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ABSTRACT
This Perspective explores the synergy between bioinspired technologies for sustainability on Earth and their application in space exploration.
We focus on the parallels between the paradigm shift toward sustainable development on our planet and establishing permanent human
settlements on Mars and the Moon. Informed by Earth’s ecological and technological progress, which emphasizes the critical need for effi-
ciency and integration with the planet’s metabolic processes, the discussion revolves around the challenges and opportunities in creating
self-sustaining communities in space. Specifically, the focus is on the central role that bioinspired materials, particularly bioinspired chiti-
nous materials, will play in developing sustainable manufacturing practices on Earth and in extraterrestrial environments. Considering the
development of bioinspired chitinous manufacturing in the last decade, we argue that we are witnessing the birth of a new manufacturing
paradigm embracing efficiency, resilience, and ecological cycles inspired by biological systems, which will be essential for sustainable living
on Earth and advancing a new age of space exploration.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0191443

FROM MASS PRODUCTION TO MARS PRODUCTION

A profound shift in space exploration initiatives has occurred
in recent years, marked by a growing emphasis on establishing an
ongoing human presence on celestial bodies, such as Mars and the
Moon.1 This is a pivotal episode in human exploration, marking
a profound departure from traditional space endeavors, such as
last century’s brief lunar missions. It also aligns with the broader
objective of making humanity a multi-planetary species, providing
long-term platforms for scientific research and necessary stepping
stones for future missions deeper into the cosmos. This represents
the next chapter of humanity, wherein the “final frontier” is vis-
ited, inhabited, and explored in a manner that extends our presence
beyond the confines of our home planet.

In this new stage of space exploration, the Moon, the closest
celestial body and a “gateway”2 beyond Earth, will be the site of the
first grounded colony outside Earth. NASA’s Artemis program and
similar plans from Europe, China, and Russia aim to return astro-
nauts to the Moon and establish permanent outposts on its surface

by 2028.3 Using lunar resources will be integral to enabling this pro-
longed presence by reducing the burden of transporting goods from
Earth.4 However, due to its relative closeness to Earth, a colony
on the Moon does not need to be as independent from Earth as
future colonies on other planets, hence providing an ideal testbed
for developing the technologies and strategies required for human
settlements on more distant worlds. The first of these distant settle-
ments will be on Mars, a goal already in development and becoming
increasingly feasible as NASA’s perseverance rover and the upcom-
ing Mars sample return mission help advance our understanding
of the Martian environment and the potential of its resources to
be implemented in self-sustainable production systems.5 The goal
is to make these settlements self-reliant and economically sustain-
able by producing efficient systems that reduce or eliminate the
unfeasible transport of supplies from Earth, a task limited by nar-
row launch windows and the high logistics cost of interplanetary
transportation.6

The self-reliant settlement on Mars would need to adapt to the
planet’s unique conditions. The Martian atmosphere, composed of
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0.13% oxygen and 95.32% carbon dioxide, has an oxygen concen-
tration two orders of magnitude lower than that enabling human
respiration. Yet, photosynthetic plants or solid oxide electrolysis
could harness the abundant carbon dioxide to produce oxygen.7
Similarly, the thin Martian atmosphere provides limited protection
against radiation, restricting outdoor, above-ground exploration,
suggesting that possible settlements would need to use the planet’s
extensive caves and lava tubes.8 Water, an essential element for life,
is absent from the dried-out ancient Martian rivers but so abundant
under the soil as large pockets of ice that, if melted, could cover the
entire planet with a 2 m deep layer of water.9 Solar radiance has
proven enough to power human exploration despite Mars being 1.5
times further from the Sun than Earth.10

Beyond the adaptation to planetary conditions, additional chal-
lenges distinct from traditional short-term missions remain. A
persistent human presence necessitates the establishment of endur-
ing, self-sustaining communities on these extraterrestrial bodies.11,12

These communities would require using local resources to build the
necessary infrastructure to support life over extended periods, if not

indefinitely, including habitats, life-support systems, and sustainable
sources of food, water, and energy13–15 (Fig. 1). Modern societies
have become heavily reliant on materials such as cement, metals, and
polymers. These materials are not readily available on extraterres-
trial bodies, are extremely energy-intensive to produce, and would
face drastically different operating conditions, such as off-gassing,
sublimation, low temperatures, and accelerated UV degradation.
The food consumed and its sourcing methods would also need
significant changes due to the limited artificial land created for
biological life.16

Interestingly, as we gain an understanding of the formidable
obstacles and complexity of the technologies necessary for establish-
ing a sustainable and resilient system supporting human activities
with the limited resources of Mars, the clearer their resonance with
the needs and problems we are currently facing in our attempts to
overcome the mounting ecological challenges on Earth.

Historically, human development has been grounded in the
misguided belief in inexhaustible resources, leading to the current
development model that disregards the natural ecological cycles

FIG. 1. A closed ecosystem on Mars. In situ resource utilization (ISRU) is a critical component for the colonization of Mars, utilizing resources found or manufactured on the
planet to replace materials that would otherwise be brought from Earth. The development of ISRU must be linked to the creation of self-sustaining almost zero-waste circular
systems that can operate independently of Earth. These systems must incorporate human activity, enhancing their efficiency and reducing the need for resupply missions.
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of our planet and their limitations.17 The consequences are evi-
dent in the depletion of primary resources and the accumulation
of waste. While resource depletion can be understood as the con-
sequence of overgrowing our planet’s potential, waste is a clear
indicator of the disregard for efficiency in our economy and produc-
tion models.18 As we develop on the shoulders of inefficient systems,
waste production escalates proportionally, propelled by population
growth, urbanization, and consumerism. In addition, until very
recently, waste management strategies have exclusively focused on
their integration into the linear production models that drive our
economy, emphasizing waste disposal through landfilling and incin-
eration, exacerbating the depletion of resources and contributing to
environmental degradation.

However, a growing shift toward circular economy paradigms,
expanding on the principles of reduce, reuse, and recycle, reflects an
evolving perspective on waste.19 The convergence of technological
innovation, policy initiatives, and public awareness is shaping a new
era in waste management, wherein waste is viewed not as a burden
but as a potential resource. Despite this, the problem of waste gen-
eration is expected to worsen as the current path toward economic
development increases the demand for resources and consump-
tion. By 2050, global annual waste generation is projected to rise to
3.4 × 109 tons, a 70% increase from 2016. A significant contributor
to this increasing waste is the group of polymers defining our cur-
rent technological age and known generically as “plastic.” Despite
their numerous benefits, unlike the degradable components of waste,
most plastics persist in the environment, a “curse” of their outstand-
ing durability.20 Therefore, the staggering 250 × 106 tons of plastic
waste produced annually only accumulate, becoming an increasingly
large disruptor of ecological cycles.21

Our inability to tackle the problem of waste, in general, and
plastic waste, in particular, despite the growing awareness and
work being done by society, businesses, and governments, can-
not be entirely blamed on insufficient effort since there is lim-
ited potential in the current approach. Even in a hypothetical
scenario wherein the most aggressive policies for waste reduc-
tion are enforced globally, they would only compensate for
increasing urbanization and development, resulting in the same
amount of plastic waste accumulating in the environment we have
now (Fig. 2).22

The main limitation of the current approach is that it is
based on the implicit assumption that our current manufacturing
paradigm, strongly defined by plastic manufacturing, is the tech-
nological peak of humanity. Therefore, sustainability is approached
as the need to compensate for this unavoidable manufacturing
paradigm. As a result, the focus on policies and education is often
resisted due to incompatibility with existing industrial or personal
habits, while the increasingly complicated waste recovery processes
cannot cope with production, requiring resources and infrastructure
beyond the economically feasible.18 Considering the current trend
and state of the planet, the transformation into a sustainable soci-
ety might seem to be an unreachable goal, just like becoming an
interplanetary species.

Despite the challenging outlook, our history has been defined
by rapid societal, economic, and technological leaps—similar to the
one required now—arising from the continuous discovery and mas-
tery of materials.23 Harnessing stone, bronze, iron, and, recently,
plastic resulted in an explosion of new technological possibilities and
the transformation of human habits and organization. More impor-
tantly, these transitions to a new paradigm were fueled by novel

FIG. 2. Our waste problem. Time series of plastic pollution, measured in million metric tons per year (Mt/y; ±95% CI), entering aquatic and terrestrial ecosystems from
2016 to 2040. The scenarios depicted include Business as Usual (BAU), Collect and Dispose (CDS), Recycling (RES), Reduce and Substitute (RSS), and System Change
(SCS). The pollution rates for all scenarios are identical between 2016 and 2020. While the theoretical scenario of implementing all feasible interventions could reduce plastic
pollution by 78% relative to business as usual in 2040, that would still leave 710 × 106 metric tons of plastic waste in the environment. Image reproduced with permission
from Lau et al., Science 369(6510), 1455–1461 (2020). Copyright 2020 AAAS.
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possibilities rather than a transformation or forced abandonment of
existing practices.

Similarly, the future of sustainable manufacturing will not
emerge as a mere modification of the paradigm created by plastics
or from new materials developed to be integrated into the existing
methodology and principles. The radical transformation required to
achieve a sustainable society must emerge through the mastery of
innovative materials, defining a fresh paradigm based on efficiency
and integration with Earth’s metabolism.24,25 Predictably, materi-
als that coordinate with biological systems are already functioning
efficiently within them.

BIOINSPIRED CHITINOUS MANUFACTURING

The remarkable qualities exhibited by materials such as spider
silk,26 nacre (i.e., mother pearl),27 mammalian bones,28 and balsa
wood29 have long captivated the scientific community. These natural
materials seamlessly integrating into Earth’s ecological cycles pos-
sess exceptional mechanical properties, such as strength, toughness,
and impact resistance, that often surpass those of their synthetic
counterparts. These properties are even more extraordinary when
we consider that these materials are made in extreme conditions of
energy scarcity, and the choice of constituents is primarily driven by

their prevalence rather than their inherent mechanical properties.
This accomplishment is achieved through their hierarchical design,
which spans from the molecular to the macroscopic levels,30 an
organizational principle that humanity has yet to replicate compre-
hensively (Fig. 3). We excel at fabricating materials and structures
at specific scales, from the nanometric to the massive, but we strug-
gle to synthesize materials with coordinated control across multiple
length scales of organization. However, it is this simultaneous coor-
dination at multiple length scales that natural systems have evolved
the most and enabled them to produce materials of extraordinary
structural properties with limited resources. Our inability to repli-
cate this assembly of materials restricts the artificial use of biological
materials to bulk composites that do not require the dissociation and
reconstruction of their hierarchical organization for their use.

A decade ago, we formulated a hypothesis that became the
cornerstone of our research: biological materials and their assem-
bly mechanisms evolve in tandem.31 To harness these materials for
engineering applications without removing them from biological
cycles, possessing the constituent ingredients is insufficient; we must
replicate the assembly processes that have evolved over time. We
turned to the insect cuticle as our model to prove this concept. Insect
exoskeleton, the cuticle, serves as a protective shell that ranges from
rigid wings to flexible joints. To reproduce it, we extracted fibroin

FIG. 3. Ashby plot of biological materials and hierarchical design. Biological materials have properties that range from the extreme impact resistance and toughness
of bones and nacre to the combination of strength and lightness of balsa wood and the extreme strength of silk fibers (a). More importantly, these materials are made in
extreme conditions of scarcity using only ubiquitous components that mostly have irrelevant mechanical properties on their own and in the absence of significant sources of
energy enabling, for example, the temperatures necessary for changing the state of materials. Biological systems achieve these extraordinary properties in adverse conditions
through the fine control of organization across many scales. The diagram on the right (b) represents some of the distinct levels of organization of hierarchical design, giving
rise to the chitinous cuticle in insects. The chitinous polymers assemble in an antiparallel α-chitin crystal arrangement to create nano-fibrils. These nano-fibrils form bundles
aggregated together with proteins with a composition similar to that of the fibroin in spider silk and different degrees of mineralization. The bundles are secreted parallel to
each other in a 2D structure. This process is repeated, stacking a structure layer by layer, wherein each layer has a relative rotation of 10○–15○ with respect to those above
and below. However, small variations of this organization give rise to entirely different properties, enabling the production of various functionalities, such as the stiffness
necessary in the wings to enable flight or the elasticity in the joint to enable jumping, with a single synthesis process and at minimum metabolic cost. The Ashby plot has
been adapted from the work of J. G. Fernandez and D. E. Ingber, Adv. Funct. Mater. 23(36), 4454–4466 (2013). Copyright 2013 Wiley-VCH GmbH.
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from silk and chitin from shrimp shells and combined them to create
a material called “Shrilk” (shrimp + silk).

Shrilk represented a significant advance in the field of bioma-
terials. The unprecedented strength and toughness achieved with
unmodified natural components were in the range of those of alu-
minum alloys but with half their density. More importantly, it
demonstrated the replication of the synergies between structural
biomolecules and their arrangement, giving rise to the outstand-
ing mechanical properties of natural materials. When the chitosan
and fibroin of Shrilk were blended, they yielded a material with
predictable properties, showing strength greater than the weakest
component but weaker than the strongest. Yet, the truly remarkable
aspect of Shrilk is revealed when these components are artificially
arranged in a manner akin to their natural configuration within
the cuticle, a situation wherein their combined strength doubles

compared to the strongest component in isolation. This unique
property showed the potential of biomimetic engineering to utilize
unmodified biological molecules, preserving their integration into
Earth’s ecological cycles in engineering applications. The key to this
process is not the molecular structure itself but its association with
the design and methodologies natively connected with it.

In pursuit of Shrilk, we strived not just to mimic nature but to
understand and replicate the principles of hierarchical organization.
We further developed this approach a few years later when we cre-
ated a complete methodology for using chitinous polymers as plastic
substitutes (Fig. 4). Interestingly, the material also retained its nat-
ural ability to produce topographies at the micro- and nanoscale,
enabling tuning of the optical and wettability characteristics and
providing secondary functionalities to products made of chitin. This
ability of chitinous polymer, which is responsible in nature for

FIG. 4. The development of bioinspired chitinous manufacturing. While chitinous polymers were first described more than two centuries ago and their ability to be
dispersed and vitrified in organic solvents was known for several decades, it has not been until very recently that attempts were made to reproduce their native mechanical
properties by biomimetic manufacturing associating them with their natural designs.33 This enabled the reproduction of the synergies between the components of the
insect cuticle for the first time and the production of strong materials and large surfaces.31 Additionally, chitinous polymers have been demonstrated to form 3D surfaces
artificially,34 which were first reported for their use in medical applications but extended to the production of 3D objects in general manufacturing.35 Chitinous polymers retain
their ability to form complex topographies at the microscales36 and nanoscales37 after their isolation from their natural source, a property animals use to explore surface
functionalities, such as those of the arthropod cuticle. Because of the material’s biocompatibility, this ability to form topographies is used to drive the behavior of cells in
medical devices34 and, in a more general context, to reproduce the structural color of arthropods (e.g., butterfly wings) in product manufacturing.38 In natural systems,
chitin tends to form the thin outermost structural layer of an organism. To explore the formation of thicker structures, achieve novel mechanical properties, and lower the
metabolic cost, chitinous polymer often associates with other components to form structures with large volumes.35 Using the ability of the material to form topographies,
the nanoscale features contributing to nacre’s extraordinary toughness can be reproduced artificially and combined with external mineralization to create complex inorganic
composites with novel mechanical properties.39 Similarly, the combination with cellulose enables the reproduction of an oomycete wall in organic composites called fungal-
like adhesive materials,40 which have enabled the generalization of bioprinting with unmodified natural molecules at an unprecedented scale. In parallel to the development
of biomimetic manufacturing, the development of biomimetic production of the necessary materials for such technologies enabled their combination to create closed-loop
manufacturing systems as a part of the surrounding ecological cycles, including those in urban environments.41 When the same principles of ecological integration are
combined with the production of chitinous inorganic composites, it enables the development of closed-loop manufacturing in the absence of large biomass sources and, in
particular, using the inorganic regolith on Mars’ surface to make the so-called Martian biolith.42 Despite the completely different availability of resources, similar to the case
on Earth, extraterrestrial manufacturing should be integrated as part of the ecological cycles supporting human life.
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striking effects, such as the color of butterfly and moth wings,
enabled the artificial production of objects with different mechanical
properties and surface functionalities using a single material.32

The selection of chitin for bioinspired product manufacturing
was not arbitrary. Shrilk has been used in dozens of medical applica-
tions,43 such as contact lenses,44 bandages,45 and tissue engineering
scaffolds,46 in which biocompatibility takes priority over the cost and
scale of the material. However, the general applicability of Shrilk at
a large scale was hampered by a design focused on demonstrating
for the first time the reproduction of the synergies of a biological
composite by artificially matching its design and composition. The
cost, complexity, production limitations, and environmental impact
of fibroin extraction (requiring lithium bromide for its dissociation)
made Shrilk a material that, by design, was limited to niche appli-
cations. In contrast to fibroin, chitin is the second most abundant
polymer on Earth, surpassed only by cellulose. Despite the signif-
icant difference in the scales of their industrial use, chitin shares
many chemical and functional characteristics with cellulose, and it is
produced in large amounts in every ecosystem, making it a suitable
candidate to replace plastics in large-scale applications.

However, unlike plastics, chitin does not exhibit a melting
point, and therefore, it cannot be used in most mass manufac-
turing processes developed for thermoplastics. On the other hand,
when compared with cellulose, the most prevalent material for
manufacturing structural components, the processing of chitin is
much easier when it is produced with a high degree of deacetyla-
tion (i.e., chitosan), such as that synthesized by fungi or extracted
from crustaceans, as it can be dispersed in a weak organic acid,47,48

such as low non-toxic concentrations of acetic and formic acids. In
contrast, cellulose requires solvents, such as N-methylmorpholine-
N-oxide (NMMO) or dimethyl sulfoxide (DMSO), that are usually
flammable, corrosive, carcinogenic, or mutagenic to disrupt the
strong intermolecular bonds. Therefore, cellulose products are lim-
ited in their use because of the controlled environment and waste
processing required for their production and the potential for the
solvents to remain in the final product, leaching out over time.

Despite chitin’s environmental advantages and the fact that
it is the recurrent functional solution in nature in many of its
most outstanding structures, such as the exoskeletons of arthro-
pods and the cell walls of fungi, the chemical composition and
high nitrogen content of chitin and chitosan are the basis of their
leading industrial uses, such as in fertilizers and pesticides in agri-
cultural applications or as food and cosmetics additives. In 2013,
we demonstrated that chitosan, if precipitated in a hydrated crys-
tal conformation similar to that in natural systems, can form the
structural part of complex forms and products.35 The premise of that
work diverged from the usual approach to bioplastics followed up to
that point, in which the objective was to preserve extant manufac-
turing principles and strategies based on thermoplastics and modify
the biomaterial chemistry to conform to those principles, a pro-
cess in which the material loses its initial integration in ecological
systems and requires specialized facilities and recovery strategies
for reintegration into nature. In stark contrast, the principles of
chitosan manufacturing were based on keeping the molecule in
its natural form and, therefore, seamlessly integrated into Earth’s
ecological cycles and used a bioinspired manufacturing strategy
based on reproducing the biological principles of natural chitinous
structures.

Chitin is found in many organisms’ external skin and cuticles
and, when regenerated artificially, retains its tendency to produce
films and three-dimensional surfaces.34,49 This natural ability of chi-
tosan to form surfaces contrasts with the difficulty in producing
3D objects, as the process of water exchange necessary to precipi-
tate the polymer becomes increasingly difficult with a lesser specific
surface area for evaporation, while bulk material volume increases.
With this limitation in mind, we embarked on the generalization
of the production of chitinous objects by developing materials that,
while preserving the principles of bioinspired manufacturing (i.e.,
no modification of the molecule and its association with its native
methodologies and designs), were suitable to form bulk 3D objects.
The result of that development was fungal-like adhesive materials
(FLAMs), which are composed of a blend of chitin and cellulose,
two natural polymers found in the cell walls of fungi and plants,
respectively, but that rarely appear together with the notable excep-
tion of water molds’ walls (i.e., oomycetes).40,50 The process of
producing FLAMs involves introducing small amounts of chitin
between cellulose fibers, replicating the structure found in the walls
of oomycetes, resulting in a strong, lightweight, and inexpensive
material that can be molded or processed using woodworking tech-
niques. To avoid the drawbacks of using cellulose at a dissociation
level beyond the micrometric fibers (i.e., use of strong organic sol-
vents), FLAM employed cellulose fibers obtained just by mechanical
means, avoiding chemical processes harmful to health and the envi-
ronment required for their further dissociation to the molecular
level.

One of the main limitations of working with chitinous poly-
mers and their composites is the lack of advanced techniques cen-
tered on using biopolymers for large-scale manufacturing due to the
almost unique focus on product manufacturing with thermoplastics
in the last century. FLAMs were developed in parallel with produc-
tion tools created from scratch within the paradigm of bioinspired
manufacturing, ranging from new modeling tools based on machine
learning that are specifically designed to model structures formed
through water exchange51,52 to production tools based on robotics
adapting in real time to the variability of biological materials.53–55

Notably, the development of FLAMs preserved the central premise
of our work with chitinous polymers, avoiding the adaptation of
the materials to the principles of synthetic materials and adapting
the manufacturing to the principles of biology,56 thereby preserving
their seamless integration into ecological cycles, be it in nature or
purposefully recreated.

TOWARD EFFICIENCY: ECOLOGICALLY INTEGRATED
MANUFACTURING ON AND BEYOND EARTH

Artificial manufacturing, in general, and the paradigm of plas-
tic manufacturing, in particular, are firmly based on unlimited
resources and energy principles, relying on high pressure and tem-
perature to construct intricate structures with materials produced
specifically for the task through globalized supply chains. In stark
contrast, biological systems are developed in a paradigm of scarcity,
in terms of both energy and resources, developing systems wherein
their resilience is based on their manufacturing efficiency and ubiq-
uitous components. This development driven by an evolutive pres-
sure toward efficiency is often called “the survival of the cheapest.”57

Biological systems do not have access to sources of energy enabling
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high temperatures, such as those required to melt plastics or met-
als, and cannot afford to develop systems and organisms that exist
depending on the availability of rare components with unique
characteristics. Natural systems utilize ubiquitous components of
negligible mechanical significance and low-energy processes, pri-
marily driven by water exchange and pH changes, to self-assemble
structures with extraordinary mechanical characteristics based on
abundant components.

The principles of manufacturing observed in natural systems
provide a roadmap for developing a sustainable society, emphasizing
the importance of employing readily available resources and low-
energy processes, mirroring the cyclical nature of ecosystems and
moving away from linear extractive methods. However, the journey
toward sustainability is not merely about creating circular systems
in isolation but about fostering systems that are globally integrated
and considerate of the surrounding ecology.58,59

While circular production systems, where waste is eliminated
and resources are continuously used and reused, are aligned with the
principles of natural systems, they largely remain as measures iso-
lated from their environment. A paradigmatic example is our plastic
recycling concept, in which locally created circular systems in the
technosphere are materially inert to the environment and, therefore,
isolated from the surrounding biosphere. These systems require very
specific local conditions and, when globalized, face the issue of waste
management and collection that must scale up in parallel with pro-
duction. As mentioned previously, this process is unfeasible even
with aggressive policy changes.22

The true lesson from natural systems is not solely their basis
in a local circularity but an extreme efficiency resulting from the
competition for the energy and resources embedded in every object
and the incorporation into systems across scales that together
add up to a dynamically balanced equilibrium. We must adapt to
the rules that have shaped the complexity we observe around us
and create circular systems in our technosphere that are naturally
integrated and synergistic with a surrounding local ecology.60,61

This approach naturally minimizes environmental impact, reduces
dependence on finite resources, and creates sustainable value by
working with nature rather than separating from or acting against
it. It is a fundamental shift that will foster systemic change from
isolation to integration, extraction to regeneration, and waste
to value.

This path for enabling the development of a sustainable soci-
ety on Earth is the same that should enable the colonization of other
planets, adding to the growing set of evidence that a new paradigm
of manufacturing based on biological systems and their principles
is both imminent and necessary not only to ensure our survival
and well-being but also to develop as a scientific and technologi-
cal society. The current manufacturing paradigm limits our ability
to translate existing manufacturing models to space exploration.56,62

Without additional complications in scenarios outside Earth, the
inefficiency and lack of resilience of relying on complex logistical
networks are becoming more evident as the global dependence on
scarce and locally concentrated elements faces the consequences of
pandemics, geopolitical tensions, and the blockage of crucial tran-
sit points (e.g., the Panama and Suez Canals). This inefficiency in
the path a molecule follows to become a product not only hinders
our sustainable development on Earth but also further advances into

more sophisticated tasks, such as the extremely complicated process
of supplying a Martian settlement.

Our results highlight how the bioinspired approach,63 based
on integration into existing ecologies, low-energy systems, and
ubiquitous renewable materials, marks a new era of technology
enabling achievements unreachable within the current manufactur-
ing paradigm. These achievements, however, require the develop-
ment of a paradigm around the material rather than adapting it
to current practices, enabling an exploration of its full potential
unbounded by the restrictions imposed by previous methodolo-
gies. In the case of ubiquitous natural materials in general and
chitin specifically, their incorporation into current models of global
supply chains demonstrated limited environmental benefits due to
the impacts of transport.64 However, this incorporation is unnec-
essarily borrowed from the current manufacturing approach, as
large amounts of chitinous materials exist and can be produced
locally anywhere, either as a by-product of existing industrial
operations,65,66 such as shrimp, crab, and insect protein produc-
tions, or through bioconversion techniques, including food waste
processing.41,67,68

To demonstrate the potential of chitinous manufacturing when
aligned with its associated supply and production chains, we showed
that it can be incorporated into the ecosystem of a fully urban con-
text (i.e., without primary industry) as part of its waste management
system. FLAM was produced with chitin using black soldier flies
(Hermetia illucens) as bioconverters to valorize food leftovers in Sin-
gapore. At the same time, discarded paper and carton were used
as cellulose sources. The same experiment was also replicated in
Italy, confirming that the production and characteristics of chitinous
polymers for manufacturing are independent of climate or chitin
source.41 Discarding the preconceived system of globalized sup-
ply chains and associating biomaterials with their inherent regional
nature enabled the minimization of transportation emissions and
improved resilience based on decentralized sourcing (Fig. 5). This
achievement was only possible due to the ubiquitous nature of the
molecule and its seamless integration into a multitude of ecological
cycles.

Similar to Earth’s case, we applied the principles of bioin-
spired chitinous materials and manufacturing, initially developed
for production within circular regional economies in urban environ-
ments,41 to develop a composite with low manufacturing require-
ments, ecological integration, and versatile utility in a Martian
environment.42 However, as Mars is not characterized by abundant
organic materials, Martian manufacturing strategies must capital-
ize on the inorganic components readily available in the regolith
(i.e., loose mineral dust) of the planet’s surface.69,70 In this regard,
the manufacturing methods used on Earth for inorganic materi-
als are based on technologies developed for its bountiful paradigm
and commonly characterized by processes involving elevated tem-
perature and pressure,69,71 polymers with complex and dedicated
biosynthesis,72 limited reclamation,11 and niche use (i.e., lacking
versatility).73 Since any resource obtained on Mars comes at an
opportunity cost, the sustainable production of these materials must
be contextualized within a Martian ecosystem.16,74

To help achieve this objective, nature presents successful strate-
gies of life adapting to harsh environments. In biological organisms,
rigid structures are formed by integrating inorganic filler procured
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FIG. 5. Urban chitinous circular manufacturing. It illustrates a circular manufacturing system utilizing chitin-producing organisms found across various biological kingdoms for
bioconversion. These organisms, including heterotrophs, such as fungi, arthropods, and annelids, are bioconverters of organic waste. Mollusks and even some vertebrates
have also been found to produce chitin in small quantities. The black soldier fly (BSF, Hermetia illucens) is highlighted for its global popularity due to its efficient conversion
of diverse organic materials into biomass, including urban and agricultural waste. Within 14 days from egg hatching to the prepupal stage, a BSF processes waste weighing
20 times its weight, reaching an average weight of 220 mg per individual. Chitin constitutes 6%–9% of its dry weight. This rapid bioconversion of a wide variety of organic
materials into protein and chitin with consistent properties allows for its integration into tight circular production systems that combine nutrient and material manufacturing.
The diagram presents a simplified version of the system demonstrated in Ref. 41, where two different waste streams from two different urban regions worldwide are utilized
to develop a comprehensive circular and biologically integrated system for general manufacturing and food production.

from the environment at a low energy cost (e.g., calcium carbon-
ate) and incorporated into an organic matrix (e.g., chitin) produced
at a relatively high metabolic cost.75,76 Chitin is a paradigmatic
example of an organic matrix often found in mineralized compos-
ites; nacre, the shells of mollusks, is an instance of extraordinarily
tough material made with mechanically irrelevant inorganic compo-
nents. The same principle of aggregating inorganic minerals within
a chitinous organic matrix was used to produce a “Martian biolith”
involving Martian regolith simulant, ubiquitous biomolecules in a
bio-based circular life-support system and water-based solvents that
are easily integrated into any ecological cycle and avoid the need for
complex polymer synthesis, shipment of specialized equipment, or
dedicated feedstock (Fig. 6). The material is produced and used with
minimal energy requirements, retaining the versatility of its biolog-
ical counterparts and enabling the rapid manufacturing of objects
ranging from tools to rigid shelters.

The energetically expensive chitosan can be readily recov-
ered from biolith-based tools and other chitosan-based bioplastics
in a closed artificial Martian ecosystem (Fig. 1). The most direct
approach would involve introducing pure chitosan and organic and
inorganic chitinous composites into the standard bioconversion
strategy for all organic materials, where they would be metabo-
lized and transformed into a standardized mix of organic materials,
including chitin, while the inorganic materials will remain.41 Alter-
natively, some chitinous constructs could be resuspended in a weak
acid solution (achievable by fermentation) and separated from the

insoluble phase.35 This last route would be more efficient in yield
but would require an additional processing path and tools. The recy-
cled chitosan solution could then be reconcentrated and reused, as
the molecule is not chemically transformed in the manufacturing or
recovery processes.

These results represent an entirely new approach to Mars
colonization, departing from the current path of adapting manu-
facturing technologies already developed for Earth’s paradigm. We
address the development of composites based on large volumes, low
metabolic and energy costs, and simple chemistry. The low concen-
tration of acetic acid (1% v/v) used to disperse chitosan was selected
to align with the anaerobic limit. At this concentration, it is a com-
mon by-product of fermentation processes and can be utilized in its
native form, eliminating the need for additional chemical or physi-
cal processing. Water can be obtained by heating subsurface ice or
extracting it from the large deposits concentrated at the equator of
Mars.9 The process of deacetylating chitin to chitosan is not required
if the polymer is extracted from fungi, as it is already biosynthesized
in its deacetylated form. Alternatively, if the polymer is extracted
from arthropods, the most efficient and easy-to-integrate process
in a biology-based production system would involve its enzymatic
deacetylation.41 The resulting material provides a unique versatility
in manufacturing options from tools to buildings and hand shaping
to 3D printing. The results demonstrate that developing closed-loop
zero-waste solutions to tackle unsustainable development on Earth
may also be the key to our development as an interplanetary species.
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FIG. 6. Martian biolith. The image, adapted from the work of Shiwei et al., PLoS One 15(9), e0238606 (2020). Copyright 2020 Author(s) under Creative Common Attribution
License, shows the creation of chitinous composites using Martian regolith as the inorganic component and chitosan, which is produced as part of a circular system based on
the bioconversion of waste and nutrient production, as the organic binder. These composites have been proven suitable for integration into various manufacturing systems,
ranging from casting to additive manufacturing, for producing objects, including small tools and buildings. They have also demonstrated their capability to repair structures
of the same or different materials. The versatility of a material to perform multiple tasks is crucial in both natural and artificial systems, as minimizing the number of different
synthesis routes enables resource-intensive and more resilient production systems.

Because of the ubiquitous production of chitin in every eco-
logical cycle, bioinspired chitinous manufacturing on Mars will
likely become a prominent technology in the later stages of multiple
Mars missions, in conjunction with the incremental incorporation
of biotechnology11 and biomanufacturing.77 A potential—and prob-
ably unavoidable—source of chitin is the cuticle of heterotrophs,
such as insects and fungi, which are used for both the production of
proteins16,78 and organic waste valorization.74,79 However, it could
also be purposely produced with micro-organisms.80 The advent of
alternative food production systems, synthetic biology, fermenta-
tion biotechnology, and bioprinting is likely to have a synergistic
effect. Any potential manufacturing approach would need to res-
onate and seamlessly integrate with such biological processes with-
out competing, a unique characteristic of the bioinspired chitinous
manufacturing.

THE FUTURE: THE BIOMATERIAL AGE

Today, the idea of sustainable materials makes most people
think of objects that look primitive or unfinished or a return to tra-
ditional manufacturing methods and lifestyles. In most cases, this
portrayal of sustainability and integration with nature perpetuates
one of the most widespread misunderstandings of real sustainability:
it is not about past engineering and living patterns but about what
lies ahead and the steps toward technological efficiency that will
require mastery of the true potential of materials and engineering
well beyond what we can currently achieve.

Many of our problems as a society are due to the use of sys-
tems conceived in a paradigm of inefficiency, a product of assuming
unlimited resources, and the result of this inefficiency is large quanti-
ties of by-products. In the case of our current manufacturing system,
the main by-product is our waste, in the form of either pollu-
tants or solid waste. Migrating to sustainable models thus requires
a paradigm shift based on maximizing the system’s efficiency. How-
ever, this efficiency is unreachable with current materials and the
associated production models, preventing our sustainable develop-
ment and progress to the next stages of humanity. Our transforma-
tion into an interplanetary species, which will start with establishing
a permanent outpost on Earth’s Moon first and Mars later, is
a paradigmatic example of an achievement unreachable with the
current inefficient paradigm.

The principles of bioinspired manufacturing, which are focused
on self-sustainable general manufacturing developed in the last
decade, have been demonstrated to be critical in the path to estab-
lishing the first human settlement in an extraplanetary environment.
The research and developments in chitinous materials and man-
ufacturing have demonstrated the potential to revolutionize our
manufacturing processes, simultaneously providing a multidisci-
plinary roadmap of unprecedented scale for the next stages of space
exploration. This approach pursues sustainability not by tweak-
ing the existing manufacturing paradigm through policy changes,
adapting current materials for better biodegradability, or develop-
ing recovery strategies to mitigate environmental impact. Instead,
it is based on integrating manufacturing processes with ecological
cycles.25 The use of chitin is, therefore, not arbitrary. As the second
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most abundant polymer on Earth, chitin offers an ample and renew-
able resource for manufacturing processes.81,82 More importantly,
it is produced by a wide array of organisms, many of which con-
tribute to the decomposition of organic waste. This positions chitin
not only as a readily available resource in every ecosystem but also as
a key component in bioconversion and waste management systems
centered on a circular economy, in which waste is transformed into
valuable resources.

The essence of this new paradigm lies in integrating materi-
als discovery and mastery as part of an ecological process, adopting
the principles of efficiency and resilience of biological systems. This
approach is not about imposing restrictions or regressions of soci-
etal behaviors but about leveraging advancements in technology and
materials science, mirroring historical transformations in technol-
ogy and society, where major changes were not forced but emerged
naturally due to embracing new methods and understanding exist-
ing materials. Therefore, humanity’s future hinges on our ability to
understand and control materials with seamless integration into eco-
logical cycles. This integration of materials sciences into the broader
concept of materials ecology is the key to unlocking a sustainable
future driven by innovation and efficiency, rather than restriction
and compensation.

The race to the Moon landing was a significant step for space
exploration and a by-product of geopolitical rivalry that led to a
surge in technological advancements, propelling humanity forward
in numerous fields. The opposite is occurring now; the collective
quest for solutions in many fields to our planet’s global environ-
mental issues could lead to a paradigm shift toward efficient and
biologically integrated materials, inadvertently paving the way for
human habitation on other planets.
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