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Abstract

Bio-Futures for Transplanetary Habitats (BFfT'H) is a Special Interest Group within the Hub for
Biotechnology in the Built Environment that aims to explore and enable interdisciplinary
research on transplanetary habitats and habitats within extreme environments through an
emphasis on the biosocial and biotechnological relations. BFfTH organized the online and
onsite networking symposium BFfTH to examine how emerging biotechnologies, living
materials, and more-than-human life can be implemented in habitat design and mission
planning. The two-day symposium aimed to serve as a catalyst in establishing an international
network and to support the development of novel methodologies to move beyond discipline-
specific approaches. The symposium consisted of five sessions, including Mycelium for Mars
and Novel Biotechnologies for Space Habitats. This opinion paper presents key outcomes and
trends from these sessions, a moderated panel, and informal discussions. The identified
research trends explored the use of biotechnology and biodesign to enhance safety,
sustainability, habitability, reliability, crew efficiency, productivity, and comfort in extreme
environments on Earth and off-world. Beyond design and engineering, the symposium also
examined sociotechnical imaginaries, focusing on desired experiences and characteristics of life
and technology in transplanetary futures. Some of the specific topics included innovative
material-driven processes for transplanetary habitat design, socio-political and ethical
implications, and technology transfer for sustainable living on Earth. The outcomes emphasize
the necessity for advancing biosocial and biotechnological research from an interdisciplinary
perspective in order to ethically and meaningfully enable transplanetary futures. Such a focus
not only addresses future off-world challenges but also contributes to immediate ecological and
architectural innovations, promoting a symbiotic relationship between space exploration and
sustainability on Earth.

Introduction

The last decade has seen a rise in biotechnological and biosocial research, expanding into fields
such as material science, space exploration, architecture and design. Habitats in extreme
environments on Earth and on other planetary bodies face many complex challenges due to
environmental aspects (such as fluctuating extreme weather events, changes in gravity, and
harmful radiation), societal aspects (such as physical and physiological comfort as well as
dynamic more-than-human relations) and processes aspects (such as manufacturing and
building remotely and autonomously in environments with limited resources). Novel solutions
are being sought out using biomaterials and biotechnologies, and by analyzing and simulating
biosocial relations occurring within these habitats.

Bio-Futures for Transplanetary Habitats (BFfTH) is a Special Interest Group (SIG) that
covers all of these fields and brings together researchers from a myriad of backgrounds. The first
event organized by BFfTH was a two-day networking symposium in April 2022 to pioneer the
discussion and collaborations of researchers under the topic of BFfTH. The participants in the
symposium have a background in and across the following fields: space architecture,
architectural design, building materials, building physics, biology, microbiology, synthetic

https://doi.org/10.1017/btd.2024.7 Published online by Cambridge University Press


https://www.cambridge.org/btd
https://doi.org/10.1017/btd.2024.7
https://doi.org/10.1017/btd.2024.7
mailto:lvanellen@spacearchitect.org
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2484-7401
https://orcid.org/0000-0003-1592-2238
https://orcid.org/0009-0006-1910-2949
https://orcid.org/0000-0001-7752-9605
https://orcid.org/0000-0003-1089-6464
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/btd.2024.7&domain=pdf
https://doi.org/10.1017/btd.2024.7

biology, social sciences, biomimicry and biodesign. This opinion
paper presents a summary, trends and key outcomes of this first
symposium.

Special interest group

BFfTH was formed within the Hub for Biotechnology in the Built
Environment (HBBE) at the universities of Newcastle and
Northumbria. HBBE (2019) was formed in 2019 with the ambition
“to create a new generation of ‘Living Buildings’, which are responsive
to the natural environment, grown using living engineered materials,
which process their own waste, reduce pollution, generate energy and
support a biological environment that benefits health”. Research is
conducted under four research themes i.e. Living Construction,
Metabolism, Microbial Environment and Responsible Interactions
(HBBE 2019).

BFfTH is a Special Interest Group that aims to explore and
enable interdisciplinary research on transplanetary habitats and
habitats within extreme environments through an emphasis on the
biosocial and biotechnological relations. The BFfTH objectives are:

o Enabling interdisciplinary research through projects across
the four themes of the HBBE: Initiating projects within the
SIG itself as well as collaboration with other research groups.

o Organizing networking event(s) hosted by BFfTH and HBBE
to drive forward research and applications together with a
global community (such as the first networking symposium).

o Establishing a diverse network of researchers, and encour-
aging a move toward transdisciplinary research.

The networking symposium: summary

The symposium was organized around various emerging questions
with the aim to bring together research that related to the
overarching theme. Research into transplanetary habitats and
habitats within extreme environments is growing exponentially. In
order to understand emerging extraterrestrial futures and infra-
structures, there is a need for transdisciplinary research that can
investigate the implications of integrating living materials and
more-than-human life into astronautics. How can emerging
biotechnologies be implemented in the design and mission
planning to enable or support the creation of transplanetary
habitats and habitats in extreme environments? What new socio-
political concerns or ethical implications should be taken into
account? How can sustaining life off-Earth in the future help the
transition toward a sustainable built environment on-Earth in the
present? The aim of this symposium was to serve as a catalyst in
building an international network of collaborators across industry,
academia, and the private sector. The symposium also aimed to
support the development of novel methodologies to move beyond
discipline-specific approaches in order to address and interrogate
these emerging questions. An abstract call invited speakers on the
following topics:

o Multi-species narratives and relations to sustain human and
other-than-human life in transplanetary habitats;

« Use of biotechnology and biodesign to ensure and support
safety, sustainability, habitability, reliability, crew efficiency,
productivity and comfort in extreme environments off and
on Earth;

o Speculative ethics for companionship between humanity and
other-than-humans within transplanetary habitats;
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« Sociotechnical considerations in propagating and sustaining
life beyond Earth’s environments;

o Innovative material-driven processes for the design of
transplanetary habitats;

« Sustainable living on Earth through a holistic system thinking
approach.

In total, 24 abstracts were received, of which 14 were selected for
oral presentation along with two invited keynote speakers & invited
guest panelists, and five presenters from the BFfTH SIG. The
presentations were divided into five topic sessions (see the appendix
for the full program) following the common themes explored in the
abstracts: Mycelium for Mars, Plants and Agriculture, Sustainable
Habitats and Travels, Artistic Approach to Extremes Habitats, and
Novel Biotechnologies for Space Habitats.

The two keynote speakers (both experts in their fields: one
artist/biologist/researcher in space systems, and one architect and
researcher for Ecosystems in Architecture) were also invited for a
panel session at the end of the first day along with an invited guest
panelist (bio futurist and multidisciplinary designer from industry).
The panel session was fluid and although some questions were
prepared in advance around the topic of biotechnical and biosocial
advancements for transplanetary habitats, other questions and
discussion topics were explored based on the presentations of the
first day. The following sections gather quotes from the panel
discussion as well as the main outcomes and insights from the two
days of presentations and discussions which have been shared on the
HBBE YouTube platform.!

Key outcomes

At the end of the networking symposium, the organizers
highlighted some trends seen in multiple presentations and
discussions, crossing the original topic sessions. In total, six trends
have been highlighted and this section expands on the discussion
and main outcomes for each.

Biomimicry and biotechnology for space systems: from
macro to micro

In space technology, engineering, and design, the concept of
biomimicry - utilizing biological solutions to solve complex
problems - is not a novel approach. There is ongoing research on
biology-based enabling technologies for human space exploration
(Rothschild 2016). The V.LN.E. group (Virtual Interchange for
Nature-Inspired Exploration?) at NASA’s Glenn Research Center
and the Advanced Concepts Team at the European Space Agency
(ESA) (Menon et al. 2006) are working on several projects using
biomimicry for space applications. Some of their work explores
tensegrity robots, seal whisker-inspired sensors, foldable and
deployable solar panels gecko grippers and sensors based on a fly’s
eye. Other examples of biomimicry in space include cyanobacteria-
based life support systems (Verseux et al. 2016) and the European
Micro-Ecological Life Support System Alternative (MELiSSA)
project (Vermeulen et al. 2023). The MELISSA project is a
bioregenerative ecosystem that is inspired by lake ecosystems
(Walker and Granjou 2017).

During the symposium, many presentations included research
on biomimicry particularly in the area of materials engineering.
Specifically, the use of biomaterials and the concept of Engineered
Living Materials (ELMs) for space applications were presented.
Biomaterials as described here are grown, rather than
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manufactured, and examples include fungal mycelium, bacterial
cellulose, plants, and animal cells. ELMs are materials inspired by
nature that self-synthesize, sense, and respond to the environment
and are hierarchically structured (Molinari et al. 2021). ELMs
contain living elements that provide the responsive function and
polymeric matrices, required for scaffolding functions, and can
therefore be designed as active and responsive materials (Nguyen
et al. 2018; Rodrigo-Navarro et al. 2021).

In addition to ELMs, non-living biomaterials were also
presented and discussed. For instance, biomimetic composites
akin to natural seashells or pearls could be produced through the
low-energy hybridization of natural biopolymers and extraterres-
trial mineral deposits. These biopolymers could be generated
through versatile bioreactors, where phototrophic microorganisms
could be engineered to produce binders through the fixation of
CO; and N, with sunlight. The notion of considering inhabitants
as bioreactors was also discussed; here a protein from human blood
(Human Serum Albumin) could be combined with urea
(obtainable from urine) and regolith to produce a biological
composite with compressive strengths on par with terrestrial
concrete (Roberts et al. 2021).

These biomaterials, and especially ELMs could potentially play
a crucial role in the future of space systems due to their unique
properties. These include self-replication, self-healing and self-
assembly processes, without the need for high-energy or resource-
intensive processing. These processes could significantly lower the
costs of a mission since the desired materials and objects can be
grown in situ, reducing the mass of material needed to be
transported from Earth. The self-healing properties and the
possibility to create on-demand materials also provide a source of
reliability, flexibility and safety. The second property of note is
responsiveness to the environment. As such biomaterials are able
to sense changes in the environment and respond to them with
minimal energy and material cost (Pawlyn 2016; van Ellen et al.
2023). The third property advocating for the use of biological
materials in space systems is their innate potential for multi-
functionality. A variety of functions and properties can be
embedded in the materials, based on the given requirements
and mission needs and intrinsic weaknesses of selected materials
can potentially be overcome through methods such as bioengin-
eering and synthetic biology; techniques which could be conducted
in situ to provide flexibility and reduce mission risk (Gilbert and
Stephens 2018; Tang et al. 2021). Different techniques and
processes were presented during the symposium including using
enclosed environments and molds to grow organisms and additive
manufacturing to develop bulk materials. However, notably absent
from the discussions was the utilization of 3D bioprinting, an
emerging technology that enables rapid assembly of tissue-
engineered constructs in three dimensions (Correia Carreira
et al. 2020). We suggest that incorporating the topic of 3D
bioprinting into future symposia could enrich the discourse and
enable to bridge between processing and manufacturing of bulk
materials and scaffold materials with biomaterials.

The ideas discussed during the sessions on Mycelium for Mars
and Novel Biotechnologies for Space Habitats of using biological
materials and ELMs include growing space habitats and creating
habitats as living habitation systems. For example, during one
presentation it was suggested that mycelium could be embedded
into the habitat structure itself and utilized as a form of biosensor
in the detection of temperature, oxygen and pressure changes in
the habitat. Such a solution would enable the creation of a habitat
that could respond and adapt to its environment, and cohabiting
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astronauts (Brandi¢ Lipiniska et al. 2022). Other potential research
avenues discussed included the utilization of biological organisms
in space for the bioproduction of essential or useful commodities,
such as food, bioplastics or bespoke pharmaceuticals on demand.

The use of microorganisms through bioengineering and
synthetic biology also provides the potential to create flexible
bioreactors to sustain habitation and life on the Moon and Mars.
For example, an iGEM student-led project from the Exeter team in
2018 explores if bioreactors containing specific microbial strains
could be used in the production of oxygen from the Martian
regolith, which in turn are also able to detoxify the regolith from
the harmful perchlorates contained within.* Regolith is one of the
most readily abundant in situ materials found on the Martian
surface, and therefore one of the best candidates for the
construction of off-world habitats (Liu et al. 2022). Several
methods have been proposed for the mechanical stabilization of
regolith and include heat-fusion (sintering), cement composites
(concrete), synthetic polymer binders, sulfur binders and fusion
with ice (Naser 2019; Naser and Chen 2021). However, these
solutions have several drawbacks, such as high energy or water use,
or the need for the mining, purification and processing of specific
mineral deposits — which would constrain habitat locality and add
to launch mass and mission cost. By utilizing living organisms for
planetary construction, it could however be possible to create
regolith biocomponents, where the bound material would grow in
situ. Examples include proteins and carbohydrates for the creation
of regolith biocomposites (Roberts et al. 2021; Roedel et al. 2014),
or the use of mycelium for consolidation of the regolith into
structural components. Presentations also suggested humans
themselves be considered as in situ resources, as they too are
able to produce, a variety of organic compounds, including urea,
and Serum Albumin, both of which could be used as binders for
regolith (Roberts et al. 2021).

Mycelium-based materials

The use of mycelium - the vegetative, root structure of fungi — was
primarily discussed during the Mycelium for Mars session.
However, it was not limited to that session only, in fact, concepts
or projects using mycelium for a variety of purposes in space
exploration were repeated throughout the whole symposium. The
Mpycelium on Mars session was also not restricted to the Martian
environment; it covered the wider context of using mycelium-
based material for space exploration, at different feasibility levels
and over varying time scales.

Mycelium is one of the emerging biomaterials that has a variety
of beneficial, current, and prospective properties. It can even be
bioengineered to provide additional properties and functions.
Commercial applications (fashion, packaging material, acoustic
panels, decorative furniture, or insulative material) are starting to
gain traction on the market with the existing fabrication methods
constantly being improved upon through ongoing research. Some
examples were shown of mycelium products already at high
technology readiness level (TRL). Companies like Ecovative, Bolt
Threads, or Biohm lead the fungi food and biomaterials revolution
with mycelium-based materials. Ecovative has licensed their
Mushroom@Packaging technology in the US and around the
world in the last few years, and more recently Stella McCartney
partnered with Bolt Threads on a limited run of 100 mycelium-
crafted bags that sell for up to $2950 (Biohm, n.d.; Bolt Threads,
n.d.; Ecovative 2022). Because of the favorable properties and
characteristics it exhibits (see the next section for detailed overview


https://doi.org/10.1017/btd.2024.7

of these properties), there is extensive, ongoing research on
integrating mycelium into the built environment (Elsacker et al.
2022a, 2022b). Consequently, it has also been proposed as a
material for applications in space habitats, adding to the pallet of
space-architectural solutions.

Mycelium-based materials and the idea of growing structures in
situ are being considered both as a new construction approach for
building space habitats and as an alternative for creating
furnishings and interior elements inside the habitat, in a controlled
environment.

The main properties in favor of using mycelium-based
materials are its insulative, acoustic, and fire resistance properties,
the ability for waste-degradation and self-healing and self-
replicating potential. The use of mycelium also contributes to
the efficiency of material transportation. In terms of utilizing
mycelium for outer space architectures, with the possibility to grow
materials in situ, there is no need to launch quantities of
construction materials, decreasing the mass of the payload.
Instead, what needs to be brought from Earth are spores and
some nutrients, enabling the formation of components in situ.

In addition to the building efficiency, another potential
advantage of utilizing mycelium for outer space architecture and
living systems could address human psychological factors of
sustained space travel, for example enabling astronauts to outfit
their environments with mycelial components. We envisage that
the different textures of various mycelium-based materials have a
great level of tactility. Indeed, some studies suggest that tactility
may be beneficial for the psychological comfort of astronauts
(Schlacht 2012).

Additionally, certain mycelium species are also edible, could
have medical applications (within the development of cancer
therapeutics) (Patel and Goyal 2012), and could also provide
radiation protection (melanin-rich fungi) (Mattoon et al. 2021).
Other species are bioluminescent and can sense temperature,
pressure and other chemical and physical differences (Adamatzky
et al. 2021). There are myriad possibilities for the application of
mycelium-based materials in architecture and space habitats.
Therefore, many visions and scenarios are being researched
spanning a large feasibility scale on how fungal-based materials can
benefit human habitation in space: from arrival, to resources and
infrastructures, to environmental adaptation and communication.
Scenario methods are discussed in more detail in Speculative
approaches and scenarios section.

The Mycelium for Mars session not only discussed the
opportunities and potentialities of using mycelium but also the
trade-offs and challenges that would be necessary to overcome in
order to develop the vision into prototypes and architectural
materials and components. During the talks, it was explained that
the material functionality is dictated by the fabrication process.
Growing mycelium is a resource-intensive process. It needs life-
supporting conditions: the presence of oxygen, stable temperature,
H,O0, a humid environment and nutrients (usually plant husks or
cellulose-based structures). Additionally, a lot of heat is required to
bake the mycelium, to prevent further, uncontrolled development
and creation of fruiting bodies. Therefore, there is a trade-off in
terms of the amount of equipment and resources required for
processes that provide the strength and functionality of materials.

Understanding the system metabolism is critical for the
development of efficiently functioning space habitats and living
habitation systems. It includes mapping of the specific waste
streams: gas and water quantities required for synthesis as well as
the end-of-life scenario in terms of how used mycelial elements
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could be broken down into new components. To be able to
efficiently use mycelium for space applications, we need to
maximize resource efficiency within the system’s metabolism. One
of the proposed solutions was the integration of waste streams into
the growth process (Brandi¢ Lipinska et al. 2022) such as recycling
of water from the drying process.

In addition, adapting an ecosystem-based approach (material
ecology), is to use the most abundant resource on the Moon or
Mars - regolith. Despite the fact that mycelium-based composites
have a great advantage in growing into bulk materials in a short
period of time, to achieve the scale for human habitat, extra
aggregates could significantly reduce the nutrient and time
requirements. Although mycelium cannot grow solely on regolith,
the regolith could provide a structural mass, and with minimum
quantities of nutrients, mycelium can act as a binder, holding the
regolith-based structure together (Brandi¢ Lipinska et al. 2022).

There is still a substantial gap between commercially ready
products and current fabrication methods of mycelial products and
those that are required or desired for space-architectural
applications. A stepping stone is needed between our current
capabilities and the future mycelium-based space habitats, that are
more achievable in the coming decade. The discussion around this
topic led to questions about near-term mycelium applications for
space. Some research questions are:

» Which additional applications can we research to enable us to
test and validate the utility of mycelium in actual off-world
conditions?

» How can we grow (mycelium) using minimal biomass and/or
water and oxygen?

» How can we ensure the long-term robustness of the materials
in extreme conditions?

o What are the construction methods that would enable
minimal interventions in the habitat construction and
maintenance process?

o Is it possible to create real self-replicating and self-healing
habitats?

Relations with the natural in space

A more permanent human presence in deep space, invites crucial
discussions around the role of nature in sustaining human life, as
well as the impact on well-being of humans on future deep space
journeys, and the creation of livable habitats on other planets that
support human and nonhuman life in the long term (Imhof et al.
2017). Human relations to the Natural are not only reflected upon
within the Anthropocene, but further in relation to the nonhuman
world. The nonhuman world is comprised of other-than-human
living organisms (animals, microorganisms, fungi, etc.), the non-
living and the various ecosystems present both on and off-world.
Diverse art, design, and science projects presented at the
symposium showed the relevance of the biosocial perspectives with
interdisciplinary and transdisciplinary projects that studied per-
spective shifts from human-centric to polycentric. Polycentric
being the inclusion of humankind’s interconnectedness with the
Natural, remediation of nature in the Anthropocene and in extreme
environments, life-like reproducing Al systems able to create human
habitats, and human-AlI interdependence in future scenarios.
Humankind’s relation to nature on and off Earth has been
shown to be highly influenced by human-centric perspectives
(Fremaux 2019). Past research into the creation of off-world
human-made habitats included the design of controlled biospheres
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that are highly selective in choice of species and ecosystems,
excluding what is considered undesirable and non-serving to
humans (Tsiolkovsky 2019). This thinking has been continued into
the more recent MELiSSA and Lunar Base 1 projects (Walker and
Granjou 2017). During the symposium, participants were
speculating on ‘What is nature in space?’.

When humans bring living systems into otherwise controlled
environments these systems have an ambiguous nature as they
could either represent “nature” or the human control of it
(Bringslimark et al. 2009). What might be considered “nature”
depends on the extent to which the living systems are allowed to
evolve and adapt to new environments, and to what extent we
adapt and control the environment itself. Therefore, questions
about human relations emerged throughout the symposium
during talks and discussions, some of which will lead to future
research. For example, is it a human-created and/or controlled
nature? Is it designed as an evolving system that develops in
relation to factors such as human behavior, environmental
resource availability and environmental changes? Can these
evolving systems begin to create their own nature?

Research and artistic projects questioned the past perspective of
a controllable nature and invited to be inspired by the human-
caused Anthropocene to take new pathways toward complexity
and inclusive futures of human existence also in space. Diverse
artistic projects are exploring the remediation of Anthropocene
environments by codesigning with living organisms. For example,
mycoremediation has been shown to successfully detoxify soil
through fungal metabolism (Assad et al. 2021). Following that
natural process, fungal-based burial suits were presented as a
potential study for the use of human bodily wastes as part of a
circular system that could be utilized within more extreme
environments (Nai and Meyer 2016).

Presentations and discussions at the symposium highlighted
explorations into codesigning and interfacing to drive polycentric
perspectives. They showed that the nonhuman world can inform,
inspire, and drive research into travel and habitation in space
toward healthy systems that coexist in a sustaining and evolving
modality.

Specific projects addressed these relations through collabora-
tions such as the Human-Bacteria Interfaces which were presented
during the symposium. This project, also presented in Albrecht
et al. (2023), was specifically looking at microbe-human relations
and the potential for one to interface with the other, potentially
leading toward mutualistic symbiotic modes of being. It aimed to
de-center human agents and allow for a disassembly of established
narratives of bacteria and microbes as inherently bad or harmful in
their existence of highly complex, de-centered ecosystems.
Ideation and prototype development were led by assessment of
the ways in which microbial organisms sensorily and habitually
engage with their surroundings, making potential nonhuman
narratives part of the design and knowledge process. The designed
interface used bacterial cellulose as a living medium to facilitate
human-microbial interaction. In a modular structural system
made from bacterial cellulose, textiles and glass, the interface
allows for mutualistic cocreation of experimental architectural
structures. The structure cohosts humans and bacterial cellulose in
an ever evolving, growing manner that is activated through
signaling and supply of nutrients and shelter.

Vermeulen presented that growing and evolving habitats,
especially in the context of spaceships, offer the potential of using
so-called emergence engineering, a form of bio-inspired engineer-
ing that translates the behavior and systems of living organisms
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into an evolving form (Gorochowski et al. 2020). Self-replicating
spaceship modules that are programed with rules of termite
architecture in relation to human spaceship population numbers
were presented as example (Imhof et al. 2017). In a system using
de-centralized swarm robotics, the modular spaceship system can
source material to replicate from its environment to build an
exponentially growing spaceship architecture that allows for
replacement of the modules and metamorphic evolution of the
overall system through a combination of growth, repair, replication
and evolution. In scenarios that envision such self-replicating
architectures for human habitats, a factor that needs to be
considered is balancing human occupancy in relation to the
dynamic habitat structure. The life-like property of self-replicating
spaceships and the relation to human reproduction invites the
study of a nonhuman perspective of future habitat creation and
codependency.

These projects challenge design and technology interventions
that aim to facilitate a world of self-sufficiency for humans from the
more-than-human world; and emphasize our interdependence
and interconnectedness within a complex system of nature. The
projects aim to move beyond the human-centric idea of nature as
an object to be controlled, tamed or mainly evaluated or included
based on its value to us. The ever-evolving human relation to the
natural on Earth and in space will continue to be challenged by
sociocultural perceptions and ever-evolving technological pos-
sibilities. However, the presented projects drive futures that move
beyond the narratives of what nature should be, based on human-
centric ideas and the control of the nonhuman as humanity moves
closer to establishing a permanent presence off-world (Mads
Bering Christiansen et al. 2020).

Systems thinking

Throughout the whole symposium, emphasis was placed on the
need for interdisciplinary and transdisciplinary methods to
develop bio-futures. The guest panelists also emphasized the need
to work together with industrial partners and policymakers, going
beyond purely academic thinking. Even though, as one panelist
pointed out “people are naturally territorial about the stuff they
know and the stuff they do”. However, working together is about
unlocking the collective intelligence of the group (Vermeulen et al.
2018). This process will require facilitation, however, and needs to
be economically viable, which is not always the case in academia.

Working across fields is difficult to achieve (Verkerke et al.
2013) but one way to enable this transdisciplinarity is to utilize
systems thinking. Systems thinking can be defined as “a practice of
seeing wholes and a framework for seeing interrelationships rather
than things, for seeing patterns of change rather than static
snapshots” (Senge 1994). There are different ways to approach this
(and different scales) but there was an overall consensus of viewing
transplanetary habitats as large dynamic systems, that encompass
all subsystems within, such as the structural system, ECLSS
(Environmental Control and Life Support Systems), power, logistic
supply, communication, and data handling. Creating dynamic
transplanetary habitats is crucial in highly unpredictable environ-
ments (Vermeulen et al. 2019). It increases the overall adaptability
and resilience of the habitats over time. Such an approach includes
conceiving the ECLSS as a bioregenerative system with dynamic
and potentially evolvable properties.

During the panel session, an important distinction was
mentioned: optimizing a system vs. satisficing a system (the latter
being a combination of the words satisfy and suffice). Following in
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the tradition of the scientific method, in which we investigate
variables in isolation, often subsystems are designed for
optimization of a single parameter under pre-defined conditions,
but at some point, we will have to satisfy a whole environment
(Mankiewicz et al. 2021) in which performance variables interact
with and are interdependent on each other (Levin and Emmerich
2013). This means preferring a system that isn’t optimized for any
one function but that has multiple pathways to solve problems at
the same time, much like cell metabolism. Such redundance
increases the resilience and longevity of a system.

Another important notion is that of systems integration — the
consolidation of numerous distinct systems into one to simplify
processes and reduce complexity. Systems integrations were
presented holistically but also starting from a specific case or
challenge such as using byproducts of chemical reactions. For
example, fuel cells that convert hydrogen and oxygen (available as
rocket propellant), into electrical power with the by-product being
pure water available for drinking - is far more efficient than
separate propellant, energy storage (e.g., batteries), and water
storage systems. Having heavily integrated systems also reduces the
need for backup systems and spare parts for redundancy, since a
failure of one system could be mitigated by others. Biological
systems could integrate numerous systems and provide many
benefits that would reduce mission complexity, launch mass, cost,
and overall risk. For instance, a versatile algae photo-bioreactor
system could not only produce food and oxygen highly efficiently
(negating the need for a separate oxygen production system and
associated back-ups), but the organisms could also be engineered
to produce bioplastics, bioadhesives, or other useful chemicals or
pharmaceuticals as required. Instead of needing to take every
medicine that may be needed on a mission (with resupply for long-
duration missions as medicinal efficacy degrades over time),
bioreactors could produce pharmaceuticals as required - in
addition to their other useful functions.

Speculative approaches and scenarios

Many approaches to the presented research were speculative, and
science fiction was often quoted as inspiration to imagine possible
futures in space. The methods - originating from the design
approach - to develop these visions and turn them into concepts
(and eventually high TRL applications) are (Hyry 2021):

o Scenario building and speculative design.

o Material experimenting and rapid prototyping.

o Observing results on the small scale before going to larger
scale to avoid failing in the very early stages of the process.

« Bottom-up approaches.

o Computer simulation.

These speculations were sometimes more defined using
scenario theory and the Futures Cone. The Futures Cone is able
to define and detangle futures from each other by categorizing
them into futures that are: preposterous, possible, plausible, the
“projected” future, probable and finally preferable future (Voros
2017). Speculative design critically examines the future and not
only prepares for preferable futures but also the undesirable,
unexpected and unbelievable futures (Voros 2017). It is a way to
open up the thinking process and suggest another way of looking at
the future from various perspectives and to raise questions
about them.
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With the help of future scenarios, the desired future can be built
with existing tools and materials. Future scenarios also prepare
humans to confront the obstacles they may experience on their way
to space and observe the critical turning points.

One way to develop those scenario’s is to experiment with
materials and learn from those experimentations as one presenter
highlighted. It was explained that material experimentation is a
way to deepen the understanding of the material behavior and
understand the properties which leads to exploring all the possible
usages and create more in-depth future scenarios. The hands-on
material exploration process is more about learning through the
failures that happen during the development process as the
material does not react as planned.

These scenarios were developed and presented by architects and
designers showing through drawings and collages the possible
future scenarios for life in space. Some presenters also tried to
simulate how these futures will evolve with computer models. For
example, there were talks about simulating the development and
evolution of a spaceship during decades of deep space travel, but
also simulations of social species interactions such as ants, bees,
and termite colonies.

Considerations - biosafety and bioethics of space exploration

Space exploration, and especially human spaceflight, has always
raised questions about its ethics (Chon-Torres 2017). Do we, as a
species, need to venture beyond Earth’s atmosphere? Do we have
the right to settle on other planetary surfaces? And if we bring
along living organisms, how do we deal with the lack of consent?
Furthermore, there is the additional concern of biosafety, as
organisms may manifest and evolve novel traits in space,
potentially introducing unforeseen biological hazards to both
human and nonhuman life forms. Synthetic biology is often touted
as a solution to adapt organisms to the unique conditions of outer
space, but even here on Earth there is no consensus yet on how to
release such organisms in the environment.

I's clear that in parallel with developing bio-inspired
technologies, we need to equally develop a robust bioethical
framework. Researchers in the emerging field of astrobioethics
argue that a critical aspect of exploration is to reflect on our past
and explore consciously, going beyond biological safety to include
moral reflection (Chon-Torres 2017). Some of these issues were
brought up during the symposium. Ciardullo, for example, talked
about whether ecosystems should only be used in service of the
human species, or whether they deserve their own agency.
Ciardullo highlighted that our current building industry is focused
on controlling the environment which is in stark contrast to the
multitudes of interactions resulting from various organisms within
ecosystems. Hence, are we ready to let go of control over other life
and what would that look like? The reasons to incorporate
nonhuman life into space exploration can vary from the need to
develop closed-loop systems to biophilia, and it is critical to be
diligent in measuring and communicating these reasons alongside
designing solutions for space habitats.

Planetary protection was another topic that was discussed.
Considerable effort has been dedicated to addressing planetary
protection concerns within the inner Solar System exploration
endeavors. Specifically, for missions targeting Mars, comprehen-
sive internationally recognized guidelines have been established
(Rettberg et al. 2019). In order to avoid interplanetary contami-
nation, all biological materials used for space applications would


https://doi.org/10.1017/btd.2024.7

Research Directions: Biotechnology Design

need to comply with planetary protection requirements for robotic
or human missions and also with the current Committee on Space
Research human mission principles and guidelines (Kminek and
Conley 2017). In some cases (e.g. the Moon), requirements ask
only for a short planetary protection plan to outline intended or
potential impact targets. In other cases (e.g. Mars), detailed
documentation is required including a probability of contamina-
tion analysis, a bioassay to enumerate the bioburden, and an
inventory of the bulk constituent organics etc. (Kminek and
Conley 2017). On the other hand, the issue of safety and
contamination also works in reverse (backward and forward
contamination). We also need to make sure that Earth is not
getting contaminated by potential lifeforms from space.

Discussion

This section reflects on the talks, panel discussions and informal
discussions over the two days of the symposium. The panel
discussion started with a debate concerning the increased use of
biomaterials in architecture, and whether this might be emerging
more from a biophilic or biomimicry design standpoint. It was
mentioned that in the 60’s we were embracing synthetic materials
but now we have a more sensitive approach to materials (especially
considering environmental safety and personal health). However,
researchers are also now aware that nature has already developed a
variety of solutions to complex design problems that have evolved
over time through natural selection. Studying and taking
inspiration from such problem-solving abilities is now well known
as the biomimicry approach to design (Gamage and Hyde 2012;
Pawlyn 2016). All panelists agreed that the biological approach
should come from a technical perspective of efficiency and
redundancy and as such use frameworks (such as systems thinking
and mapping described in Systems thinking section).

Moreover, if we connect the biomimicry approach to computa-
tional methods, we can start recreating and simulating natural
systems and ecosystems. Some important aspects are the balance
between carbon sources, sugars, and other nutrients within a
system, which are being explored by many researchers at the
moment and were evident across a range of presentations.
However, it should also be noted that the complexity and chaotic
nature of living systems cannot simply be replaced by computa-
tional systems such as Digital Twins.

To drive the field forward, the challenges that need to be
overcome are biodiversity and individual health, scale-up, but also
our relations with the Natural. How can we ensure these aspects
(biodiversity and individual health) are maintained during deep
space missions? How do we allow other things to live in symbiosis
with us? Do we need to control more-than-human relations? How
do we scale up whole ecosystems?

One panelist emphasized that monitoring and data gathering
are vital, but creating a separate environment hosting different, less
controlled systems, might be how we can “engineer” more resilient
biological systems in space and on Earth. Both the MELISSA
project and Biosphere II were mentioned as both being at the more
extreme ends of the spectrum, and that meeting somewhere in the
middle will be our next challenge.

The discussion finished with a question from the audience on
building more in symbiosis with biology versus moving into a more
virtual world. The discussion highlighted that it is not so
dichotomous, as even in a virtual world, the devices used to
interact with the virtual are indeed still very physical. It was added
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that moving to a virtual world or platform is also still very social as
people connect with each other and with biological elements such
as food. For example, food is flooding our social media platforms,
creating stronger relations between biological elements and digital
worlds. This raised the question that maybe virtual platforms could
also be a tool to communicate with organisms and plants. This
notion has been researched by Sue Thomas (2013) which she called
technobiophilia, where we put the essence of nature into our
technology. However, another panelist argued that proper
communication between humans and more-than-humans has
not yet been achieved and also might not be what we want to
achieve. It was suggested that aiming to design and activate
interactions as the first stage of exchange toward communication is
the next challenge to tackle. Thus, while communication might not
be the goal, based on the discussions on relations with the Natural
and systems, respect for biological elements might be a more
appropriate approach.

Good quality communication across disciplinary boundaries
also requires a common set of standards and methodologies,
therefore a tool for gathering interdisciplinary research interests
and outputs was suggested by Holt and van Ellen in the form of a
database of biomaterials and their properties (van Ellen et al. 2023).
Such a database would help facilitate the appropriate identification
of materials for a given task and allow iteration between smaller-
scale scientific projects and larger-scale architectural applications.

Conclusions

To conclude, the networking symposium gathered researchers and
professionals together from many different disciplines and
backgrounds. Even though the field of biosocial and biotechnical
futures for transplanetary habitats is highly transdisciplinary,
many talks highlighted the same challenges to overcome, and
similar uses of biological research to address those challenges.
There was a consensus on facilitating humanity moving into space
together with ecology.

To develop BFfTH, transdisciplinary research is, therefore,
crucial. The fields of material science, biology, microbiology,
architecture, aerospace engineering, and systems design should be
encouraged to work together across academia and industry in
order to maximize the exchange of ideas but also include social
scientists to challenge our relations with more-than-humans and
embed astrobioethics into research. A material database is one of
the concrete future works that could enable this transdisciplinarity,
but also events such as the BFfTH symposium to enable
conversations around the topic. Further, the growth of multidis-
ciplinary international networks such as BFfT'H enables and
elevates opportunities to find collaborators, support project
developments and access specialized expert knowledge. The
symposium was a great success as the BFfTH SIG grew with
new members being enthusiastic about the topic and new project
ideas being developed across fields.
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Notes
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VBKY6TSAGZitdJu9gpAnf-Fudr_&si=09ownW15CCsAQiAl

2 The V.IN.E. webpage shows an overview of these projects and the researchers
involved: https://wwwl.grc.nasa.gov/research-and-engineering/vine/external-re
sources

3 The project page is available here: https://2018.igem.org/Team:Exeter

Connections references

Belling A, Brandi¢ Lipinska M, van Ellen L, Nerlich P, Rothschild L, and
Maurer C (2023). Bio-futures for transplanetary habitats. Research
Directions: Biotechnology Design, 1, E8. https://doi.org/10.1017/btd.2023.2

References

Adamatzky A, Gandia A and Chiolerio A (2021) Towards fungal sensing skin.
Fungal Biology and Biotechnology 8(1). https://doi.org/10.1186/s40694-021-
00113-8

Albrecht KBB, Boelen J, Pelluchon C and Weibel P (2023) Driving the
Human: Seven Prototypes for Eco-Social Renewal (1st ed.). Mousse
Publishing.

Assad R, Rafiq I, Bashir I, Sofi IA, Reshi ZA and Rashid I (2021)
Mycoremediation of pollutants in aquatic environs. Freshwater Pollution and
Aquatic Ecosystems (Issue December). https://doi.org/10.1201/97810031
30116-10

Biohm. (n.d.) Biohm. https://www.biohm.co.uk/. (accessed 1 September 2022)

Bolt Threads. (n.d.) Bolt Threads. https://boltthreads.com/. (accessed 1
September 2022)

Brandi¢ Lipifiska M, Maurer C, Cadogan D, Head J, Dade-Robertson M,
Paulino-Lima IG, Liu C, Morrow R, Senesky DG, Theodoridou M,
Rheinstidter MC, Zhang M and Rothschild L] (2022) Biological growth as
an alternative approach to on and off-Earth construction. Frontiers in Built
Environment 8(September), 1-17. https://doi.org/10.3389/fbuil.2022.965145

Bringslimark T, Hartig T and Patil GG (2009) The psychological benefits of
indoor plants: a critical review of the experimental literature. Journal of
Environmental Psychology 29(4), 422-433. https://doi.org/10.1016/j.jenvp.
2009.05.001

Chon-Torres OA (2017) Astrobioethics. International Journal of Astrobiology
17(1), 51-56. https://doi.org/10.1017/S1473550417000064

Correia Carreira S, Begum R and Perriman AW (2020) 3D bioprinting: The
emergence of programmable biodesign. Advanced Healthcare Materials
9(15), 1-14. https://doi.org/10.1002/adhm.201900554

Ecovative. (2022) Made from Mycelium. Available at https://www.ecovative.
com/. (accessed 17 June 2023)

Elsacker E, Peeters E and De Laet L (2022a) Large-scale robotic extrusion-
based additive manufacturing with living mycelium materials. Sustainable
Futures 4(May), 100085. https://doi.org/10.1016/j.sftr.2022.100085

Elsacker E, Van Rompaey L, Peeters E and De Laet L (2022b) Fungal
bioremediation of plastic waste into building materials. Proceedings of the
Fifth International Conference on Structures and Architecture.

https://doi.org/10.1017/btd.2024.7 Published online by Cambridge University Press

Layla van Ellen et al.

Fremaux A (2019) For a Post-Anthropocentric Socio-Nature Relationship in
the Anthropocene. In After the Anthropocene. Cham: Palgrave Macmillan,
pp. 119-163 https://doi.org/10.1007/978-3-030-11120-5_4

Gamage A and Hyde R (2012) A model based on Biomimicry to enhance
ecologically sustainable design. Architectural Science Review 55(3), 224-235.
https://doi.org/10.1080/00038628.2012.709406

Gilbert JA and Stephens B (2018) Microbiology of the built environment.
Nature Reviews Microbiology 16(11), 661-670. https://doi.org/10.1038/
$41579-018-0065-5

Gorochowski TE, Hauert S, Kreft JU, Marucci L, Stillman NR, Tang TYD,
Bandiera L, Bartoli V, Dixon DOR, Fedorec AJH, Fellermann H, Fletcher
AG, Foster T, Giuggioli L, Matyjaszkiewicz A, McCormick S, Montes
Olivas S, Naylor J, Rubio Denniss A and Ward D (2020) Toward
engineering biosystems with emergent collective functions. Frontiers in
Bioengineering and Biotechnology 8(June), 1-9. https://doi.org/10.3389/
tbioe.2020.00705

HBBE. (2019) World first research hub to create Living Buildings. Available at
http://bbe.ac.uk/index.php/press/. (accessed 10 September 2022)

Hyry N (2021) Life on Mars? Speculative approach on a material exploration in
the context of a Mars habitation. Aalto University.

Imhof B, Weiss P, Vermeulen A, Flynn E, Hyams R, Kerrigan C, Rengifo M
and Mohanty S (2017) Space Architectures. In R. Armstrong (ed.), Star Ark.
Springer Nature, pp. 287-340. https://doi.org/10.1007/978-3-319-31042-8

Kminek G and Conley C (2017) COSPAR’s planetary protection policy. Space
Research Today 200(Figure 1), 12-25. https://doi.org/10.1016/j.srt.2017.
11.010

Levin H and Emmerich S (2013) Dissecting interaction among indoor
environmental quality factors. ASHRAE Journal, 55(9), 66-72.

Liu J, Li H, Sun L, Guo Z, Harvey J, Tang Q, Lu H and Jia M (2022) In-situ
resources for infrastructure construction on Mars: a review. International
Journal of Transportation Science and Technology, 11(1), 1-16. https://doi.o
rg/10.1016/j.ijtst.2021.02.001

Christiansen MB, Beloff L, Jorgensen J and Emilie Belling A-S (2020) Soft
robotics and posthuman entities. Journal for Artistic Research, 22. https://
doi.org/10.22501/jar.549014

Mankiewicz P, Hénaff E and Dyson A (2021) Indoor Environmental
Parameters: Considering Measures of Microbial Ecology in the
Characterization of Indoor Air Quality. ASHRAE, IAQ2020 Indoor
Environmental Quality Performance Approaches.

Mattoon ER, Cordero RJB and Casadevall A (2021) Fungal melanins and
applications in healthcare, bioremediation and industry. Journal of Fungi,
7(6). https://doi.org/10.3390/jof7060488

Menon C, Ayre M and Ellery A (2006) Biomimetics — A new approach for
space system design Biomimetics — A new approach for space system design
Biomimetics Technology Tree. ESA Bulletin, 125.

Molinari S, Tesoriero RF and Ajo-Franklin CM (2021) Bottom-up approaches
to engineered living materials: challenges and future directions. Matter 4(10),
3095-3120. https://doi.org/10.1016/j.matt.2021.08.001

Nai C and Meyer V (2016) The beauty and the morbid: Fungi as source of
inspiration in contemporary art. Fungal Biology and Biotechnology, 3(1), 1-5.
https://doi.org/10.1186/s40694-016-0028-4

Naser MZ (2019) Extraterrestrial construction materials. Progress in Materials
Science, 105(June), 100577. https://doi.org/10.1016/j.pmatsci.2019.100577

Naser MZ and Chen Q (2021) Extraterrestrial Construction in Lunar and
Martian Environments. 17th Biennial International Conference on
Engineering. https://doi.org/10.1061/9780784483374.111

Nguyen PQ, Courchesne NMD, Duraj-Thatte A, Praveschotinunt P and
Joshi NS (2018) Engineered living materials: prospects and challenges for
using biological systems to direct the assembly of smart materials. Advanced
Materials 30(19), 1-34. https://doi.org/10.1002/adma.201704847

Patel S and Goyal A (2012) Recent developments in mushrooms as anti-cancer
therapeutics: a review. 3. Biotech, 1. https://doi.org/10.1007/s13205-011-
0036-2

Pawlyn M (2016) Biomimicry in Architecture. Riba Publishing.

Rettberg P, Antunes A, Brucato J, Cabezas P, Collins G, Haddaji A, Kminek
G, Leuko S, McKenna-Lawlor S, Moissl-Eichinger C, Fellous JL, Olsson-
Francis K, Pearce D, Rabbow E, Royle S, Saunders M, Sephton M, Spry A,


https://youtube.com/playlist?list=PLS6cw_VBkY6TSAGZitdJu9gpAnf-Fu4r_&si=o9ownW15CCsAQiAl
https://youtube.com/playlist?list=PLS6cw_VBkY6TSAGZitdJu9gpAnf-Fu4r_&si=o9ownW15CCsAQiAl
https://youtube.com/playlist?list=PLS6cw_VBkY6TSAGZitdJu9gpAnf-Fu4r_&si=o9ownW15CCsAQiAl
https://youtube.com/playlist?list=PLS6cw_VBkY6TSAGZitdJu9gpAnf-Fu4r_&si=o9ownW15CCsAQiAl
https://www1.grc.nasa.gov/research-and-engineering/vine/external-resources
https://www1.grc.nasa.gov/research-and-engineering/vine/external-resources
https://2018.igem.org/Team:Exeter
https://doi.org/10.1017/btd.2023.2
https://doi.org/10.1186/s40694-021-00113-8
https://doi.org/10.1186/s40694-021-00113-8
https://doi.org/10.1201/9781003130116-10
https://doi.org/10.1201/9781003130116-10
https://www.biohm.co.uk/
https://boltthreads.com/
https://doi.org/10.3389/fbuil.2022.965145
https://doi.org/10.1016/j.jenvp.2009.05.001
https://doi.org/10.1016/j.jenvp.2009.05.001
https://doi.org/10.1017/S1473550417000064
https://doi.org/10.1002/adhm.201900554
https://www.ecovative.com/
https://www.ecovative.com/
https://doi.org/10.1016/j.sftr.2022.100085
https://doi.org/10.1007/978-3-030-11120-5_4
https://doi.org/10.1080/00038628.2012.709406
https://doi.org/10.1038/s41579-018-0065-5
https://doi.org/10.1038/s41579-018-0065-5
https://doi.org/10.3389/fbioe.2020.00705
https://doi.org/10.3389/fbioe.2020.00705
http://bbe.ac.uk/index.php/press/
https://doi.org/10.1007/978-3-319-31042-8
https://doi.org/10.1016/j.srt.2017.11.010
https://doi.org/10.1016/j.srt.2017.11.010
https://doi.org/10.1016/j.ijtst.2021.02.001
https://doi.org/10.1016/j.ijtst.2021.02.001
https://doi.org/10.22501/jar.549014
https://doi.org/10.22501/jar.549014
https://doi.org/10.3390/jof7060488
https://doi.org/10.1016/j.matt.2021.08.001
https://doi.org/10.1186/s40694-016-0028-4
https://doi.org/10.1016/j.pmatsci.2019.100577
https://doi.org/10.1061/9780784483374.111
https://doi.org/10.1002/adma.201704847
https://doi.org/10.1007/s13205-011-0036-2
https://doi.org/10.1007/s13205-011-0036-2
https://doi.org/10.1017/btd.2024.7

Research Directions: Biotechnology Design

Walter N ... Treuet JC (2019) Biological contamination prevention for
outer solar system moons of astrobiological interest: what do we need to
know? Astrobiology 19(8), 951-974. https://doi.org/10.1089/ast.2018.1996

Roberts AD, Whittall DR, Breitling R, Takano E, Blaker JJ, Hay S and
Scrutton NS (2021) Blood, sweat, and tears: extraterrestrial regolith
biocomposites with in vivo binders. Materials Today Bio 12(September).
https://doi.org/10.1016/j.mtbio.2021.100136

Rodrigo-Navarro A, Sankaran S, Dalby M]J, del Campo A and Salmeron-
Sanchez M (2021) Engineered living biomaterials. Nature Reviews Materials
6(12), 1175-1190. https://doi.org/10.1038/s41578-021-00350-8

Roedel H, Lepech MD and Loftus DJ (2014) Protein-Regolith composites for
space construction. Earth and Space 2014: Engineering for Extreme
Environments - Proceedings of the 14th Biennial International Conference
on Engineering, Science, Construction, and Operations in Challenging
Environments, 291-300. https://doi.org/10.1061/9780784479179.033

Rothschild L) (2016) Synthetic biology meets bioprinting: enabling technol-
ogies for humans on Mars (and Earth). Biochemical Society Transactions
44(4), 1158-1164. https://doi.org/10.1042/BST20160067

Schlacht IL (2012) Space Habilitability - Integrating Human Factors into the
Design Process to Enhance Habitability in Long Duration Missions. 295.
http://nbn-resolving.de/urn:nbn:de:kobv:83-opus-34070.

Senge PM (1994) The Fifth Discipline: The Art and Practice of the Learning
Organization, Currency Doubleday.

Tang TC, An B, Huang Y, Vasikaran S, Wang Y, Jiang X, Lu TK and Zhong C
(2021) Materials design by synthetic biology. Nature Reviews Materials 6(4),
332-350. https://doi.org/10.1038/s41578-020-00265-w

Thomas S (2013) Technobiophilia: nature and cyberspace. Bloomsbury
Academic.

Tsiolkovsky K (2019) the future of earth and mankind. In B. Groys (Ed.),
Russian Cosmism. e-flux and MIT Press, pp. 113-132. https://doi.org/10.
5325/utopianstudies.30.2.0355

https://doi.org/10.1017/btd.2024.7 Published online by Cambridge University Press

van Ellen L, Bridgens B, Burford N, Crown M and Heidrich O (2023)
Adaptability of space habitats using the rhythmic buildings strategy. Acta
Astronautica 211(July), 764-780. https://doi.org/10.1016/j.actaastro.2023.
06.045

Verkerke GJ, van der Houwen EB, Broekhuis AA, Bursa J, Catapano G,
McCullagh P, Mottaghy K, Niederer P, Reilly R, Rogalewicz V, Segers P
and Verdonschot N (2013) Science versus design; comparable, contrastive
or conducive? Journal of the Mechanical Behavior of Biomedical Materials
21(September 2020), 195-201. https://doi.org/10.1016/j.jmbbm.2013.
01.009

Vermeulen ACJ, Goldoust F, Sirenko M, Hallak D, Lutkewitte B, Husarova, L.,
Long KF and Brazier F (2019) Simulating the construction of conceptual space
architecture to explore the potential of combined asteroid mining and space-
based 3D manufacturing. 70th International Astronautical Congress (IAC).

Vermeulen ACJ, Nevejan C and Brazier F (2018) Seeker: co-creating
diversified futures. In J. Boelen (ed.), Studio Time: Future Thinking in Art and
Design. 233, pp. 172-182.

Vermeulen AC]J, Papic A, Nikolic I and Brazier F (2023) Stoichiometric model
of a fully closed bioregenerative life support system for autonomous long-
duration space missions. Frontiers in Astronomy and Space Sciences,
10(August). https://doi.org/10.3389/fspas.2023.1198689

Verseux C, Baqué, M., Lehto K, De Vera JPP, Rothschild L] and Billi D
(2016) Sustainable life support on mars — the potential roles of cyanobacteria.
International Journal of Astrobiology 15(1), 65-92. https://doi.org/10.1017/
$147355041500021X

Voros J (2017) Big history and anticipation. In Handbook of Anticipation.
Springer, pp. 1-40.

Walker J and Granjou C (2017) MELiSSA the minimal biosphere: human life,
waste and refuge in deep space. Futures 92, 59-69. https://doi.org/10.1016/].
futures.2016.12.001


https://doi.org/10.1089/ast.2018.1996
https://doi.org/10.1016/j.mtbio.2021.100136
https://doi.org/10.1038/s41578-021-00350-8
https://doi.org/10.1061/9780784479179.033
https://doi.org/10.1042/BST20160067
http://nbn-resolving.de/urn:nbn:de:kobv:83-opus-34070
https://doi.org/10.1038/s41578-020-00265-w
https://doi.org/10.5325/utopianstudies.30.2.0355
https://doi.org/10.5325/utopianstudies.30.2.0355
https://doi.org/10.1016/j.actaastro.2023.06.045
https://doi.org/10.1016/j.actaastro.2023.06.045
https://doi.org/10.1016/j.jmbbm.2013.01.009
https://doi.org/10.1016/j.jmbbm.2013.01.009
https://doi.org/10.3389/fspas.2023.1198689
https://doi.org/10.1017/S147355041500021X
https://doi.org/10.1017/S147355041500021X
https://doi.org/10.1016/j.futures.2016.12.001
https://doi.org/10.1016/j.futures.2016.12.001
https://doi.org/10.1017/btd.2024.7

	Bio-futures for transplanetary habitats: a summary and key outcomes from the 2022 symposium
	Introduction
	Special interest group
	The networking symposium: summary
	Key outcomes
	Biomimicry and biotechnology for space systems: from macro to micro
	Mycelium-based materials
	Relations with the natural in space
	Systems thinking
	Speculative approaches and scenarios
	Considerations - biosafety and bioethics of space exploration

	Discussion
	Conclusions
	Notes
	Connections references
	References


