globe such as; nitrogen fertilizer causing eutrophication and dead zones, illegal sand mining, 
overestimated steel and cement requirements and consequent production and carbon emissions, 
highlighting that “globally, we are building a new Paris every week in terms of construction.” 
Pressing global societal issues included; the proximity of marginalized populations to toxicity and 
pollution, the severe infrastructure deficit of poor countries and communities, and the general 
consumerist attitude towards nature, “pushing it into a corner and expecting it to deliver.” 
Highlighted future directions/solutions are a proactive and urgent pursuit of alternatives to cement, 
sand mining, steel, and plastics, repurposing of construction debris, green or smart cooling, and 
Japan’s green procurement and eco-labeling. In closing, Andersen urged “It is only by embodying 
a convergence across disciplines that we can achieve equity, resilience, and sustainability across 
the life cycle of infrastructure and move forward in addressing the crises facing humanity,” calling 
for design that addresses the entire cycle of assembly, out-waste, resource efficiency, 
disassembly, and reuse. 

 
 Moving from a systems perspective on the planetary scale to the built environment, José 
Torero, Professor and Head of the Department of Civil, Environmental, and Geomatic 
Engineering, University College London, brought his extensive background in forensic analysis to 
examine the interconnected goals of sustainability, resilience, equity, and wellbeing (Torero, 
2019).  In evaluating the state of the field in building technologies and construction, Torero 
identified a clear tension between good intentions with respect to the environment and planet, 
while still producing more waste and polluting more than ever. Despite enormous investment in 
the development of new materials, solutions, and innovations, many problems and crises persist. 
Torero cited the tragic case of the Grenfell Tower fire, where he served on the investigating team.  
In this stark example, 72 lives were lost in 2017, after renovation to improve thermal performance 
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of the building. The findings led investigators to conclude the construction industry is spiraling 
because regulation happens in a way that promotes social inequity, punishing the poor while 
promoting the wellbeing of the rich (Spinardi et al., 2017). Using the powerful metaphor of a small 
boat traveling in an empty sea, Torero emphasized that every action we take leaves behind a 
massive wake of unintended consequences, which must be understood if we are to innovate 
(Maluk et al., 2017). Behind every innovation is a presumption of competency: an expectation that 
developed products are going to be well managed and understood by people making decisions. 
This presumption relies on not only institutions of governance and education, but also on the 
construction industry itself, thus Torero urged for research funding not only to innovate, but also 
to create a competent workforce. Torero closed with a provocation highlighting the danger in 
valorizing innovation alone; he pressed every time we put a single dollar toward the support of 
creating a new solution, development, or innovation to meet a UN Sustainable Development Goal 
(SDG), we must put  an equivalent amount towards guaranteeing that the competency of those 
maintaining the innovation is upheld in such a way that does not inadvertently promote deeper 
inequity. 
 
 The next critical systems perspective focused on the challenges and opportunities 
surrounding Social Life Cycle Assessment (S-LCA) of interconnected global supply chains.  On 
the topic “Data for Socially-Responsible, Integrated, and Resilient Infrastructure Decisions in the 
Global Marketplace,” Catherine Benoit-Norris, Research Scientist in Social Responsibility, 
Amazon and Vice President of Social Sustainability at New Earth and the Social Hotspots 
Database Project; Co-Chair for the Steering Committee on Social LCA Guidelines Revision, UN 
Environment Life Cycle Initiative, contributed extensive perspective.  Drawing upon her 
experience leading in the UN Environment Life-Cycle Initiative, Benoit-Norris made a compelling 
case for not only the importance, but also the challenges in quantifying the social dimensions of 
the changes happening in the environment (Benoît-Norris, 2014).. Recognizing the stark reality 
that the world continues to face poverty, inequality, forced labor, genocide, and child labor, Benoit-
Norris also highlighted the growing market for ethically and sustainably made goods, and an 
increasing number of government regulations for human rights violations along the supply chain. 
Current methods of evaluation of the equity implications of a product are still insufficient, as they 
usually focus (if at all) solely on the impact of the final product on the community that produced it, 
rather than the broader impacts distributed along the entire supply chain on every stakeholder. 
Benoit-Norris offered Social Life Cycle Assessment (S-LCA) as a methodology to meet this 
challenge, to measure the social impact through the entire supply chain of a product, including 
infrastructure development, organization, and an extended list of stakeholders. The aim of S-LCA 
is not only preventing but reversing adverse impacts and creating positive ones. S-LCA is a four-
phase, iterative method consisting of 1) goal and scope, 2) social life cycle inventory, 3) social life 
cycle impact assessment, and 4) interpretation, all of which incorporate methods, models, and 
data (Benoît-Norris et al., 2011). The methodology, by necessity, draws upon a diverse 
ecosystem of data, ranging from focus groups, supplier self-assessments, and social audits 
commensurate with the level in the production system at which the study is conducted. S-LCA is 
fundamental to ensuring there are no adverse effects of a material change through evaluating the 
significance of the potential past, present, and future social impacts of a product or system. 
 
 The closing perspective at the systems level examined the relationship between essential 
infrastructure and social inequity, with the topic “Infrastructure Resilience and Justice: Stormwater 
Systems and Sociospatial Dynamics.” Marccus Hendricks, Assistant Professor, School of 
Architecture, Planning and Preservation, Stormwater Infrastructure and Resilience (SIRJ) Lab, 
University of Maryland, presented Hendricks described the prevalent situation of low income 
neighborhoods that are overburdened with toxic waste-treatment facilities and decaying 
infrastructures that were never designed to serve the residents well (Hendricks, 2017). At the 
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intersection of urban planning and social justice, Hendricks’ SIRJ Lab addresses the effects of 
infrastructure on the natural, built, and social environment, its role in modifying hazard risks and 
public health outcomes, and its design and adaptation/resilience  (Hendricks et al., 2018). This 
research also addresses sustainable development, civic participation and oversight, and equity 
and environmental justice related to infrastructure and public works management in terms of 
procedural, distributive, and restorative justice (Gibson et al., 2018). Contributions to 
environmental injustice and hazard vulnerability include social processes of “redlining” and racial 
zoning, discriminatory planning, chronic unemployment, residential segregation, combined with 
infrastructural processes of condition, distribution, inventory, materials, and maintenance and 
rehabilitation decision processes. Currently, the US is undergoing an infrastructure crisis as 
systems and infrastructures decay, bringing greater associated risks that are unevenly distributed. 
Hendricks’ work builds on two driving principles, recognition that 1) the nation’s environmental 
laws have not been applied fairly across all segments of the population (Masterson et al., 2019) 
and 2) social stratification based on race, income, disability, gender, age, and nationality 
contributes to differential risks and impacts from disasters (Meyer et al., 2018). Both social and 
infrastructural processes are inextricably linked, and both contribute to social vulnerability and 
environmental injustice, causing disproportionate hazard risk in marginalized communities. 
 
 The conversation that followed the Systems session built upon themes raised in the 
preceding presentations in combination with the experience and expertise of the workshop 
participants.  This discussion, along with the later breakout sessions, identified intellectual 
connections between the workshop thematic areas, and future directions for tangible impact 
across disciplines and sectors. Participants identified the current state of physical, digital, 
materials, educational systems as a precarious context with an imbalanced drive for continuously 
competitive innovation of new technologies.   As a result, critical domains such as education, 
policy, research, and industry continue to remain siloed and are individually ill-equipped to 
thoroughly address unintended consequences, societal impact, and equity. The result is a stark 
disconnect between these infrastructures and the people they serve, disproportionately impacting 
already marginalized communities (McDowell, 2019). To repair this imbalance and move forward 
as resilient communities, innovation must shift from merely developing new products and 
technologies to innovating an optimized way of crossing disciplinary and societal boundaries with 
an equity lens (Hill et al., 2016). The participants called for closer connections between reform in 
engineering education and existing research in decision-making, reward structures, economics, 
marketing, and social relations to be brought into effective action, generating true competence in 
safe and equitable design. Proposed initiatives included the creation of new systems of engaging 
communities and expanding education across the processes and lifecycle of infrastructure 
including;  problem definition, design, monitoring, and maintenance. Other proposals included 
efforts to reshape the tension between short-term and long-term thinking of infrastructure design, 
create incentives to identify and value expertise and competency especially in infrastructure 
safety, and creating an operating system of governance mobilized to respond to chronic and acute 
disasters in real time, and to optimize the balance between centralized and decentralized 
infrastructures. Underpinning these initiatives was a call for more complete datasets that could be 
achieved by conducting widespread life cycle assessment of infrastructures that reflect the 
constantly changing use requirements and needs. All of these transformations must be created 
and scaled with an equity lens. 

 
Assemblages Session 

 
 The Assemblages session began with imperatives at the intersection of physical and 
digital infrastructures from the perspective of the philanthropic sector, by Laura Maher, Program 
Director, Siegel Family Endowment.  Maher called attention to the enormous impact of 
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infrastructure across all aspects of daily life, both positive and negative. To combat the severe 
underinvestment in infrastructure facing our nation and understand the full extent of the way 
infrastructure impacts our communities, Maher proposed coordinated efforts to reimagine 
infrastructure as assemblages composed of interdependent physical, social and digital 
dimensions. This would be a necessary foundation to better define, design, fund, and govern 
infrastructure. Maher highlighted several examples of initiatives that her organization supports 
including; The Center of Rural Innovation (CORI), which helps small towns boost their economy 
through a combination of investments such as broadband internet, and the physical and social 
infrastructure necessary to successfully employ and retain the benefits provided by the digital 
infrastructure, and Uncharted Power, which focuses on the long-term maintenance, sustainability, 
and adaptation of microgrids to the needs of communities. Maher identified improvements in 
rebuilding infrastructure as key opportunities for more resilient communities that will withstand 
future challenges (Siegel & Knight, 2020). 

 
 Continuing on the theme of the importance of the rebuilding and maintenance of critical 
infrastructures to the framework of socioresilience, Tiziana Smith, Water Resources Specialist, at 
the World Bank, provided perspectives from her work in the extensive Dam Rehabilitation and 
Improvement Project (DRIP) in India.  Smith identified the key role of dams in increased mitigation 
of floods and drought shocks to communities, as well as provision of essential services such as 
irrigation, water supply, and electricity. However, these same technologies can also jeopardize 
these resources and potential benefits by fundamentally altering the environment, and also pose 
flood hazards due to structural or mechanical failure. In India, there are more than 5000 large 
dams, most of which are due for rehabilitation under the DRIP program, a national initiative 
supported in part by the World Bank. Smith shared insights from experience in the World Bank 
collaborations as well as research in water systems.  Success has been found in a sustained 
focus on institutional reform, rather than financing a limited number of loans for India’s dam 
rehabilitation, so DRIP is developing a risk-indexing scheme for large dams to make dam 
rehabilitation funding more uniform and transparent. DRIP has also proposed an innovative dam 
safety network of excellence expanded outside the scope of engineering to include surveillance, 
management, and the social and environmental aspects of dam management. There is also a 
significant effort to harness data to promote gender diversity in the recruiting, retention, and 
promotion of dam management personnel. Future areas of work planned in these initiatives 
include public education on dam safety and risks, and citizen engagement in evaluation periods, 
collecting best practices for teaching risk management in engineering and research, and 
strengthening understanding around the benefits of diversity and inclusion for the specific context 
of dam in India (The World Bank, 2019). 

 
 Expounding upon the assemblages frame through interrogation of the relationships 
between data, and social and environmental outcomes in energy transitions,  Destenie Nock, 
Assistant Professor, Engineering and Public Policy and Civil and Environmental Engineering, 
Energy, Equity, and Sustainability Group, at Carnegie Mellon University, presented the inevitable 
tradeoffs between equality, environmental sustainability, and development in the transition to 
sustainable energy (Nock, 2019). In energy transition, designing a solution primarily meeting the 
least-cost benchmark misses key social criteria, so a wider model of the tradeoffs between  factors 
such as cost, GHGs, air pollution, land use and employment are needed (Nock & Baker, 2018). 
In the US, energy poverty is experienced disproportionately by minority groups especially African 
Americans, creating equity concerns including pollution and health impacts, employment, and 
affordability associated with an energy transition. Globally, over 1 billion people lack access to 
electricity, and to equitably meet the UN target of universal access to electricity, models taking 
various tradeoffs into account are vital. Nock presented the Electricity Infrastructure Investments 
Under Changing Equity Preferences Model, which incorporates people’s preferences for equality 
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reflected in electricity access. In this model, a high preference for equality gave rise to tradeoffs 
between centralized and decentralized infrastructure as well as investment and transmission 
infrastructure, while a low preference resulted in perpetually centralized power plants around big 
cities (Nock et al., 2020). This work provides key insights into  identification and tangible scenarios 
of tradeoffs in terms of cost, poverty alleviation, and environmental sustainability in the effort to 
create a truly sustainable electrical system. 

 
 The inequitable distribution of access to key resources experienced by rural communities 
was addressed by Ben Glass, CEO and CTO, of Altaeros, an aerial cell tower start-up with a 
mission to connect people, machines, and data anywhere in the world. One of the biggest 
challenges to rural connectivity is an exponentially lower economic revenue per square meter 
compared to urban settings, disincentivizing investment in rural networks. Glass presented a key 
assemblage for building socioresilient telecommunications for rural areas.  This work, built upon 
research begun at MIT, centers around the creation and deployment of aerostats, high-capacity, 
long endurance, lighter-than-air platforms that lift electronic payloads 100s to 1000s of meters 
above ground.  Aiming to design specifically for the unique economic and technological 
challenges of the rural, these non-traditional cell towers significantly reduce (one half) the cost of 
network infrastructure. Glass also highlighted the importance of user experience beyond 
economic factors, and the need for holistic support for this infrastructure with a full range of 
connectivity. Additional uses of aerial cell towers include emergency response, network edge 
expansion, temporary communities and events, and remote industry. Building on the experience 
in the telecommunications sector, Glass closed with a provocation for recognition of the 
magnitude of the challenge associated with ubiquitous coverage, and the need for coordinated 
efforts beyond a single technology or company to tackle this multifaceted goal of providing 
ubiquitous and equitable access to modern connectivity. 

 
 Transitioning from the need to design and create new assemblages to the creation of new 
methodologies to optimally address existing structural resources, Corentin Fivet, Assistant 
Professor, Structural Exploration Lab, at École polytechnique fédérale de Lausanne (EPFL), 
delivered a provocative computational approach to “Structural Design Against Obsolescence.”  
Rapid shifts in use requirements for buildings often result in the demolition of infrastructure that 
is still structurally sound. Demolishing and building new infrastructure results in generated waste, 
material depletion, and biodiversity losses, consuming energy and emitting greenhouse gases, 
with buildings responsible for roughly 40% of all energy demands worldwide. The energy of 
buildings is categorized into two types: embodied energy, the production, construction, use, and 
end of life processes and operational energy: the hot water, ventilation, heating, cooling, lighting 
and electricity processes. There is no correlation in methods employed to reduce operational, as 
well as embodied-related carbon (responsible for 11% of greenhouse gasses worldwide). For the 
environmental footprint of a design to be decreased, low-carbon materials, material-efficient 
systems, and versatile or reusable components must be used. Fivet proposed a multidisciplinary 
method to address the evolution and ever-changing needs of cities without perpetually creating 
unnecessary waste (Brütting et al., 2019).The research of the Structural Design Xploration Lab 
addresses the reuse of materials in a way that reclaims the embedded technology and employs 
optimization methods and algorithms to decide what combination of reused and new materials 
would be most structural and environmentally safe. Fivet closed the session urging the workshop 
community to remember that although particular assemblages may become obsolete, their 
constituent parts remain, and with this in mind it is necessary to design reuse-ready building 
components that can be repurposed rather than discarded in landfills.  

 
 Emergent themes of this productive breakout discussion that followed, focused heavily on 
the future opportunities at the intersection of data and community engagement to promote 
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socioresilient infrastructure. Participants proposed to begin by shifting the landscape of data 
through the creation of new metrics and dynamic databases, followed by the integration across 
the full scope of these data in real time into the planning phases of projects. Creating social 
impact, climate change, and reuse metrics in infrastructure design will require a database of 
material types and grades used in infrastructure, taking into account both historical use and 
introduction of new materials. The participants recognized the dynamic context of needs from 
within buildings to larger communities and regions,  and identified adaptability as important to 
physical and data infrastructure that are contextually relevant, mitigating the uncertainty factor 
with effective communication and computational power. They proposed a concerted effort in 
community engagement happens in coordination with reforms to data infrastructure, with a 
significant shift towards equity as a major design criterion to both protect marginalized 
communities and enable their participation in each phase of development. Education was a major 
theme that underpinned the discussions, both in the context of broader publics as well as the 
training of engineers to understand risk and unintended consequences, and policy-makers to 
mitigate those risks. 

 
Materials Session 

 
 The materials session launched with a discussion of “Nature-Inspired Circular Materials,” 
by Francisco Martin-Martinez, Lecturer in Computational Chemistry, Laboratory for Bioinspired 
Biobased Nanomaterials at Swansea University (UK). Martin-Martinez highlighted that we live in 
a finite world with limited resources and an increasing global population, imposing many 
challenges and generating different types of biomass waste. The question addressed is how to 
take advantage of the biomass waste to solve the challenge of limited resources. Emerging 
methods involve applying AI-accelerated computational design to bioinspired materials for 
performance and reuse with a goal of taking sustainable sources and mimicking nature’s 
circularity through a process of multiscale modeling and deep learning in a way that incorporates 
societal aspects into the material design (Martin-Martinez et al., 2018). One example is biobased 
pavements, utilizing biomass waste with a similar structure to asphalt that could be used to design 
new blends. Another example is biobased electrodes, taking chitin from shrimp shells to produce 
a porous carbon that performs better as an electrode in batteries than some commercial models. 
 
 Gregory Dreicer, Historian of Technology, Lead Writer, Exploratorium then spoke on 
“Material Tales: Narrative as Structure and Tool.” Dreicer began with the premise that evolution 
is the foundational story of materials and technology. As we move through history, certain 
materials seem to dominate infrastructure and craft an incomplete story that idolizes innovation 
and misnames materials as “new.” In a period where “new” iron bridges began to be constructed, 
research shows that iron was in fact not a new material, used in the past to strengthen wooden 
bridges. The innovation, then, was building large structures with small parts of iron. The 
consequences of an evolutionary story that prioritizes “new” materials while replacing if not 
erasing old materials from historical accounts are the exclusion of certain societies from 
participating in the construction of their own infrastructure and the categorization of some 
societies as “civilized” and “scientific.” Evolutionary stories link the way we see materials and 
people in hierarchical ways and often bind materials to people in racial or national terms (Dreicer, 
2002). They also hide the “who” and “why” of life-or-death decision-making processes such as 
deciding the lifespan of an infrastructure. The authors and stories told about objects have 
tremendous economic, social, and cultural consequences, therefore, while introducing history into 
engineering education is important contextualization, we also need to introduce story narrative 
itself as a tool. When people innovate, they are imagining a future world, or crafting a future 
narrative based on a present narrative. Narrative infrastructure threads its way through physical, 
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social, and digital infrastructure, with stories determining the type and lifespan of the materials 
and structures innovators develop. Questioning the stories we hear might help us rewrite 
evolutionary narratives, inviting a broader group to participate and understand. Today more than 
ever, it is a risk not to question the status quo narratives about people engaging materials. 
 
 Frank Gayle, Deputy Director of the Office of Advanced Manufacturing, National Institute 
of Standards and Technology (NIST) then spoke on The U.S. Advanced Manufacturing National 
Program and Materials, Innovation, and Workforce Development. The mission of the 
Manufacturing USA program is a convergence connecting people, ideas, and technology to solve 
industry-related manufacturing challenges, enhance industrial competitiveness and economic 
growth, and strengthen our national security (NIST, 2018). Creating public-private partnerships 
and incentives and winning bipartisan support, this convergence scopes electronics, materials, 
bio-manufacturing, energy, environment, and digital automation. By successfully working 
together, multiple government, industry, and academia organizations share costs, risks, and work, 
even creating an opportunity to build career pipelines from community colleges to participating 
institutions (Frechette & Gayle, 2015). [The remaining portion of this talk is not from Gayle’s 
position as a federal official.] Currently, most corporations have one stated mission: to return stock 
to shareholders, but this mission must be expanded to include the welfare of the community and 
world. To this extent, an education in unintended consequences is paramount. While government 
is a champion for the environment and socioresilience, it is challenging to take strong leadership 
in these areas if they are largely controlled by corporations. Gayle concluded by saying education 
infrastructure is key to materials manufacturing infrastructure because we must use rewards and 
incentives to embed sustainability and recyclability into our culture, starting with teaching them as 
design criteria on par with cost and efficiency in engineering education. 
 
 The next topic focused on “Long-Lasting Ancient Materials for a Sustainable Future,” and 
was presented by Admir Masic, Professor of Civil and Environmental Engineering, Laboratory for 
Multiscale Characterization and Materials Design at The Massachusetts Institute of Technology 
(MIT). Masic described how the world’s primary building material is concrete, making it one of the 
major contributors to greenhouse gas emissions. Roman architecture stands to this day with it’s 
longevity juxtaposed with the short lifespan of modern concrete structures. Roman concrete 
requires less energy to produce, often takes advantage of recycled materials, and is proven to be 
durable (Maragh et al., 2019). Antiquities-inspired materials design applies new and modern tools 
to samples of ancient materials to create durable and sustainable new materials, from a nano to 
macro scale, with the aim of learning and integrating rather than replicating. Roman concrete is 
only the tip of the iceberg of antiquities-inspired materials design (Bertrand et al., 2018). 
Applications not only include design of new materials but the degradation of materials as well. In 
cement production, a huge amount of energy is required to calcine the limestone and clay, causing 
half of concrete’s carbon emissions, and the other half comes from burning fuels, grinding, and 
transporting. Opportunities to use optimization algorithms to reduce the carbon footprint of 
concrete are optimizing design to use less concrete via 3D printing and causing the concrete re-
absorb the carbon. We must make infrastructure last longer and find the origins of the extreme 
long-term durability of ancient Roman concrete. Masic’s lab has exciting breakthroughs in the 
latter that are still confidential. 

 
 Themes that emerged in the breakout discussions included pressing concerns for refining 
metrics, and the narratives that surround how we define and evaluate innovation and social good. 
to merge the long lifespan of buildings with the continuous evolution of their use requirements by 
developing and effectively adopting better metrics. Therefore, we need to redefine the common 
good and true cost of building infrastructure to include a long-term assessment of public and 
environmental health. A broad group of people must be incentivized and convinced that equity, 
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sustainability, and flexible design are desirable by everyone. To that end, societal impact must be 
quantified as a metric in financial, economic, and academic decisions. Lifecycle decisions must 
factor into questions of scalability, and a general shift in thinking long-term or rather short-term is 
necessary. We need a shift in the bias towards new and high-tech solutions and materials to be 
able to appreciate the functionality, lower carbon emissions, and inclusivity of old materials as 
well. Using narrative as a tool is important to describe how crucial infrastructures are to society, 
motivating people to take ownership and engage in the surrounding monitoring and policymaking. 
Augmented reality and citizen assemblies are potential tools for engaging community-
participatory research and design. A unique opportunity here is remodeling engineering education 
to incorporate the social sciences and raise a generation of leaders that value sustainability and 
equity as a design metric, integrate questioning into the planning and developing of materials and 
infrastructure, and value convergent input from diverse fields. 

 
 
Education Session 

 
 The education session began with the voice of an undergraduate student, Alina Gavrilov. 
Drawing upon her educational experience as senior in humanitarian engineering at Baylor 
College, and the Station1 Frontiers Fellowship research program in socially-directed science and 
technology, Gavrilov shared both her conviction for engineering in service of social benefit, yet 
also the uncertainty and pressure placed on her generation. 
 

‘There are many things we are not teaching,’ began Mariko Silver, President and CEO, of 
the Henry Luce Foundation, drawing upon her experience in higher education and the 
philanthropic sector to challenge the workshop participants.  Silver identified critical gaps, such 
as the intersection of complex systems, uncertainties, opacity of research and development, 
strategies to invert the usual power dynamics of top-down mechanisms, ways to cultivate 
imagination, and reason ethically. Rather than aiming to create and perfect a static set of ideal 
societal blueprints, Silver called for a need to zoom out to ask what kind of society we want, and 
to envision and create the types of flexible systems to get there. Pointing out the pitfalls when  
addressing science, technology, and society, so many of the things we think about as technical 
or technological problems are actually human problems resulting from human interaction with the 
natural world. It turns out we need to understand science better but we also need to understand 
ourselves better through a reimagined question-asking process shifting away from technological 
determinism (Silver, 2020). To think about intersecting complex systems from an educational 
point of view, we need to cultivate the same habits of mind for investigating, examining, and 
revealing the interdisciplinary nature of structural racism. We need incentives and Socratic 
structures for joining interpersonal and cultural educational infrastructure to examine complex 
intersecting systems in academia and education. We need to reimagine education to include the 
practice of understanding, defining, and describing the problem rather than merely presenting it 
and looking for a solution, and by doing so skipping over the intellectual work and synaptic 
connections that we want to create. In the classroom, students are often asked to go out and 
engage the community in question formulation without experience or tools to understand what it 
feels like to be part of that process. Silver urged for a move from community engaged research 
to community informed research, and finally to community driven research, engaging international 
collaboration and imagination in reciprocal research design.  Silver highlighted the importance of 
framing these questions across the nested systems of individual, institutional, and cultural 
contexts and to view education itself as a nested system of different institutions. Admissions, 
advising, majors, and curriculum, specifically in STEM, need to address hierarchical sorting 
mechanisms designed to push certain students out unintentionally on the part of the faculty and 
institutions, but nevertheless by design. Silver closed with a call to integrate imagination and 
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speculative fiction with problem definition across undergraduate curriculum, and to start imagining 
now for a future that might have seemed impossible even a year ago. 

 
 Beginning with a focus on people, programs, and place in a new sense, Susan Singer, 
Vice President for Academic Affairs and Provost, at Rollins College called for reframing the way 
we imagine higher education infrastructure to become more socioresilient. One such 
infrastructure is curriculum, with an interdisciplinary, foundational general education not yet 
leveraged for its widespread potential in higher ed. We need a deliberate and intentional approach 
to general college learning that addresses global problems with periodic assessments to check if 
our goals are being accomplished (Singer et al., 2012). In order to connect this foundational 
curriculum with a student’s major, mentorship is needed to select all of a student’s classroom and 
extracurricular experiences in a way that leads them towards their specific set of goals. The 
implications are far greater than a successful career, extending emotional support and 
experiential learning that enable a student to thrive and flourish in and after college. Studies have 
shown that having professors and mentors who care, encourage, and excite students about 
learning is important for students to feel emotionally supported in college. Meanwhile, having an 
internship that applied what they learned, working on a project taking a semester or longer to 
complete, and active engagement in extracurricular activities gives graduates experiential 
learning. A broader framing of a campus location as a porous infrastructure that encourages 
scaling partnership rather than a savior complex, prepares students to address global grand 
challenges as part of institutional curriculum. Singer ends with a provocation to move away from 
brick and mortar and recognize the student at the center of a nested model, first and foremost 
supporting their ability to thrive and then moving seamlessly into experiential learning, in and out 
of the community, and across the globe to create a truly holistic opportunity (Singer et al., 2012) 
adaptable to the full range of learners. 

 
 Harrison Keller, Commissioner of Higher Education, for the State of Texas discussed the 
topic of “Designing Equitable Infrastructure for Fostering Pedagogical Social Capital, Student 
Success, and Social Mobility in Higher Education.” Keller opened his presentation by asserting 
that higher education is one of the world’s most powerful engines of upward mobility. While the 
COVID-19 pandemic has disrupted higher education, affecting minority Black and Hispanic 
student populations disproportionately, this disruption is also our window of opportunity. It is 
increasingly urgent for us to design new models that reflect renewed commitment to our public 
mission to promote access, foster social capital, increase student success, and drive upward 
mobility. Many external challenges such as under-resourced and inequitable state higher ed 
finance systems and internal enrollment management practices, promotions, and tenure face our 
higher education infrastructure today. Keller nominates three major elements of digital learning to 
be included in a new infrastructure for higher education that advances equity and educational 
quality through pedagogical social capital. The first is instructional technologies, such as advising 
tools powered by AI and machine learning, brought in even closer dialogue with the intersection 
of learning sciences in cognitive and neuroscience and allocating greater funding for campus 
digital teaching centers. The second is technology-enabled facilitated networks. An initiative at 
UT Austin called OnRamps, a dual enrollment program that’s built on a facilitated network where 
faculty trained in technology pedagogy lead the development of low-cost prototype college 
courses and work with teachers to build corresponding high school courses and training materials. 
High school students simultaneously take the distance education college from college faculty and 
the high school course from the high school teacher. Over time, the course content is refined and 
scaled based on data, the key being the combination of high touch coaching and support systems 
and respectful engagement of educators enabled by technology. It will be important to train, 
support, promote, and hold educators accountable in ways that enable them to further enlist 
student potential as co-authors and co-developers in the design of the educational pathway. Third 
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is data infrastructure – harnessing data modelling, visualization, and digital analytics to create 
new opportunities, reduce costs, and increase value to students, expanding student agency in 
advising, identifying and engaging high potential students earlier, monitoring student progress, 
and creating more effective feedback loops from employers to higher education (Keller & Belton, 
2015). In closing, Keller addressed the policy requirements for building a healthy educational 
infrastructure, highlighting strategic public and private investment capital, equitable finance 
systems, informative and predictable student financing, more regulatory room to operate and to 
innovate, data publicity around key indicators, transparency of that data, and finally professional 
development for teachers to make our classrooms more conducive places for learning and growth 
mindset. 
 
 The last presentation grounded the context of education in the pressing realities of this 
contemporary global crisis.  Sanjay Sarma, Vice President for Open Learning, Massachusetts 
Institute of Technology (MIT) posed an existential question of what it means to learn and what we 
will do differently when we have the privilege of being together again, with recognition that COVID-
19 has separated 1.6 billion students worldwide.  Sarma acknowledged the privilege inherent in 
infrastructure and technology to enable survival during the pandemic.  Drawing upon extensive 
experience in digital learning, Sarma highlighted that the infrastructure of a good online education 
is not about being high-tech, it is about how you craft, construct, and scaffold the content of an 
asynchronous video shot beforehand, designing for human cognition by enabling students to 
pause and rewind. ‘Zoom education’ is merely taking an inferior, in-person, broadcast approach 
to education and transposing it online. Cognitive science tells us there are unique advantages to 
in-person education that cannot be achieved online such coaching, working with your hands, field 
trips, richer discussions, and most importantly inserting dopamine-releasing curiosity follows. 
Sarma identifies the familiar educational tragedy as doing in person the things we could do better 
online, and not doing the things we could do better in person at all. We cannot recreate the Zoom 
lecture in the classroom, and we must rethink the amazing value of being in person to make it 
count (Sarma 2020). Technology progress almost always exacerbates issues of equity. Today 
there is a risk of widening the digital divide through an incomplete understanding of technological 
education infrastructure. Infrastructure is not just the online education platform, but internet 
access and a safe place to work. The Internet is a matter of survival and must be made a basic 
utility like water and food. 

 
 This final breakout discussion group concluded the workshop by underscoring the critical 
role of education both for and as infrastructure.  Education was identified as a powerful process 
and tool for upward mobility, with the opportunity to advance resilient communities, yet in need of 
a paradigm shift to maximize its equity-building potential.  The discussion highlighted the 
importance of mindset in successful educational outcomes, as well as technological and structural 
barriers to engagement and social mobility. Empathy was highlighted as a driving force that is 
crucial to education (Keller, 2016), along with content and expertise integrated with appreciative 
inquiry. Special attention must be focused on asset-based language and preventing the problem 
of double-burdening already disadvantages students with also solving systemic issues they face. 
Two foundational pieces of education infrastructure that serve as barriers to many students 
especially during the current pandemic are social networking and accreditation. Providing free, 
ubiquitous wifi to all as a basic human right, was proposed as one necessary, but insufficient way 
of displaying empathy and building equity.  Another prominent barrier that was identified is the 
unit structure of university education, which in an effort to standardize can also inadvertently 
constrict and limit student growth and faculty agency. This structure may stifle educational 
innovations to die because of the administrative pressure that focuses more on course schedules 
and graduation requirements. A grand challenge identified by the participants was to design 
curriculum around dynamic complexity and personalization, crafting the student’s vocation rather 
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than standardizing a course list for everyone. Participants also found opportunity in exploring  
limited-residency models for higher education, drawing upon examples of lifelong learning spaces 
like museums, that invite learners of all ages and backgrounds, along with transitional programs 
for people in the workforce returning to higher education.  

 
Conclusions  
 

The framework for socioresilient infrastructure holds enormous potential as a new 
innovation model for catalyzing use-inspired transformative work across disciplines and sectors, 
as evidenced by the synergies between the thematic areas (i.e. systems, assemblages, materials, 
and education) and the co-creation of high-impact initiatives among the outputs of this workshop.  
This model takes education as not only a key process for building and maintaining infrastructure, 
but also as critical infrastructure itself.  The socioresilient infrastructure framework is built upon 
the model for socially-directed science and technology, which involves the granular integration of 
not only proximate, but also disparate disciplines (eg. engineering with humanistic fields), building 
upon historical analysis to shape the future, and the employment of an equity lens throughout 
analysis and design processes (Ortiz and Spero 2018, 2019).  
 
Potential research areas for investment that build upon the foundations of socioresilient 
infrastructure include:  

1. Studies of the complex and systemic entanglement of infrastructure materials to social 
inequity and in/justice within broader sociotechnical systems hold enormous potential for 
transformative work.  In particular, this approach takes into account characteristics of the 
materials innovation ecosystem including; disciplinary values and the social construction 
of knowledge, the dominant intellectual paradigms (structure- property- processing- 
performance relationships), material functionalities, downstream applications, life cycle, 
and legal and regulatory structures.  This initiative aims to operationalize this research into 
the  development of integrated methods that can be employed across sectors such as 
software platforms, tools for social life cycle assessment, and the articulation of social, 
economic, environmental and ethical tradeoffs. (inclusive of: materials science and 
engineering, civil and environmental engineering, science and technology studies, urban 
studies and planning, policy, complex systems); 

2. Development of cross-disciplinary methodologies for long-term thinking can be 
operationalized to enhance technological design processes.  For example, there are 
significant opportunities to draw upon the combination of high impact practices (such as 
inquiry driven learning) and digitally supported immersive experiences (such as 
augmented and virtual reality) to promote thinking across generations, centuries, and 
within the longer history of the planet. (inclusive of: history, science and technology 
studies, materials science and engineering, civil and environmental engineering, 
architecture and urban planning, indigineous studies, computational modeling and design, 
archaeology, earth and planetary sciences);  

3. The creation of a robust interdisciplinary framework for analysis of the role and use of 
narrative is a promising research tool for materials design choices. This method would 
foster the articulation of the multiple (sometimes competing) of factors within sustainability, 
tensions between innovation and maintenance, incorporation of  social and economic 
context, and to pose questions of and to imagine more interconnected and robust futures. 
(inclusive of: science and technology studies, history, speculative fiction, decision 
sciences, serious gaming, complex systems, science journalism); 

4. Application and integration of methods that foster equity and inclusion can be powerful 
levers when operationalized for use within innovation and startup ecosystems to promote 
technological development. This approach would harness emerging approaches such as 
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equity-based design, and those already widely in use such as community-based 
participatory research (inclusive of: entrepreneurship, urban planning, public health, labor 
relations, decision sciences, environmental studies); 

5. The socioresilient infrastructure framework can be leveraged for the advancement of 
cross-disciplinary academic research and commercialization into new business models 
and social enterprises for innovation ecosystems. Drawing upon emerging computational 
methods to mobilize existing datasets as well as create new types of classification to 
analyze global systems of materials flows and social impact.  This approach involves 
thinking with, and also going beyond current concepts such as circular economy to include 
social life cycle analysis, and socially-directed circular materials and structures. (inclusive 
of: entrepreneurship, computational modeling, data and information science, materials 
science and engineering, science and technology studies, decision sciences, 
environmental studies). 
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