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Abstract. This paper explores the innovative integration of biomimicry and Artificial
Intelligence (Al) in architecture, specifically through the development of a Structural
AirWebs prototype. Inspired by Tomas Saraceno's interdisciplinary work, which merges
concepts from airborne biospheres and arachnid-inspired structures, this research
employs advanced Al to systematically analyse, synthesise, and reconstruct biological
forms into ground-breaking architectural solutions. Utilising Al algorithms, 3D printing
technologies, and parametric modelling, the methodology extends beyond traditional
design approaches, creating interdisciplinary installation prototypes that showcase both
practical and aesthetic advancements. These innovations challenge conventional
architectural paradigms and advocate for a new era of design that is deeply integrated
with ecological principles. This study illustrates the potential of Al-enhanced biomimetic
architecture and sets a precedent for future sustainable practices. It offers a model for
environmentally responsible and technologically advanced architectural endeavours
that harmonise structural innovation with environmental awareness, exploring how
architectural design can potentially contribute to sustainable development.

Keywords: Biomimicry, Artificial Intelligence, Sustainable Design, Architectural
Innovation, Structural AirWebs.

1. Introduction

As the global architectural landscape addresses the complex challenges of
sustainability and technological innovation, the integration of biomimicry with
Artificial Intelligence (Al) emerges as a transformative approach. This synthesis
not only propels design efficiency and material adaptability but also signifies a
profound shift in design philosophy, influenced deeply by the intricacies of
natural systems. Tomas Saraceno's pioneering work, particularly his
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exploration of airborne biospheres and arachnid-inspired structures, stands as
a prime example of how interdisciplinary methods can redefine architectural
thought and practice. His projects merge artistic expression, scientific precision,
and ecological awareness, challenging and expanding the boundaries of
traditional design paradigms.

Saraceno's innovative projects, such as Aerocene and Arachnid Orchestra,
utilise biomimicry in new ways, reinterpreting nature's fundamentals to develop
new methodologies and spatial compositions that reverberate deeply with
nature-inspired principles, thereby revolutionising aesthetic and functional
aspects of architecture (Obrist, 2017). His unique approach, which combines
artistic vision with meticulous research into spider web mechanics and a solid
foundation in ecological and materials sciences, has facilitated novel structural
concepts like Structural AirWebs, demonstrating robustness and flexibility,
attributes essential for the future of architectural design

Inspired by Frei Otto's engagement with natural forms and lightweight
structures, biomimicry in architecture has evolved to emphasise not only
aesthetic and structural efficiency but also a profound integration of sustainable
principles into the built environment (Benyus, 2002; Pawlyn, 2019). This shift
has influenced both individual building innovations and broader urban planning,
enhancing ecological harmony and human well-being, which is crucial for
advancing sustainable architectural practices in modern urban contexts (Otto &
Rasch, 1996; Thompson & Sorvig, 2008).

Building on Saraceno's groundwork, this research examines the potential
integration of Al with biomimicry principles. Employing Al, the project aims to
deconstruct, synthesise, and reassemble biological structures, pushing the
boundaries of architectural design. The goal extends beyond merely replicating
natural efficiencies; it harnesses Al's vast analytical and computational
capabilities to increase design complexities, scale applications for practical use,
and forge new possibilities in architectural innovation (Oxman et al., 2015;
Mehdi & Narjes, 2024).

This paper explores the theoretical underpinnings that support merging
biomimicry with Al, drawing significant inspiration from Saraceno's pioneering
efforts. It details the methodologies employed, from the use of Al algorithms
and computational models to 3D printing techniques, culminating in the
development of a Structural AirWeb prototype installation. This initiative not
only aims to showcase the practical and aesthetic benefits of this integration
but also sets a new standard for experimental and innovative design that
adheres to natural and ecological principles, potentially revolutionising how
architectural design is conceived and implemented in the future.
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Figure1. Tomas Saraceno. Gravitational Waves. Source: by K.Vrancken, 2018.

1.1. Theoretical Convergence: Uniting Biomimicry and Artificial
Intelligence for Sustainable Innovation

Biomimicry has been a keystone of sustainable architectural design,
supported by visionaries such as Janine Benyus. It offers not simply a strategy
for ecological design but acts as a reference for innovation, harnessing the
inherent efficiencies and environmental benefits found within nature's systems
(Benyus 2002, Vincent et al., 2006). Neri Oxman expands on this by
demonstrating how biomimicry can revolutionise architectural materials and
structures, emulating biological processes to enhance the dynamic dialogue
between built environments and their natural settings (Oxman et al., 2015).

Parallel to the evolution of biomimicry, the integration of Artificial Intelligence
(Al) in architecture has progressively shifted towards automation in design
processes and structural optimisation. Al's capacity to analyse and develop
complex design solutions provides architects with powerful tools to innovate
and realise new forms and structures that were previously unachievable (Mehdi
& Narjes, 2024)

However, the research focusing on the synergistic application of biomimicry
and Al in architecture remains in its early stages. Farseeing dialogues initiated
by scholars like Michael Pawlyn suggest that a systematic application of Al
could significantly enhance the sustainability and efficiency of biomimetic
designs, presenting an untapped potential in the field (Pawlyn, 2019). For
instance, case studies such as the B/Q House by Arup in Hamburg demonstrate
the practical applications of biomimicry through its bio-reactive fagade, which
utilises microalgae to produce energy and control light and shade. The potential
of Integrating Al into such systems could optimise these processes, adapting in
real-time to environmental changes and usage patterns, thereby enhancing
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building performance and user comfort (Kretzer & Hovestadt, 2014, Cheung &
Dall'Asta, 2024).

The latent sustainability benefits of merging these technologies are
profound. Respected scholars such as Stephen Kellert, Judith Heerwagen, and
Martin Mador emphasise the critical need to integrate natural elements within
architectural designs as a direct response to pressing ecological challenges
(Kellert, Mador, & Heerwagen, 2013).

This project draws upon these insights, proposing an innovative approach
that melds Al-driven design with biomimetic principles to create solutions that
are not only functionally superior and innovative but inherently sustainable,
meeting both human needs and ecological imperatives (Girardet, 2008).
Further case studies, like the Eden Project in the UK, which explores the
symbiosis between native ecosystems and human-made structures, provide a
blueprint for integrating biomimetic design with emerging technologies. By
applying Al to this model, there is potential to extend its adaptability and
efficiency, paving the way for a new kind of architectural development that is
responsive and truly sustainable.

This theoretical convergence offers a promising frontier in architectural
innovation, where the combined strengths of Al and biomimicry can facilitate
the development of buildings and urban spaces that are more adaptable,
resilient, and sustainable. The prospective capability of Al to refine and amplify
the application of biomimicry in architecture heralds the potential of a new era
of design profoundly aligned with the principles of ecological balance and
sustainability. This approach is not just about the adaptive use of space but
about a smarter, more sensitive integration of technology with ecological
principles driven by the latest advances in digital and biological research.

1.2. Implementing Innovation: Realising Structural AirWebs through Al
and Biomimicry

This research project transcends traditional learning from nature, engaging
in a deep dialogue with natural systems to replicate and synthesise the complex
structures observed in plant frameworks and spider webs. Inspired by the
visionary works of Tomas Saraceno, this initiative harnesses advanced Al to
thoroughly explore the integration of biomimicry with technological tools, aiming
to create a novel spatial structure, the Structural AirWebs. This prototype not
only showcases future development opportunities in architectural design but
also challenges existing design norms by embodying a fusion of nature and
technology, redefining possibilities within artistic and architectural standards.

By employing state-of-the-art Al algorithms and 3D modelling and printing
technology, the project aims to optimise these natural structures for practical
architectural applications, creating prototypes that exemplify the convergence
of digital and biological fabrications. This approach not only challenges existing
design paradigms but also fosters a sustainable design ethos deeply rooted in
ecological principles, significantly contributing to the field of architecture beyond
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mere aesthetics and advocating for a spatiality inspired by nature (Benyus,
2009; Obrist, 2017).

Ultimately, this synthesis of bio-inspired innovation and technological
integration opens new avenues for exploration, inviting a reconsideration of our
relationship with the environment and advancing the dialogue on human
interaction with and impact on our surroundings.

2. Methodology

The approach unfolds through several strategically designed phases that
align organic inspirations with their artificial counterparts. Within the crucial
stages three and four, there is significant emphasis on the conversational
design process among designers, design inquiries, and computational tools.
These phases are essential, highlighting the iterative dialogue between
feedback from design outputs and the capabilities of computational tools.

Particularly, the focus is on the "conversational" properties, as highlighted
by Pask (1969), which underline the ongoing, iterative learning interactions
between human designers and their digital counterparts. This process is
inherently non-linear, characterized by continuous exchange and adjustment. It
diverges from traditional methodologies that typically follow a predefined
sequence of applying specific tools to designated steps, such as 'using tool A
for step one and tool B for step two'. Instead, the methodology fosters a fluid,
adaptive response that evolves with the design's emerging needs and insights.

2.1. The cataloguing of plant frame morphologies for their structural
complexities

The cataloguing of plant frame morphologies involved careful selection.
Fifteen plant types were chosen, and their botanical names, distribution, and
branch characteristics were meticulously recorded and compared. The primary
objective was to select plants that exhibit a morphological variety of complex
branching typologies, serving as inspiration for the architectural translation.

2.2. 3D modelling to translate these complexities into tangible, artificial
branch prototypes

Different features of the branches were abstracted through 3D modelling in
Rhinoceros and Grasshopper, a parametric design environment. The Rabbit
plugin (Morphcode, 2018), developed specifically for biomimicry design
simulation, was utilised to explore and generate artificial branch structures
based on the L-system. This involved applying L-system axioms, rules, and
parameters such as derivation length. Although the parametric tool shows
potential for translating typological features into L-system rules, it is important
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to note that manual modelling and editing were necessary for the post-
parametric design to further reinforce the interpretation of the selected plant
features.

2.3. The integration of “Al-driven spiders” to weave unique webs,
facilitating a conversational dynamic with Al tools

Several Al art generation tools were employed to construct webs on the
branch structures of the 3D model images from the previous step, resulting in
symbolic "Al-driven spider webs". Initially, StableDiffusion 1.5 and ControlNet
were utilised for their capability to control design variety. However, it was noted
during initial testing that the Al-generated webs tended to closely follow the
branches despite different Al models and parameters were tested, displaying
limited creativity in extending between branches. Consequently, a transition
was made to Midjourney, an Al art generation tool capable of generating more
creative and complex structures with less dependency on artificial branch
images. To achieve controlled variety, the SDXL via the Fooocus application,
developed by Zhang (2023), was tested. This application offers variations
based on multiple input images as references for style and structure,
respectively. By leveraging the creative capabilities of Midjourney and the
controllability of SDXL, the design process involved co-designing with two
distinct "Al-designers" for different design tasks (Fig. 2). Through constant
adjusting parameters of the aforementioned Al tools, this approach not only
showcased the unique features and functionalities of various tools but also
provided visual feedback through Al-generated images, enabling designers to
assess which Al tools would be most suitable for further design iterations. As a
result, Al art generation tools have become invaluable "design partners" in this
design process, transcending their traditional roles as mere "inspiration-
generators" or "fast-renderers".

a2

Figure2. Input reference image and Al-webs generated by SD1.5, Midjouney and
SDXL (from left to right). Source: by the Author, 2023.

2.4. The utilisation of parametric tools to analyse these webs,
synthesising variations that mirror nature's adaptability and
creativity

After generating and selecting a set of Al-generated images, the task of
analysing and architecturally translating these images presented itself; in order
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to tackle this, the nature of images and architectural drawings was re-evaluated,
and a method to map them to the concept of "pixel to vector" was developed.
Grasshopper, a parametric tool favoured by architectural designers, was
selected to extract the typological features and synthesise them into
geometrical forms. In this project, the Al-generated webs and artificial branches
were the primary elements targeted for extraction. Given that they are both
depicted in white within the images, the pixels representing white colours were
extracted as points and connected to form mesh networks. This step was
followed by manual, designer-led editing to refine the outputs (Fig. 3).

This method effectively translates the role of Al-generated images from
mere inspirational references to actionable geometrical designs that can be
manipulated in standard architectural software. This step not only solidifies the
role of Al tools as integral design partners but also illustrates the integration of
parametric tools as collaborative partners in the design process, working
alongside human and Al designers rather than serving merely as "fast design
automation machines". This integrative approach leverages the combined
strengths of human creativity and Al precision to foster innovative architectural
solutions.

Figure3. From image sampling, point extraction, network creation to manual editing
Source: by the Author, 2023.

2.5. The distillation of these analyses into fifteen structural morphemes,
each materialising the symbiosis of organic and synthetic forms

At this stage, the objective is to distil the complexity of the translated
architectural geometries into abstract "morphemes" that can be physically
constructed. Nodes are manually selected based on their feasibility in a
physical setup and aesthetic considerations. These selections are crucial as
they dictate the structure and appearance of the final physical model. The
chosen polygons are then used for mounting fabrics in the physical exhibition
setup, demonstrating the practical application of these theoretical constructs.

In summary, the workflow from steps 1 to 5, culminating in this distillation
process, is illustrated in the process sequence diagram below (Fig. 4). This
visual representation aids in understanding the progressive transformation from
initial inspiration to tangible architectural elements, showcasing the seamless
integration of organic inspirations with their engineered counterparts. This
process not only highlights the potential of parametric tools in architectural
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design but also emphasises the creative synergy between natural forms and
synthetic adaptations.

\

A

Figure 4. From image sampling, point extraction, network creation to manual editing
Source: by the Author, 2023.
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z

2.6. The assembly of morphemes into a spatial structural AirWeb,
illustrating the potential of bio-inspired, sustainable design

After careful consideration, the decision was made to assemble the
sequence of morphemes into a unique structure articulated like a structural
AirWeb. Conceptually, the boundary of a traditional glass box was expanded to
create a 15x5x5m aluminium structure, while each morpheme has been
engraved on a 3-meter acrylic panel. The panels have been aligned following a
smooth curved path from one end of the volume to the opposite end, suspended
with steel cables. The sequence of panels was then reconnected by means of
an elastic fabric. The overall aspect of the installation resembles the idea of a
multi-layered AirWeb.

The entire layout was calculated using computer physic simulation using
Grasshopper and Kangaroo Physics. This allowed for defining the exact
position of the morphemes and the exact quantities of materials needed, as well
as the overall planning of the setup (Fig. 5).

1 4 7 10

Figure 5. Construction drawing. Source: Author, 2024.
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3. Results

The Conversational use of parametric and Al tools

During the design process, numerous challenges arose from the
unconventional nature of Al-integrated design inquiries, making the selection of
computational tools less intuitive. For example, the initial use of Stable Diffusion
and ControlNet revealed their limitations despite their theoretical capabilities to
handle specific design tasks like creating "controlled variety". These
experiences, however, were instrumental in refining the design approach and
informed the subsequent stages of development.

The selection of Al or parametric tools should not be predicated solely on
factors such as cutting-edge technology, image generation quality, or
processing speed. Considering the complex nature of design problems, which
Rittel and Webber (1973) describe as 'wicked', a definitive solution can only be
predetermined after the design process begins.

Instead, it is crucial to focus on the design problems themselves when
initiating design activities. Reflecting on the design process allows for the
identification of the most appropriate tools based on their characteristics and
suitability for the specific design issue at hand (Cheung & Dall'Asta, 2023). This
iterative application of new tools and continuous tuning of parameters not only
introduces new design challenges but also fosters a continuous dialogue
between designers and computational tools, which is essential for evolving the
design workflow.

Consequently, this project highlights the importance of recognising both
parametric and Al tools as integral components of a reflective design process.
By integrating these tools into the design dialogue, the project demonstrates
their value beyond mere technical assets, establishing them as collaborative
partners in the creative process. This approach has proven crucial in navigating
the complexities of combining organic inspirations with synthetic
implementations, significantly shaping the "designing the design workflow" as
a dynamic and adaptive part of architectural innovation.
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Figure6. “Airwebs” is an experimental prototype installation during the Future Lab
Exhibition as an outcome of the design process developed during the research by the
authors. Source: by the Author, 2023.

4. Discussion

This research examines a pioneering convergence of biomimicry and Al
within architectural design, demonstrating how this synthesis extends beyond
mere technical integration to a fundamental re-envisioning of sustainable
design practices. The project's results in merging theoretical constructs with
practical application underscores its potential to shape future architectural
practices.

The integration of computational tools, as evidenced throughout the project,
was not merely a procedural necessity but a strategic choice aimed at
enhancing the design process. The application of Al and parametric tools
moved beyond conventional usage, fostering a dynamic that significantly
deviates from the traditional, linear design methods. This shift, inspired by the
challenges posed by "wicked" design problems, as described by Rittel and
Webber (1973), prompted a rethinking of how tools are selected and applied. It
became evident that the choice of tools needed to reflect not just the immediate
design needs but the broader conceptual aims of the project.

Reflecting on the design process itself emerged as a crucial activity. As
noted by Cheung and Dall'Asta (2023), engaging in continuous reflection
helped identify which tools, as well as parameters were most suitable at
different stages of the design process based on their attributes and how well
they addressed the specific challenges at hand. This iterative process did not
just solve existing problems but also opened new questions and areas for
innovation, driving the project forward and ensuring that each phase of the
workflow was both responsive and adaptive.

Moreover, the project exemplified the significance of balancing vision,
technology, and user acceptance, a framework proposed by Cheung and
Dall'Asta (2024). This balance ensured that while the latest technologies
provide user-friendly parameters for human designers to iteratively control for
to achieving desired design outcomes, the solutions remained grounded in
practical reality, accessible to users and manageable within the constraints of
time and resources.

In conclusion, the Structural AirWebs project has set a benchmark for how
Al can be integrative used with biomimicry to not only follow but actively
contribute to sustainable architectural practices. It has showcased that the
future of architectural innovation lies not just in the adoption of new
technologies but in their thoughtful integration into the design process, ensuring
that they enhance both the creativity and sustainability of the outcomes.
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