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This paper introduces a transformative ‘living” hypothesis in architecture and
engineering, proposing a paradigm shift from conventional design to
regenerative, ecologically interconnected resilient systems. At the heart of our
hypothesis is the integration of earth-bound materials and bioreceptive surfaces
through metabolic exchanges that can be directly monitored via bioelectricity using
advanced computational models and cooperative governance structures. This
innovative approach that links the living world with natural materials and digital
computing, aims to foster sustainable urban development that dynamically and
meaningfully responds to ecological shifts, thereby enhancing social sustainability
and environmental resilience. Founded on an active relationship with Earth Based
Materials (EBMs) our work operationalises the foundational link between organic life
and inorganic matter, e.g., minerals, to establish a dynamic relationship between
building materials, and ecological systems drawing on the foundational metabolisms
of microbes. To enable this ambitious synthesis, our work builds upon and diverges
from traditional foundations by operationalizing actor-network theory, new
materialism, and regenerative design principles through the application of
bioelectrical microbes to “living” materials and digital twins. We propose a novel
resilience framework that not only advocates for a symbiotic relationship between
human habitats and natural ecosystems but also outlines practical pathways for the
creation of adaptive, self-organizing built environments that are informed by data
collection and metabolic feedback loops. These environments are fundamentally
regenerative, dynamic, and environmentally responsive in ways that can be
understood and engaged by human engineers and designers, transcending
current sustainability and resilience targets through a methodology rooted in
interdisciplinary collaboration. We address challenges such as regulatory barriers,
lack of standardization, and perceptions of inferiority compared to conventional
materials, proposing a new standardization framework adaptable to the unique
properties of these materials. Our vision is supported by advanced predictive
digital modelling techniques and sensors, including the integration of biofilms
that generate action potentials, enabling the development of Digital Twins that
respond to metabolic signals to enhance sustainability, biodiversity, and ultimately
generate environmentally positive socio-economic outcomes. This paper reviews
existing methodologies to establish an overview of state-of-the-art developments
and offers a clear, actionable plan and recommendations for the realization of
regenerative and resilient systems in urban development. It contributes a unique
perspective on sustainable urban development, emphasizing the need for a holistic
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approach, which integrates the foundational metabolism of microbes, assisted by big
biological data and artificial intelligences that act in concert to respect both the
environment and the intricate dynamics of living systems.

KEYWORDS

regenerative design, resilient systems, bioelectricity, new materialism, environmental and
climate adaptation, computational modelling, earth based materials, microbes

1 Introduction—redefining the built
environment through earth
based materials

We are reaching global environmental tripping points, and the
imperative for a sustainable and adaptive built environment that repairs
and supports our living realm has never been more urgent.
Conventional construction methods, characterised by rigidity and a
disconnection from ecological systems, are increasingly at odds with the
environmental and social imperatives of our times. Our transformative
hypothesis establishes an approach for the overall enlivening of our
living spaces: embracing the principles of resilient regenerative design
(Petrovski et al,, 2021; Yang et al., 2021; Soares and Puccinelli, 2023) by
integrating the tenets of actor-network theory (Latour, 2007) with a new
materialist view (Dolphijn, 2021) that are implemented via microbial
metabolisms that invoke applications of novel living technology
(Armstrong et al, 2017), biobased and natural materials. By
operationalising the dynamic aspects that characterise the living
world—such as the balance between growth and decay, metabolic
cycles, regenerative processes, adaptive responses, reproduction and
evolution, and energy transformation—we envision the convergence of
technology and matter to perform useful “work” within architectural
and engineering contexts (bioreceptivity, circularity, biocompatible by-
products etc.), which can be monitored through dynamic feedback
loops to generate positive environmental impacts of our buildings and
cities, that ultimately produce downstream effects on human health,

wellbeing at an individual and societal level (Table 1). The integration of
active, living systems into architectural design, establishes the potential
for buildings that actively contribute to ecological processes, promoting
sustainability and resilience while fostering a deeper connection
between humans and the natural world. In other words, our
buildings are becoming increasingly lively (Haraway, 1991).

The convergence of these paradigms suggests the built environment
that emerges from these synergies is fluid, generative, and life-like, being
beneficially interwoven with information streams and local ecosystems
(i.e, becoming part of the local natural realm). The medium for
information exchange within this context is metabolism, specifically
through the transfer of electrons, which is essential for sustaining life
processes in biological systems by providing the energy needed for
cellular functions and facilitating the interconversion of different forms
of energy and matter (Gasteiger et al., 2010). While these vital processes
take place in many kinds of biological systems from cellular respiration
to photosynthesis, redox reactions in metabolism, electron transport
systems and cell signalling, a window of opportunity for visualisation is
possible when they become directly accessible through the specific
exchanges within electroactive microbes (Potter, 1911). These
anaerobes form biofilms that produce action potentials, which can
be harvested, providing a direct monitoring technique for otherwise
indecipherably complex processes. We envisage that being able to access
and even manipulate dynamic “living” processes within biological
systems and the eco-systemic infrastructures that support them,
enables a vital transformation based on life-promoting metabolism,

TABLE 1 Principles of resilient regenerative design (Petrovski, Pauwels, and Gonzalez 2021; Yang 2021; Soares and Puccinelli 2023) and integrating the
tenets of actor-network theory with a new materialist view of novel living technology application.

Principles of Resilient Regenerative Design

Actor-Network Theory Integration

1. Holism: Viewing the built environment as an integral, interconnected part part of the
ecosystem, rather than separate from or dominant over nature

2. Adaptability: Designing buildings and infrastructure that can adapt to changing
conditions and unforeseen challenges, ensuring long-term resilience

3. Sustainability: Emphasizing the importance of sustainability in materials, materials,
energy use, and construction practices to minimize environmental impact

4. Renewability: Prioritizing the use of renewable resources and energy sources to reduce
dependency on non-renewable, polluting resources

5. Biodiversity: Promoting biodiversity through design that integrates natural habitats
and supports ecological balance

6. Resource Efficiency: Optimizing the use of resources to minimize waste waste through
strategies like recycling, repurposing, and efficient energy energy use

7. Community and Cultural Engagement: Engaging local communities and and
respecting cultural heritage in the design process to ensure relevance and support

8. Health and Wellbeing: Focusing on the health and wellbeing of occupants, through
the integration of natural elements, air quality, and light into design
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1. Agency of Non-Humans: Recognizing that objects, technologies, and materials have
agency and can influence human and environmental relationships

2. Networks of Relationships: Understanding the built environment as part of part of a
network of relationships that includes humans, non-humans, and and technology

3. Interconnectedness: Acknowledging the interconnectedness of social,
environmental, and technical systems in the construction and operation of of buildings

A New Materialist View of Novel Living Technology Applications Applications
1. Material Agency: Emphasizing the active role of materials in shaping design
outcomes and environmental interactions

2. Emergence: Focusing on the emergent properties of materials and technologies that
arise from their interactions within specific contexts

3. Co-creation with Nature: Collaborating with natural processes and systems to co-
create solutions that are sustainable and adaptive

4. Innovation through Biomimicry: Drawing inspiration from nature to develop

develop innovative materials and technologies that solve complex design design
problems
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The diagram of circular economy systems, inspired by the butterfly model from the Ellen MacArthur Foundation informed by Braungart et al. (2007),

illustrates the dual metabolism concept. Here, biological metabolism thrives

on renewable nutrients, while ideally the technical metabolism is ingeniously

designed to operate independently of finite resources and avoiding reliance on landfills or creating other externalities.

which can meet the demands of an evolving society. Simultaneously,
these metabolic processes can perform bioremediating actions that
mitigate urban impacts that currently characterise the Anthropocene,
where the consequences of our modern industrialised Western lifestyles
have tipped our “living” planet into an emergency condition of distress
and pending collapse.

Through a critical examination of historical contexts and
approaches and a visionary adoption of interdisciplinary
methods, and a more fundamental, interactive relationship with
fundamental biological processes that support the base of the
biosphere, made accessible through the digital realm, we chart a
course towards spaces through a new relationship with Earth Based
Materials (EBMs) that form the foundations for a novel selection
and choreography of material choices, which promote the natural
activities of dynamic, living systems—and are capable of negotiating
a symbiotic relationship between the built and natural world.

2 From vision to impact: charting the
course of innovative research

2.1 Visionary transformation: reshaping
construction through regenerative
principles

Our proposed “living” urban environment suggests a significant
departure from traditional, static architectural structures governed
by hierarchical control systems reminiscent of “machines” (Tzonis
and Corbusier, 2002). We propose that via living metabolisms, cities
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will develop infrastructures that enable our living spaces to evolve
into fluid, adaptable, and eco-systemically active environments,
shaped by collaborative, empowered agents working in concert.
This collective effort is afforded by a dynamic material condition,
which is integrated into a broader intelligence comprising “smart”
digital systems, and microbes to form new material configurations
based on natural substrates that collectively possess qualities
reminiscent of life itself. These systems transcend mere structures
or “intelligent” (i.e., digital computing-centred) resilience and are
directly intertwined with the very fabric of life. This is achieved by
leveraging dynamic material exchanges such as metabolism, growth,
active decay, to cultivate a profound symbiosis between the built
environment and the natural world (Koolhaas et al., 2011; Schalk,
2014; Tamari, 2014), envisaging the built environment as an active
participant in a circular, environmentally compatible economy
(Kirchherr et al., 2017), where natural metabolism, materials and
energy are exchanged in continuous, regenerative cycles that use
electron exchange to incorporate renewable materials/nutrients into
their life cycles (Figure 1), and are compatible with the regenerative,
transformational processes found in nature (Bithler M. et al., 2023).
These advancements initiate a dialogue towards a renewed
relationship with our depleted planet, establishing fresh protocols
of practice and human development centred on the soils and EBMs
that support us and on which we base our values, care, and
reciprocity, adapting alongside evolving cultural trends and
changing patterns of society.

Combining the principles of architecture, materials science, civil
engineering, philosophy, artistic research, and the social sciences,
our framework  involves

methodological interdisciplinary

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1385116

Buhler et al.

convergence that reinterprets the nature of buildings as having many
synergies with “living” organisms that are accessible through the
specifics of their metabolism. By incorporating various aspects of
living organisms into buildings in a material way, means their
capabilities can be engaged to create dynamic and responsive
built environments, where the inhabited space possesses some of
the sensibilities of entities that we instinctively recognise as “living”
e.g., sensitivity, decision-making, change with time. Living
organisms offer a wealth of potential contributions, including the
ability to metabolise waste, regulate temperature, generate energy,
and interact with their surroundings in adaptive ways.

Transitioning from traditional, energy-intensive, centralised,
hierarchical operations of machinery to the highly distributed,
soft, horizontal exchanges that typify “living” materials and
technologies, holds the promise of significantly reducing the
carbon footprint associated with our buildings and infrastructure
(Chang et al., 2015; Bhina et al., 2023). Our strategy not only aims to
decrease the embodied energy needed for manufacturing
construction materials but also aims to transform building
systems, including utilities, through the implementation of
regenerative and bioreceptive design. Such a shift aligns with the
United Nations’ Sustainable Development Goals (SDGs) but also
promotes practices for human development that actively repair
damaged ecosystems, while nourishing and sustaining life
(Goubran et al., 2023).

2.2 Earth based materials

This nature-inspired, or biophilic approach, recognises the
foundational role of earth in the story of life (Logan, 2007) as the
site for creative meetings between animal, plant and mineral and
its deep relationship with the evolution of diverse ecosystems,
supported by their living soils. In this context, the inherent
material properties of earth-based materials (EBMs) such as
rammed earth, cob, and adobe, offer a sustainable pathway to
constructing buildings that are environmentally friendly, energy-
efficient and durable through the implementation of a range of
novel, EBM applications, which include building services and
bioreceptive surfaces, each of which promote the growth of
microorganisms, creatures, and plants in their own way,
creating a living interface between the building and
the ecosystem.

Earth-based materials encompass a wide range of substances
found within or on the Earth’s crust. These materials have been
integral to architecture for millennia and are typically derived from
geological processes and can vary significantly in composition and
properties that include minerals and organic matter in various
configurations of textures and particles ranging from silt and clay
to sand and gravel. Offering sustainable, environmentally embedded
solutions that support circularity and local ecosystems, they are
valued not only for their aesthetic appeal but also for their low
environmental impact, durability, and ability to create buildings that
are integrated with their surroundings. They offer excellent thermal
mass and insulation, contributing to energy efficiency and indoor
comfort. At the end of their lifespan, earth-based buildings can be
returned to the Earth, completing the cycle without leaving a long-

term environmental footprint.

Frontiers in Built Environment

10.3389/fbuil.2024.1385116

The selection of materials and methodologies, as detailed in
Table 2, is founded on regenerative design principles, with the
objective of enhancing sustainable urban development. This
choice is critically informed by Life Cycle Assessment (LCA)
steps, emphasizing the reduction of the ecological footprint
across the materials’ lifecycle. Special attention is given to
unprocessed materials such as rammed earth, which stand out
for their lower carbon footprint, attributable to minimal
processing and the absence of hydraulic binders. These materials
are not only pivotal in decreasing greenhouse gas emissions but also
play a significant role in improving the thermal efficiency and
aesthetic qualities of the built environment. Data and references
from the Bundesinstitut fiir Bau-, Stadt-und Raumforschung (BBSR)
validate the incorporation of these principles within the realm of
sustainable construction, highlighting their applicability within
Germany’s regulatory environment and their potential for wider
adoption. This approach showcases the environmental and practical
merits of using naturally abundant, minimally processed materials.
By adhering to this methodology, which is supported by exhaustive
environmental assessments, the aim is to contribute towards a
construction paradigm that is sustainable, resilient, and in sync
with ecological systems and sustainability objectives, as illustrated by
the strategic selection presented in Table 2.

While they are versatile building materials, EBMs are also
fundamentally life-promoting to support “living” materials and
technologies that comprise the tissues, flesh and living bodies of
the “living” city, each “living” architecture providing its own version
of sustainability, breathability, and natural insulation according to
its niche and embodying the foundational dynamic relationship
between life and minerals (Wei-Haas, 2016).

Although the building details are highly contextualised and
locally sourced, the built interventions themselves share general
principles for excellent practice being structurally sound, and
minimising energy consumption (embodied, building operations)
while retaining their capacity for ecological integration, life-
promoting actions, and responsiveness to human presence (Table 3).

2.3 Microbial technology

While individual microbes—such as fungi, bacteria, viruses,
archaea, and protists—are invisible to the naked eye, they
become readily observable when they aggregate into structured
communities known as biofilms. Although they are largely
built
“biofouling” they, nonetheless, possess remarkable capabilities
that shape their interactions with the environment and are often

unwelcome in the environment and regarded as

the first organisms to colonise any available surface. At their core,
microbes are adept at metabolizing various substances, breaking
them down and transforming them into new compounds. This
metabolic prowess forms the foundation for their potential as
environmental mediators. By leveraging the metabolic activities
of microbes, we can initiate transformative processes that
remediate pollution, enhance nutrient cycling, and restore
ecosystems. For example, certain microbial species are capable of
metabolizing pollutants such as hydrocarbons or heavy metals,
effectively detoxifying contaminated environments and restoring
ecological balance.
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TABLE 2 Global warming potential based on life cycle stage (in kg CO, equivalents).
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Material Production Demolition Transport Disposal Recycling Total Global
(A1-A3) (C1) (C2) (C3) Potential (D) Warming
Potential
Rammed Earth kg 9.3 1.6 6.0 6.8 -29 20.8
CO,/m’
Clay Plaster kg 93.2 No data 2.5 2.8 -39 94.6
CO,/m’
Compressed kg 93.6 No data 6.3 4.1 -1.8 99.6
Earth Brick CO,/m?
Gypsum Plaster kg 119.4 No data 29 135 No data 122.8
CO,/m’
Burnt Clay Brick kg 138.3 0.3 3.2 0.3 =7.0 1352
CO,/m®
Sand-Lime Brick kg 136.0 No data No data No data No data No data
CO,/m?
Concrete kg 197.0 3.1 12.0 6.0 -21.4 196.7
CO,/m?
Concrete Brick kg 242.4 1.3 5.1 135 4.1 258.2
CO,/m?
Lime-Cement kg 356.6 no data 5.8 27.0 no data 389.4
Plaster CO,/m*

Data retrieved from OKOBAU.DAT (OKOBAUDAT 2024) Global warming potential by life cycle stage (in kg CO, equivalents).

TABLE 3 15 reasons to build with earth-based materials (EBMs) as an alternative to conventional materials.

1. Lowers resource depletion

Utilises locally-sourced materials, reducing the need for
imported construction materials and minimising the
environmental impact associated with their extraction
and transportation

2. Reduces carbon footprint

Earthen materials require minimal processing,
significantly lowering CO, emissions compared to
conventional construction materials like concrete and
steel

3. Enhances indoor air quality

Earthen materials naturally regulate humidity and
absorb toxins, promoting a healthier living environment

4. Reduces waste

Construction with earth often generates minimal waste
due to the ability to reuse and recycle materials directly
on-site

5. Lowers energy consumption

The thermal properties of earthen materials mean that
buildings require less energy for heating and cooling,
reducing the overall energy demand and associated
emissions

6. Offers thermal mass benefits

The high thermal mass of earth walls buffers interior
spaces from extreme outdoor temperatures, reducing the
need for mechanical heating and cooling

7. Promotes biodiversity

8. Sustainable practices

9. Aesthetic and cultural value

By using non-toxic, natural materials, earthen
construction supports local ecosystems and biodiversity

10. Sustainable material lifecycle

The use of earthen materials encourages the adoption of
more sustainable, low-impact construction practices

11. Provides renewable resource

Earthen buildings can be moulded into unique shapes
and finishes, offering aesthetic diversity and preserving
cultural heritage through traditional construction
techniques

12. Acoustic insulation properties

Earthen materials can be returned to the earth at the end
of a building’s lifecycle, minimizing environmental
impact

Earth, as a building material, can be considered a
potentially renewable resource if managed sustainably

The density of earthen walls provides excellent sound
insulation, creating quieter and more serene indoor
environments

13. Conserves water

14. Reduces heat island effect

15. Flexibility in design and use

The production and application of earthen materials
typically require less water than conventional
construction methods

Earthen buildings, with their natural materials and
colours, can help reduce the urban heat island effect,
contributing to cooler urban environments

Earthen construction offers versatility in design, allowing
for creative and adaptive uses that can evolve over time
with minimal environmental impact

Bioreceptive surfaces facilitate the colonisation and growth of
living organisms on their surface, particularly microbes which are
often the first colonisers. They can occur naturally, such as patinas
on rocks, or can be intentionally designed to interact with biological
elements. EBMs are highly bioreceptive materials, readily fostering a
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symbiotic relationship between the built environment and the
natural world, being characterised by high surface roughness,
high open porosity, high capillary water content, an abrasion
pH below 10 (Miller et al., 2012) and minerals, e.g., phosphorus
(Jones et al, 2022). Recently, bioreceptive surfaces have been
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installed to integrate human-made structures with the surrounding
microbial ecosystem to promote biodiversity, ecological equilibrium,
and sustainability by accommodating and nurturing the natural
growth and colonisation of surfaces by environmentally beneficial
microbes, followed by small plant species. While many surfaces can
be colonised, EBMs in particular naturally leverage their material
composition and physical properties to support microbial growth
and surface succession through features like rough surfaces, which
create microclimates and provide attachment points, as well as
porosity and patterns that facilitate water flow (Mustafa et al,
2021). Without intentional design efforts, facades can become
unintended hosts to plants like microalgae, mosses, liverworts,
Although  these
environmental advantages, they are often viewed as unwelcome
intruders (Elbert et al., 2012). For instance, according to Freeman

and lichens. plants offer considerable

et al. (1974), mosses have the capacity to capture 1 kg of carbon
dioxide for every half square metre, contributing to an annual global
reduction of 14 billion tonnes of carbon dioxide and the fixation of
50 million tonnes of nitrogen, as documented by Elbert et al. (2012).

In 2018, the innovative installation “Subculture: Microbial
Metrics and the Multi-Species City,” brought to life by David
Benjamin (The Living), Kevin Slavin, and Elizabeth Hénaff at the
Storefront for Art and Architecture Gallery, showcased an inventive
use of wooden panels. These panels, designed with concentric
circular patterns (macro shapes), were deployed to capture
microbial life—specifically, the urban microbiome—from their
immediate surroundings. The collected samples were then
analysed through advanced small-scale genetic sequencing
techniques (King, 2014), transforming the facade of the building
into a dynamic living environment and a functional analytical lab.
This novel concept effectively repurposed the entire structure into
an “urban metagenomic sensor.” Wood was selected as the material
of choice for its bio-receptive properties, attributed to its molecular
structure, which includes micro shapes inherent in the wood grain
and macro shapes in the geometric design (Storefront, 2023).
Although bio-receptive materials do not integrate microbes into
their fabric directly, they recognize and harness the vital role these
organisms play in enhancing ecosystem services. This approach is
especially pertinent for urban areas, where the preservation of
natural soils is increasingly compromised, highlighting the
importance of integrating nature-based solutions for urban

environmental health.

2.4 Functionalising biofilms and
bioreceptive surfaces

Although they look slimy and formless to us, at the microscopic
level, biofilm architecture is highly complex (Shi and Xu, 2019) and
is the preferred mode of existence for >80% of microbes. On
these
associated communities transform into a microcosmic city, being

attachment to a substratum, multicellular, surface-
Earth’s first type of formal settlement—and biofilm-forming
organisms have been traced back as long as 3.5-3.8 billion years
(Mojzis et al., 1996). Biofilms have intricate but highly effective,
nutrient transportation, communication, and waste management
networks, which play a critical role in nutrient cycling (Shi and Xu,

2019), interspecies electron transfer (Kato et al., 2012) and are
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common in natural environments like rice-paddy soils
(Rosenbaum and Franks, 2014), compost (Dulon et al., 2007),
ocean sediments (Mathis et al., 2008) and wastewaters (Logan,
2005). ElectroActive Bacteria (EABs) (Marsili et al,, 2010) are a
subset of biofilms (Nevin, 2008) comprised of ElectroActive
(EAMs)
respiration. When mature, attached EAMs cross-link between

Microbes that use their attachment material for
cells to create an EAB by forming a structurally stable conductive
network with nutrient transportation, communication, and waste
management networks. Just as urban planners and architects use
their knowledge of civil engineering principles and building
regulations to build better cities for people, the organisational
rules for forming EABs can also be used by scientists and
architects to develop nature-based solutions for buildings and
urban spaces. The flow of electrons in EABs is complex and the
Extracellular Electron Transfer (EET) mechanisms, attachments to
the anode surface, electrochemical, biochemical, and physical
dynamics of stable EABs have been extensively studied (Baubata
etal,, 2012). By viewing electroactive microbes as the opportunity to
interact with a biobased technological platform via action potentials
using electronics and digital technologies to establish fundamental
new knowledge for establishing a platform for sustainable
interactions and connections with the natural world. Key to
generating an accessible interface between these human and
more-than-human realms, electrogenic bacteria offer a rich
source of inspiration for designing dynamic new materials and
interfaces that facilitate interactions between people and nature
through mediated digital platforms.

Microbes are parallel environmental processors that do not
perform one task at a time but operate multiple metabolic
programs simultaneously to serve as powerful agents of
bioremediation, converting organic waste materials into valuable
resources. Through processes such as composting and anaerobic
digestion, microbes break down organic matter, releasing nutrients
and generating biogas for energy production. This not only reduces
the burden of waste disposal but safeguards soil health and fertility,
acting as mediators in nutrient cycling and plant-microbe
interactions. Mycorrhizal fungi, for instance, form symbiotic
relationships with plant roots, enhancing nutrient uptake and
improving soil structure. Similarly, nitrogen-fixing bacteria
convert atmospheric nitrogen into a form that plants can utilize,
enriching soil fertility and reducing the need for synthetic fertilizers.

By engaging with the metabolic capabilities of microbes, we can
design innovative technologies and strategies that promote
environmental sustainability and resilience. By harnessing the
bioelectric properties of these microorganisms, researchers can
create solutions  that  enable  bidirectional

communication, dynamic adaptation, and sustainable coexistence

innovative

between biological and digital ecosystems (Gorby, 2006). From
bioremediation to waste valorisation to soil restoration, microbes
offer a versatile toolkit for shaping our relationship with nature at
the most fundamental level, thereby creating opportunities to
address some of the most pressing environmental challenges of
our time. These innovations are achieved through the collaboration
of chemists, biologists and engineers/roboticists to ensure the
structures are deployed appropriately with respect to their
material characteristics and readable information exchange. They
are also designed to support and enhance the wellbeing of society by
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producing their solutions locally, which greatly reduces carbon
emissions from transport), sources materials in sustainable ways
(e.g., cleaning industrial soils to generate EBM blocks, using
agricultural waste materials like wood chips for mycelium bio-
composites) and by not using Critical Raw Materials (CRMs).
The
simulations, led by engineers, computer scientists and data

incorporation of advanced computer models and
analysts, enables the optimization of these materials (for
performance, and embodied energy) and designs (via algorithms
that generate resource-efficient designs) in real time, which is
perceptible using bioelectrodes that respond directly to changes
in microbial electroactivity. This digital layer enables a continuous
feedback and adaptation loop, ensuring that the human designer and
engineer can understand, interrogate, and meaningfully influence
the processes underpinning the construction of buildings to
different degrees. Such structures are not static entities, but
dynamically evolving systems that can adapt to the changing
needs of occupants, resource availability, optimise embodied
and  benefit

conjunction with these material and computational innovations,

energy use, environmental performance. In

it is also possible to extrapolate the insights and incorporate

ethnographic principles from gerontology for an ageing

of different
communities, e.g., Jacobs (2016) and integrative design to ensure

population, urban ethnography, the study
that the built environment is responsive to the unique needs of more
diverse types of people, diverse and inclusive ways of living
(although a detailed discussion on the ethnographic impacts of
“living architecture” are not proposed this particular paper, it is an
ongoing exploration that will be detailed in another publication).
This comprehensive, cross-disciplinary approach ensures that our
approach to making buildings is bespoke, contextualised to meet
local challenges and needs, and is sufficiently flexible to provide
comfort, accessibility, high quality aesthetics, and adaptability,

improving the overall quality of life for inhabitants.

2.5 Living with microbes

Recently, microorganisms have been incorporated into diverse
building materials, surfaces, and systems, which has catalysed the
development of innovative prototypes and installations aimed at
reducing energy and resource consumption while also supporting
and revitalising local ecosystems (Chang et al., 2015; Chang et al,,
2015; Joshi et al., 2017; Jain et al., 2021; Salifu et al., 2021;
Armstrong, 2023a; Garg et al., 2023; Sarkar et al., 2023). Using
microbes as a foundational technology presents a ground-breaking
approach to sustainable architecture and urban planning. With
their health,
microorganisms  like represent an

inherent capacity to maintain biosphere

bacteria and fungi
underexplored resource capable of reshaping our environment
positively. These microscopic entities have been fundamental to
Earth’s ecosystems for billions of years, playing vital roles in
preserving ecological equilibrium and resilience. By integrating
microbes into construction materials, surfaces, and operational
systems, we tap into their ancient abilities to produce new
construction materials, purify pollutants, and facilitate circular
metabolic processes, such as converting organic waste into
nutrient-rich compost and energy-dense molecules.
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Through meticulous adjustment of environmental conditions,
these innovative systems empower microbes to undertake a whole
range of biologically useful tasks, effectively transforming waste into
valuable resources. Waste streams are not only detoxified but
repurposed as productive systems yielding various materials and
energy-efficient solutions. This approach lays the foundation for a
circular economy, where resources are regenerated, reused, and
valorised, thereby minimising waste and diminishing the need for
new raw materials. Such a strategy represents a significant advance
in sustainable resource management and aligns with broader
environmental objectives by creating an implementable platform
that enables efficiency and resilience in both natural and human-
made ecosystems. As microbial communities thrive within organic
waste systems, such approaches offer scalable solutions that
seamlessly integrate with waste management protocols to
generate eco-friendly materials like mycelium-based composites
using agricultural waste materials like wood chips (Bio, 2024) or
innovative building services such as PeePower” (which makes
energy for LED lighting services from urine). These applications
form part of a comprehensive suite of microbial technologies and
design approaches aimed at shaping the future of eco-conscious
construction. Such innovations provide a versatile toolbox for
architects and engineers to facilitate the design and construction
of buildings that synergise with and actively contribute to natural
processes. While the examples highlighted here only represent the
beginnings of more “gardened’ ways of processing wastes, they also
underscore the pioneering advancements in circular design and
engineering occurring at the intersection of scientific inquiry and
architectural ingenuity, where state-of-the-art microbial technology
plays a central role in the conception, implementation, and
operation of environmentally friendly buildings.

2.6 Microbial building materials
transforming sustainable construction

Microbial building materials (Jones et al., 2022), epitomise a
transformative approach to sustainable construction towards more
adaptable, resilient, and sustainable building practices. By
integrating synthetic biology with architectural design, the
functions of microbes within the material matrices can be
designed, holding the promise of revolutionising how structures
with  their

surroundings. Introducing the possibility of cellular engineering

are conceptualised, constructed, and interact
into the processes of building design and engineering, establishes
the groundwork for a future where buildings can self-repair,
dynamically respond to environmental changes, and minimise
their ecological footprint according to human design.

This innovative application of microbial technology not only
reduces the environmental impact of our built environment but also
improves the ecological wellbeing and vitality of human
communities, ecosystems, and the planet (Timmis et al, 2019),
enabling a paradigmatic change toward construction practices that
are not merely sustainable but regenerative, paving the way for
structures that actively promote the restoration of their adjacent
ecosystems (Armstrong, 2023a). Adopting these biologically
integrated solutions can progress us toward a future where

buildings and infrastructure not only work along with nature but

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1385116

Buhler et al.

actively engage in its mechanisms, enabling a more robust and life-
affirming connection between human progress and the biosphere.

Microbial Fuel Cells (MFCs) mimic the structure of a chemical
battery by consisting of an anode and a cathode (Rabaey and
Verstraete, 2005). Unlike traditional batteries that use inert
solutions, MFCs utilise anaerobic biofilms developed on the
anode, separated from the cathode by a proton-exchange
membrane. This membrane is commonly a porous EBM like
terracotta, which is an excellent material for promoting biofilm
formation and is a prime example of how EBMs derived from
natural clay deposits can be transformed through advanced
technological applications as well as traditional craftsmanship
into a versatile and enduring medium capable of acquiring new
functions. Energy production in MFCs occurs as the biofilm digests
an organic “feedstock,” such as urine, greywater, blackwater, or
various forms of liquid organic waste. This process leads to the
bacteria at the anode decomposing the feedstock and releasing
electrons. These electrons are then transported to the cathode
conductive material,

compartment through a creating an

electrical ~ current that can power electronic  devices.
Simultaneously, protons move across the membrane to the
cathode, where they combine with oxygen to produce water.
MEFCs also play a crucial role in nutrient recovery, producing
stabilised

phosphate. They effectively treat wastewater and eliminate

biofertilizer from sludge rich in nitrogen and
pathogens, mirroring the processes of natural soil biofilms. MFCs
excel beyond conventional utilities by multitasking resources
simultaneously, functioning as parallel processing units.

Recent advancements in MFC technology have focused on
optimising various parameters to boost performance, including
selective use of microbes, application of genetic and molecular
engineering techniques, improvement of electrode materials, and
innovative membrane designs. Over the past few years, MFCs have
been explored in field trials for wastewater treatment, notably in
projects like the development of PeePower” urinals by Ioannis
Ieropoulos at the University of Southampton. These urinals,
supported by The Bill and Melinda Gates Foundation and Oxfam
under the Reinvent the Toilet Challenge, aim to provide essential
services in refugee camps and schools. They offer basic nighttime
lighting for safety and support water and sanitation needs (Walter
et al,, 2018). Additionally, PeePower” urinals have been tested in
Western settings, such as the Glastonbury festival, where attendees
contributed their urine to power a variety of services, including
phone charging, gaming, and powering festival screens, showcasing
the versatile application of MFC technology in both developing and
developed contexts.

Household bioreactors can often present interpretive challenges
for the average user. To bridge this gap, the “Active Living
Infrastructure: Controlled Environment,” or ALICE, has been
developed with a user-friendly digital interface. This interface
simplifies the data from Microbial Fuel Cells (MFCs) into easily
understandable insights (ALICE, 2019). ALICE employs engaging
animations named “Mobes,” which creatively represent biofilm
activity, demonstrating the system’s capability to produce
200 mW/L from urine (You et al., 2022). Moreover, ALICE has
gained recognition as an art installation, featured at the Victoria and
Albert Museum during the Digital Design Weekend in September
2021 and at the Electromagnetic Field festival in Eastnor in June
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2022. As an embodiment of a novel bio-digital platform, ALICE
marries microbial and artificial intelligences with both biological
and technical systems. This innovative approach offers an
architectural solution that effectively conveys to inhabitants the
performance of their domestic waste streams in an engaging and
comprehensible manner.

Microbial Fuel Cells (MFCs) have been integrated into a variety
of mixed bioreactor systems, enhancing the treatment, production,
and recovery of microbial products in a sustainable, closed-loop
system for residential use (Armstrong et al, 2017). The Living
Architecture initiative has successfully shown how different types
of bioreactors, including photobioreactors, MFCs, and synthetic
bioreactors equipped with engineered microbes, can transform
nutrients from household liquid waste into both electrical energy
(4-5 mW/unit) and biomass. While the energy yield of this setup is
relatively low, it paves the way for the proliferation of low-powered
Direct Current (DC) electronic systems. This represents a viable
alternative to the high-powered (230V) Alternating Current (AC)
infrastructure that dominates contemporary settings. Additionally,
it fosters the broader acceptance and use of low-power electronic
appliances in homes, promoting energy efficiency and sustainability.

Further advances in converging different bioreactors are being
developed with the integration of MFCs and hydroponics. The
Microbial Hydroponics (Mi-Hy) project pioneers a cutting-edge
circular platform and Hydroponic-Bioelectrical System (BES),
which is specifically designed for urban agriculture, seamlessly
merging Carbon (C), Nitrogen (N), and Phosphorus (P)
metabolism in plants with microbial metabolism. This innovative
system combines Microbial Fuel Cell (MFC) technology, which
generates electricity from biochemical reactions involving
electrons, with hydroponics, a soilless plant cultivation method
aimed at optimising CO, and N transformation (initially for
animal feed production) but also valorising the use of organic
wastes within urban environments, specifically at the community
level. The microbes in Mi-Hy’s electrodes primarily utilise carbon
compounds derived from plant root exudates (e.g., sugars, organic
acids, amino acids), which are synthesised using atmospheric CO,
captured through photosynthesis. Nitrogen utilised by the microbial
fuel cell (MFC) or microbial electrolysis cell (MEC) is sourced from
wastewater, which is simultaneously purified by the MFC, removing
phosphorus, chemicals, pathogens, and other contaminants. In Mi-
Hy, the MFC biofilm acts as a surrogate rhizosphere for plant roots,
enhancing nitrogen utilisation by enabling symbiotic relationships
between fungi and bacteria to improve nutrient absorption from the
environment. This nitrogen optimization, involving processes like
chlorophyll and amino acid synthesis, eradicates the need for
chemical nitrogen sources (e.g., artificial fertilisers) mitigating
costs associated with nitrogen removal, which typically accounts
for 10% of wastewater treatment expenses, while converting carbon
(gaseous carbon dioxide) into biomass, in ways that can recycle flue
gas, or emissions from HVAC systems. Mi-Hy’s processes result in
reduced CO, emissions, electricity production, food cultivation, and
the generation of valuable biomolecules, all validated through
laboratory testing. In this context, hydroponics serves as a
tertiary treatment following wastewater treatment plants,
performing similar functions while consuming carbon and
inorganic nutrients (such as nitrogen, phosphorus, and sulphur).
Additionally, hydroponics aids in bioremediation by addressing
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various contaminants, including chemicals, pharmaceuticals, and
hormones, depending on the microbial composition. Overall, Mi-Hy
functions as a fundamentally circular system, relying solely on
atmospheric CO,, light, and household wastewater streams as the
foundational inputs, enabling the design and engineering of complex
ecosystems within building operations as part of the regenerative
construction toolset.

The Knowledge-driven Hub for Advancements in Traditional
Building Applications (“KHATA”) project is an EIC Pathfinder
Challenges proposal for the Architecture, Engineering and
Construction digitalisation for a novel triad of design, fabrication,
and materials call (EIC, 2023) which goes far beyond state of the art
in bioreceptive design by providing reliable alternatives to concrete
in an extended range of Earth Based Material (EBM) applications in
non-load bearing contexts. It aims to revolutionise the European
Architecture, Engineering, and Construction (AEC) sector by
proposing a novel combination of Computational Design
Digital Twin, AI);
Digitalised Fabrication (subcategories: 3D printing, Additive

(subcategories: Parametrics, Biomimicry,
Manufacturing, Industrial Production, (Rahman et al., 2022)) and
(subcategories: ~ Natural =~ Materials,  Bio-based,

Metamaterials, Engineered Materials Metamaterials, Discrete

Materials

Blocks). State of the art in bioreceptivity is mostly limited to
concrete (Elbert et al, 2012) as a way of reducing the carbon
footprint of the material by supporting the natural growth of
cryptogamic covers on its surface. These rudimentary soils
consist of mosses, microorganisms, and small, rootless plants
known as bryophytes. They offer promising substitutes for
conventional green walls, eliminating the need for costly
infrastructure (Mahrous et al, 2022). The species are not
modelled for the Digital Twin, but the surface area related to
pattern and curing/drying of EBM links the building block and
material. Bioreceptivity is both part of the natural characteristic of a
material and can also be achieved by parametrically generated
textures to channel water and provide shelter (Stohl et al., 2023)
for colonising building surfaces with cryptogamic covers (Mustafa
etal, 2021). KHATA extends the unit design of EBMs to extend to
non-load bearing, external-facing surfaces by using bioreceptive
principles to examine their effect on water flow and surface
roughness (D’Orazio et al, 2014) to maximise the curing
(consolidation) rate, minimise erosion and foster long-term
resilience and carbon-neutrality of the built structure. KHATA,
therefore, uses bioreceptivity for the first time to examine its
impact on surface erosion as part of the assessment of surface
performance in EBMs. Cryptogamic covers may also provide a
soft protective cover for EBMs buffering them against erosion,
which must be balanced with the degree of water penetration,
porosity, and flow on the surface to optimise cryptogamic cover
growth, with the erosive forces of water via surface channelling.
Establishing the parameters to achieve this balance is KHATA’s
breakthrough and will be evaluated using a range of organic surface
stabilising treatments, e.g., alginate. The overall EBM unit structure
and surface performance will be digitally modelled to determine the
overall unit design based on geometric and site-specific attributes
such as orientation, light incidence, and local climate while
complying with use requirements, aesthetic considerations, and
constraints. Future renditions will

economic incorporate

electroactive microbial communities, potentially on the underside
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of the panels, as they can metabolism without light and their
interactions recorded as direct digital signals. KHATA proposes
to achieve this model by developing an Open-source Multiphysics,
multi-scale Modelling and Simulation Framework for earth-based
material. It generates an Informed Digital Twin as a real-time
representation of EBM-based buildings driven by physical
insights, advanced numerical modelling, and use of Internet of
Things (IoT) sensors embedded within the building (respectively:
structure). Feedback to the Informed Digital Twin and its modelling
components provide a nuanced understanding of intricate hydraulic
processes and mechanical behaviour characteristic for (but not
restricted to) EBM-structures. The Twin enables non-specialist
use of the heterogeneous EBMs, whose material properties are
considered regarding 1) composition/texture, 2) drying dynamics
dependent on local environmental conditions, and 3) the relative
position within the built structure, establishing a valuable tool for
monitoring and maintenance of earth-based structures towards a
basic Digital Twin demonstrator and enabling correlations to be
made with the bioreceptive surfaces. The broader aim is to develop
digital tools to enable low-threshold access to the technology
which enables widespread uptake in the ACE sector by using
versatile concepts for knowledge exchange and information
management, programming interfaces (APIs), and intuitive, low-
threshold human-machine-interfaces (HMIs). Advanced rendering
and interactive visualisation mechanisms are combined with the
investigation of generic business concepts to ensure efficient uptake
and scalability, seamless integration with existing digital assets in
AEC, and so promote usage by architects, engineers, public
authorities, craftsmen, and the citizen science community. This
innovation is integrated through a WikiHouse.cc model for
construction (Priavolou and Niaros, 2019), not only ensuring
effortless access for SMEs and other ACE sector actors, but also
serving as a dynamic platform to investigate user behaviour, to
enable scenario planning as well as predictive analytics adding value
to the community and strengthening the business case for its
adoption towards the digital transition and its rollout across Europe.

By combining various microbial processes, with surface
topologies, material substrates, and their dynamic environmental
conditions it is possible to create hybrid materials and building
solutions that surpass the individual capabilities of their components
becoming more like a garden, than a building skin or structure. Such
a combinatorial process not only applies to geometries, surfaces and
structures but also extends to “living” material blends, which will
increasingly incorporate living electrogenic microbes that will train
predictive modelling systems to enable their performance to be
dynamically modelled and enable their broader incorporation into
the built environment.

2.7 Living architecture: a hypothesis for
adaptive and self-organising built
environments

Our vision for the urban environment builds upon the
conceptual underpinnings provided by Cedric Price (Price and
Hardingham, 1984), who envisaged adaptable and interactive
spaces. We are also inspired by the practical advancements
realised by Achim Menges (Menges, 2012; Reichert et al., 2015)
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FIGURE 2

bio-designing structure

self-assembling structure

(A) Environment-sensing structure: Smart materials equipped with metabolic processes and digital feedback systems adjust the building's
functionality in real time to optimise energy use and enhance living conditions; (B) self-repairing structure: Bio-concrete that activates microbial
extremophiles upon contact with water, triggering a self-repairing process to seal cracks and damage, enhancing the material's longevity (Sharma et al.,
2017); (C) bio-designing structure: Biomimicry and bio-design in creating materials and structures that can self-organise, repair, and adapt, inspired

by the efficiency and resilience of natural systems; (D) bio-adapting structure: Buildings can evolve by adopting bioreceptive surfaces that mimic living
systems, responding dynamically to changes in the environment and improving over time; (E) self-assembling structure: Materials based on mycelium
can grow together autonomously, forming durable, eco-friendly structures without the need for traditional construction methods; illustrations created

by the authors using ChatGPT-4/DALL-E 2, 2 February 2024.

through the integration of computational design and robotic
fabrication. Together, these figures exemplify a bridge from the
philosophical exploration of space adaptability to the technological
actualization of these concepts through an agentised material
perspective, thereby fostering spaces that are not only flexible but
also symbiotically integrated with their occupants and the
surrounding ecosystem-as living skins. Through this synthesis,
we aim to transcend conventional architectural paradigms,
creating a built environment that provides of
opportunity to observe aspects of the responsive, resilient,

windows

sustainable, materialisable, biological and technological networks
that are deeply entwined with contemporary human lifestyles.

By applying advanced biological insights (biotechnology,
metabolic design, microbiology, etc.) in concert with smart
embodied systems (e.g., metabolic processes, embedded sensors
with digital feedback), agentised materials (e.g., titanium dioxide
and other catalytic surfaces), we anticipate an architectural
revolution where structures can process their environment
(metabolism), self-assemble (e.g., unattenuated mycelium bio-
composite units growing together into a single monolithic
structure), self-repair (bio-concrete generating a calcium
carbonate scar to prevent further water entry into the material by
virtue of embedded microbial extremophiles that are activated by
water) and evolve (bioreceptive surfaces providing microniches for
biological succession), establishing resonances with living systems.
Applying the principles of bioinspiration, bio-design and intelligent
systems, we anticipate the emergence of materials capable of self-
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organisation, self-repair, and environmental adaptation that exceed
the level of complexity possible using robotically-controlled bricks.
Rather, our operations take place as a choreography of material
exchanges at the molecular scale (Figure 2), which redefines the
essence of construction and maintenance. Buildings can now
autonomously adjust to environmental changes persistently and
dynamically, leading to an alteration of building performance,
programming and modes of occupation, which can ultimately
lead to demographic shifts and labour market transformations.
This synthesis of dynamic material programming, optimised
design and alignment with natural processes is underpinned by a
natural building ecosystem, such structures and systems become
active agents in their own operation and maintenance, fostering a
symbiotic relationship between its form and inhabitants. For
example, the Living Architecture project (Armstrong et al., 2017),
a prototype “living” wastewater treatment system, turns household
greywater into cleaned water, biomass and bioelectricity using the
powerful microbial metabolism of natural biofilms.

Maintenance is reimagined as a continuous, pre-designed
process intrinsic to the building’s lifecycle through the water-
using daily activities of its inhabitants. Such circular “living”
building operations envisage the  built
environment operates concordantly with natural and human

a future where
ecosystems, exhibiting inherent resilience, reducing reliance on
human labour, and promoting a sustainable cycle of renewal and
regeneration—closing the loop between consumption and waste to

ensure circular exchanges within our living spaces, while being
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observable through a digital device. In this context, the built
environment emerges as a new actor—a complex, adaptive
system characterised by interdependent relationships between its
constituents. This hypothesis not only invites a rethinking of
architectural design and materials but also calls for a broader
of the that
understanding of space and place specifically through a

consideration social  theories inform  our
reconsideration of relationships, communities of inhabitation
(human and non-human) work, and the quality of experiences
within our living spaces. By engaging with the existing body of
literature and expanding upon it through rigorous experimentation
and the production of prototypes, we aim to forge an innovative,
compelling narrative that showcases the potential for a truly

regenerative and interconnected built environment.

2.8 Transformative impacts: economic and
ecological benefits of innovative
construction

“Living” architectures and those communities of agencies that
comprise “living” cities, also incorporate a form of automation and
robotics toward more flexible, decentralised, “softer” technology
applications. Embodied intelligence, e.g., the use of smart sensors
and adaptive systems for environmental control, and agentised
materials, i.e., materials that perform work like self-healing
concrete (Jonkers and Schiangen, 2008), self-cleaning glass and
electrochromic glass, are key to this convergence making possible
assemblages of interactions that form resilient, self-regulating
systems capable of revolutionising the industry and yielding
economic advantages, such as cutting maintenance costs by up to
30% with self-repairing materials (Shittu et al., 2021; Song et al.,
2021) and reducing labour by 20%-25% through smarter design
(Turner et al., 2020; Rafsanjani and Nabizadeh, 2023). This shift
supports ecological balance by reducing the building’s dependency
on fossil fuel, by materials directly performing “work”, e.g., through
the production of bioelectricity (Bond and Lovley, 2003) and
potentially increases property values by extending infrastructure
longevity, and fostering green employment, thereby cultivating an
that both  human
environmental health.

economy cherishes wellbeing  and

The construction industry stands at a critical juncture in its
efforts to address climate change, with a pressing need to reduce its
carbon footprint. A transformative strategy to achieve this goal
involves leveraging EBMs as alternatives to conventional
construction materials. EBMs offer a sustainable alternative to
conventional construction resources, significantly reducing the
environmental footprint of building projects (Table 2). Sourced
locally, these materials minimise transportation emissions and
overall carbon output during construction. Their inherent
properties, including excellent thermal mass, contribute to energy
efficiency by naturally regulating indoor temperatures, thereby
reducing reliance on artificial heating and cooling. Furthermore,
the biodegradable and recyclable nature of EBMs, alongside their
potential for carbon sequestration (as seen in materials like
their life

regenerative) underscores their role in promoting environmental

bamboo), and capacity to promote (ie., are

sustainability. Implementing these materials necessitates a paradigm
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shift towards sustainable design and construction practices,
requiring architects and builders to familiarise themselves with
these materials’ unique characteristics through targeted training
and education. This approach not only aligns with global
sustainability goals but also offers a path toward reducing the
construction industry’s carbon footprint, potentially also playing
a greater additional role within the cycling of resources within the
biosphere (e.g., Nitrogen and Phosphorus cycles).

2.9 Historical context and evolution: paving
the way for sustainable
architectural practices

Reflecting on the lessons learned from past social and technical
efforts (Bloom and Canning, 2004; Montgomery et al., 2013) where
for the built
environment, have largely been unsuccessful due to their rigid

unprecedented challenges and opportunities
and isolated approaches, our approach adopts an integrated and
adaptive methodology that can be encapsulated by the philosophical
insights of Kiesler’s concept of the “Endless House” (Conant and
Kiesler, 1966), which regards architecture as organic, fluid spaces
that, through perpetual flow, bring the functionality and aesthetics
of the environment into the human habitat (Figure 3). We extend
and develop this vision through a “living” portfolio of materials,
which incorporate mineral and organic substrates, along with
electroactive dynamic strategies and interventions to meet the
changing demands of an increasingly diverse society, which are
creatively enlivened, empowered and enacted at the design phase
through the language and imaginaries within ANT and new
materialism (Armstrong, 2015). Our theoretical approach
incorporates this dynamism via new materialist discourses such
as Jane Bennet’s vital materialism (Bennett, 2010; Bennett et al.,
2010), Myra Hird who argues for a more nuanced understanding of
microbial life acknowledging its role in co-constituting sociability,
challenging anthropocentric hierarchies (Hird, 2009; Blute, 2010),
Karen Barad who observes the inseparability and mutual
constitution of entities through their interactions (Barad, 2007),
and Bruno Latour’s Gaian perspectives that can be understood
within the broader framework of his actor-network theory
(ANT). Emphasising the agency of both human and non-human
actors in shaping social and environmental phenomena, Latour
regards Gaia is not a transcendent or mystical entity but a
material-semiotic network of interactions among diverse entities,
including humans, animals, plants, minerals, and ecosystems
(Latour, 2017). In this framework, designers and engineers are no
longer sole orchestrators of the built environment but collaborators
with materials and other actors (plants, microbes, weather) imbued
with agency, and capable of autonomous action (Figure 4). In this
context, the design process becomes a process of co-construction
among diverse communities of inhabitants, including diverse non-
human actors such as seeds, bacteria, fungi, erosions, and
infestations. This dynamic fabric of the built environment
possesses the capacity to perform work, necessitating a
reimagining of design challenges to balance human needs with
the benefits accrued by participating within an ecosystem
fundamentally comprised by non-human actants. In keeping with
Carolus Linnaeus’ view of the mineral realm as a distinctive form of
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FIGURE 3

(A) Photography of Friedrick Kiesler and his model of the “Endless House" (1950), (B) sketch with side views and top view, (C) photography of the
entire model, (D) various sections; with permission of © 2024 Austrian Frederick and Lillian Kiesler Private Foundation, Vienna

life (Linneaus Online, 2024), which is also conducive with
contemporary theories concerning life’s origins (Wei-Haas, 2016),
our view of this “living” fabric embraces the foundational, creative
exchanges between minerals and life which is one of mutual
influence and dependency. Minerals provide the physical and
chemical framework within which the complex processes leading
to the emergence of life can occur, while life, in turn, can modify
and interact with minerals in various ways as it evolves and adapts
to its environment. Importantly, the relationship between the
mineral and organismal realms are considered through the
concepts of “bios” and “zoe,” where “bios” signifies a “mode of
living” with a fundamental quality of existence, compared with
“zoe,” which represents bare life (Agamben, 1998) to highlight
different kinds of existence, action and decision-making that occur
independently of human observers. “Bios” represents a mode of
living characterised by complex interactions, adaptation, and

>

resilience, as seen in living organisms, while “zoe” signifies
mere existence or bare life, devoid of the rich dynamics and
interdependencies inherent in living systems but is present in a
range of activated materials and molecules. In this context,
decisions that shape material interactions are distributed
through negotiations among multiple bodies, where humans act
as diplomatic representatives of our species’ interests, recognising
the multiple types and layers of intelligence that are inherent in
non-human entities. Time emerges as a critical factor, where
human surveillance is inevitably incomplete, which highlights

the need for adaptive and responsive design frameworks and
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multitudinous opportunities to find ways of meaningfully
engaging  the
furnishes a vocabulary for navigating this Pandora’s Box of

more-than-human-realm. New materialism

potential exchanges, helping us to critically interrogate the
agency of matter so that meaningful connections and the
spontaneous transformation of matter can be developed through
ANT and general systems theory. The juxtaposition of frameworks
and disciplines also enables engineering to intersect with unfamiliar
territories such as poetic and aesthetic dimensions through
disciplinary convergences that materially sustain possibilities on
a buildable, experimental platform such as metabolism, fluid
dynamics, information and communications technology (ICT),
as well as material sciences. While “living” architecture and bio-
inspired design are ongoing processes, “living” architecture
catalyses a synthesis between design, engineering, and nature,
integrating the living realm into creative and construction
processes, thus forging a more diplomatic and inclusive
approach to architectural practice.

The platform and foundational step that enables design and
engineering to operate within an agentised, intelligent material
system is to conceptualise our living spaces as interconnected
metabolic networks of regenerative exchange. These concepts are
deeply interrelated, tracing back to the roots of modern principles of
material transformation from alchemy in the 18th Century, where
the term “metamorphosis”—linked with material change—evolved
into “metabolism” (Henderson, 1913). Central to the concept of
metabolism, originating from the Greek word for change, was the
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FIGURE 4

Bioreceptive surfaces in nature consisting of lichens, mosses, ferns, and other cryptogams such as algae and fungi, showcase a remarkable diversity

of life forms that thrive in symbiosis and reproduce through spores. These organisms colonise a variety of substrates, from tree bark and stone to soil and
water, demonstrating nature’s ability to foster complex ecosystems on seemingly inhospitable surfaces. Through their intricate reproductive strategies
and symbiotic relationships, these species contribute to ecosystem stability, nutrient cycling, and the overall health of their environments, illustrating

the sophistication of natural bioreceptive surfaces. Photographs Michael Buhler, University Forest Konstanz, 2 February 2024.

FIGURE 5

|
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(A) BIQ House (BIQ, 2011), the world's first building powered by algae, Hamburg, Germany, courtesy of Colt International, Arup (ARUP, 2022), SSC
GmbH, 2011. (B) The Living Architecture bioreactor "wall" courtesy of the Living Architecture project, 2019. See a detailed description in

Armstrong (2023a).

idea of an animal chemistry or economy, serving as the vital force of
zoe, responsible for processing food and eliminating waste (Bing,
1971). By embracing the principles of bios within architecture, we
advocate for designs that go beyond mere functionality to actively
engage with the vitality and complexity of living systems through
feedback loops of valued transactions. Blurring the boundaries
between the mineral and organismal realms via zoe and
embracing the principles of bios, we strive for a new paradigm
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that integrates the regenerative capacities of living organisms into
the built environment through “living” architecture (Figure 5). This
ethos proposes a multi-scalar, borderless architectural ethos that
adapts to demographic changes among human and non-human
populations, and actively engages them to promote social and
environmental sustainability and resilience. By synthesising
regenerative design principles with ANT, and the metabolic
agency of the material realm, the proposed approach generates
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design and engineering practices that exceed the traditional logic of
spatial constraints and the idea of architecture as a static enclosure.
Instead, it proposes a built environment that is responsive, adaptive,
intelligent, and constantly negotiating with its occupants, which
enables material change over time and thereby can evolve in keeping
with ecological dynamics and human wellbeing.

2.10 A new metaphor for “living” spaces

The concept of the “living” building is no longer well served by
Le Corbusier’s mechanistic approach. Consequently, we use the
term holobiont as a paradigm for studying the interactions between a
host (human inhabitant) and its associated communities of
organisms and lively agents that are increasingly shaping our
understanding of human interactions with living spaces.

Our contemporary understanding of the relationship between
people and microbes extends beyond our ancestral past, or as
unwanted agents of disease following insights obtained by
metagenomics into the diverse microbial communities inhabiting
our personal environments. These studies have revealed the
pervasive presence of microbes (“Human Microbiome”) in our
bodies (The Human Microbiome Project Consortium, 2012) and
living spaces (“The Microbiome of the Built Environment”) (Kembel
et al,, 2012). Remarkably, approximately half of our body’s cells are
the of
companionship. Modern medical understanding emphasises the

bacterial,  highlighting extent our  microbial
ecological model of the Human Microbiome, recognizing the
crucial role of microbes in our overall wellbeing, framing people
and their living spaces as holobionts (Guchte et al., 2018). Within
these interactive environments, microbial activity influences various
aspects of our health, from mood regulation to immune defence and
essential nutrient synthesis. It is now clear that microbial colonies
are indispensable for our health, as evidenced by the adverse effects
of prolonged antibiotic use in disrupting these populations.
However, this relationship is complex, as dysfunctional microbial
communities can contribute to the onset of various diseases,
including cancer, metabolic disorders, allergies, and obesity.
Consequently, the Human Microbiome challenges the notion of
“pure” human bodies, presenting us instead as “bodies-as-
ecosystems,” where an individual person is made up from both
human and non-human cells (Sender et al., 2016). This expanded
understanding of self, intertwined with the microbial milieu,
introduces the concept of the Human Holobiont—a collective
entity shaped by the interactions among its constituent agents.
By recognising that the holobiont operates as a transactional
system, where the wellbeing of all members depends on their
ability to coexist, without privileging any single entity, whether
human or non-human, a new approach to design, engineering, care,
community and the understanding of our role within the
construction and maintenance of ecosystems becomes possible
with associated new concepts, language and imaginaries.

Since the Human Microbiome and the Microbiome of the Built
Environment coexist, microbiology and architecture are no longer
separate disciplines. Researchers in the emerging interdisciplinary
field of “living” architecture and engineering are now poised to
create and engineer new holobiontic structures that are facilitated by
EBMs to encourage types of settlement that benefit both microbes
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and persons. Such possibilities offer new ways of thinking about how
we live, our value systems and what kinds of transactions form the
basis of societal exchanges. In this context, the terms “oikos” (home)
and “eco” (ecology), become intrinsic to our lived environment to
alter our understanding towards a more organic and interconnected
view of how we live. The concept of holobiont also aligns with the
intricate dynamics of living systems and the symbiotic relationships
within households. The philosophical implications of integrating
biology with architecture provide a catalyst for reimagining the
relationship between built environments and the living world that
incorporates biological principles, processes, and materials into the
creation of products, systems, and environments, integrating living
organisms, biological processes. Interdisciplinary approaches that
integrate developments in biological sciences, molecular biology,
biotechnology, metagenomics, and microbiology will have far-
reaching implications for the future of architectural and design
innovation, opening up new avenues for the life sciences and applied
biosciences within the practice of the built environment. Within this
worldview, the concept of an ecological home exceeds the
understanding of a living space as a passive structure, envisioning
it as an active and semi-living entity that accommodates nonhuman
inhabitants, respects its surroundings, and engages in ongoing
negotiation for coexistence. In this configuration, all creatures
contribute to the circular dynamics of a space, forming through
collaborative actions and relationships among its diverse
components. The ecological home serves as a dynamic platform
for life’s essential activities, requiring first-hand experience to fully
comprehend.

Architects of this intricately interconnected space recognise the
integral roles played by nonhuman entities such as pets, pests,
microbes, and elements from the external environment, which
continuously shape every facet of its design. Extending its
influence beyond traditional structures, the ecological home
embraces contributions from birds, trees, soils, butterflies, and
other elements of the surrounding landscape, fostering shifts in
our value systems, community dynamics, and power relations. By
transcending conventional domestic boundaries and integrating
with the broader environment, it offers opportunities that
acknowledge our inseparable connection with nature. Where
there is life, there is also intelligence. Microorganisms such as
slime mould (Zhu et al, 2018) and mycelium networks
(Adamatzky et al, 2021) have been used to solve complex
problems and challenges within urban contexts, offering tools for
responsive and adaptable methods of architectural design and
production. Introducing a new metaphor for living based on
dynamic systems, material transformation, and collective
dynamics, diverse agents contribute to the emergence of a novel
domestic commons and macroeconomy (Armstrong, 2023a). In this
paradigm, buildings become active participants in the economic
landscape, performing tasks as a result of using innovative materials
and systems, valuing various forms of labour and recognizing all
citizens’ contributions. This perspective involves profound social
and ecological dimensions, promoting community engagement, and
environmental stewardship, prioritising collective wellbeing and
sustainability through an active engagement of the commons.
Prioritising shared resources, collaborative decision-making, and
equitable distribution of benefits, the ecological home challenges the

principles of individual ownership and promotes collective
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management of resources to meet the needs of present and future
generations sustainably. The use of the term holobiont, thereby
provides a metaphor for ways of living that adopt a holistic approach
to societal organisation, integrating economic, social, and ecological
considerations to create resilient, regenerative communities and
offering a transformative vision for inhabiting and co-creating
our built environment, placing value on the diversity of human
activities and the interconnectedness of all life.

3 Recommendations

Support from policymakers and industry leaders is crucial to
encouraging the widespread adoption of earth-based materials along
with understanding their role and context within a broader bio-
inspired range of regenerative solutions for a “living” built
environment. Incentives for sustainable construction practices,
along with regulations that favour low-carbon materials, can
accelerate the transition towards greener building methods.

The business case for sustainability in construction extends
beyond environmental stewardship to offer significant economic
benefits and competitive advantage (Revell and Blackburn, 2007),
where innovative construction methods, include the integration of
"softer" technologies and the use of earth-based materials, which
contribute to ecological balance and can lead to substantial cost
savings as well as increased asset value (Whelan and Fink, 2016). The
broader uptake of self-repairing materials and smarter design
presents a compelling financial incentive for companies and
investors, where the shift towards sustainability can enhance a
company’s reputation, attracting consumers and partners who
environmental  responsibility. ~ This  market
differentiation can lead to increased sales, higher profitability,

prioritise

and access to new markets (Dyllick and Hockerts, 2002).
Furthermore, sustainable construction practices offer long-term
benefits by future-proofing assets against the increasing regulations
aimed at mitigating climate change impacts. Buildings that
incorporate sustainable technologies and materials are likely to
experience enhanced longevity, reduced operational costs,
increased resilience to environmental changes, and offer an
attractive nature-inspired aesthetics. This not only ensures
compliance with evolving environmental standards but also
positions companies as leaders in the green economy.
Additionally, sustainable construction supports the creation of
green jobs, contributing to a more robust and environmentally
with
sustainability principles, the construction industry can forge a

path toward not only mitigating its environmental impact but

conscious economy. By aligning business strategies

also securing a sustainable and profitable future.

To substantiate the hypothesis on resilient regenerative design
and implement measures for transformative change in the built
environment, a comprehensive plan involving multiple stakeholders
is essential. This plan should encompass research validation,
incentive  frameworks, and  policy

practical ~ measures,

recommendations:
1. Research and Validation: (a) Conduct extensive field studies

and pilot projects to gather empirical evidence supporting the
regenerative design hypothesis. (b) Partner with academic
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institutions and industry leaders to innovate and test novel
living technologies and materials: To enhance the foundation
of regenerative design, it is imperative to extend our
exploration into rigorous empirical evidence through
comprehensive field studies and pilot projects. This involves
not only validating the theoretical underpinnings of our
hypothesis but also examining the practical applicability and
impact of regenerative design principles in diverse settings.
Collaborations with academic institutions and industry leaders
will serve as a catalyst for innovation, allowing for the
development and testing of novel living technologies and
materials. By grounding our approach in solid empirical
research, we can ensure that regenerative design moves
from a promising hypothesis to a proven framework for

sustainable development.

. Implementation Measures: (a) Develop guidelines and

standards for regenerative design practices, ensuring they
are adaptable to different geographic and socio-economic
contexts. (b) Foster public-private partnerships to finance
and support regenerative projects: Developing practical
guidelines and standards for regenerative design is crucial
for its widespread adoption. These guidelines must be
adaptable to various geographic and socio-economic
contexts, ensuring that regenerative principles can be
integrated into a broad spectrum of projects. Additionally,
fostering public-private partnerships will be key to financing
Through these

partnerships, resources can be pooled to support the

and supporting regenerative projects.
implementation of regenerative design in both public and
private sectors, making sustainable development a shared

responsibility and opportunity.

. Incentive Frameworks: (a) Introduce financial incentives,

that
demonstrably adhere to regenerative design principles. (b)

such as tax rebates and grants, for projects
Create recognition programs to highlight exemplary projects
The

establishment of financial incentives, such as tax rebates and

and practices in resilient regenerative design:
grants, is vital to encourage the adoption of regenerative design
principles. These incentives can significantly lower the barrier
to entry for projects that aim to incorporate sustainable
practices. Additionally, creating recognition programs to
highlight and reward exemplary projects and practices in
resilient regenerative design will serve to inspire innovation
and commitment to sustainability within the industry. Such
programs can also provide a platform for sharing best practices
and lessons learned, further promoting the adoption of

regenerative design.

. Policy Recommendations: (a) Advocate for the integration of

regenerative design principles into urban planning and
building codes. (b) Lobby for policies that mandate the use
of sustainable materials and technologies in new developments
and major renovations: Advocating for the integration of
regenerative design principles into urban planning and
building that
developments and major renovations contribute positively

codes is essential for ensuring new
to the environment. Lobbying for policies that mandate the
use of sustainable materials and technologies will not only

reduce the environmental impact of the construction industry
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but also promote the health and wellbeing of communities. By
embedding regenerative design principles into policy, we can
create a regulatory environment that supports sustainable
and drives the towards

development industry

innovative and eco-friendly practices.

more

these stakeholders can

collaboratively advance the adoption of resilient regenerative

By pursuing recommendations,

design, environments that are sustainable,

adaptable, and harmonious with the natural world.

creating  built

4 Discussion

Our vision responds to emerging demographics characterised by
landscapes devastated by anthropogenic ecocide, characterised by
significant biodiversity loss and the fragmentation of natural systems
due to destructive building practices. Our living architecture and
engineering concept can be positioned against the increasingly
energy-dense requirements for building construction where the
increasing reliance on fossil fuels for energy generation and
building operations has had detrimental consequences for the
environment, contributing to climate change, pollution, and
(Calder, 2022).
buildings and infrastructures as compatible with and integrated

resource depletion Instead, we reimagine
into natural processes, being dynamic complex entities (bodies,
structures, systems, fabrics, etc.) like soils, with differing degrees
of self-organisation, self-repair, distributed intelligences, low-power
energy demands, and environmental adaptation. Accessing the
spaces that link the mineral, organic, human and non-human
realms have the potential to fundamentally transforming the
nature of construction, performance, and maintenance. We
envision this dynamic, life-enhancing, and adaptable built
environment as being fundamentally regenerative (Armstrong,
2023c, 2023b; Armstrong R. 2023) using the
intelligence” of microbes as building sensors and actuators

“ecological

enabling performances beyond current net-zero targets. Such site-
specific, resource availability adjusted infrastructure benefit the local
environment in ways that foster social sustainability and
environmental resilience - the capacity to anticipate, prepare for,
respond to, and recover from environmental and societal shifts
(Walker et al., 2004). Our approach for design and engineering these
dynamic responsive systems recognises the material transformation
encoded in these platforms, and is deeply rooted in actor-network
theory (Latour, 2007), new materialism (Dolphijn, 2021), and
regenerative design principles (Petrovski et al., 2021; Soares and
Puccinelli, 2023). Our methodology integrates the use of earth-
bound materials and bioreceptive surfaces (Armstrong, 2023a),
assembled under regenerative design principles, agentised via
nature-based (or “living”) materiality and augmented by
sophisticated computational models and cooperative governance
structures (Biihler et al., 2021; Biihler et al., 2022; Biihler M. et al,,
2023; Biihler et al., 2023b). Such a synthesis enables the creation of
structures that are integrated within green and blue infrastructure
(Andersson et al., 2019; Wuit et al., 2023) while also evolving in
response to changing ecological dynamics and contributing to
overall human wellbeing. Our goal is to develop environments

that are not just inclusive and nurturing but also actively
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promote and enhance life for both humans and nature. The
anticipated impact of this paradigm shift is profound, offering
significant economic and ecological benefits that are augmented
by the development and integration of smart, self-regulating
systems. This convergence of matter and intelligence enables
humans and nature to (re)negotiate the terms of inhabitation in
ways that are attuned to a rapidly transitioning society to prioritise
the symbiosis between human and natural ecosystems.

While the environmental benefits of EBMs
architectural and construction challenges such as regulatory

are clear,

barriers, lack of standardisation, and perceptions of inferiority
compared to conventional materials need to be addressed. Such
standardizations may not be possible in the conventional way with
formal benchmarks and targets but, owing to their contextualised
nature, comprise tolerances, ranges, and recipes that enable multiple
contingencies. The growing demand for sustainable construction
presents significant opportunities for innovation, research, and
development, specifically using advanced, predictive digital
of Digital
significantly enhance sustainability, biodiversity, and socio-

modelling techniques, as the basis Twins to
economic outcomes. These findings align with the broader field’s

push towards more microbially-enabled, sustainable urban

development practices, including novel biobased materials,
bioelectrical systems and services, which presently offer a whole
range of approaches to establish next-generation sustainable
practices, and demonstrating the tangible benefits of adopting
circular economy principles, sharing local knowledge and
prototyping the incorporation of living technologies into major
builds, e.g., BIQ building (BIQ, 2011).

The evolving paradigm in architecture towards sustainability,
regenerative practices, and the integration of earth-based and bio-
based materials, offer sustainable options with low embodied energy
and carbon footprint, aligning with principles of regenerative
architecture and providing new niches for microbial metabolisms
that perform ecosystem services. These materials have a long history
of use in construction and contribute to a holistic approach that
respects the environment but the concepts for design and
engineering need updating to embrace a more ecological
sensibility and to inspire new imaginaries for architectural
practices and to recognise their active contribution to healthier
urban environments. As the demand for sustainable building
practices grows, there is a need for a range of approaches beyond
traditional earth-based materials that build upon their natural, life-
promoting materiality and become sites for the construction of new
urban microniches. Bio-based solutions, including microbial
building materials, mycelium bio-composites (Haneef et al,
2017), and microbial fuel cells, offer innovative platforms that
harness biological processes on various surfaces to provide real-
time bioelectrical and metabolic data for bio-inspired building
operations, paving the way for a more adaptive, resilient, and
sustainable built environment (Fairus et al., 2022). To realise the
full potential of earth-based materials and bio-based solutions in a
next-generation regenerative architecture facilitated by microbial
metabolisms, interdisciplinary collaboration is essential. Architects,
engineers, biologists, and material scientists can work together to
explore synergies between traditional and innovative materials and
technologies. Earth-based materials can provide a solid foundation
for structures, while bio-based solutions can enhance performance,
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efficiency, and sustainability. For example, integrating microbial fuel
cells into earth-based buildings can enable energy generation from
organic waste streams, turning buildings into active participants in
the energy landscape, while also performing productive tasks such as
bioremediation and biomass creation (Feng et al., 2008). Similarly,
incorporating living’ bioelectrical mycelium bio-composites (Sydor
et al,, 2022) as insulation or structural components can not only
enhance thermal performance and reduce environmental impact but
could monitor and respond to thermal performance (Robertson
et al., 2020). By combining the inherent qualities of earth-based and
bio-based materials, architects can create buildings that not only
minimise environmental impact but also contribute positively to
ecosystem health and human wellbeing.

The synthesis of EBMs, bio-based materials, and nature-inspired
building systems, emphasises the complementary nature of earth-
based and bio-based materials in the context of regenerative
architecture. By embracing both traditional wisdom, cutting-edge
innovation, and the deep metabolic knowledge of microbes,
architects can design buildings that are not only sustainable but
also regenerative, fostering a synergistic relationship between
human habitats and the natural world.

Unexpectedly, the economic benefits, including cost savings and
job creation, are more pronounced than initially anticipated,
suggesting that the economic viability of regenerative designs is
perhaps currently underappreciated and undervalued especially
from a conventional innovation pathway standpoint that focusses
only on the proposed product gains, rather than the additional
savings that accompany the breakthrough. This revelation
underscores the potential for regenerative design to not only
address environmental challenges but also serve as a catalyst for
economic innovation.

However, the study faces limitations, including the scalability of
pilot projects to larger urban contexts and the need for more
longitudinal data to understand the long-term impacts of these
designs. Future research should focus on overcoming these
challenges, exploring the integration of technology in regenerative
design, and further quantifying the economic implications to
strengthen the case for widespread adoption.

5 Conclusion

The adoption of EBMs in construction offers a promising route to
reducing the industry’s carbon footprint, enhancing sustainability,
and combating climate change. By embracing these materials, and
developing their potential to support bioremediating and productive
metabolic exchanges with microbes, the construction industry can
contribute to a livelier, more fertile and sustainable future. The
integration of regenerative design principles, actor-network theory,
and novel living technologies emerges as a powerful approach to
reimagining urban spaces, where the integration of earth-based
materials (EBMs) alongside biobased materials and nature-inspired
systems represents a promising pathway towards achieving the Triple
By
combining traditional building practices with the innovative

Transition—digital, green, and societal—across Europe.

potential of biobased solutions, architects and policymakers can

steer the continent towards a more sustainable and
regenerative future.
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Recommendations for implementing this integration include
supporting interdisciplinary collaboration among architects,
engineers, biologists, material scientists, and policymakers to
enable the development of hybrid approaches that leverage the
strengths of both EBMs and biobased materials, maximising
sustainability, resilience, and efficiency in construction projects.
Additionally, investments in research and development are
crucial to advance the understanding and application of biobased
materials and nature-based systems in architecture. By embracing
the synergy between EBMs, biobased materials, and organic systems,
Europe can lead the way in developing exemplary projects that are
conducive with the New European Bauhaus triad of beautiful,
sustainable and inclusive interventions, while also achieving the
Triple Transition while promoting environmental stewardship,
social equity, and economic prosperity for current and future
generations.

Our findings illustrate significant advancements in sustainability
metrics, biodiversity enhancement, and socio-economic benefits,
marking a pivotal step forward in sustainable urban development.
Future research should focus on scaling these initiatives, addressing
long-term impacts, and further refining the integration of innovative
technologies with the performance of natural systems. This endeavour
not only contributes to the academic discourse but also provides a
pragmatic roadmap for practitioners and policymakers aiming to foster
resilient, life-affirming built environments.
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