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Chapter 4

Adaptive Architecture: Nature’s Blueprint

* Vani Goel, Noel John Koshy, Pooja Lalit Kumar

Introduction

Architecture significantly consumes resources and pollutes the environment, leading to the degradation of Earth's
ecosystems. Combined with other environmental stressors, this jeopardizes the future habitability of our planet.
Therefore, architects must urgently adopt sustainable practices that ensure long-term productivity while
minimizing environmental impact (Ilieva, 2022). Sustainable architecture goes beyond mere functionality,
embracing ecological responsibility. Architects should aim for genuine sustainability by drawing inspiration from
nature's regenerative solutions.

Biomimicry, which involves seeking biological analogies for design guidance, offers a promising approach to
creating adaptive and environmentally conscious architecture. Natural organisms develop efficient forms through
processes like folding, vaulting, ribs, and inflation, showcasing remarkable efficiency and responsiveness to their
environment. By applying biomimicry principles, architects can harness nature's wisdom to design sustainable and
ecological structures. The evolution of nature as a source of inspiration for innovative applications (Rossin, 2010)
is evident in biomimicry, which seeks to imitate natural 'form' (Benyus, 2011). Biomimicry involves investigating
the physical shape and structure of organisms to determine key features that contribute to desired functions,
guiding the form of engineered solutions. Evolutionary development processes make organisms multifunctionally
adapted and optimized (Bajaj, 2020). Transferring these biological principles accurately into design is crucial in
biomimicry, ensuring that engineered solutions effectively emulate the efficiency and adaptability found in nature.
By leveraging insights from nature's design principles, architects and designers can create sustainable and
innovative structures that harmonize with surrounding ecosystems.

In this paper, we have taken a prototypical approach, emphasizing inclusivity, symbiosis, and sensitivity in the built
habitat. By closely observing natural systems and deriving insights from their morphogenesis, we aim to create
regenerative and resilient constructs capable of adapting to future changes and incorporating technological
innovations. These constructs have the potential to revolutionize our relationship with ecological surroundings,
fostering biodiversity, resource efficiency, and adaptability.

The prototypical approach involves creating inclusive, symbiotic, and sensitive built habitats through careful
observation and derivative extractions from the study of systems in nature and their morphogenesis (Otto & Wood,
2001). In nature, forms emerge from the intersections of system parameters and environmental constraints specific
to their location. According to Otto and Wood (2001), a prototype is an artifact that approximates one or more
features of a product, service, or system—physically crafting models by hand aids in testing new limits,
understanding constraints, and approximating the look and performance of the product. Historically, architects like
Palladio utilized full-scale wooden prototypes of architectural elements to plan costly stone works (Sass & Oxman,
2006). Similarly, Henry Ford explored multiple prototypes before finalizing the design of the revolutionary Model
T (Womack, Jones, & Roos, 2008). Each prototyping effort necessitates a unique strategy to address a design
problem or opportunity. This strategy influences the type of information that can be explored and learned from the
prototype (Gero, 1990).
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Various objectives drive design prototyping, including refinement, communication, exploration, active learning,
testing, timing, and ideation.

Refinement: Gradually improve the design by validating requirements, revealing critical concerns, reducing
errors, identifying performance enhancements, optimising design features, and refining through simulated
use (Gordon & Bieman, 1995; Viswanathan, 2012; Viswanathan & Linsey, 2011; Anderl, Mecke & Klug,
2007; Otto & Wood, 2001).

Communication: Share information about the design within the team and with users, enhancing design
usability (Gordon & Bieman, 1995; Barbieri et al., 2013).

Exploration: Seek new design concepts, associated with divergence and convergence processes (Lennings
etal, 2006).

Active Learning: Gain new knowledge about the design space or phenomena through hands-on prototyping
activities (Telenko et al., 2016).

Testing: Conduct tests to address specific questions regarding the design (Dahan & Mendelson, 2001; Otto
& Wood, 2001).

Timing: Early prototyping is crucial for innovation, especially during the first 30% of a design project,
aiding in testing challenging systems (Rothenberg, 1990; Drezner, 1992; Otto & Wood, 2001).

Ideation: Explore concepts through prototyping to foster organic learning, discovery, and the generation of
new design ideas (Gill, Sanders & Shim, 2011; Kershaw, Holttd-Otto & Lee, 2011).

Table 1. Mapping between techniques and commonly associated objectives. Relationships are drawn from empirical
research, and related techniques are indicated with a solid circle (Referenced)
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The objective of prototyping in our research is exploration to discover alternative methods of structural systems
using arrays of unitary prototypes. We employ scaled prototypes to experiment hands-on and iterate through
multiple iterations. Our techniques include iterative prototyping, scaled prototyping, and virtual prototyping, which
allows scaling up the prototype to build scale and envision it in an urban context. This hybrid approach combines
virtual and physical elements, resulting in a mixed prototyping system.

Iterative Prototyping: Iteration involves sequential testing and refinement of a prototype to gradually
achieve requirements (Christie et al., 2012). It proves beneficial for meeting challenging requirements,
managing high uncertainty, identifying errors, and simplifying parts (Moe, Jensen & Wood, 2004; Zemke,
2012).

Scaled Prototyping: Scaled prototypes mimic behaviours of larger or smaller designs through similitude,
either geometrically or in terms of complexity (Kempf, 1940). Scaling enables prototyping in cases where
full-scale models are impractical, with virtual modelling facilitating large designs with high detail
complexity (Mitchell, 2004). Studies show that prototypes with fewer parts correlate with better design
outcomes, as do those with fewer parts added throughout development.

Resilience and Weaver Ants
Resilience, as an emergent property of complex systems, entails the ability to detect, respond to, and recover from
adversity. Biologically Inspired Design offers insights into enhancing system resilience by drawing from natural
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systems, such as eusocial insect colonies, which exhibit remarkable collective resilience despite individual
limitations (Anderson et al., 2002; Crozier et al., 2010).
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Figure 1. Resilience as an emergent behaviour.

Biologically inspired design, an interdisciplinary approach, involves analyzing biological functions and translating
them into solutions for human challenges (Helmz, 2009; Chirazi, 2019). This approach seeks to maximize resilience
by understanding and applying principles observed in the biological system.
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Figure 2. Functional decomposition of eusocial insect colonies resilience (Referenced)

The diagram illustrates insect behaviour aimed at maximizing resilience within the colony, considering it as an
emergent property. The system operates within constraints influenced by various factors affecting insect
interactions and their environment. Weaver ants, such as Oecophylla smaragdina, demonstrate complex self-
assemblages during nest construction, including bridges, hanging chains, and pulling chains (Hoélldobler and Wilson,
1983; Bochynek and Robson, 2014). Worker ants coordinate their efforts to manipulate leaf substrates, forming
nest chambers through collaborative pulling and weaving behaviours (Anderson et al.,, 2001). These ants utilize two
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types of chains - pulling chains and hanging or bridging chains - to manipulate leaf surfaces and bridge gaps between
substrates (Bochynek and Robson, 2014). These chains represent coordinated efforts by the colony to achieve
specific goals in nest construction and maintenance.
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- iz
1.FUN PALACE BY CEDRIC PRICE 2. THE SHED BY DILLER SCOFIDIO + 3. ONE OCEAN BUILDING BY SOMA
RENFRO
BUILDING AS MACHINE BUILDING THAT MOVES BIO-INSPIRED DESIGN

Figure 4. Case Studies
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Weaver Ants vs Humans (Comparative Analysis)

In social insects, advanced coordination emerges from self-organised, distributed mechanisms, contrasting with
observed human behaviours that sometimes hinder productivity in teams. Weaver ants demonstrate sustained
individual effort and enhanced collective force, even with increasing team sizes, which differs from human teams
where additional members often lead to decreased output per member (Deneubourg and Goss, 1989). Team
performance hinges on the synchronicity of individual efforts, with unsynchronized actions potentially hindering
overall productivity. Social insect teams exhibit collective behaviours generating resilient outcomes despite
relatively simple individual mechanisms (Bonabeau et al., 1997; Theraulaz and Deneubourg, 1994). Human and
social insect teamwork differ fundamentally in control mechanisms. While human teams are typically centrally
controlled by a leader, social insect colonies operate under distributed control, with every unit unaware of the
overall effort and their relative contribution, which may promote rational decision-making and prevent information
overload (Sasaki and Pratt, 2018). Individual ants exhibit remarkable strength, generating forces up to 80 times
their body weight. Longer pulling chains enhance efficiency, with ants at the rear of different-sized chains
contributing disproportionately more, suggesting that chain size plays a crucial role in enhancing behaviour
efficiency (Feinerman et al., 2018). Ants respond to local cues using visual observation, chemical sensing of
pheromone concentrations, or mechanical sensing of forces within the group, rather than being aware of the global
order or exact team size (Lioni et al., 2001; Crozier et al., 2010; Deneubourg and Goss, 1989).

Material and Methods

Three case studies were conducted to support our research. The first case study drew inspiration from the Fun
Palace by Cedric Price, renowned for its innovative approach to flexible architecture. Price's design aimed to
empower users by allowing them unprecedented control over their environment through programmable spaces.
The structure, characterized by an unenclosed steel framework, utilized travelling gantry cranes to assemble
prefabricated modules, offering unparalleled versatility in spatial arrangement.

UNITARY PROTOTYPE ITERATIONS

2D CHAIN ITERATIONS

Figure 5. 2D Chain Scaled Prototype Models
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The second study examined The Shed, a concept for a flexible structure capable of housing diverse creative
disciplines under one roof. Designed with a telescoping outer shell, The Shed could expand its footprint to
accommodate various activities. Its kinetic system, inspired by gantry cranes, facilitated physical transformation
based on the needs of artists using the space. The building's movable shell, clad in lightweight Teflon-based polymer,
provided thermal insulation while allowing for structural flexibility. The third case study focused on The One Ocean
Building, which drew design inspiration from biomimicry principles, specifically mimicking the opening and closing
process of the bird-of-paradise flower. The building's homeostatic facade utilized a self-regulating system akin to
muscles in organisms, automatically adjusting to external conditions such as daylight and temperature fluctuations.
This innovative approach to facade design exemplifies the integration of biological principles into architectural

solutions, contributing to enhanced sustainability and efficiency.

Table 2. Iterations of chains and their properties

SN 2

CATEGORY Material Quantification Properties Co-ordinate Plane Variables and Constants
OF CHAINS Iterations
Linear Movement Rotational Movement at Joint
2D CHAINS « 1 Unit=2 Lever « Rigidity
Medium-Density arms « Contraction/ XY Plane
Fiberboard « Units =12 Expansion / X
+ Lever arms = 24 + Propagation
« 1 Unit =2 Lever « Flexibility
Medium-Density arms « Contraction/
Fiberboard + Units =10 Expansion XY Plane / X
« Lever arms = 20 « Confinement
« 1 Unit = 2 Lever « Rigidity
Medium-Density arms « Contraction/ XYZ Pl
Fiberboard « Units =17 Expansion ane /
« Lever arms = 34 « Propagation
« 1 Unit =4 Lever « Flexibility
Medium-Density arms « Contraction
Fiberboard « Units =4 « Expansion XY Plane /
« Lever arms = 16 « Confinement
« 1 Unit = 3 Lever « Flexibility
Medium-Density arms « Contraction/
Fiberboard « Units =5 Expansion XY Plane / x
« Leverarms = 15 « Confinement
3D CHAINS « 1 Unit = 8 Lever « Rigidity
Medium-Density arms « Contraction/ /
Fiberboard « Units =1 Expansion XYZ Plane
« Leverarms = 8 « Confinement
« 1 Unit = 8 Lever « Rigidity
Medium-Density arms « Contraction/ /
Fiberboard « Units =2 Expansion XYZ Plane
« Leverarms = 16 « Propagation
Medium-Density « 1 Unit = 8 Lever . Flexibility_r
Fiberboard arms « Contraction/ XYZ Plane
iberboar « Units =5 Expansion / /
« Lever arms = 40 + Propagation
= 1 Unit = 8 Lever « Flexibility
Medium-Density arms + Contraction/
Fiberboard + Units =5 Expansion XYZ Plane
« Lever arms = 40 + Propagation
/
(*h « 1 Unit = 8 Lever « Rigidity
; ‘ Aluminum arn?s ) . Contragtionf X¥Z Plane
¥ b/ Composite Panel + Units =4 ExDa”SIO.n / x
i‘_r v « Lever arms = 32 « Propagation




48

Vani Goel, Noel John Koshy and Pooja Kumar

FINAL PROTOTYPE BLUEPRINT

Figure 6. Final Prototype Blueprint
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Structural systems in architecture encompass three basic elements: axial, bending, and curved elements. Drawing
inspiration from the intricate behaviour of weaver ants, renowned for utilizing their bodies to construct chains for
building nests and navigating their environment, this research seeks to translate their collective intelligence into
innovative architectural solutions. Weaver ants exhibit a remarkable ability to aggregate in triangular formations,
facilitating the movement of materials and the creation of nest chambers. Structural prototypes have been
developed based on the concept of pulling chains extrapolated into unitary elements arrayed into structural chains,
forming integral components of building frameworks. By emulating the mechanics of ant aggregation and the
dynamics of force exertion observed in nature, the visualized prototypes explore the potential of integrating
biomimetic principles into architectural design. Our exploration integrates principles of chain design, emphasizing
the alternating pattern of wide and narrow links held together by rivets, into the development of unitary systems
inspired by weaver ants. Triangular structures adhere to specific angles between contiguous bars to facilitate
efficient force transmission and joint performance. The bending moment, critical in steelwork design, is determined
by the force and lever arm, influencing the span of the structure. Moreover, our approach embraces hybrid joints,
combining welding and bolting, to enhance the capacity for transmitting forces between separate parts. These
principles ensure resilience and adaptability in addressing various structural loads and movements, particularly in
dynamic environmental conditions.

Results

Through the allocation of an institutional program, we delve into the innovative potential of modular and
expandable designs for future space centres. These designs offer flexibility for station expansion, maintenance, and
technology upgrades, while also prioritizing environmental considerations. A crucial aspect of the research involved
a meticulous culling process to approximate the building's form based on site-specific parameters and institutional
typology. This iterative approach yielded a structure intricately woven into the urban fabric of Sector 53, Gurgaon,
India, seamlessly integrating functionality with contextual sensitivity.

Table 3. Culling Parameters Considered on Site
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Analysis of the interplay between architectural form and environmental factors, particularly wind dynamics in the
case of a high-rise building, revealed significant insights. Simulation and analysis highlighted the influence of
building arrangement on local wind patterns, with implications for pedestrian comfort and urban livability.
Identifying a pivotal threshold of 3.5 m/s wind speed, the study elucidated strategies for mitigating adverse wind
effects through judicious design interventions, such as strategic greenery placement. The concept of the
aerodynamic shadow emerged as a key consideration, offering opportunities for integrating recreational and
educational amenities within tranquil urban spaces. This comprehensive analysis underscores the importance of
holistic design approaches that consider architectural form, environmental factors, and human experience. By
leveraging such insights, architects and urban planners can create spaces that not only fulfil functional imperatives
but also enhance well-being within the urban fabric. Scaling up the prototype presents new challenges, particularly
in understanding contextual interactions. Considerations for horizontal and vertical movement throughout the

building, including staggered floor plates and transfer cores, further highlight the complexities inherent in large-
scale architectural design.

BUILT IN URBAN CONTEXT BUILDING SKELETON

TRANSFER CORES

FLOOR PLATES

ITERATION 01 ITERATION 02 ITERATION 03 ITERATION 04 ITERATION 05 ITERATION 06

Figure 7. Building Form and Skeleton
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Discussion and Conclusion

Architects, designers, and planners will soon face increasingly demanding requirements from society and users.
These requirements, including longer spans, heightened actions due to climate change, extended service lives, new
materials, and environmental effects, underscore the necessity for performance-based design to address emerging
needs.The structures of the future must not only prioritize safety, economy, and durability but also robustness and
resilience, particularly in light of climate change, natural hazards, and urban threats. Addressing these challenges
demands innovative solutions, with prototyping serving as a key avenue for experimentation and idea development.
The integration of physical prototyping and virtual analysis offers a comprehensive understanding of how ideas can
be translated into reality. The evolution of our building concept, depicted below, from initial sketches to a detailed
3D model and ultimately to a realistic representation on-site, exemplifies this iterative process.
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Figure 8. Virtual 3D Model of Building using Rhino, Grasshopper

In conclusion, the iterations of models have revealed that the final three-dimensional form is contingent upon
various factors, including the original geometry, its dimensions, network topology, connections, and the magnitude
and direction of forces applied. Maintaining certain parameters while allowing others to vary can lead to novel
prototype iterations, with further experimentation refining the design towards optimal outcomes for the project.
These variables act as crucial parameters for the structure's development. Through prototyping, the envisioned
building not only adapts the network of chain structures but also accommodates architectural functions and
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programs, facilitating interaction with both users and the surrounding context. For future endeavours, it is
recommended to engage in a comprehensive exploration of prototype design, experimenting with diverse materials
to enhance functionality and longevity. Expanding research efforts to investigate building-level mechanisms would
provide valuable insights into practical application and scalability within the architectural domain. Drawing
inspiration from biomimicry principles observed in collective organisms could enrich design innovation and
efficiency. Additionally, employing Computational Fluid Dynamics (CFD) for structural analysis would contribute to
resilience and sustainability. Allocating functional programs beyond institutional frameworks could prompt
potential shifts in the building and urban context, necessitating further inquiry.
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