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Viscous Boundaries  

Algae-Laden Scaffolds for the Built Environment 
by

Shneel Malik 

Submitted to the Bartlett School of Architecture for the degree of
Doctor of Philosophy in Architectural Design

ABSTRACT

This thesis investigates the creation of new living membranes for architecture. It explores the design and fabrication of large-scale 
photosynthetic panels made of water-based algae-laden biological materials. 

The research begins by recognising natural processes as fluid processes within which the temporal stabilities of growth and decay 
are actively integrated. This allows to reimagine building materials as fluid systems assembled across scales of magnitude, thereby 
creating a transitory ‘viscous’ zone that establishes a continuum between the object of artificial ecosystems (architecture) with 
the subject of the environment (nature). 

Situated at the intersection of architecture and biochemical engineering, the work delves on the pivotal role of viscosity in 
water-based polymeric materials to support biological activity. Hydrogels are shown to exhibit cell-friendly environments on the 
microscale, while being able to construct a hierarchical composite with structural and chemical stability on the macroscale. The 
hydrogel’s viscous properties are crucial for scale-up fabrication through techniques of additive manufacturing and casting. 

Morphological investigations have led to a series of large-scale scaffolds, with varying properties ranging from homogenous 
‘biolayers’ to the heterogenous ‘biohybrids’. Each were designed to optimise the performance of microalgal cells and their relative 
photosynthetic activity as they performed applications such as bioremediation, biosorption and biophotovoltaics. The workflow 
developed through this thesis illustrates the possibility of applying biocompatible structures made of viscous biomaterials in the 
built environment.

Thesis Supervisor: Professor Marcos Cruz
Title:          Professor of Innovative Environments, 

       Bartlett School of Architecture
       Faculty of the Built Environment, UCL
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IMPACT STATEMENT

The research conducted through this PhD investigates, for the first time, the potentials of designing and fabricating large-scale 
photosynthetic systems from novel viscous biomaterials. Situated at the intersection of the two rather distinct fields of architecture 
and biochemical engineering, the methodology of investigation and the overall workflow thus developed has initiated a new 
interdisciplinary collaboration. 

Academia, limited to the sciences, has been exploring synthetic materials that could perform photosynthesis, as a means of 
sequestering the large quantities of carbon present in the atmosphere. A large segment of this research remains limited to the 
fields of geoengineering, civil engineering and mechanical engineering. Biochemical engineers design systems that span hectares 
of land in the form of constructed wetlands and photobioreactor systems in order to culture large quantities of photosynthetic 
microorganisms, that can sequester carbon, while generating biomass that can be further processed for additional applications.

Architecture and the built environment, however, have been struggling to make use of the large surface area provided through 
their fenestrations and urban footprints, as sites of biological processes. Until now, the only alternative that has been explored is to 
integrate an additional mechanically engineered loop into the building services through the BIQ House in Hamburg, which in turn 
adds to the amount of energy consumed, to sustain and support microalgal cultivation. No passive method has been demonstrated, 
yet. However, through the new biomaterials developed in this research, the potential of developing natural polymers that could 
act as bio-regulating complexes that host microorganisms within their extracellular matrix have been illustrated. These water-
based materials have been rheologically characterised for large-scale fabrication, through a novel additive manufacturing process, 
expanding its ability to be re-adapted for printing a wider range of living, synthetic materials to support biochemical processes, 
creating living scaffolds from the bottom up, using top-down tools of design and construction.

This comes as a breakthrough for a diverse range of fields beyond just architecture and the biosciences, but also for 3D printing 
processes, biomedicine, and computational sciences, as developments in each of these segments would allow us to exponentiate 
the realisation of passive photosynthetic systems for applications such as bioremediation and energy generation. Large-scale 
additive manufacturing techniques can be further researched to hierarchically construct structurally stable scaffolds from water-
based living materials, accompanied with advanced computational techniques of multimaterial modelling, allowing optimisation 
of material distribution from the nano and microscale making possible the precision-based construction of biological processes 
from the bottom up. Architecturally, this thesis encourages the need to begin identifying sites and building elements where 
integrating a photosynthetic system could benefit the micro and the macro-biome of the city. 

In terms of the wider, public impact of this research, a portion of the designs developed are for integration within small-scale 
artisanal communities in developing countries, where biohybrid photosynthetic systems have been designed for their ability to 
treat wastewater, making an advanced, high-tech system available in a rather low-tech manner, empowering the artisans to treat 
and reuse the polluted water by themselves. Therefore, as the research continues even post the completion of this PhD through in 
situ pilot tests, to optimise, and generate a series of taxonomical designs that demonstrate the potentials of deploying the research 
work developed through this thesis, we aim to actively engage the locals, by educating and training them to build, manage and 
maintain the biologically-active photosynthetic system by themselves. This will in turn, by uplifting their infrastructural facilities, 
contribute to their standard of living. 
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Glossary
Biocompatibility   broadly, is the property of a material or a device that behaves 
   compatibly, or in a continuum from its host environment. 

Biofabrication   production of complex biologically active products, or systems from  
   raw materials such as living cells, matrices, biomaterials and molecules. 

Biohybrid  containing or composed of both biological and non-biological 
   components. 

Biomaterial   a biological or synthetic substance which can be introduced into a 
   desired host environment, without causing any harmful effects. 

Biophotovoltaics  conversion of light energy into electrical energy using photosynthetic  
   microorganisms. 

Bioreactor   an appartus in which a biological reaction or process is carried out.

Bioremediation  the use of either naturally occurring or deliberately introduced micro 
   organisms to consume and break down environmental pollutants, in  
   order to treat a polluted site.

Biosorption   the ability of biomaterial to accumulate moisture, or pollutants 
   through metabolic pathways or spontaneous physicochemical 
   pathways of uptake; or as a property of certain types of inactive, non 
   living microbial biomass. 

Boundary   a line that marks the limits of an area; a limit of something abstract,  
   especially a subject or sphere of activity.

Continuum   a continuous sequence in which adjacent elements are not 
   perceptibly different from each other, but the extremes are quite  
   distinct. 

Fluid   a substance that has no fixed shape and yields easily to external  
   pressure.

Flux    the action or process of flow.

Hydrogel   a gel in which the main liquid component is water. 

Membrane   a thin sheet of tissue or layer of cells acting as a boundary, lining or  
   partition in an organism; a thin pliable sheet of material forming a  
   barrier or lining.

Panchayat   a village council.

Permeable   (of a material or membrane) allowing liquids or gases to pass through  
   it. 

Phase separation  creation og two distinct phases from a single homogenous mixture.  
   The most common phase separation is between two immiscible 
   liquids such as oil and water.

Rheology   the branch of physics that deals with the deformation and flow of  
   matter, especially the non-Newtonian flow of liquids and the plastic  
   flow of solids.

Scaffold    a structure providing support; biologically, a three-dimensional solid 
   biomaterial designed to promote biocompatibility. 

Taxonomy   is the identification, naming and classification of organisms. 

Thixotropy   the property of becoming less viscous when subjected to an applied  
   stress, for example gels which become temporarily fluid when shaken  
   or stirred. 

Viscoelasticity   the property of a substance exhibiting both elastic and viscous  
   behaviour, the application of stress causing temporary deformation if
   the stress is quickly removed but permanent deformation if it is  
   maintained. 

Viscosity   the state of being thick, sticky, semi-fluid in consistency, due to internal 
   friction. 
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Figure 1.1: An image showing Viscosity with its constantly fluctuating states of matter
Credit: Author
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Over the centuries, a wide range of disciplines have been well researched to 
accumulate vast reserves of knowledge that have empowered us with application-
specific tools and techniques allowing us to fulfil our desires and our needs. We 
are, however, approaching a new age of synthesis, as appropriately recognised by 
Edward O Wilson, among a multitude of interdisciplinary theorists and inventors 
from as early as the 15th century, such as Leonardo Da Vinci2, Ernst Haeckel3, 
Benjamin Franklin4, Alexander von Humboldt5 wherein, these disciplinary 
boundaries, especially within the natural sciences, are being dissolved, to make 
way for hybrid domains that imply consilience, or the unification of knowledge. 
Scientists and philosophers such as Felix Guattari, Julie Thompson Klein, Robert 
Frodeman,6,i Dale Jamieson7 have identified the potential of evolving a radical 
discourse of interdisciplinarity, centred around synthesising existing knowledge, 
propelled by new species of interaction, collaboration, complexity, critique and 
problem solving with a common goal of turning as much philosophy as we can 
into science. This gives rise to a hierarchy of disciplinary combinations, such as 
bioinformatics,8 cognitive science,9 and biotechnology10 that actively exchange 
knowledge, tools and techniques to create new material interconnections and 
processes as a means of tackling some of the most urgent issues of the twenty-
first century. 

One of these major challenges is anthropogenic climate change.11,12 And how will 
we evolve our built environment to mitigate and/or adapt to climate change?  

i  Prof. Robert Frodeman, Director of University of North Texas, Centre for the Study of Interdiscipli-
narity & Prof. Julie Thompson Klein, pioneer in interdisciplinary education at Wayne State University, edited 
the first Oxford Handbook of Interdisciplinarity, providing a synoptic overview of how interdisciplinarity has 
been observed across disciplines beyond academia over the centuries, while also introducing new concepts 
of how disciplines can exchange knowledge in order to better integrate academic and institutional param-
eters with the larger societal needs. Klein was pioneering the concept of interdisciplinary campus cultures 
even before cross-, multi-, and transdisciplinarity became an important topic of discussion within disci-
plinary studies.6  

Currently, there is a small group of people who are exploring the potentials 
of creating forms of architecture with a biological paradigm embedded with 
dynamic systems that have the ability to create generative ecological relations 
with the surrounding environmental context. This proposition of consciously 
moving beyond the current metaphorical adoption of biological processes and 
materials, into genuinely giving shape to life forms via physical and practical 
tools and techniques is what architect, Michael Hensel terms as (Synthetic) Life 
Architectures.13 The construction industry is by and large oblivious of the new 
approaches being researched collectively across disciplines to transition the 
techniques currently practiced on a global scale with alternatives that are more 
integrated with the surrounding dynamic and generative ecological relation, with 
the exception of green infrastructures that are focussed on urbanscapes such 
as lawns, green walls and green roofs.14 The significant contribution the built 
environment has on the health and the environmental quality of our cities and 
of our natural ecosystems is not unknown.15,16,ii It is therefore more now than 
ever that architecture must begin to alter its tools of designing, along with its 
ability to construct narratives for a sustainable behaviour change, into the fields 
of biosciences, ecology and environmental sciences with the motive of truly 
understanding the workings of our biological systems. The intention is one of 
evolving, of synthesising and of adapting these processes into the methodologies 
that architects can use in creating habitats and spaces for human activities. Thanks 
to biomimetic engineering, the consideration of form, geometry and its inter-

ii  American author and architecture critic from Harvard University’s Graduate School of Design, Sar-
ah Williams Goldhagen through her thesis titled Welcome to your world: How the Built Environment shapes 
your lives, explores the health and cognitive impact the built environment has within our current social 
context. She interprets different parameters of form, pattern, light, texture, sound, and landscapes within 
the built environment that have a direct impact on how we think, feel and do. She highlights the concern of 
the rapidly growing urban density and the depleting state of the environment, that are in turn diminishing 
people’s capacity of overcoming challenges, and of thinking creatively.600 

If the world really works in a way so as to encourage the consilience of 
knowledge, I believe the enterprises of culture will eventually fall out into 
science, by which I mean the natural sciences, and the humanities, particularly 
the creative arts. These domains will be the two great branches of learning in 
the twenty-first century.1

E.O. Wilson
Consilience: The Unity of Knowledge, 1998
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related, high-level functionality of biological materials is beginning to make its way 
into architectural design via projects such as the shell-lace structure of the Shi Ling 
Bridge by Tonkin Liu Architects inspired by marine molluscs or the abalone shell 
inspired Mapungubwe Interpretation centre by Peter Rich Architects. However, 
this remains limited to morphological arrangements of architectural structures or, 
at best, the formulation of urban-scale grids such as Las Palmas Water Theatre by 
Grimshaw and the Sahara Forest Project, Qatar.17 

On the other hand, architect Francois Roche through his studio R&Sie(n) is 
advocating the possibility of creating architecture whose biological inter-
relationships go beyond the realm of physiological transfers, with the aim of 
establishing a multitude of metabolistic possibilities and interpretations between 
the architectural object and the surrounding nature. With this, Roche emphasises 
the importance of adopting novel digital and technological techniques to give 
shape to a heterogeneously active piece of architecture.  For instance, the digitally 
drawn project Green Gorgon illustrates a museum with facades that double up as a 
large green swamp made of recycling parts that clean dirty water. In 2009, through 
his built project I’m lost in Paris, Roche installed 300 glass blown beakers onto a 
hydroponic façade to produce the rhizobium bacteria for nitrogen production. 
The beakers would collect and reuse the rainwater for growth and maintenance 
of the 1200 ferns, by carefully regulating the quantity and nutrition drop-by-drop. 

The concept of designing architecture with biological elements has been further 
adopted by architect and innovator Neri Oxman through her research lab Material 
Ecologies at MIT where she explores the potentials of constructing architectural 
scale objects and spaces from the bottom-up, using top-down digital tools and 
techniques. Aquahoja I & Aquahoja II, are prime examples for the context of this 
research where large-scale robotically extruded, structurally stable panels were 
built using water and chitosan-based biomaterials to demonstrate the biological 
growth and decay of a structure, as it initiates interactions via the exchange of 
energy and matter with various elements its surrounding environment. Architect 
Prof. Marcos Cruz along with biochemical engineer Dr. Brenda Parker have 
established the Bio-Integrated Design Lab, Bartlett, UCL with the central aim of 
bringing together the fields of architecture and biochemical engineering with the 
intention of formalising biologically active, architectural scale systems for their 
ready integration within the built environment. Another example is the Monarch 
Sanctuary by architect Mitchell Joachim where he proposes an intelligent building 
skin for the different growth phases of a Monarch butterfly embedded within 
the cityscape of New York to preserve and visually communicate the urgency of 
designing for endangered species. 

These key precedents are beginning to showcase the potential of deploying new 
tools and techniques from the field of biosciences within Architecture, with 
the aim of yielding a functionality that advances the biological performance 

of architectural components. However, the field recognises the importance of 
conducting continued research that focuses on translating biotechnological and 
material-led findings on a microscopic level to the macro scale via the tools of 
designing, while integrating living matter within the inert physicality of buildings. 

It is with this spirit that this PhD research situates itself at the intersection of 
two distinct disciplines of architectural design and biochemical engineering - a 
field that uses biological materials such as organisms, cells and molecules to 
develop products and processes centred on a primary objective of scaling up 
scientific concepts for specific applications. With the aim of intentionally blurring 
the boundaries between the natural and the unnatural, via a tangible, physical 
object / system, suggesting the initiation of a complex ecological relationship of 
the architectural element with its surroundings.

1.1 Background: Theoretical Philosophical Discourse Between 
the Human and the Natural

1.1.1 Understanding Living Systems 
In 1943, E. Schrödinger through his thesis in What is Life? questioned the relevance 
of entropy on the evolution of living systems as described in the second law of 
thermodynamics. Observing the seemingly ordered states of living systems that 
evolve from states of disorder and by bringing together the fundamental processes 
of biology with the sciences of physics and chemistry, Schrödinger proposed to 
look at nonequilibrium thermodynamics, recognising that living systems exist 
in a world of energy and material fluxes.18 Plants are highly ordered structures, 
resulting from the synthesis of large amounts of atoms and molecules found 
in atmospheric gases and soils. Further, organisms continue to maintain their 
highly organised states by consuming energy from the outside and processing it 
to produce within themselves relatively lower entropy, a more organised state. 
Schrödinger recognised that life was a far-from-equilibrium system, that maintains 
its local level of organisation at the expense of the much larger global entropy 
budget.19 This stands as fundamental to better understanding the role of living 
systems, such as photosynthesis, a solar-driven process within the sustenance 
and evolution of the plant and its contribution to the broader ecosystem of which 
it is a part. What particularly fuels the design potentials of living systems are the 
energy and material fluxes identified by Schrödinger. 

It is however important to first define the natural and the artificial, or the non-
human and the human and what life means within each context. By definition, 
natural and artificial life differs primarily in their respective origins. Natural life and 
its processes are known to be an inherent part within a given system, or ecology, 
and the forms and processes of which are inherently driven by the physical laws 
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of the system. This in turn generates a multitude of entangled interconnections 
and interdependencies of the subject natural within the ecosystem. The natural 
or with life are known to constantly impact and change their surroundings, as 
its abiotic chemical and energy processes continue to interact and exchange 
information in real-time. Whereas, artificial life, or the artefact are created to 
serve a given purpose and almost always has a (human) creator thereby limiting 
the number of emergent interconnections the artefact can have within the system 
of flows. Therefore, in order to physically explore the natural properties within 
an artefact or the natural within the artificial (the designed) one has to consider 
its origin and the subject-object dichotomy as primary drivers. Further raising a 
pertinent question of – how can we describe and evaluate the relationship of 
cultural structures, individual agency, and the surrounding natural forces? Here, 
the consideration of matter within the material ecocritical thinkingiii enforces the 
non-reductionist concept of non-linearity between living systems, and how the 
capacity of an artefact can instigate motion interactive processes, while undergoing 
transformations, thereby also altering its surroundings. Traditionally, every stage 
in the life of an artefact is predictable, as it is pre-designed by its creator. However, 
when this artefact is created with an element of life, where it holds the ability 
to interact with surrounding agencies, creating new unpredictable connections 
with its surroundings resulting in forms that may not always have been taken into 
consideration by its creator. Designing for such non-linear, dynamic or irreversible 
processes requires our design tools to evolve into time-based, evolutionary 
techniques. 

A classic example is that of dissipative structures, first introduced by Ilya Prigogine 
in 1967.20 It is the term used for irreversible nonequilibrium processes within 
complex systems, wherein, they are known to sustain themselves by taking free 
energy available in the surrounding environment and then dissipating it from 
within the constraints of the system as excess or useless entropy. Living cells 
behave largely as dissipative systems that maintain their complexity and order at 
the expense of the free energy available in their outside environment. For instance, 
cells utilise free or high-grade energy from its surrounding environment, in return 
releasing equal amounts of low-grade energy, often in the form of heat, which 
becomes randomised in the environment. Living organisms, thus, maintain their 
order at the expense of their environment, which they cause to become more 
and more random with time. Ultimately, the form of free energy that sustains 
all life, is solar light energy.21 The concept of dissipative structures was largely 
introduced to demystify ways through which nonequilibrium living systems could 

iii   Ecocriticism or ecocritical theory, first coined in 1978 by literary theorist William Rueckert is 
the study of the relationship of the human and the non-human, questioning the methods with which we 
examine ourselves and the world around us, critiquing the way we represent, interact with, and construct 
the environment, both natural and “man made.”601,602 With material ecocriticism, the traditional idea of 
storytelling as a privilege exclusive to human practice is reconsidered, suggesting matter or material as an 
equal possibility of dynamic expressions, conveyed in the form of codes, shapes, colours, signs, sounds, 
gestures, sensors and signals.603 

self-organise to generate the complex ecosystems we experience everywhere. 
The homeostatic core of the living systems, that drives the constant consumption 
and dissipation of energy, requires a level of embedded feedback. This feedback 
process is a result of the complex, intertwined, non-linearity originating on the 
cellular and supracellular levels, with the aim of optimising the operation and 
survivability of biological systems.20,22 Multiple architects, designers and theorists 
such as Philip Beesley and Francois Roche have been expanding on Prigogine’s 
concepts of energy dissipation through projects such as Epiphyte Chamber & I‘ve 
heard about…, the forms of which are a response of nonlinear feedbacks with 
their surrounding environment.23,24 These structures are often pre-programmed 
to perform within a specific set of time and space, embedding them with a sense 
of temporality.

Philip Beesley, a visual artist, architect and professor in architecture based at 
University of Waterloo, Canada, has been pioneering the concept of dissipative 
structures within architecture. Criticising the platonic, reductive nature of how 
we perceive the world around us, he used projects such as Protocell Mesh and 
Hylozoic Architecture to argue the importance of an alternative relationship 
between systems that are largely based on the concept of diffusion. In 2014 
Beesley drafted a formal manifesto, provoking the conventional notions of 
geometry suggesting its extension outwards by maximising interfaces as a means 
of interacting with its surroundings, suggesting a kind of ‘frilly-ness’ within the 
designed surfaces, much like the villi in the human intestine.25,26 The Hylozoic series 
of sculptures were designed to animate design spaces through subtle exchanges 
of energy generated from active human interactions triggering breathing, 
caressing and swallowing motions. Composed from hundreds and thousands of 
individual laser-cut acrylics, glass, mylar and aluminium elements, they maximised 
the possibilities of spatial interactions, organising components into sensitive 
configurations actuated by a computationally driven metabolism26,27 that Beesley 
termed as ‘living architecture’.24 These indoor room-scale installations, built on 
the principles of thermodynamics, aim to expand the realm of the otherwise 
limited physiological dimensions of traditional architectural design. They use the 
paradigm of dissipative structures and diffusion as the guide that governs their 
design, forms and mannerisms with which they respond to the subtle changes 
in the environments within their immediate vicinity. The prototypes’ ability to 
shift boundaries through a choreographed or pre-programmed act of fluctuation 
imparts them with a living quality.27 Here the mere movement of an architectural 
component is deemed as being alive, as opposed to its inherent property of 
actually performing and responding to a biological process. 

While I understand Beesley’s metaphoric approach towards prototyping life from 
the materials, tools and techniques of design and fabrication already deployed 
within architecture. I am, in contrary, suggesting in this research to re-orient 
how we can approach designing with life through the integration of real living 
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systems by adopting an approach that is both top-down (from space, structure 
and form downwards) and bottom-up (from the cellular and thermodynamic 
upwards). Where, rather than mechanically assembling components, we begin 
to redefine the property and potential function or performance of materials 
within architecture. Exploring pertinent questions of - can we develop materials 
which, while performing the usual architectural requirements of mechanical and 
structural stability, also have a property that supports life and, in turn, its process? 
– a biological property, through which it is able to exchange energies and respond 
to the environmental parameters that surround it. 

1.1.2 From Thinking Ecology to Materialising Ecologies

Having established the key differences between the natural and the artificial, 
and before attempting to investigate ways of blurring this difference through 
design it’s important to question the relationship an artefact has/must have 
with the natural.  Within humanities, Arne Naess, a Norwegian philosopher 
and an important figure within the environmental movement of the late 20th 
century, pioneered the concept of deep ecology through which he highlighted 
the importance of expanding the self, and the manner in which people identify 
themselves with objects and their environment emphasising the need of assessing 
deeper experiences.28  The word ecology originating from the field of biology refers 
to the multitude of systems with which living things interact with each other and 
with their surroundings. Therefore, through deep ecology, Naess highlights the 
importance of taking into consideration the inherent properties of elements, both 
natural and the artificial, where each element supports the other, making up an 
entire system, called ecosophy. Ecosophy was coined by French philosopher Felix 
Guattari to describe an evolving but consistent philosophy of situating oneself 
within the world, that embodies ecological harmony and equilibrium. Both Naess’ 
theory of deep ecology and Guattari’s ecosophical perspective aimed at reiterating 
and motivating thinkers and practitioners towards radical transformations by 
provoking a new understanding between the relationship of the social world with 
or within the ecological context.29 One could, however, criticise the way ecosophy 
has been adapted across different fields, often limiting its interpretation to mere 
empathy towards nature, a concept largely explored by artists and theorists 
through their installations and literature work that aimed at provoking empathy 
and sensorially driven considerations of nature by the human. Contrarily to which, 
the complexities of modern urban living, from everyday objects to advancements 
in technology continued to be contextualised independent from the ecological 
connections that they would eventually become a part of. 

To me, Guattari’s ecosophical perspective gives a rather playful and creative stance, 
where he liberates the visualiser from having to draw a static, standard condition. 

Instead, his paradigmatic thinking provokes a sense of metamodelingiv – suggesting 
the development of a more comprehensive methodology of designing artefacts 
that are capable of situating or positioning themselves across the different states 
of already existing ecological systems.30 Suggesting the adoption of modelling as 
a design tool that is ever evolving through exchange of different perspectives, 
scales, functions with an ultimate aim of reaching an ecological equilibrium. From 
a designer’s perspective it encourages us to think of developing a multitude of 
models, in the form of a multi-layered system that exists in close relationship with 
each other, creating a feedback loop, evolving each model through the exchange 
of perspectives, avoiding the need of conceptualising and creating artefacts with 
one dominant form. I would hereby argue the importance of rethinking the role 
of design, more specifically the design of architectural buildings as silos or closed 
systems or closely regulated systems from the external environment, as there are 
only a limited number of ways with which the building and its interior / exterior 
spaces are allowed to interact with its immediate ecological surrounding. Moving 
beyond such understanding, there is a need to provoke a rather challenging but 
crucial discussion on how we can construct more biologically hybrid systems that 
have the ability to interact with the altering environmental conditions, while 
fulfilling their demand for human inhabitation. This shift within the architectural 
discourse encourages us to expand the remits of the molecular scales that we 
can work with, in order to begin orchestrating living systems, by design. As I 
resonate with the fact that ecology is not limited to the natural environment, nor 
is the ecological crisis simply an environmental disaster, how can we design to 
intertwine nature with cultural artefacts?

Therefore, this research consciously commences from the origin, the material 
scale, with the aim of formulating a biologically active material substrate which 
can be hierarchically assembled to initiate and support a biological process – a 
material that, when introduced into a particular environment, architecturally, 
regulates boundary conditions. The ingredients explored within this research 
aim at consequentially creating a system of design embedded with dynamic and 
generative ecological relations from the literal understanding of ‘the living’. This 
is done primarily by considering the construction of metabolic processes that can 
potentially work to dissolve the limits between the inside and the outside, or 
between the natural and the artificial, mediating a degree of energy flows, or flux, 
that transport, transform and apply energy as a constant ongoing process while 
firmly grounding itself within a physical state of matter. Which can be fabricated 

iv   Guattari understood the term ‘model’ or ‘pattern’ in roughly two ways – the first being an inherit-
ed and prescribed form of order within a social norm, and the second being the means of mapping process-
es and configurations, an element he interpreted through his layered, often chaotic drawings. He proposed 
the concept of metamodeling as a criticism to the role of the first type of model defined from the inherited 
pattern of social norms. Drawing from the notions of message transmission within biological processes, he 
used the concept of metamodeling – a model of a model developing of frames, rules, constraints, models 
and theories, extending the biological to the social insisting the importance of uncovering and mapping the 
connections beyond the linear, more obvious relationships.604
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with carefully deposited material compositions within a specific cultural and 
technological context, in turn, beginning to materialise ecologies, synthetic hybrid 
semi-living ecologies. 

1.2 Negotiation Between Boundaries

‘God made the bulk; the surface was invented by the devil.’
 Wolfgang Pauli, quantum physicist, 1900-195831

Boundaries or boundary surfaces are ubiquitous; and largely determine the 
visual reality we experience around us. The boundaries enclosing or surrounding 
two object or environments define and catalyse the associations they have on 
the exterior and its interior.32 Phenomena at material boundaries in the form of 
membranes and skins have been identified to play a critical role across different 
disciplines, as these surfaces possess unique physical, chemical and biological 
properties, that can either permit, or restrict the occurrence of certain interactions 
from within its boundary condition. Note the reference of membranes and skins 
as material specific phenomenon, indicating their ability to perform different 
functions within different contexts, such as absorbing, reflecting, supporting, 
insulating, and conducting.33,34

Physicist and pioneer of quantum physics Wolfgang Pauli recognised the diabolical 
characteristic of surfaces, by calling attention to the property of a solid surface 
that shares its boundary with the external world. He further emphasised on the 
atomic make-up of the subject surface that is allowed to interact freely either with 
other atoms on its surface, or with atoms located just above or below it – relative 
to its location.33 This fleeting thin layer of matter that can interact on one side with 
atoms of similar properties, while on the other side with a completely different 
form of matter largely mediates the performance of a material and its resultant 
object depending on its location. At present, the field of sciences, such as applied 
natural sciences, nano- and biotechnological materials, chemical processes of 
catalysis and filtration,35 development of bioactive surfaces in biomedicine,36 
are pushing the boundaries of untangling the behaviour at these interfaces as 
instances that can be engineered into novel materials, and systems, largely with 
the aim of synthetically giving shape to ‘active’ matter,37 otherwise also referred 
to as ‘smart’ materials.36,38,39 Technically, boundary is used to illustrate the line of 
separation between two conditions, objects and / or environments, while the term 
interface refers to the point of  interconnection between the elements; and both 
of these are considered as specific functional properties of the surface. In other 
words, every interface can be considered as a boundary, while all boundaries do 
not always have interfacial properties. 

Architecturally, facades, and shells are the surfaces that envelope a building, 
aiding the relationship of the interior spaces and occupants with its surroundings. 
French philosopher and theorist, Michel Serres through his thesis titled, The Five 
Senses refers to “the skin as a variety of contingency: in it, through it, with it, 
the world and my body touch each other, the feeling and the felt, it defines their 
common edge.”40 Serres expresses the idea of the envelope of a building as a 
synthetic extension to our bodies, that establishes a relationship between us and 
our surroundings. The concept of the skin that surrounds the body in architecture 
was further questioned by architect Prof. Marcos Cruz through his book titled 
The Inhabitable Flesh of Architecture where he introduces the concept of the 
flesh, challenging the common understanding of an architectural skin as a flat, 
thin, inert surface.41 Cruz argues the form of architectural interfaces as potential 
sites for inhabitable conditions by proposing a thick, embodied flesh that is 
architectural, aesthetic but also biological. He suggests materialising objects that 
are partly designed, and partly embedded with a living entity in what he refers to 
as Synthetic Neoplasms, suggesting the line between the natural and the artificial 
as becoming progressively blurred. Here the mere acknowledgment of the surface 
as a starting point both conceptually and technically as a means of ‘enlivening’ 
materials highlights the interdependency the characteristics of the surface have 
to the properties of its materiality.34 As design theorist Ramia Mazé describes 
the ‘strategy of enlivenment’ to not be limited to the appearance of a material 
but instead is a function of the materials surface properties.34,42 Therefore, if 
we consider a material object to be made-up from slices of multiple surfaces, 
the properties of which can be tailored to achieve the desired function, both 
physiochemical and biological, we could begin to initiate a level of negotiation 
or interaction between the multiple surfaces that collectively define its boundary 
condition. This phenomenon of layered or hierarchical construction of materials 
are abundantly observed within nature resulting in complex, intertwined and 
multi-layered biological systems that are primarily material driven. For example 
the boundaries of a hybrid tree bark or the skin of a plant leaf, which are developed 
from a series of dense layers of permeable skin with multiple overlapping levels of 
porous openings, rendering the material, the system and its relative form crucial 
for its biological function.43,44

Now, as we hypothesize the potentials of synthetically developing materials 
with interfacial characteristics that allow architectural-scale surfaces to become 
receptive and biologically responsive to its surrounding environmental conditions, 
understanding the surface properties that allow interaction between different 
states of matter is in particularly interesting and crucial for this research.45,46 Such 
as, the cell membranes on the microscopic scale, that are made of permeable, 
semi-permeable and degenerating boundaries that maintain the salinity of 
the internal content within permissible limits by constantly regulating under a 
biochemical process.13 On a macro scale, organisms interact with their inorganic 
surroundings through the selectively permeable properties of its surfaces forming 
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a self-regulating, complex system in order to maintain states of equilibrium. The 
key parameter that exists across multiple scales of the membranes and surfaces 
of cells and organisms is permeability and porosity, largely governing the type of 
matter and energy that is allowed to interact and enter through the permeable 
boundaries. It is these interactions that underpin the function of physical, tangible 
objects and environments between the human, the technological and the natural 
world. This further encourages us to perceive the environment, and its biological 
structures and mechanisms, as a collective, as a continuum, as the boundaries 
are allowed to constantly exchange energy and information, attaining equilibrium 
with its surroundings. Here, the term continuum,v is used to describe the 
continuous sequence or the seamless transition and interconnections between 
adjacent entities.47 Philosopher Brian Massumi first introduced the concept of 
nature-culture continuum establishing the importance of diluting the human-
nature divide, asking us to examine ourselves as sensing, responding, dynamic 
beings within the larger context of nature directly present as flowing matter and 
energy that is in constant flux. The phenomenon of continuum describes the 
kind of relationship between the natural and the designed artefact that we aim 
to establish. Reverting to the membrane and surface as a component and an 
opportunity through which continuum can be initiated, where the properties of 

v   Continuum is derived from Latin word continuus, referring to adjectives of consecutive, succes-
sive and uninterrupted.606 

the material and the substance is represented, becoming a space of negotiation.

In such a case, what must the design and surface parameters of architectural scale 
prototypes be if we are to intentionally initiate interaction amongst these elements 
with living conditions, potentially giving rise to a logic of continuum rather than 
emphasising contradiction, conflict and separation across boundaries? This 
research raises important questions of execution, of finding ways of truly designing 
and fabricating such physical, application-specific membranes with an innate 
functional property of life or more specifically of a biological process. It investigates 
ways of augmenting our creations with biologically active systems/elements, 
allowing them to perform additional behaviours such as sensing, responding, 
growth and decay, creating knowledgeable and value-based structures that work 
in synthesis with the more advanced surroundings we inherit. Here I recognise 
the boundary condition as a critical architectural medium, which if constructed 
with a level of permeability could extend the performative interaction between 
the two environments, initiating biologically driven connections and hierarchical 
organisations across multiple scales of material constructions. This makes the 
middle or the boundary thus created extremely important to the two coherent 
parts – of nature (environment) and the artificial (artefact). The work in this thesis 
is suggesting going beyond the traditional inert and hard physical properties of 
facades (which mainly function as long-term protective and decorative sheath) 
by imbuing them with viscous living matter that breathes and interfaces with 
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Figure 1.2: Diabolic characteristic of surfaces 
The diagram illustrates the layered construction of a mem-
brane that initiates a continuum between the interior of the 
membrane surface with the extrior conditions, through per-
meable boundaries. Each layer within the membrane estab-
lishes an interface which allows interactions across the entire 
cross-section.
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the surrounding environment. The concept of a wall or facade as a hard and 
stable boundary is extended in a more direct manner with the addition of a soft, 
permeable and viscous ecology that evolves in time. Therefore, I hypothesise the 
potentials of designing our architectural membranes from densely layered forms 
of diffusive, interwoven materials generating a surface that expands and contracts, 
through permeability and impermeability, potentially developing ‘multiple levels 
of boundary conditions’, bringing the artificial or the designed artefact closer to 
the natural one layer at a time. 

1.3 Contextualising the Need for a Biologically Driven Design 
Practice

Over the decades there have been multiple design projects and exploratory 
theories in the fields of anthropology, geology and philosophy that have tried to 
investigate and reinvent parts of the existing architectural discourse, specifically, 
in the context of ecology, suggesting appropriate methods of thinking and their 
relative interpretation via design. These theories discussed in this section have 
not only been explored for conceptual and philosophical understanding but 
instead, it highlights the importance of developing a new design and fabrication 
methodology in order to truly construct and realise the physcial form of these 
concepts into reality. 

1.3.1 The Anthropocene: Current Geological Epoch

The present age of Anthropocene is forcing scholars, activists and designers to re-
evaluate the terms of theory and practice inherited from modernism’s ontological 
distinction between human, culture and nature. Nobel laureate Paul Crutzen, who 
coined the term ‘Anthropocene’ in 2000, highlights the importance of formally 
recognising this new epoch of earth’s changing climate as an outcome of the vast 
co-production of forces, both human and nonhuman, as it ‘stresses the enormity 
of humanity’s responsibility as stewards of the Earth’.48,49 

The origins of the Anthropocene lie within the field of geological sciences, within 
which we identify the rapidly changing conditions of the earth’s soil as a key 
determinant of human activity. In other words, by acknowledging the current 
geological epoch as anthropocentric, the human species recognises the lasting 
impact human activities have and continue to have on spaces of settlements, 
habitation, and the scale of geological time. The fields of archaeology, anthropology, 
philosophy, history and science studies are exploding with theoretical ideas that 
discuss the crucial dissolution of objects, things and nonhuman entities. Art and 
architecture also seem to be evolving on the sidelines, with the aim of finding 
ways of transitioning theoretical concepts into more tangible, practical and 
applied entities. Here the term ‘entities’ defines complex assemblages between 

nature and culture, and between humans and nonhumans that can potentially 
redefine the means by which we can establish levels of continuum between the 
animate and the inanimate.vi But how can we begin to physically design such 
objects of continuum? What might their surfaces and membranes look like? And 
how different or similar would their application be when introduced within an 
architectural context? This research establishes the Age of the Anthropocene as 
a backdrop that is etched with the elements of the changing times. Wherein, I 
take my research and the synthesis of the bottom-up and top-down workflow 
to design not only hybrid semi-living artefacts, but also to illustrate the practices 
with which we can begin constituting these continuous built-ecological relations 
with the varying, gradating territories of the altering geological and ecological 
contexts. 

1.3.2 Architecture in the Anthropocene: A New Paradigm

Paul Crutzen and Christian Schwägerlvii,  in an article for Yale E360 in 2011, 
suggest the need for a new culture – ‘A culture that grows with Earth’s biological 
wealth instead of depleting it.’48 With architecture and the city as products of the 
cultural and technological development in the modern world, it is the task of the 
architect to bring to life new ways of designing scenarios and solutions that could 
contribute to the greening of a more sustainable urban surrounding. The severity 
of the anthropogenic age is so devastating that planting activities or introducing 
photovoltaics on roofs of urban buildings is not sufficient as a solution. These 
are retrofits, prosthetics or short-term interventions to long-term problems that 
ultimately require behavioural change in the ways people interact, consume and 
explore their surrounding ecological resources. David Wallis-Wells in his book The 
Uninhabitable Earth, concluded that only political will and top-down decisions will 
eventually help. Individuals can contribute, but ultimately the scale is too huge.50 
It is true that entire countries need to change their policies so that everybody 
engages in change, but it is also true that individual behaviour change when 
practiced by billions across the globe can also make a remarkable difference. At 
the same time, technological means and design can contribute by finding new 
ways to tackle the negative impact of our Anthropocene, where designing for 

vi   To emphasise the infinite entanglements between the environment and humans at the global 
level, Michel Serres highlights the uniqueness of our current situation, and precisely the lack of true scale.
Further, architect Paulo Tavares, in his essay ‘On the Earth-Object’, identifies earth and its systems to be 
part of a global nature, which he defines as a space designed with a new socio-geological order within 
which the divisions that separate humanity and the environment, culture and nature, the anthropological 
and the geological are blurred.607

vii   Christian Schwägerl is a German environmental journalist, and author of The Anthropocene: The 
Human Era and How it Shapes our Planet, published in 2014 in which he presents a comprehensive over-
view of the interactions between humans, nature and technology and its ultimate impact on the Earth’s 
biological, chemical and geological processes.
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behavioural change is an important aspect of collective social adaptation. For the 
time being, designing objects and architecture for daily life under the umbrella 
of sustainability often remains limited to symbolism. The high-rise apartment 
building, Bosco Verticale in Milan by Stefano Boeri, which adorns 900 trees on 
8,900m2 of terrace space absorbs less than 25 tonnes of carbon dioxide per year, 
while exhaling 60 kilos of oxygen per day. To establish the scale, a flight between 
New York to Europe emits 2 to 3 tonnes of carbon dioxide per person.51 We need 
to confront ourselves with the fact that effectiveness is only measured in terms of 
the real-world impact our designs have on the environment. 

The architect Paolo Soleri exiled himself to the deserts of Arizona, designing 
and building arcologies (architecture and ecology) of Cosanti and Arcosanti.52 In 
the 1970s he propagated the concept of frugality, referring to the construction 
of buildings and communal spaces in which he envisioned creating micro-cities 
as human ecosystems which would work in harmony with the surrounding 
environment. Soleri through his concept of arcologies tried his best to push the 
boundaries for architects and their tools, which are often accused of being rhetoric, 
and their forms, geometries and systemic intentions being figurative.53,54 More 
recently, growing conversations via social movements are encouraging people to 
reduce rates of material consumption, replace wasteful fossil-fuel infrastructure 
with systems fuelled by renewable energy, invent bio-adaptive technologies that 
can recycle and/or upscale waste,55  even synthetically create new plant varieties 
that can withstand climate change.56,57 Here, the foremost point of intervention 
is the urgent reduction of CO2 concentrations in the atmosphere, which demands 
a pause in the mass deforestation, change in agricultural practices and the 
suggestion of reducing the rapidly growing scale of urbanisation that burdens the 
ecological carrying capacityviii within a hectare of land. Scientific enquiry on the 
depleting natural resources demands a greener infrastructure, where organisms 
and ecological energy can flow freely over vast areas and maintain biological 
functions. 

In order to accelerate the adoption of some of these urgent measures urban 
development policies are being implemented on a relatively slow pace, most 
of which focus on restricting the construction of certain types of buildings, 
prohibiting the use of materials and technologies that have been recognised to 
consume high amounts of energy.58 The efforts are beyond simply choosing a 

viii   Ecological carrying capacity is the true(unburdened) production capacity of a plot of land that 
does not impact undesirably on the surrounding ecosystem(s), in other words, a lands natural capacity 
to produce and host several ecological and social chains or relationships, without depleting its capacity 
to support natural resources in the long run.608 There is a preliminary group of conservationists that are 
re-introducing the idea of calculating the ecological and the social capacity of a land as an imperative step 
for effective planning and management of the area. However, its practical use through more quantitative 
numbers is still in its infancy as critical mathematical models must be developed that can extract core pro-
portional relationships between the percentage and both the ecology and the social that can be allowed to 
intertwine / coexist in order to initiate a more holistic human / non-human relationship. 

different stone and determining the forms of spaces for improved efficiency, to 
adopting new systems such as smart windows, green roofs, efficient heating and 
cooling and water systems, better insulation and advanced automation. These are 
now being accompanied with incentive-based programs encouraging the use of 
clean energy systems, including but not limited to solar panels, wind and hydro 
energy. As a means of environmental conservation, secluded, protected areas 
are being created as a means of habitat protection within preset boundaries of 
which the ecological parameters must remain stagnant even if the planet’s overall 
temperature and pressure conditions might be changing.ix A herculean task, 
however, what lies at the centre of these initiatives is the incremental segregation 
between the ecological and the technological, instead of considering the potential 
of properly designed and managed urban environments as a kind of biological as 
well as a cultural ark. While there is a growing acceptance that we need to push a 
co-existence of species – including us humans, as there is hardly any place in the 
world that has not been influenced by human activity, wilderness in that sense 
hardly exists, the question is of how we can establish a relationship between 
ecological places and human beings where they have the lowest negative impact 
on the planet while being educated, creative and healthy. 

1.3.3 Designing for a World Organism

German scientist Alexander von Humboldt suggested two centuries ago that the 
world and its various systems, both natural and artificial, are part of one greater 
whole, a unified entity that he called the ‘World Organism’.59 Here he suggested 
that our lives are deeply interlinked with the richness of nature, with the hope 
of growing our capacities as part of it, and not at its cost. Humboldt, like many 
other polymaths of his time, received education when clear-cut divisions across 
disciplines of the sciences and the arts were not yet established. With an inter- 
and transdisciplinary comprehension of the world, his ideas were implemented in 
the form of ‘application-oriented long-term ecosystem research’.60 It is interesting 
to learn that, during Humboldt’s expeditions, the general belief concerning the 
complementarity of the sciences and the arts was that of one informing the other, 
whereby the sciences would reveal new phenomena to the artists, and the painters 
had the ability to transfer or represent the systems visually.60,61 As early as the 15th 
century, holistic worldviews such as Humboldt’s seem to have been made possible 
only with the freedom to switch between disciplines, and by evolving their unique 

ix   Emma Marris, an environmental writer and a fellow at the UCLA Institute of the Environment 
and Sustainability through her thesis titled Rambunctious Garden argues the importance of looking ahead 
and creating a hybrid of wild nature and human management, a new wilderness that she terms as ‘ram-
bunctious’. Conservational environmentalists are split across two major schools of thought – one suggesting 
completely barricading protected forest lands with the aim of restoring their states to how they were five 
decades ago, while another segment suggests accepting the current and even predicted climate changes 
the planet will go through and to aim at protecting the existing forest lands within those environmental 
conditions. Marris encourages to give up our notions of pristine wilderness and instead to replace with a 
concept of a global, half-wild rambunctious garden plant, one that is tended by us.609 
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individual thought processes by deriving interconnections across a broad set of 
ideations. From a sociological perspective, an interdisciplinary approach such as 
the one by Humboldt’s can either stimulate or inhibit particular collaborations, 
often depending on the curiosity of the researcher in investigating a research 
question which they might not be able to tackle all by themselves. Humboldt was 
distinguished in the ways in which he constructed connections across different 
concepts allowing him to question and better understand earth and its individual 
parts, including the biotic and abiotic relationships. Furthermore, as an explorer 
and a geographer, he situated society at the centre of his scientific arguments, 
allowing him to outline narratives that speculated on the potential adaptations 
users and communities would need to make in future times.

A prime example of interdisciplinary thinking that initiated an important 
dialogue for tackling the climate crisis is The Anthropocene Project, begun by the 
Anthropocene Working Group (AWG)x in 2014, where they recognised that the 
capacities of each field had reached their limit in tackling the challenges of the 
Anthropocene. They further highlighted that problems related to climate change, 
rapid urbanisation, soil erosion and extinction of species were too complex for a 
singular field to address, thereby bridging the fields of humanities and the social 
sciences as an investigatory platform.62

‘The transformation and re-organization of the complex interconnections between 
humanity and Earth require different approaches to what it means to be in the 
world, to be connected to materials and dynamic processes.’ 

Textures of the Anthropocene: Grain, Vapor, Ray, 201563,64 

Through a series of exhibitions, panel discussions and a publication entitled 
Textures of Anthropocene: Grain, Vapor, Ray, the curators investigated new ways 
to re-acclimatise ourselves with the world in which we live, using the tools and 
the knowledge readily available to us. While these two year-long discussions 
received the contributions from a wide range of fields including the arts, what 
remained missing were discussions from architectural and urban designers. 
The Anthropocene Observatory, by architects John Palmesino and Ann-Sofi 
Rönnskog from Territorial Agency, was the only representation from the field 
of design, the contributions of which remain limited to tracing the formation of 
the anthropocentric thesis represented through a collection of documentaries, 
photographs, and interviews from over the years.65 As part of a similar discourse 

x   The Anthropocene Working Group is a working group of the International Commission on Stratig-
raphy that is charged with the task to investigate, identify, classify key geological indicators that formalise 
chronostratigraphic shift from Holocene to the Anthropocene. 610  

in 2014, Pierre Chabard,xi an architect and historian, recognised the ‘condition 
of existence’ imposed with the acceptance of the anthropocentric era to deeply 
affect the field of architecture whose culture is rooted in modern times.  

Materially, concrete, of which most modern buildings and cities are constructed, 
is considered the most abundant anthropogenic material on the planet.66 The 
continued existence of ancient Roman buildings and the constant preservation, 
redevelopment and construction of existing and new concrete buildings 
demonstrate the scale of impact an architectural material has on the planet’s 
geological footprint.67 Therefore, architecture in the Anthropocene must adopt an 
alternative way of materialising its designs – through a design thinking that builds 
on coexistence and symbiosis with its environment. Learning from Humboldt’s 
holistic world view its critical to rethink our disjointed design processes, specifically 
within architecture to borrow an interdisciplinary way of thinking to actively 
engage, understand and produce objects and systems that are products of holistic 
thinking. 

This research aims to address this from the bottom-up by investigating novel 
materials that can augment material ecologies on an architectural scale. And the 
state of matter identified to support interfacial properties critical to this research 
is that of viscosity, the central state of transition between a solid and a liquid. 
Here, viscosity is identified as a state of matter that has the ability to create a 
porous middle boundary between the two distinct conditions of physical matter. 
This critical transitionary phase or zone is recognised to support very specific 
energy exchanges situated between boundaries – with properties of permeability 
and flow allowing exchanges to take place, while having thicker substrates and a 
matrix that has the potential of hosting specific conditions, allowing other matter 
to stick and proliferate. This is elaborated in the following section. 

1.4 Viscosity: A Life-supporting Medium

The satellite images of the BP Deepwater Horizon Disaster of 201068 capturing the 
dark oil that penetrated and enveloped everything that came its way, both human 
and nonhuman, painted an epic tale of the constant extraction and depletion our 
planet is facing, as it tirelessly works to fulfil the unending demands of human 
society, in an activity that seems to have inherited some sort of legal, authoritative 
consent – where digging deeper into earth’s surface for more seemed all right. 

xi   Pierre Chabard delivered his piece titled Architecture of anxiety: topology of the Anthropocene as 
part of a colloquium-performance and an experimental event ‘Anthropocene Monument’ initiated by Bruno 
Latour and Bronislaw Szerszynski, organised by the les Abattoirs Museum of Modern and Contemporary 
Art, Toulouse and La Novela.  
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Figure 1.3: Viscosity as a medium of art and design
From top left, clockwise: 
Frederick Keisler, model of the Endless House Project, 1950-60. Image by photographer George Barrows, for MoMA Exhibition titled, Endless House: Intersections of Art and Architecture, Jun 2015 - Mar 2016. Image 
downloaded from [https://www.moma.org/calendar/exhibitions/1529?]; 
Antony Gormley, Quantum Cloud, London, 1999. Image downloaded from Wikipedia Commons photographed by Stephen White, London; 
Zbigniew Oksiuta, Spatium Gelatum, 1974. Image downloaded from [https://www.arch.rpi.edu/2011/10/oksiuta-zbigniew/]
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Ten years later, the spill still continues to show its devastating effects on the dead 
zone, the boundaries of which continue to expand beyond the constricted limits 
of human activity. The stickiness of oil and its irreversibility, as much as we tried 
to dilute it via privately funded restoration projects, have continued to show that 
we will never be able to completely undo the impacts of the oil spill. As Timothy 
Morton, contemporary philosopher and a member of the object-oriented 
philosophyxii movement says, ‘The more you try to get rid of them, the more you 
realize you can’t get rid of them … Out of sight is no longer out of mind.’69

Morton further describes this dark oil as a hyperobject – an entity of such vast 
temporal and spatial dimensions that it defeats traditional ideas about what a 
thing is in the first place.70 A hyperobject is ‘hyper’ in relation to another entity, 
either human or nonhuman. In this case, it is not just the oil that spilled from 
the shores that is a hyperobject. But rather, every particle within the thick liquid 
takes on its own hyperobjectivity in relation to the objects and the processes in its 
immediacy, as it continues to spread across the surface and depth of the ocean.71 
Morton’s thesis on hyperobjectivity stems from Graham Harman’s Object-Oriented 
Ontology. 72,73

Hyperobjects are transdimensional objects that are massively distributed across 
space and time, with interconnections and interdependencies that span across 
scales larger than we can ever comprehend in their entirety.74,75 What we do on 
a microscale, or on a local scale, impacts the entities in complex ways on a global 
level. It recalls 20th century theoretical physicist, David Bohm’s theory on hidden 
variables, where he emphasises the presence of non-local correlations between 
particles that are physically separated in space across vast distances, in addition 
to the locally causal (more obviously visible) events. Bohm terms these non-local, 
non-separable, wave-like correlations, hidden variables.76 He further highlighted 
that every part contains the whole at each scale – much like fractals, one element 
folding into the other, making matter and energy much richer than what we can 
observe with the naked eye. A world within a world.77 A concept where we consider 
every element as part of an undivided wholeness, or in a unified continuum.78

Antony Gormley’s Quantum Cloud (1999) is a brilliant illustration of a hyperobject, 
inspired by quantum physicist Basil Hiley’s thoughts on pre-space as a mathematical 

xii   Graham Harman, Professor of Philosophy at the American University in Cairo, Egypt, borrowed 
the term object-oriented ontology (OOO) from computer science under the broader philosophical trend 
of speculative realism, to explore gaps between objects and their components, objects and their appear-
ances, objects and their relations, and objects and their qualities.611 He emphasised the importance of 
defining objects in purely relational terms rather than as autonomous realities that exist independent to 
their surroundings. I did not delve deep into Harman’s thesis of OOO as it does not necessarily delve into 
the object’s relationship with the natural, having said that he does use OOO to reject the idea of privileging 
human existence over the existence of nonhuman objects.612 The OOO’s adaptation more specific to the 
ecological context has been explored by Timothy Morton through his titles such as Ecology without Nature 
(2007), Hyperobjects (2013), and Dark Ecology (2016), which has been mentioned in the main text.  

structure underlying space-time and matter.79 Gormley uses branching connections 
extending from the internal space of the body, out into the field, but still being 
bound by the invisible skin. Initiating the interconnectedness of the universe, the 
relationship of relationships, it provokes an intriguing question – whether the 
body is emerging from the chaotic energy field, or the field is emerging from the 
body?80

The ultimate hyperobject is surely climate change. But also, the biospherexiii is 
a hyperobject. The cell wall can be considered as a hyperobject. The plant is a 
hyperobject. A building, as an assemblage, is a hyperobject. One could argue 
whether the brick(s) of which the wall is composed is/are a hyperobject(s) or not. 
It seems as if the brick is only a hyperobject in the manufacturing stage, after 
demolition, or probably even in the time of an earthquake. But in the moment 
when it is frozen in its position, static, as a singular element – it behaves nothing 
like a hyperobject.

Conceptually, one could consider a hyperobject viscous.70 It is this property, 
or state, of the hyperobject that allows it to readily embrace the forces of 
another object or the environment it is placed within. It is the ‘stickiness’ that 
extends the boundary of an object beyond the physical, initiating and mediating 
interconnections and interrelations with its surroundings. While the solid state 
of matter has an innate property that remains static, impenetrable and frozen in 
time, one could argue if the liquid state of matter might be considered as being 
a hyperobject. As the particles in a liquid are never fixed in a position and are 
free flowing without the necessary influence of any external conditions, they may 
not always be considered as hyperobjects. But when liquid substances begin to 
become fluids (which will only happen under external forces, or when liquids are 
made to flow) is when they might become hyperobjects. Fluid’s flow are known to 
have a viscosity, a thickness that liquids in the purest state do not have, highlighting 
the fluid property of matter to be a hyperobject as opposed to solids and liquids. 

Polish architect, Zbigniew Oksiuta, in 1974 conceptualised Spatium Gelatum,81 
wherein he explored a new form of architectural space, constructed from 
biological polymers embedded with an elastic property, allowing the material to 
be shaped into different geometries and volumes. He questioned the importance 
of blurring the borders between the natural and the artificial, provoking a direct 
interaction with the body and the different sensorial quality of the inhabitant and 
the habitat.82,83

xiii   Chemist James Lovelock, along with microbiologist Lynn Margulis, in 1970, under the Gaia theory 
described the biosphere as a single unified living entity, capable of sustaining the constant alterations with-
in the earth’s atmosphere.605 Lovelock and Margulis proposed that ‘organisms interact with their inorganic 
surroundings on earth to form a self-regulating, complex system that contributes to maintain the conditions 
for life on the planet’.613–615 
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Figure 1.4: Fractals as a digital hyperobject
Preliminary digital simulation experiments conducted by the author, to 
express the ‘hyper’ in the hyperobject. Here, a fractal morphology is dig-
itally exploded within a pre-determined space, to show the time-based 
evolution growth via folding and unfolding across different axes of a ge-
ometry - a hyperobject. 
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Of his creation from wet, sticky materials, he writes:
For physics, intermediate states between liquid and solid body are 
especially interesting. Such physical states include gel, mucus, and mud. It 
is interesting that these states have negative meaning in most languages. 
The descriptions like slippery, slithery, slimy are only several examples 
whose richness in other languages is just unlimited. In living nature, 
‘slippery substances’ are the main medium to enable the exchange of 
information and transport of energy of all levels of life from a cell to the 
human organism.84

Between 1997-2001, Greg Lynn explored the computational blob via the 
Embryological House,85 where he used the blob as a gelatinous, embryonic, life-
like element, a continuous multidimensional mass, with the intention of uniting 
different substances into one, unified, aggregate. He referred to his starter drawings 
as ‘seeds’ of the house, that then mutated and grew, into a living, evolving creature 
on the basis of natural laws.82,86,87 Beyond the play with fluidity, and recognising 
stickiness as a quality of ‘origin of life’ instead of disgust, Lynn provoked the 
notion of himself, as a designer to not having complete morphological control 
over its final form and allowing the viscous state of the system to grow in response 
to its surrounding forces. Through the provocative use of viscous, undefined 
materials in Oksiuta’s project and the presence of an evolving biological model 
that Lynn termed as a monster, evoked a level of ambivalence and uncertainty, an 
unpredictable result of the interactions with the surrounding environment.
Even before Oksiuta and Lynn, architect and theatre designer Frederick Kiesler 
through his Endless House Projectxiv in 1952 was starting to deconstruct the non-
territoriality of space by beginning to formally give shape to his metaphysical 
concepts through correalism and biotechnique, criticising the modern 
functionalistic concept of space. Kiesler coined the term correalism, from 
co-relation and realism – emphasising the dynamics of continual interaction 
between people and their natural and technological environments.88 It appears as 
though Keisler’s life-long work in stage-design and the dramatic arts embedded 
in him an idea of designing backdrops or ideal contexts, within which appropriate 
interactions could take place in front of an audience. He appears to have been 
able to visualise, or rather dramatise, the multiple interactions that would take 
place at once, in one scene of an act, giving each the correct emphasis for the 
audience to experience.89 These spaces that interconnections occupy, or within 
whose boundaries they exist, are referred to by Timothy Morton as zones.70 One 

xiv   Based on the concept of the endless space from 1924. 

can visualise these zones as the metaphysical aura that we often use to describe 
as the concentric radiating energies that surround our bodies, or any living entity.

Our cities can be envisaged as hyperobjects, composed of countless other 
hyperobjects, each enmeshed and intertwined with the imprints of the past, 
present and the future. Often, they collectively demonstrate the emergent 
relations of cause-and-effect, between the animate and the inanimate. They 
make for key opportunities of intervention into what architect Keller Easterling 
calls ‘active form’.90 Now what if these objects were to be considered as designed 
imprints that not only embrace the qualities of the time, but also store and evolve 
themselves by accentuating and embracing the events? – in particular, ecological 
events, or biological processes. 

There are two things here – one is to employ viscosity to our structures, and the 
other is to curate a system for opportunities that allow for this viscosity to initiate 
a conversation, an interaction with the elements in its immediacy, exchanging 
energy with others, mediating the next iteration of flows of entropy into 
unpredictable states of matter. Bruno Latour, French philosopher, anthropologist 
and sociologist would call this ‘a propositional approach to design’,91,92 where he 
defines the subject body as having the ability to train itself to become affected by 
other entities, both human and non-human. He further argues the insignificance 
of defining the substance the body is made of, but instead focuses attention on the 
interface, as the transitory medium, “that becomes more and more describable 
as it learns to be affected by more and more elements” within the complexity of 
its surrounding environmental assemblage.93 The contextual boundaries within 
which this hyperobjectivity is initiated temporarily can be demarcated in the 
form of zones. These zones are simply constraints, or a moment in time with 
predetermined parameters that would allow designers to situate the biological 
process initiated forcing us to rethink the way we look at the problem within the 
context of a complex, and an emergent system for design and science to together 
solve.

Ecophenomenology, or the provocation of ecological awareness, has forced us 
to realise not only that we are not at the centre of this world, but that we do not 
even hold that special place at the edge of space.94 The discovery of hyperobjects 
and object-oriented ontology has shaken the ground we seem to have claimed to 
build our foundations on, questioning the relationship, or correlativity, of what it 
means to exist, but also of what it means to create. The imprints of the oil spill, 
and Morton’s provocative writing on ecological thinking, have had a profound 
impact on the manner in which the work in this thesis has given formal shape 
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Figure 1.5: Consilience
Schematic diagram illustrating the interdependancy of the 4 prime paramters, which have been tackled chapter-wise. Starting from the microscale, bio-
material development (Chapter 2), followed by morphological explorations (Chapter 3), accompanied with suitable Biofabrication techniques (Chapter 
4), each has been developed to inform the central aspect of practical application. Therefore, Chapter 5 on Scale-Up demonstrates the adaptability of 
the workflow developed in this research, by designing and fabricating an application and site-specific, architectural-scale biological structure.
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to a new age of asymmetric aesthetics,xv with phases that remain unpredictable 
by design. It is no longer an option to consider designing architectural objects as 
sterile conditions, distinct and untouched by the environment. Similar to this is 
the notion of introducing new systems with predetermined boundary conditions 
that will either have no effect, or a relatively harmless one, on the surrounding 
landscape because of their inertness. Questioning the purest state of an object’s 
inertness – hyperobject(s) are probably never completely inert. However, all 
biologically active systems will be hyperobjects, but all hyperobjects will not 
necessarily be biologically active, or even ecologically conscious.

We have now established the viscous quality of the systems we will explore in 
this research, and the importance of boundary conditions across different scales. 
Each boundary layer will make up a zone, which will in turn be surrounded and 
intertwined with other zones, as outlined in figure 1.0. The medium of these zones 
specific to this research will have an innate quality of viscosity and permeability. 
And the stickiness of the viscosity will be explored as a medium that allows for 
specific microorganisms to thrive within the boundaries of this viscous state. The 
resulting biological form will be allowed to actively exchange matter and energy 
with its surroundings, in turn initiating a biological process that will support the 
species proliferation within the viscous boundaries but will also affect the altering 
states of the viscous zone thus designed, initiating its change of states and 
form as it supports or responds to the changing environmental conditions in its 
surroundings, as it is consciously situated within an ecological interconnectedness. 
At this point it is important to mention the process that will inform the material  
conditions of the designed viscous boundaries developed in this thesis: 
photosynthesis, a process central to all life on earth, whereby organisms in the 
plant kingdom are able to use light energy (sunlight) to convert atmospheric carbon 
dioxide into carbohydrates, in turn releasing oxygen and organic compounds 
which are primary sources of life.95 The most pertinent questions this research 
investigates are: How can we design and fabricate soft, viscous, biologically 
active or biocompatible scaffolds for integration within the built environment? 
What are the potential applications, and metabolic advantages, of introducing 
photosynthetic structures as viscous boundaries at the intersection between the 
natural and the artificial? 

1.5 Organisation and Structure of the Thesis
The text follows a natural, evolutionary sequence from nature to human artifice, 

xv   Timothy Morton in his paper titled From modernity to the Anthropocene: ecology and art in the 
age of asymmetry emphasises the inability of art to showcase the qualities of a substance an object is made 
of, encouraging current aesthetics of designed objects to embrace an element of asymmetry, recognising 
the non-human elements as equally important agents that impact the spirit of the object. Morton urges 
for an asymmetric confrontation between the human and the non-human, where the object is not merely 
infected by the human attitude and its rather controlled perception of symmetry, but is also infected from 
within, from the objects substance itself, leading to a non-classical asymmetry.616 

or simply from biological observations to design, beginning from the microscale 
growth attributes desired within a material, evolving into more designed, 
complex measures of morphology and fabrication on the macroscale. The thesis 
was structured with the aim of marking the development and complementarity 
of bottom-up process with an inherently hybrid top-down design thinking. There 
are specific themes and concepts of viscosity, biocompatibility, permeability, 
and hierarchical construction, that run throughout the entire text, acting as 
reinforcement threads, or as navigation points that connect the various design 
and experimental explorations demonstrated. These threads further give shape to 
interdependencies and feedback mechanisms, allowing for an iterative approach 
towards design development. The four main chapters were arranged sequentially 
to evolve from the bottom-up, the structure within each of these chapters having 
a hierarchical resolution of its own, originating from the microscopic or small-
scale explorations to the macroscopic, large-scale prototyping.

Referring to the triangulated diagram, figure 1.4, Chapters 2, 3 and 4 act as the 
vertices, or nodal points enclosing Chapter 5 at its core, primarily outlines the 
intentions with which the research has been conducted. Scaling up and relative 
application of biological systems within the built environment have been at the 
centre. Therefore, each nodal chapter of biomaterial development, morphology 
and biofabrication have been explored with the aim of feeding and synthesising 
the central research question of designing and fabricating viscous boundaries 
from man-made material ecologies for applications within the built environment. 

At the beginning of each chapter, the specific nodal parameters have been 
diagrammatically detailed (refer figures 2.1, 3.1 and 4.1), demonstrating the 
hierarchical interrelations between the different concepts that have been explored 
in that particular chapter. Each concentric circle acts as sub-zones, consisting of 
the key principles that govern the formation and its desired performance within 
that specific area. Here, the innermost zone illustrates the nanoscale, which then 
grows hierarchically via concentric circles, expanding the boundaries incrementally 
outwards into the macroscale. The common themes have been appropriately 
situated towards the intermediary zone or the middle. The concentric circles act 
as a compass, with the different sections and subsections outlined as cardinal 
points. And the interrelationships between the surrounding themes, and their 
relative scalar performance, have been visualised. The last chapter, however, 
remains multi-dimensional, with the aim of demonstrating the manner in which 
the research conducted at the nodal points begins to feed into its core.

Chapter 2 titled Biomaterial development begins from the material scale, where 
a viscous, water-based polymeric material – hydrogel was explored. Hydrogels 
are shape-retentive polymers, that exhibit soft, gel-like properties and have been 
shown to exhibit cell-friendly environments on the microscale, while being able 
to construct a hierarchical composite with structural and chemical stability on the 
macroscale. Therefore, a series of hydrogels have been tested and rheologically 
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characterised specific to their mechanical, structural and biological properties. 
These were further tested for their ability to support cellular growth within their 
extracellular matrices – more specifically, their ability to support the growth of 
microalgal cells – species central to this research, due to their photosynthetic 
properties. The hydrogel’s water content was vital in supporting biological activity, 
while its viscous properties were crucial for large-scale fabrication via tailored 
hierarchical construction.

In this chapter the term biocompatibility in relation to the field of architecture has 
been formally defined. Usually, materials made from food-grade or food waste, or 
polymers extracted from natural substances, or grown and cured from biological 
processes such as bacteria and yeast, are referred to as biomaterials. This is 
correct – but in this research there is an additional performative step or value 
which is considered central to the project, and that is the quality to support life.

The hydrogels were prepared from completely natural ingredients; the viscous 
state and the nutrient rich assembly of the material rendered it suitable for the 
adhesion and proliferation of living cells upon fabrication. Usually, market-based 
biomaterials have been developed as new raw materials for products with easy 
and quicker biodegradability, along with physical and mechanical properties 
often tailored to mimic the material they are desired to replace, such as plastics 
replaced by bioplastics, or cotton fibre replaced by naturally spun silk threads. 
By contrast, the water-based hydrogels explored in this research have been 
consciously developed to support the photosynthetic activity of the microalgal 
cells throughout the lifespan of the resultant architectural scaffold. Therefore, in 
this chapter the different mechanisms required to be in-built into the material, 
and parameters to be considered at the time of designing and fabrication, in 
order to support and sustain the biological activity of the hydrogels have been 
characterised. Properties such as viscosity, viscoelasticity and permeability have 
been explored across different scales of magnitude, allowing to establish the 
altering environmental conditions and their impact within the material. Broadly, 
four different stages of the algae-laden hydrogels have been explored, namely – 
material preparation, growth phase, maintenance (of the biological activity), and 
biodegradation (including swelling and drying). 

The prime components used to construct the bioactive systems within this research 
– namely, water and microalgae – are elements that are commonly associated 
with the origin of life on our planet.96 These are fundamental molecular elements 
around which a large number of biological systems and flow cycles originate. This 
purity and simplicity with which the systems are developed within this research 
showcase the embryonic-like thinking to the formation of artificially evolved 
complex systems.

Chapter 3 begins to give form and dimension to the viscous hydrogels. Preliminary 

material explorations highlighted the importance of adopting a slightly different 
design methodology, as the techniques commonly used to design large-scale 
components from solid materials would not be sufficient for designing with 
viscous matter. Therefore, morphologies that allow hierarchical construction of the 
hydrogels with varying functional properties were used instead. Computational 
simulation techniques were used to generate intricately layered constructs with 
each layer acting as a zone on the microscale, which upon assembly evolve into 
the overall morphology of the system. Such a layered strategy allowed us to 
tackle some of the critical challenges faced in scaling-up of prototypes, where the 
different parameters that are desired to be choreographed in order to successfully 
support and sustain the photosynthetic activity within optimal conditions could 
be optimised at each gradient, both spatially and temporally. The design chapter 
is therefore divided into three broad zones, across each scale. 

Computationally generated morphological explorations are illustrated to 
develop a series of homogenous and heterogenous algae-laden hydrogel 
scaffolds. Firstly, a fibrous, branched geometry was explored to create large-
scale biolayers, for applications such as bioremediation. In order to overcome 
the structural constraints observed with the homogenous scaffolds a following 
series of biohybrid explorations were demonstrated, where the viscous hydrogel 
is integrated within existing building materials, giving shape to heterogenous 
bioactive scaffolds. These are developed specifically for two applications – 
namely, biosorption and biophotovoltaics. Biosorption aims at activating inert 
materials with a viscous boundary that support microalgal growth. Here, cellular-
like growth differentiation, with varying densities and porosities across the 
surface and thickness of the biohybrid system, was explored. On the other hand, 
biophotovoltaics were developed by optimising the surface-area-to-volume ratio, 
where the number of electron-generating cells within a constrained boundary 
was computationally maximised while allowing the penetration of sufficient light 
and nutrients in order to sustain the photosynthetic activity of the encapsulated 
microalgal cells.

The design chapter also explores the changing aesthetic language inherited with 
the viscous boundaries. This includes the initial design and fabrication phase, 
followed by the altering conditions of the scaffolds as they exchange energy and 
information with their surroundings during their life span, very similar to the 
growth and decay patterns observed in nature.

In Chapter 4, a large-scale design-to-fabrication digital workflow was developed 
that takes into account the microalgal cells at the nanoscale, while controlling the 
construction of macroscale structures for applications in the built environment. A 
novel additive manufacturing technique via pneumatically driven robotic extrusion 
was custom-made, allowing for precision-based deposition of the algae-laden 
viscous hydrogels and for the hierarchical construction of homogenous biolayers. 
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The robotic-extrusion platform was further tailored as a tool for maintenance 
via a mechanism of injection-based cellular seeding. Biohybrid structures were 
also fabricated, by amalgamating the robotic-extrusion techniques with existing 
systems of CNC milling, casting and 3D printing.

It is common to perceive of the application of biomaterials in the form of products, 
or in the case of the built environment, as a speculative or a futuristic scenario. 
The aim of Chapter 5, entitled Scale-up, is primarily to challenge that notion – How 
can we integrate living structures in our current built environment? This is done 
by amalgamating the research conducted in Chapters 2, 3 and 4, to design and 
construct a full-scaled prototype of a living, architectural biohybrid wall structure 
that has a photosynthetic viscous boundary, and that performs the function of 
bioremediation. This step of integration within the existing urban context was 
crucial, not only to illustrate the potentials of the biomaterial-design-biofabrication 
methodology developed within this research but also to encourage a new design 
thinking, where the top-down tools of architectural design amalgamate with the 
bottom-up systems of the sciences, giving shape to grown, designed and physically 
fabricated biological systems. 

Such a multilayered approach aims to investigate the ability to produce and 
manufacture hybrid, synthetic biological materials and processes; allowing us to 
tailor its properties, leading to a precise control of performance, while exhibiting 
a strategy that is low cost, biodegradable and recyclable. This methodology 
stands central to the poetics of creating synthetic, hybrid semi-living ecologies, by 
creating viscous boundaries as permeable interfaces between the natural and the 
architectural artefact.
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Figure 2.0: Gradations, a property inherent of the materials viscosity, with space and time.
Credit: Author
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02.

(BIO)MATERIAL DEVELOPMENT
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2.1 A New Materiality

What is the materiality of nature? And what is the nature of materiality?

The anthropogenic school of thought is giving shape to a new conceptual 
understanding of the material world, encouraging us to redefine matter or 
materiality as being transcendentally active, embedded with its own properties 
and capacities that must be taken into consideration while contextualising forms of 
objects, and their relative processes.97 This radical notion where matter becomes 
inherently active was initiated when the concept of causality xvi was refined from 
being linear into a non-linear condition, describing cause and effect between 
materials, organisms, their processes and their environments as not always being 
linearly traceable. The wider range of possibilities and patterns outlined by the 
non-linear condition of causality were far more believable to what we observe 
occurring in the natural world. More importantly the concept of non-linear 
causality recognises materiality as matter with properties beyond its inertness, 
expanding the performative potentials matter has and can have within any given 
context. 

Such a multi-scalar perspective of materiality is being revisited and theorised by 
Mexican-American artist and philosopher Manuel DeLanda and contemporary 

xvi   The concept of causality describes the influence one event, process, state or object has in the 
production of another event, process, state or object, describing the cause to be responsible for the effect, 
where the effect is in turn dependent on the cause. This concept highlights that every change in nature 
is produced by some cause, and therefore understanding the different variables of the cause is a starting 
point in uncovering the events that ultimately unfold.617 Causality is in particularly interesting as it has al-
lowed ecological researchers to analyse processes and dynamics at different scales leading to a mechanistic 
understanding of the variations in ecological communities across space and time, uncovering unambiguous 
causes and effects – leading to identification of threats and problem areas that were otherwise not well 
understood or recognised.618 

philosopher and feminist theorist Rosi Braidotti, under the umbrella of new 
materialism,98 where they suggest a more open-minded understanding of 
multiplicities, re-envisioning the otherwise homogenous and static perception 
of the world.99,100 DeLanda and Braidotti’s pluralistic perspective contradicts both 
the linear Aristotelian view of objects as inert receptacles carved from the forms 
and forces they experience on their exterior, and also the Newtonian principle of 
materiality as an object inherent with the general laws of physics.101,102 This rather 
new concept considers matter as having its own capacity for evolution, with a 
probability of occurrence which is completely or at least partially unpredictable, 
collapsing the formal inertness as an obvious notion of any object. The imprints 
of the dualistic perspective of material systems can be traced back to biologist 
D’Arcy Wentworth Thompson’s Venn diagrams developed to track the generative 
capacity of an object,103 and philosopher Henri Bergson’s understanding of matter 
inherent with memory;104,105 where objects, their relative material processes and 
their expressions or performances were held central to outlining the unfolding 
natural phenomenon.106 

In a 1968 book by French philosopher and fine artist Gilles Deleuze entitled 
Difference and Repetition highlighted that all things, including states of 
consciousness are a direct result of material processes. Deleuze’s monist 
perspective insisted that everything that exists is ultimately physical, and that 
matter is the fundamental substance in nature. However, on the contrary, there are 
numerous processes in nature, that are found to exist without form or substance, 
in concrete assemblages of biology, sociology and geology alike, compelling us 
to rethink our understanding of a unified monist materialistic culture. Therefore, 
DeLanda suggests approaching materiality by characterising material systems 
not just by their properties, but also by their capacities.98 The term capacity is 
used to define the maximum amount of possibilities of processual occurrences 
the material can contain, mediate or produce. These could either be predictable 
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or unpredictable, as the material’s capacity has the ability to take on its own 
processes under specific physical and even metaphysical conditions, evolving into 
a nonlinear state of form. DeLanda refers to the occurrence of resultant physical 
assemblages from technological objects and natural atmospheric processes 
as ‘abstract motors’.107 As a formal programmer, DeLanda’s rather digitally-
influenced use of the term motor gives a notion of being forced or directed, with 
an intention of performing a very specific function. This somehow falls back into 
the comforts of linear causality, which unintentionally steals the natural quality 
of evolution embedded within the active properties of the material. Karen Barad, 
American theoretical physicist and feminist theorist in her paper titled Re(con)
figuring Space, Time and Matter emphasises the inseparability of mind and 
matter, sociology and new materialism.108 She further states: ‘structures are to be 
understood as material-discursive phenomenon that are iteratively (re)produced 
through ongoing material-discursive intra-actions’.109 Similarly, the concept of new 
materiality emphasises the importance of uncovering the different interactions 
the substance can initiate and/or establish, in order for us to truly define the 
purpose of the object or the form of the object.107 Therefore, for the scope of 
this research, and its interest in delving deeper into material states of matter that 
are independent of technocratic, or motorised units, the term used instead will 
be that of active ‘matter’. Here the active state is both an inherent property of 
the material composition itself and has the capacity to respond to the dynamic 
forces, fluxes and immaterial conditions present in its immediacy, highlighting 
materialism as generative matter. 

Recognising materiality as matter much beyond its inertness opens huge potentials 
as it forces architects, designers and creationists to adapt a new terminology of 
material understanding – where material substances are considered as surfaces 
that host, mediate and regulate processes upon interactions with varying objects 
and energy conditions in its surroundings. As discussed in the Introduction 
chapter, a new materiality in the form of active matter has been formulated 
to be introduced at the intersection of the natural and the artificial, where the 
material tendencies can activate its various performative capacities in order to 
progressively begin blurring the existing boundaries between the human and 
the non-human, by actively exchanging matter-and-energy with its surroundings. 
In such a case, what are the properties and capacities of this active matter, and 
what is it made of? Permeability, and viscosity have already been established as 
two key characteristics of the material that can allow matter to become active, in 
that case, how can this material be synthetically composed? What are the various 
multiplicities of matter and energy flows that can take place from within the 
viscous and permeable boundaries of active matter? This chapter will explore these 
questions with the intention of characterising a new set of materiality explaining 
the creative behaviour of the material system, based on both the description of 
the mechanism and the description of its structure that accounts for its preferred 
states. This will then inform the different approaches required in order to design 

and assemble the appropriate processes that can then exist in unity with nature 
and societal culture. Another important question is how the properties of the 
active matter would impact and govern its relative morphogenetic definition, in 
order to appropriately make available the designed artefact within a particular 
environmental context. Our challenge as designers is to adapt new ways of design 
thinking, requiring us to consider the material and its relative generative property 
to have a recurring, evolving form as opposed to invoking the static physical and 
natural laws that we are otherwise accustomed with. In other words, to accept as 
a designer, a level of uncontrollability and unpredictability of the resultant form, 
as an imperative of the active property of matter. 

2.1.1 Naturally Occurring Biocomposites and Their Relative Bioprocesses
Petra Schwille, a biophysicist at the Max Planck Institute of Biochemistry, 
managed in 2018 to put together a cell-like structure, from scratch, as part of 
the Programmable Artificial Cell Evolution or PACE project. Using only eight 
ingredients – two proteins, three buffering agents, two types of fat molecules and 
some chemical energy – Schwille managed to give shape to a cell with some of 
its machinery necessary for the cell to divide on its own.110 PACE is an integrated 
project involving 14 European and US universities, start-ups and businesses, 
funded by the European Commission, with the aim of synthetically materialising a 
completely biologically performative system. Its central aim is to develop artificial 
cells and methods, embedded with programmable self-assembling mechanisms, 
such as self-organisation, self-replication and the cellular entities’ ability to 
evolve. On the one hand, the PACE project illustrates the remarkable feats of 
development being achieved in the field of synthetic bioengineering where cells – 
the building blocks of life are being assembled from non-living components, with 
the aim of performing as though the cell was alive and living. On the other hand, 
cells, and other living systems, such as tissues and even organs, are being grown 
synthetically within lab environments, cultured in petri dishes.111,112 Conventionally, 
biologists have dissected cells with a top-down approach to understand how 
cellular components interact within their natural environments. But now, with 
technical advances in the fields of biomedicine and synthetic biology, researchers 
are beginning to (re)construct cells, tissues and organ-like biological structures 
from the bottom up, by using principles of bioengineering, wherein a pre-
contextualised environment is replicated within petri dishes that allow the desired 
organ to be grown from the most basic nano and microscale building blocks. Here, 
the microenvironment of the petri dish replicates the growth conditions suitable 
for the desired structure, allowing the natural course of the biological process to 
take place. Projects such as PACE, and culturing of living tissues within petri dishes 
demonstrate the two rather opposing methodologies – where one is made up by 
mechanically assembling non-living components, whereas the other is composed 
of living elements. However, both the projects are driven by a common goal – of 
understanding life with the aim of reconstructing it for applications within very 
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Figure 2.1: Biomaterial Circumscription
Diagrammatic representation of the different param-
eters tackled within this chapter originating from the 
microscale towards the centre, expanding outwards to 
the meso and the macroscale. The concentric bound-
aries demonstrate the relationships between various 
parameters, emphasising the appropriate situated-
ness of permeability, ECM, viscosity and the interface 
across different scales.
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specific contexts such as transplanting hand-crafted genomes into living cells for 
directed and controlled cellular performance,113 site-specific drug delivery114 and 
on-site tissue regeneration.115 This is in principle done by synthetically creating 
reaction spaces that can mimic biological systems with regards to topological 
interconnections and surface or membrane functionality.116 

For the objectives of this research focussed towards the development of viscous 
boundaries with a biologically active function, the interest was directed more in 
understanding how inherently active matter can be constructed, as opposed to 
activating matter through external energy-driven agencies (such as in the PACE 
project). Here, the new materials have been explored with the aim of creating 
opportunities where specific biological processes can take place within and around 
its specific surface boundaries. Therefore, the following sections begin by exploring 
how natural materials with their structures are fabricated and materialised in 
response to biological processes in nature. This has been followed by studying 
how the fields of biomedicine and synthetic biology, whose foundations are 
laid within the principles of biology, are constructing new biomaterials from the 
bottom-up, for use within technological advancements and augmentations for 
repair within the human body, with the interest of adopting their methodology 
for the development of biomaterials within the context of the built environment.  

2.1.2 Graded Biological Materials
Biological structures and their mechanisms are known to be hierarchically 
constructed over a wide range of molecular scales, allowing them to regulate 

their systems by constantly exchanging energy and information with their 
surroundings.117 The hybrid tree bark,118 or the skin of a plant leaf119 are examples 
of naturally occurring materials with microstructures that are intimately related 
to their biochemical composition and are largely governed by the principle of 
evolutionary growth, whereby the materials acquire form and microstructure 
through constant adaptation and self-organisation, in relation to their surrounding 
environmental conditions. These structurally stable materials are constructed 
from polymers or composites of polymers including chitosan, cellulose, and 
ceramic particles, by carefully fine-tuning their deposition, hierarchically, across 
each scale.120

Hierarchical structuring of these naturally occurring materials allows for 
performance-based graded variability, that allows for multifunctionality 
and adaptability, specific to the needs of the organism. Teeth, tendon–bone 
interfaces and squid beaks display mechanical properties achieved through a 
highly sophisticated gradation on a nanoscale.121–123 Similarly, the bone and the 
cartilage create architectural interfaces on the micro and nano-structural level, 
creating gradients of porous layers that seamlessly connect the hard bone tissue 
with the soft cartilage.124 The fibrous mussel byssus, a protein-based biogenic 
material, exhibits exceptional wet adhesion, abrasion resistance, toughness and 
self-healing properties. This is the result of an intricate hierarchical organisation 
formed in minutes from a fluid secretion mechanism. The byssus threads are 
produced through a complex biological manufacturing process, whereby the 
excreted protein precursors assemble themselves into an architecture on the 
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Figure 2.2: Graded biological materials
From left to right: 
a) Sawed out stem segment of Sequoiandendron giganteum;
b) The subdivision of the bark, with a denser inner layer and a less 
dense, highly structured and fibrous outer bark;
c) Images of the micro-CT scan of the bark showing the layered struc-
ture through a radial sectional view
Image source: Bold, G., Langer, M., Börnert, L., & Speck, T. (2020). 
The Protective Role of Bark and Bark Fibers of the Giant Sequoia (Se-
quoiadendron giganteum) during High-Energy Impacts. International 
Journal of Molecular Sciences, 21(9), 3355. [https://doi.org/10.3390/
ijms21093355]
d) Microscopic image of the cell membrane of a microalgal cell. 
Image source: Author
e) Beak of the Humboldt squid Dosidius gigas, highlighting the stiff-
ness gradient that runs across its entire structure, from the beak till the 
wing. Extreme right shows a series of sections representing different 
shades of the pigmentation gradient, with the untanned region least 
stiff and the heavily tanned segment the most stiff, found on its beak. 
Image source: Miserez, A., Schneberk, T., Sun, C., Zok, F. W., & Waite, 
J. H. (2008). The Transition from Stiff to Compliant Materials in Squid 
Beaks. Science, 319(5871), 1816–1819. [https://doi.org/10.1126/sci-
ence.1154117]

nanoscale, which then allows for maturation during the subsequent steps. 
This process reveals the intertwined and complementary biological workflow 
between steps that are regulated and non-regulated, i.e. the physically driven 
versus biologically controlled processing steps that are key within the natural 
manufacturing process.125

The beak of the Humboldt squid Dosidicus gigas is another example of a naturally 
occurring polymeric structure demonstrating a large stiffness gradient over 
a magnitude of two orders. Unlike the connection between the bone and the 
cartilage, which are functional assemblages of tissues with disparate mechanical 
properties, the squid is able to demonstrate a seamless transition between the 
high mechanically stiff beak and the soft, compliant base. This remarkable stiffness 
gradient is largely a property of the varying water content across the squid’s 
scaffold. More specifically, the squid’s softer wing contains 70 wt% water, 25 wt% 
chitin and 5 wt% protein; unlike the squid’s beak which contains less than 15 wt% 
water. That is, the higher the water content, the softer the biopolymer, whereas 
less water content initiates a stronger chemical bond between the chitin, water 
and His-rich proteins that contain dopa (a precursor enzyme), thereby creating a 
far stiffer microarchitecture.122

Nature’s processes of evolving via optimisation over the centuries, have resulted 
in a seamless combination of material structure, properties and functionalities 
to a point at which they are completely intertwined, and indistinguishable. 126 
The squid’s stiffness gradient and the mussel’s byssus thread demonstrate the 
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occurring material, constructed over a period of time, in response to the biological 
systems and processes unique to the organism. This definition disregarded the 
intentions of the healthcare system trying to develop biomaterials synthetically 
for clinical purposes. Biomaterials, such as chitosan, fibrin, cellulose, PEGDA are 
being used as scaffolds or matrices for tissue regeneration,131,132 wherein they 
facilitate the growth of a tissue construct regenerated within a controlled set of 
growth conditions – a bioreactor. The process begins by seeding initial starter 
cells into the biomaterial, offering a suitable molecular and stress condition, 
allowing the cells to begin multiplying within the matrix of the material. The 
cells continue to grow, forming a new viable biomaterial in the form of a tissue. 
Technically, both the initial polymer matrix also referred to as the bioscaffold and 
the regenerated tissue are engineered. But both are considered as biomaterials 
– one engineered suitable for the growth of cells, while the other is formed as 
a result of the engineered process within the bioscaffold. These synthetically 
designed and biologically grown active systems are developed with the aim of 
being introduced into the human body, where they perform in unison with their 
new host environment, rendering biomaterials as a form of active matter. 

Now, in order to effectively develop synthetic living materials, an understanding 
of a range of material properties across a length of scales, such as the structure of 
the material, the chemical process within the material and its compatibility with 
an additional biological process or system must be established. This requires the 
adoption of a holistic approach towards biological material systems, where the 
different constituents of living and non-living matter can be considered collectively, 
in terms of their structure, function and their relative processes. However, at 
present, chemical, biochemical and mechanical systems, are considered separately 
under the fields of material science and biology. But in order to coordinate a 
holistic material development, not only should the above three aspects be merged 
but also an added dimension of data feedback through bioinformatics must be 
introduced, in order to assess, record and consider the different response stages 
of the developed biomaterial within different environmental conditions.133 This 
fourth element becomes important as a living biomaterial is expected to undergo 
multiple material processes, which must be taken into consideration during the 
different stages of material development and its relative application. In order to 
converge the disparate disciplines of material science (synthetic), and biology 
(life) and the field of bioinformatics (technology), a new research field called 
materiomics133 is emerging where the different constituents of living and nonliving 
matter can be considered collectively (in terms of their structure, function and 
their relative processes) allowing us to fully understand biological functions with 
their relative material interactions and properties.43,134 However, the scope and 
applications envisaged within materiomics remains limited to the field of tissue 
engineering, disease diagnosis and de novo materials design.135,136 Therefore, 
this research aims to expand the scope of biomaterials, by amalgamating and 
transforming the existing tools of architectural design, in order to make possible the 

property of hierarchical, layer-by-layer construction of biopolymers deposited 
to demonstrate a range of properties across length scales, from the nano to 
the micro, meso and the macroscale. These biologically derived materials and 
their hierarchical assembly are being used in the field of biomedicine to develop 
scaffolds that support properties of life, for clinical applications, such as cell 
differentiation, site-specific drug delivery and tissue regeneration,115 applications 
that remain limited within a small-scale. However, a key challenge remains in not 
only understanding and mimicking the physiochemical properties, but in utilising 
the materials’ properties and mechanical function within a biological context, 
with site-specific applications of the built environment. 

2.2 Developing Biomaterials and Materiomics: Transitioning 
from Biology to Architecture 

2.2.1 Biomaterials: A Definition

In the field of biomedicine, biomaterials and structures made from biomaterials 
are widely being used to replace and/or restore tissues and organs, with the 
aim of improving the biological functionality of the human body.127 Therefore, a 
primary characteristic of the biomaterial is its compatibility with the human body.

In 1987 the European Society of Biomaterials, at a Consensus Conference 
on Biomaterials Science, announced for the first time a formal definition of 
biomaterials.128 According to this definition, a biomaterial was ‘a non-viable 
material used in a medical device, intended to interact with biological systems’. 
The term ‘non-viable’ was used to acknowledge the externality or the artificially 
established relationship between the biomaterial and the host environment of 
the biological system under consideration. This was later debated in a subsequent 
conference, whereby the term ‘non-viable’ was deleted, redefining the term 
‘biomaterial’ as part of the contextual dictionary of biomaterials science published 
in 1999, by David Williamsxvii, a distinguished researcher within the field of 
biomaterials, medical devices and tissue engineering.129 Here, a biomaterial was 
defined as ‘a material intended to interface with biological systems to evaluate, 
treat, augment, or replace any tissue, organ or function of the body’.

In 1995, the Larousse Dictionary of Science and Technology also attempted to 
define biomaterials as ‘a solid material which occurs in and is made by living 
organisms, such as chitin, fibrin or bone’130 – in other words, a completely naturally 

xvii   David F. Williams in 1999, while he was still at Liverpool University published the Williams Dic-
tionary of Biomaterials, with the aim of comprehensively compiling biomaterials-related terms and their 
use to date, standardizing a glossary for educational use. Williams was also the first professor to establish 
a Biomaterials lab in Europe in 1968. He is currently at Wake Forest Institute of regenerative medicine, 
where he focuses on the science of biocompatibility in relation to medical devices and tissue engineering 
scaffolds.129,619 
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creation of complex biological systems, with advanced understanding and control 
in structure and function across a multitude of diverse scales. This has been done 
in the following sections by proposing a potential definition of biomaterials within 
the architectural context, along with its characteristic function of biocompatibility, 
and how similar and / or different they might be to traditional materials for large-
scale construction and even traditional biomaterials developed for microscale 
construction. 

2.2.2 Biomaterials for Architecture

Referencing the definition of biomaterials formulated by David Williams and 
considering the mechanical and biological properties appropriate for the context 
of the built environment, a biomaterial can be defined as a ‘material intended to 
interface with naturally occurring biological systems, exchanging matter and/or 
energy to enable cell growth in response to dynamic and generative ecological 
relations with the surrounding environment’.

A biomaterial can either be made synthetically or generated or grown from a 
living organism, or through a biological process, or it could be a composite of 
both. What stands core to a biomaterial is its criterion of supporting life.

In 1971, Tibor Gánti, a Hungarian chemical engineer and biologist, outlined The 
Principles of Life, where he distinguished between absolute life criteria deemed 
necessary for an organism to be in a living state and potential or inherent life 
criteria needed for the organism’s survival.137 Gánti outlined the absolute life 
criteria under five segments: namely, 1) inherent unity – a system must be 
inherently an individual unit; 2) metabolism – a living system has to perform a 
metabolism; 3) inherent stability – a living system must be inherently stable; 4) an 
information-carrying subsystem – a living system must have a subsystem carrying 
information that is useful for the whole system; and 5) programme control 
– processes in living systems must be regulated and controlled.13,137 Further to 
this, potential life criteria are: 1) growth and reproduction; 2) the capability of 
hereditary change and evolution; and 3) mortality. Here, the potential life criteria 
are crucial for differentiation or for the progression of certain mechanisms over 
the generations but is not necessary for the initiation of life. English geneticist, Sir 
Paul Nurse in 2003 defined life from a biological standpoint by outlining a similar 
set of five components, namely – the cell as the basic unit of life, the gene as 
the mechanism of heredity, the component of evolution via natural selection, the 
chemical composition and their resultant reactions necessary for the cell, and the 
fifth being the biological organisation in the form of informational processes and 
structure.138,139 Taking a lead from this, architect Michael Hensel who pioneers the 
concepts of performance-oriented architecture and embedded architectures, in 
his 2006 paper titled (Synthetic) life architectures: Ramifications and potentials 
of a literal biological paradigm for architectural design outlined a similar but 

abbreviated list of criteria for the creation of synthetic life, namely containment 
(inherent unity), metabolism, heredity and evolution.13 Hensel, through these 
parameters suggests biomaterials to fulfil these life-sustaining criteria in order to 
synthetically design structures. 

The single most important factor that distinguishes a biomaterial from any other 
material is its ability to support a biological mechanism, in response to the host 
environment – in other words, its ability to coexist in contact with its surrounding 
environment by exchanging information and contributing to the sustenance of 
the surrounding and/or imbedded biological processes rather than causing any 
unacceptable degree of harm to its environment.140 Biomaterials are thereby 
distinguished from inert materials that often exist in isolation from their situated 
context. Moreover, while biomaterials perform to support the sustenance of 
a biological process, its surrounding host environment in turn impacts the 
performance and shape of the biomaterial. Here, the biomaterial begins to give a 
formal, physical dimension to active matter or what DeLanda would refer to as an 
abstract motor, as discussed in section 2.1.

2.2.3 Properties of Biomaterials
By referencing Tibor Gánti’s divisions of life, the various parameters that can be 
assembled physically in the form of tangible matter, essential for the biomaterial 
to establish real-life criteria, complemented by potential life criteria to maintain 
the biomaterials life cycle are outlined below. This characterisation will run 
throughout the course of this thesis, where their developmental mechanisms for 
optimum biological performance centred within the architectural scale have been 
rigorously explored. 

1) Real-Life Criteria

a. Unity and continuum

b. Hierarchical gradation

2) Potential Life Criteria

a. Biocompatibility

b. Homeostasis

Here, a biomaterial has been considered to intrinsically have a life cycle of its 
own which, when introduced within the vicinity of another biological process 
(host environment), has the ability to interact and respond to the information 
exchanges taking place between the two states – the micro environment of the 
biomaterial and the macro environment of its host. It must further be noted that 
the consequences of such two-way interactions can allow the host environment 
to alter the states of the biomaterial from its original form, and vice versa, where 
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REAL LIFE CRITERIA

ABSOLUTE 
LIFE CRITERIA

LIFE

Metabolism

Containment

Homeostasis

Information carrying subsystem & 
Program Control

Growth & Reproduction
Biocompatability

Stability

Unity / Continuum

Multiplicity &
Hierarchy Permeability

Permeability

Figure 2.3: Criteria for Life
Referring Tibor Ganti’s iconic Chemoton model with its stiochiometrically coupled subsystems. 
The diagram highlights the entanglement between the real-life and the absolute-life criteria, in 
order to identify, and investigate the key parameters of Life, namely: 
a) Unity & Continuum, b
) Multiplicities & Hierarchies, 
c) Biocompatibility & 
d) Homeostasis. 
Each is explored in detail through material developments, optimised computational design 
techniques accompanied with scale-up techniques of fabrication across each chapter.

the biomaterial could change certain parameters in the host environment, ideally 
for a positive, or therapeutic effect.

2.2.3.1 Unity and continuum

According to Tibor Gánti, a living system’s inherent property as an individual unit 
is fundamental for the creation of life. A system is a unit that cannot be subdivided 
without losing its properties, i.e. the system’s whole is greater than the sum of its 
parts.137 A cell is a standard example of an individual unit, as it cannot be subdivided 
without losing its properties of living. Furthermore, a cell is made from permeable 
boundaries called cell membranes, that provide a distinct identity to the cell, by 
separating the outside from the inside, while carrying out intelligent filtration of 
material through its porous, regulated boundaries, which is maintained through 
a system of feedback control called homeostasis.xviii,141,142 These biologically active 
boundary conditions contain environments within environments – allowing 
for constant regulations through exchanges of matter and energy – providing 
the innate quality of systems to exist independently yet intertwined with their 
surroundings. Further encouraging the idea of the biomaterial as a collective, 
a continuum, considering the borderless relations between the material and 
its surrounding biological and ecological environment. Based on this principle, 
research is being conducted in the field of biomedicine to develop membrane 
materials from self-assembled cellulose materials that incorporate biological 
molecules capable of responding to specific pre-programmed signals, activating 
the membrane to respond primarily by changing its porosity.143–145

Such an understanding of the boundary or the membrane as a porous between the 
two coherent parts – of the natural and the artificial, contradicts the architectural 
understanding of boundary conditions as hermetic, suggesting the continuity 
of surfaces on either side of the construction walls where it can contribute by 
performing additional functions (an inherent property of the material itself) such 
as the removal of pollutants, improving the air and water quality within both the 
exterior and the interior environments. Therefore, the property of inherent unity 
is key to the development of biomaterials (and the biological membranes thus 
formed) as it allows a new level of interaction and exchange between exterior and 
interior environments through programmable intelligent filtration and distribution 
on a molecular scale transitioning the biomaterial into a living material system. 
Material properties of permeability and porosity are key in establishing this 
continuum. 

2.2.3.2 Hierarchical gradation: permeability and porosity

The fields of material sciences, biomedicine and synthetic biology are working 

xviii   The concept of homeostasis within the context of this research has been elaborated in section 
2.7. 
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to develop bioscaffolds from materials that can be introduced into the human 
body, wherein they work in relation to the host environment, adapting to its 
surroundings, with the aim of replacing damaged tissues or cartilages or delivering 
site-specific drugs, while allowing the support scaffold to degrade and exit from 
the host system upon completion of its desired function.146 Here the term scaffolds 
are used to define materials that have been engineered to cause desirable cellular 
interactions to contribute to the formation of new functional tissues for medical 
purposes.147 These scaffolds are constructed by carefully depositing materials 
hierarchically, mimicking the extracellular matrix (ECM) of naturally occurring 
structures and creating microenvironments that can be seeded with cells capable 
of assembling and supporting three-dimensional tissue formation, by permitting 
constant exchange of energy and nutrients from within its porous boundary, 
allowing cellular growth. This requires the biomaterial, composed from materials 
such as naturally-derived collagen, and synthetic degradable polyesters to exhibit 
levels of porosity, by creating a series of densely layered forms of diffusive, 
deeply interwoven membranes on the micro, meso and the macroscale,148 
hierarchically assembling surface boundaries that encourage active interactions 
and exchange of information with its surroundings. Material and organisational 
properties of permeability, or porosity and the ability to achieve complex flexible 
interconnections across 2D and 3D surfaces are inherited from the hierarchical 
construction of the scaffolds.117 In the study of biological systems, hierarchy is 
also used to establish the intertwined, complex connections between multiple 
biological subsystems situated within a specific system with a physical scale.149 
Here, the relatively meso and macro scale hierarchical organisations allow the 
study of connections along with establishing existing and future relations, instead 
of simply analysing the subject biological structure at different levels. At this stage 
of the thesis, the focus of exploring hierarchical assembly remains limited to the 
development of the biomaterial with multiscale properties, while their context 
specific hierarchical organisational properties have been explored at a later stage 
where the biomaterial’s morphological design is fabricated for specific applications 
within the architectural context. 

It is also noteworthy to mention the scale of the hierarchically constructed 
bioscaffolds within the field of biomedicine, that remains limited to the nano 
or the micro scale (ranging from a few microns to a few millimetres), hence 
the physiochemical, structural and biological properties of the biomaterials 
thus developed cannot be directly applied for construction within the built 
environment. Having said that, hierarchical or layered construction conceptually 
retains the ability to scale-up provided the appropriate material with its relative 
rheological properties are identified permitting the hierarchical scaling-up of 
the desired bioscaffolds. Therefore, a major challenge remains in developing an 
appropriate biomaterial with physical, chemical, and biological properties that 
can support a biological function while fulfilling the structural requirements of a 
large-scale architectural membrane, the different elements of which have been 

discussed in the following sections. 

2.3 WATER: MOLECULE OF LIFE

Life, as we know it, has evolved on a planet where water is ubiquitous. Water 
is an element which is key in the creation of many aspects of life, ranging from 
processes within cells to the behaviour of organisms150 to even the formation of 
cities primarily surrounding naturally occurring water bodies such as rivers, lakes 
and oceans.

Inspired by the enchanting properties of water, Leonardo da Vinci highlighted 
‘Liquids as a crucial part of a mechanical system’, 151,152 merging the sciences and the 
art to study flow, Da Vinci considered his fluidic machines to be immensely useful 
in the real world, proposing the possibility of assembling mobile systems that 
could perform autonomously without an external energy input.152 More recently, 
in 1992 architect Marcos Novak proposed the concept of Liquid Architecture, 
situated within the context of cyberspace, where he suggested the generation 
of permeable forms contingent on the interests of the observer. This would be 
an architecture wherein the current state of space is a result of the preceding 
stages of interaction.153 The metaphorical interpretations of liquidity and fluidity 
have highlighted the flow within and in-between systems. Therefore, this section 
explores the potential of water as a fundamental element in assembling tangible 
biomaterials for architecture. 

2.3.1 Background

As early as the sixth century BCE, Thales of Miletus, the founder of physical science, 
hypothesised that all matter consists ultimately of water, mentioning that water 
is the arché or primary principle from which all things originate and to which 
all things return.154 Aristotle, in Metaphysics, speculated that Thales may have 
reached this conclusion after having observed everything that is food as moist, 
and that moisture is a key source and prerequisite for the life of warmth itself.155 
Aristotle went on to emphasise the relation between life and moisture – and that 
water is the ‘first principle of moist conditions’.xix Establishing a general law for all 
living processes and for reproduction, Thales and later Aristotle identified water 
as a basic element of life.1,156,157 Later, with developments in the field of sciences, 
water was recognised as a universal solvent, due to its ability to adopt various 
forms of states including liquid, vapour, ice and viscosity when varying intensities 
of energy are applied. Furthermore, water-driven processes are known to consume 
low amounts of energy, produce little to no waste, are often biodegradable and 

xix   Aristotle’s interpretations of Thales’ theses observe that “the nature of all creatures is moist, and 
that warmth itself is generated from moisture and lives by it; and that from which all things come to is their 
first principle”. Aristotle further adds that “besides this, another reason for the supposition would be that 
the seminal of all things have a moist nature”.
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Figure 2.4: Water and fluidity in design and innovation
From bottom centre, clockwise: Leonardo Da Vinci’s sketches of experimental tanks for studying waves and current in water, including vortices in heart valves. Image source: Leonardo da Vinci, Studies of Turbulent Water, 
Royal Collection Trust, Her Majest Queen Elizabeth II, 2019 & Leonardo da Vinci’s Codex Leicester: A New Edition (Volume 1) Domenico Laurenza & Martin Kemp Oxford University Press (2019);
Top centre, right & bottom: Marcos Novak’s Liquid Architecture in Cyberspace: Image processing where algorithmic composition is merged with scanned data; Close-up “in-shell” view of model; Algorithmically driven, 
dynamic three-dimensional composition with multiple component parts that change according to factors such as position, size, and proximity to other component parts. Images downloaded from [http://www.zakros.com/
liquidarchitecture/liquidarchitecture.html].
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are able to regulate with the ambient conditions.158,159

The sacredness of water has often been discussed, regardless of culture or 
tradition. The existence of ‘healing waters’ or the mystical quality of water has 
been acknowledged by many generations,160 and hence its rather obvious inclusion 
in ancient spaces of living and worship. Scientists such as French immunologist 
Jacques Benveniste, hypothesised the healing quality of water related to water’s 
ability to store memory momentarily, in the form of energy, before mediating 
its dissipation into the surrounding waves of energy flows.xx,161 A Nālukettu is an 
example of a vernacular Dravidian-style architecture that are constructed from 
locally available materials in circular, square or rectangular plans. These structures 
would often surround a central courtyard used as a communal space, which 
would double up as a water body during the monsoon season.162,163 This central 
courtyard, usually open to the sky, allowing sunshine and rain to pour into the 
demarcated confines of the household, was primarily a feature of Vastu – or the 
energy science of architecture in India. This feature allowed natural energies to 
circulate within the house, while maintaining a more comfortable microclimate. 
Illustrating two rather distinct but complementary characteristics of water – one 
scientific and the other cultural or spiritual.164 Architecturally, the boundaries that 
distinguish the courtyard from the rest of the household were highly distinct, 
maintaining extreme conditions, with the wet areas as extremely moist, and the 
dry habitable areas as extremely dry spaces. 

It is interesting to realise that, while designers, scientists, theorists do recognise 
the importance of water, moisture and its flow in order to instigate and maintain 
any life form, architectural habitats prefer to exist separate from conditions of 
moisture. One could argue that the primary function of dwelling units was to 
protect homo sapiens from unpredictable changes in environmental conditions, 
but we may have gone too far in creating dry and drier environments with extreme 
regulatory mechanisms. Referring to Thales’ observations of the living, that ‘the 
seeds of all things have a moist nature (and water is the first principle of the 
moist nature, of most things)’, this moist condition as a pre-condition for anything 
that is living is a core element for the foundation of this research, encouraging to 
consider water and conditions of moisture within a material as a prime condition 
for life. 

xx   Water’s ability to retain memory remains scientifically unclaimed, however there are more and 
more scientists that are delving into uncovering this property of water, such as French virologist and Nobel 
prize Laurette Luc Montagnier.620 Theoretically, water memory is the memory of water to retain a memory 
of substances previously dissolved in it even after an arbitrary number of dilutions. 

2.3.2 H20: The molecule

Chemically, a molecule of water consists of an oxygen atom bonded with two 
hydrogen atoms. The oxygen atom primarily makes water necessary for life as 
it carries oxygen and nutrients to the cells, ensuring aerobic respiration and 
enzymatic activity, whereas the polar structure of the water molecule, a result of 
the hydrogen bonding, explains why the water remains in a liquid state instead 
of a gas under standard conditions.150 Further, the water molecule has the ability 
to remove wastes while regulating the body temperature of vertebrates as a 
reflexive action to the altering conditions in its immediate environment.150,165 All 
life forms on earth are surrounded by a membrane that separates the organism 
from its environment. And in order to survive, the organisms accept nutrients 
from their surroundings for making energy, while expelling toxic waste substances. 
Water’s property of flow allows it to become a key component of the membranes 
that permit efficient transfer of matter and energy from within the cell to the 
cell’s environment and vice versa.166 This dynamic property of water (as a role 
of hydration and its chemical structure) does not simply make water the ‘matrix 
of life’ as a passive scaffold but instead it performs abundant active roles in 
molecular biology minutely influenced by its structure.167 So dynamic is water’s 
property that even in the most extreme conditions of the freezing Arctic poles 
or the Icelandic sulphur-boiling geysers, there is still microbial life flourishing in 
abundance. xxi,168,169

With the aim of redefining or reconceptualising boundaries and membranes for the 
context of architecture, the following section evaluates in detail the distribution of 
water within biological membranes – more specifically, the permeable membrane 
of the cell.

2.3.3 Water Distribution in Biological Membranes

Living cells are known to contain 15 to 25 per cent proteins, while the remaining 
75 to 85 per cent is all water distributed across different physical states. According 
to the classic cell membrane theory proposed in 1877 by botanist and plant 
physiologist Wilhelm Pfeffer while studying the phenomenon of osmosis, formally 
recognised the plasma membrane surrounding a standard cell to be entirely made 
from normal water.170 And the asymmetry on either side of the cell membrane, 
the intra and the extracellular, were attributed to the critical pore size of the cell 
membranes, the cell membrane’s property of ‘permeases’ or transport proteins 

xxi   Life emerged under temperature and pressure conditions close to the triple point of water, i.e. 
the point at which the three phases (solid, liquid and gas) coexist, having identical Gibbs free energies. 
Thermodynamically, it is that moment when, in the standard state, a closed system can exchange heat and 
entropy with its surroundings, but not matter. This moment when the properties of two phases become in-
distinguishable from each other is called the ‘critical point’. And the tipping point or conversion of the water 
molecule from one state to the other is termed ‘boundary crossing’. 621



34

that regulate the transport of specific molecules in or out of the cell, in the form 
of facilitated diffusion.171 On the other hand, according to Troschin’s sorption 
theory,xxii water within the living protoplasm does not exist in one single physical 
state, but instead exists irreversibly in more than one metastable cooperative 
state during the course of the cells physiological activity. Further, nearly all water 
molecules in a living cell can be found to exist in polarised multilayers oriented 
on the surfaces of cell proteins.171,172 This identifies the characteristics of (semi)
permeability, with the property of reversibility between different states also 
termed as metastabilityxxiii, and hierarchical or layered construction of water, 
fundamental for the survival of a cell. 

2.3.4 Architectural Membranes as the ‘In-between’

Biological membranes are the boundaries that make up the ‘in-between’, or 
the middle that mediated negotiations between two rather distinct states of 
energy, potentially establishing a continuum between the opposite ends of the 
surface. This further imparts the material with an innate quality of creating an 
environment of itself, within itself, instigating a moment of flux through which 
energy and the performative vibration emerges from the material and is amplified 
and transmitted through interaction with various other materials and energy 
fields. A pertinent question remains of how can we design for this ‘in-between’ 
state? Or rather, how do we design for this constant transitory phenomenon, 
where more than one stage of matter and energy can constantly coexist with each 
other, passively? In what form or capacity can water be used as an initiation agent 
while chemically formulating the biomaterial?  And more importantly, how can 
this theory of biologically developing large-scale semi-permeable boundaries be 
translated into a material phenomenon? 

The following sections experimentally demonstrate a wide range of water-based 
biomaterials to better understand their behaviour in terms of their physical 
and chemical properties, while also testing their ability to support forms of life. 
Here, water has been tested as an activation agent that can achieve an optimum 
viscosity and permeability, potentially initiating the occurrence of a biological 
function by enabling the containment of living microorganisms within the surface 
boundaries of the resultant biomaterial. The different states of viscosity, primarily 
mediated by altering the concentration of water within the biomaterial have been 
tested to regulate its morphological and shape forming mechanism, an important 
component that renders possible the designing anf fabrication of appropriate 
scaffolds for integration within the architectural context.  Additionally, the 

xxii   Troschin’s monograph titled, Problems of Permeability first published in 1956, highlights the 
selective properties of cell water towards nano electrolytes, amino acids and ions.

xxiii   The term metastability is used to define an object or a systems state of apparent equilibrium, 
which continues to remain capable of changing to a more stable state. It is an excited state of matter with a 
relatively stable condition.622 

properties of biotolerance and biodegradability, inherent to the materials’ water 
composition, have also been explored. 

2.4 HYDROGELS

2.4.1 Hydrogels: Gels Primarily Made from Water

Hydrogels are 3D structures primarily composed of water (30-90%) locked within 
a matrix of natural and/or synthetic polymers.173,174 The hydrogel structure is 
created from hydrophilic groups present in a polymeric network upon hydration 
within an aqueous environment. 

One common application of hydrogels is in the food industry in the form of 
molecular gastronomy,175 whereby chefs enclose or immobilise flavours within 
water-based gels, prepared with the aim of providing a purely taste-based 
culinary experience to the consumers. The concept is for the diner to consume 
the edible gel-like capsule, which in a bite bursts open the flavours, dissolving 
both the tasteful ingredient and its encapsulated hydrogel membrane upon 
consuming. Based on a similar concept, Ooho,176 a start-up uses seaweed and 
plant-based membranes as packaging material for food, sauces and water that 
either disappear or degrade naturally. As hydrogels are primarily composed of 
water, and natural polymers they are able to degrade within weeks under natural 
environmental conditions. Ooho and the techniques adopted in the food sciences 
demonstrate the ability of forming dissolvable skins around liquid, viscous or 
solid substances through a process of cross-linking. It is through the technique 
of physical and/or chemical cross-linking that a liquid or fluid state of solution 
generates gels, or hydrogels as it generates an extracellular matrix that locks in 
the water and polymeric components.177 Naturally occurring hydrogels are found 
in abundance, such as bacterial biofilms. These are hydrated ECM, assembled 
from attached microbial cells formed as a protective mechanism from the harsh 
environmental conditions.178 Hydrogels high water content (based on the dynamic 
property of water discussed in the earlier section) allows the material to be tailored 
specific to the applications, where they are able to exhibit a range of properties 
depending on the cellular biocompatibility, desired functionality, reversibility, and 
sterilizability, which have been discussed in detail below. 

2.4.2 Background

Hydrogels were first mentioned in 1936, when researchers at DuPont had 
published a paper on then recently synthesised methacrylic polymers, including 
poly (2-hydroxyethyl methacrylate) or polyHEMA,179 a polymer used widely in 
optical implants or as contact lenses. Upon preliminary observation the authors 
of the paper described the material as hard, brittle and glass-like, negating any 
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Figure 2.5: Initial experiments with water-based hydrogels
Images showing the various biomaterial experiments conducted with 
varying polymers, with and without cell culture. 
All the experiments were conducted to begin establishing the role 
of water within the making of hydrogels from natural polymers. The 
experiments further highlighted the diret relationship between water 
content and the viscosity of the biomaterial. 
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interests for further research explorations. Later, in 1960, polymeric scientists Otto 
Wichterle and Drahoslav Lím described the polymerisation of HEMA and cross-
linking agents in the presence of water and other solvents. It was through the 
preparation and the post-processing technique where they obtained soft, water 
swollen networks demonstrating limits of elasticity and transparency instead 
of the brittle structures described earlier. The identification of this method of 
hydrogel formation led to the modern field of biomedical hydrogels as we know 
them today, resulting in a vast array of hydrogel formulations since.180,181

2.4.3 Preparation and Formation of Hydrogels Via Cross-linking: Gelation

Hydrogels were the first biomaterials developed for use within the human body, 
as their structural composition on the nano and the microscale resembles the 
ECM of naturally occurring structures, such as tissues.182 This is primarily due to 
the hydrogels water-swollen viscoelastic network that permits the diffusion and 
attachment of molecules and cells, resulting in a material that supports biological 
activity, making hydrogels suitable for a variety of biomedical applications such 
as wound healing, site-specific cartilage/bone and tissue regeneration and 
controlled delivery of drugs.183 This is primarily due to water’s significant role 
towards cellular compatibility, proven true by interfacial free energy analysis, 
also referred to as surface tension.xxiv,174 According to which, hydrogels can 
show multiple variations of biotolerance across a wide range of scales – largely 

xxiv   Interfacial free energy analysis, or surface tension, is the contribution to the free energy in a 
system due to the presence of an interface separating two coexisting phases at equilibrium.623,624

First inter-membrane 
space

Second inter-membrane 
space

Multi-membrane onion-like 
physical hydrogel

Figure 2.6: Multimembrane hydrogels
From left to right: 
a) Schematic diagram of the multi-membrane onion-like structures; 
multi-membrane biomaterial with ‘onion-like’ structure based on 
chitosan. Image source: Ladet, S., David, L., & Domard, A. (2008). 
Multi-membrane hydrogels. Nature, 452(7183), 76–79. https://doi.
org/10.1038/nature06619.
b) Tubular structures printed with GelMA-GG bio-ink (7.5-0.2) with 
different AR which is bioprintable and cell permissive; Printed grid 
pattern (W× L× H = 9mm × 9mm × 10mm) with 6 selected GelMA-GG 
bio-inks. Image source: Zhuang, P., Ng, W. L., An, J., Chua, C. K., & Tan, 
L. P. (2019). Layer-by-layer ultraviolet assisted extrusion-based (UAE) 
bioprinting of hydrogel constructs with high aspect ratio for soft tis-
sue engineering applications. PLOS ONE, 14(6), e0216776. https://doi.
org/10.1371/journal.pone.0216776; 
c,d,e) Various constructs 3D printed with the tough and biocompatible 
PEG-alginate-nanoclay hydrogels (hollow cube, hemisphere, pyramid, 
twisted bundle, the shape of the ear and a nose). Image source:  Bhat-
nagar, D., Simon, M., & Rafailovich, M. H. (2016). Hydrogels for Regen-
erative Medicine. In Recent Advances in Biopolymers. InTech. https://
doi.org/10.5772/62044.
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due to the differences in water content and water organisation within and on 
the surface of the gel.184 Furthermore, the water-swollen network of hydrogels 
has the capacity to absorb larger quantities of water, and other fluids, without 
completely getting dissolved. However, in the cases of drug delivery, the hydrogels 
carrying the desired cells for treatment have a controlled lifespan, as the hydrogel 
scaffolds are designed to degrade and exit the system upon completion of the 
desired biological application.185

Hydrogels are broadly classified into naturally derived and synthetically derived 
hydrogels, wherein, the former are made from chitosan, alginate, collagen, 
agarose and hyaluronan which are directly extracted from plants, algae, and 
other microorganisms, natural materials that impart the hydrogel with an 
inherent property of biocompatibility, and biodegradability.186 On the other hand, 
synthetically derived hydrogels are physically and / or chemically composed 
from polymers such as polyethylene glycol (PEG), polycarbonate urethane (PU), 
and poly(epsilon-caprolactone) (PCL), as they allow for greater control over 
the functional properties of the resultant scaffold. Over the years, different 
combinations of natural, synthetic and even composite hydrogels have been 
developed that exhibit suitable physiochemical and biological properties for 
applications in the field of biomedicine for 3D cell and tissue cultures.187,188 A table 
reviewing some commonly explored and researched hydrogel compositions with 
their relative mechanical and biological properties are shown below.

These gel-solutions are first pre-cultured with nutrients or growth conditions 
suitable for the specific cell culture. A start-up culture of cells is then inoculated into 
the hydrogel solution,  which are then immobilised within the polymers permeable 
membranes by immersing in solutions such as calcium chloride (CaCl2) or barium 
chloride (BaCl2).

177 This is an extremely important stage in hydrogel formation 
commonly referred to as gelation. Gelation is the process of forming physical 
cross-links between the hydrated polymer and the hydrophobic aggregates. In 
other words, gelation is the event of curing that converts a viscous fluid medium 
into a more solid gel state. It is at this stage, that pores may be formed by phase 
separation, or smaller pores may exist within the materials network. The average 
pore size, pore distribution, and pore interconnections are important factors 
of a hydrogel matrix that are often difficult to quantitively control,212 but are a 
resultant of the gelation process, largely influenced by the crosslink density and 
the homogeneity of the hydrogels composition, that upon gelation generates an 
permeable and a semi-permeable ECM, with an in vivo environment suitable for 
cellular growth.183

Post seeding and gelation, the entire culture or hydrogel scaffold is introduced into 
a controlled environment with temperature, pressure and light conditions most 
suited for the growth of the cells. Research is being conducted to better curate and 
control the internal matrix of hydrogels to generate mechanically stable structures 

with very specific internal forms and shapes required for biomedical procedures 
such as prosthetics, drug delivery and cancer treatments.213–216 This level of control, 
down to the nanoscale is a major challenge that limits manufacturing of complex 
structures. Different approaches are being tested to better control and design the 
cross-links within the ECM of hydrogels specific to cellular growth, especially in 3D 
structures. One such approach is addressed by Ladet et al. where they explored 
the design and fabrication of multilayered polysaccharide-based hydrogels with 
highly controlled physical properties, refer figure 2.6. By carefully regulating the 
gelation kinetics, they were able to fabricate a multimembrane chitosan-based 
hydrogel, with onion-like layered structure and a tubular structure.217 It must 
further be noted that the size of Ladet’s structures were limited to micrometre 
to centimetres at the max. However, for biomedical applications, especially drug 
delivery the hydrogel scaffolds need not be very large.

The gelation methodology adapted within this research is particularly interesting 
as it explores the techniques of controlling the transition and the connection 
between two different hydrogels. Prior to this, complex hydrogel structures were 
limited to 2D microfabrication technologies. And Ladet et al. research introduces 
the added, and important layer of hierarchical or layered construction in order 
to create 3D hydrogel structures for cellular growth, much like the squid’s beakxxv 
whose structure demonstrates a varying range of interstitial properties (refer 
figure 2.2). Through additive or layered construction the separate thin layers of 
gels together formed a homogenous construct, instead of a single bulk hydrogel 
with only one water-initiated density throughout its cross-section.217

2.4.4 Spatial and Temporal Gradients

The controlled dispersion and distribution of water molecules through the pores 
present within the hydrogel matrix have been observed to create a range of 
varying densities that impart the biological membranes with levels of selective 
permeability. Synthetically fabricating such membranes requires us to control 
how the water molecules create cross-links within the thickness of the gel. While 
there are major limitations in trying to initiate the desired gradient on a micro 
scale,218 inverting the fabrication method and constructing them hierarchically or 
layer-by-layer can be explored as a technique, by first individually fabricating the 
different hydrogels, and then testing through gelation kinetics, ways of generating 
a level of homogeneity between the distinct layers, much similar to the onion-like 
layered structure discussed above. 

xxv   The hierarchical construction of the Humboldt squid beak has been discussed in Section 2.1.2.
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Table 2.1: Hydrogels: A Review
A table highlighting the most common types of hydrogels that have been researched with their specific cross-linking mechanisms, their resultant properties and their potential applications

MATERIAL COMPOSITIONS CROSS-LINKING METHODS PROPERTIES TESTED APPLICATIONS

1. Agarose + Sodium alginate Physical and chemical cross-linking; 
incubated with 10% CaCl2 and 0.1% FBS; 
washed with PBS and incubated in culture 
medium for cell proliferation 

- excellent gelation properties
- biocompatibility
- rheological properties
- higher cell adhesion 

Cartilage tissue regeneration 189–191

2. Collagen + Sodium alginate Physical and chemical cross-linking; 
incubated with 10% CaCl2 and 0.1% FBS; 
washed with PBS and incubated in culture 
medium for cell proliferation 

- mechanical strength 
- higher cell proliferation, and
- bioactivity improved by adding collagen 
type I as compared to the above agar / 
alginate solution
- more stable than agarose - alginate 
composite reviewed above

Cartilage tissue regeneration – More sta-
ble than Agar / Alginate composite 192–194 

3. Agarose + Sodium alginate + 
(Carboxymethyl)chitosan

Physical cross-linking; 
immerse in 2% w/v CaCl2 for 10 mins

- biocompatible
- antibacterial
- pH sensitive
- degradable

Functional 3D neural mini tissues, vascu-
lar constructs, wound healing, cell encap-
sulation and transplantation 195–200

4. Alginate + Gelatin Physical, chemical and photo cross-linking - biocompatible
- cell-adhesive
- water soluble
- degradable

Tissue regeneration: bone, cartilage, skin 
Drug delivery systems 201–206

5. Alginate + Synthetic nanosili-
cate clay (Laponite)

Physical cross-linking - bioactive
- excellent mechanical property
- thermoresponsive bending property
- transparent

Bone tissue engineering, stimuli-respon-
sive ‘smart’ soft robots, sensors and 
tissue engineering 207–210

6. PLA fibre-reinforced alginate Physical cross-linking during the printing 
process

- biocompatible
- increased young’s modulus
- form retention

Cartilage tissue engineering 211
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2.4.5 Biological characteristics of hydrogels

2.4.5.1 Viscosity: Gel State of Water

Polyelectrolytes such as agarose or hyaluronic acid, at high concentrations form a 
gel state, the structure of which could contain as high as 99.9% water, by weight.xxvi 
Gels are able to retain water by entangling or forming cross-links between the 
macromolecules. These entanglements are primarily instigated by the movement 
of water molecules into the gel interstices, that allow proper mixing and dissolution 
of the solute with the solvent. Therefore, the gel in its dry state will continue to 
absorb water until it is fully dispersed within the cross section of the hydrogel, 
or all voids between the molecules are occupied. While this movement of water 
through the dry gel material is key for the formation of the viscous state of 
matter, the transformation of the water behaviour within the membranes of the 
gel material are equally important, for the state of equilibrium of the gel.174 The 
physical and chemical structure of water upon mixing does not remain the same, 
a fundamental property observed in all biological systems specific to exchange 
and diffusion of substances between different states of matter.166

On the nano and micro scale, the gel membranes demonstrate a phenomenon 
of hierarchical construction, often generated by varying the cross-links and/or by 
creating different regions with different densities. Under constant temperature 
and pressure conditions, water equilibrates by changing its density in response 
to the solutes available for mixing, increasing in density where the concentration 
of solutes is high and decreasing in density where the concentration of solutes is 
low. This gradual dissolution gives rise to contiguous regions of solution across 
the cross-section of the gel-like membrane, much like the permeable membranes 
of cells.xxvii Demonstrating the bulk of the viscous matter to be assembled from 
multiple slices of thin membranes, each with its own degree of porosity and 
permeability and relative dissolution property. 

xxvi   On a molecular scale, the structure of the matrix is far too large to restrict the movement of 
water; and theoretically, the liquid state of water should simply leave the gel-matrix, returning back to its 
normal state of flow under its standard room temperature and pressure conditions. But this is unlike what 
we observe. External energy needs to be applied in the form of pressure, increased temperature or simply 
through evaporation that force the water molecules to escape from the gels extracellular matrix.165

xxvii   The structure of a cell membrane is broadly divided into three regions or compartments with 
varying charges. These regulate the ability of water and nutrient absorption along with waste excretion 
from the inside and outside of the cell’s environment, maintaining a state of equilibrium. This property of 
the membrane is referred to as osmotic or permeable.625 On the cellular scale, the three different condi-
tions the thickness of the membrane experiences, allows the water molecules throughout the entire system 
to constantly mediate local changes in density, even while on a micro scale the solutes and the solvent 
seem to have completely dissolved with each other. This level two transition or mixing of the water mole-
cules with the dry components imparts the permeable membrane with its material and spatial characteris-
tics, a result of the constant activity that takes place through its boundaries.171,626

2.4.5.2 Stiffness gradients: A viscous property of hydrogels

Water and the viscous state of matter, in addition to the hierarchical construction 
of a membrane, are also known to impart structural characteristics to an organism, 
such as the myofilament lattice219 found within a muscle cell (on a nano to micro 
scale) and the varying stiffness of a squid’s body (on a meso to macro scale). The 
structure of water in living cells is different from that of bulk water. Therefore, 
in the case of a myofilament lattice, water present within filaments creates an 
equilibrium spacing between different regions giving it its structural robustness 
and rigidity. On the other hand, the Dosidicus gigas, or the Humboldt squid’s 
beak represents one of the hardest and stiffest wholly organic materials known. 
The hydrated beak exhibits a large stiffness gradient, spanning two orders of 
magnitude from the tip to the base, demonstrating functional assemblages upon 
the seamless interconnection between different tissues.220 These evidences show 
the greater role changes in degrees of hydration play in the formation of stiffness 
gradients than the chemical presence of the polymeric content. The influence of 
both the microarchitecture and the molecular factors on the squid beak’s stiffness 
allows us to establish a key factor within the development of mechanically stable 
biomaterials for large-scale constructions, where hierarchical gradation combined 
with controlled aqueous environments or water-driven gel states of matter 
become key to enabling a material with dynamic physical, chemical and biological 
properties.xxviii  Therefore ways with which the gel-like viscous states of matter 
can be materialised have been investigated, in which particles are suspended in 
liquid, creating a transitory period between two phases, the solid and the liquid, 
generating conditions of flux and flow.

2.4.5.3 Interface

An interface is the smooth or homogenous transition between dissimilar materials 
with varying functional properties, such as the interface between a cartilage and 
tissue,124,221 nail and skin,222 shell and adductor muscle.223,224 Much is known about 
the distinct characteristics of the separate tissues; but little has been explored 
about the point of connection and transition that unifies them to perform an 
incremental mechanical effect.128,225 This point of interface, between the soft, 
living boundary and the hard, structural zone was identified as an important 
factor of design for this research. Here, the interface is generated across different 
scales, not just on the external boundaries of the membrane, but even within the 
cross-sectional matrix of the viscous boundary thus designed.

xxviii   Katrin Klingan, a curator and producer of arts and culture projects and Head of the Department 
for Humanities and Literature at Haus der Kulturen der Welt (HKW), Berlin, through her collaborative edito-
rial entitled the Textures of the Anthropocene: Grain, Vapor, Ray, argues, the damp property of a material to 
create hotspots for earthly metabolisms – creating a paradise for living. Further demonstrating the adapta-
tion of the viscous quality matter across different disciplines, beyond simply the sciences.627 
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Figure 2.7: Properties of biomaterials for architectural applications
Diagrammatic classification of the different properties required from a 
biomaterial for its appropriate design and fabrication on a large-scale.
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2.4.5.4 Hierarchical gradation and permeability

While the hierarchical construction imparts structurally stable stiffness gradients 
to the membrane, it also creates softer permeable zones connected via an 
interface. The permeable layers allow for the penetration of water or similar 
fluids, additionally initiating response to stimuli such as temperature, pH and 
light, triggering the hydrogels to alter their physical and chemical organisation in 
order to attain a state of equilibrium.173,226,227 Further, the water-holding capacity 
of these permeable layers allows the gel to support cellular growth, due to its 
non-toxicity and its ability to degrade eventually without causing any harm to 
the cells, or the host environment. The hydrogels allow cell adhesion towards the 
interior of the cross-linked polymer networks, while it displays compatibility with 
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the external surrounding environment. 

Other common forms of responses observed as a result of the hydrogels’ 
permeable property is that of swelling through absorption or degradation 
through evaporation. Naturally occurring biological membranes, such as cellular 
membranes, the surface of a plant leaf or the skin of the human body are 
selectively permeable due to their asymmetric assembly, where the interior of 
the membrane is not identical to the exterior of the membrane.228 Allowing only 
a specific set of water or fluid molecules, and specific stimuli to permeate and 
affect the state of the membrane on either side. The different layers that together 
build the plasma membranes, constructing a concentration gradient along with 
regulating the biological diffusion rates are prime factors in moderatinghydrogels 
biological activity.

2.4.6 Developing Hydrogels for Architecture

Hydrogels can be prepared from synthetic and/or natural polymers for applications 
within tissue engineering, drug delivery in pharmaceuticals and biomedical fields. 
This research consciously explores hydrogels made only from natural polymers, 
due to their proven high affinity towards biological functions and their ability 
to biodegrade under natural environmental conditions, while also avoiding the 
use of any synthetic materials. It was observed that most of the hydrogels found 
in literature are focused solely for the purpose of biomedicine where they are 
used for wound dressing,198,229 sanitary pads,230 as dental materials, implants,231 
injectable polymeric systems,232 including hybrid type organs encapsulated with 
cells for targeted tissue culture due to the materials high water absorption and 
retention capacity.205,215 Note the scale and scope of research which remains limited 
to cellular based complexes on the nanoscale to tissue and organ-based at the 
macroscale. Therefore, while the literature is useful to base the foundations of the 
material research on. An added factor of structural and mechanical stability on a 
large scale, ranging from centimetres to metres, was identified as important to be 
tested alongside the material’s biocompatibility. In other words, the experiments 
and material developments within this research were conducted with the aim of 
bridging the gap between biological systems developed on a small scale (nano 
to micro) in the field of biomedicine. In addition, the architectural vision (meso 
to macro) was of designing and constructing elements or building components 
with a level of structural stability, demanding the expansion of the performative 
properties of a hydrogel scaffold across a wider range of scales. Therefore, the aim 
was to test and identify a series of formulations with varying properties, which 
could then be designed and fabricated together to build composite or hybrid 
structures.

Considering the potential properties of the hydrogel required for applications on 

a large scale, a range of polymeric hydrogels were identified and tested. Naturally 
occurring polymers such as agarose, sodium alginate, chitosan, and gelatine-based 
hydrogels were identified as starting points of investigation, refer figures 2.9 and 
2.10. Initially, existing hydrogel mixes were prepared and cross-linked according 
to the published research.205,233–235 This allowed us to begin understanding key 
properties of hydrogels, including viscosity, thickness, time of preparation, 
including correct methodology of carefully mixing and dissolving polymers with 
water molecules.

This was followed by a rigorous series of tests, where the polymers were 
prepared with different water percentages in order to establish the relationship 
between viscosity of the hydrogel and its cross-linking or gelation pattern. The 
hydrogels were prepared and cross-linked in standard petri dishes that would 
often limit the gelation of the hydrogel matrix across the entire cross-section. 
The top surfaces were observed to create quicker and more stable cross-links, 
whereas the hydrogel in contact with the bottom of the petri dish were largely 
left in their initial fluid state. As uniform cross-linking is extremely important to 
the successful formation of hydrogel, a different technique of cross-linking was 
adopted where the hydrogels, with or without petri dishes were immersed in 
baths containing the calcium chloride (CaCl2) solution, allowing it enough time 
and surface-area contact for the gelation to occur. This methodology is often not 
required in the biomedical field, as the dimensions of their largest constructs are 
much smaller than the dimensions of the standard petri dish. Therefore, their 
gelation requirements are either fulfilled via simple cross-linking, or an additional 
UV curing technique is rendered sufficient for the successful formation of the 
ECM.236 Different thicknesses and geometries of hydrogels were tested to observe 
the saturation point of gelation (or the point when sufficient cross-links had 
successfully been established), irrespective of the time for which the constructs 
remain immersed in CaCl2.

In order to expand the potentials of gelation, hydrogels were prepared where 
chemical cross-linking could also be initiated along with the current physical 
cross-linking via CaCl2 so that thicker or more 3D hydrogel constructs could be 
fabricated. This set of experiments were conducted in conjunction with their 
varying viscosities and viscoelastic properties of hydrogels.

A following series of hydrogel formulations were conducted in which the polymers, 
namely agarose, alginate and chitosan, were mixed with another set of polymers, 
called rheologyxxix modifiers that have cellulosic properties and are identified as 
gelling or thickening agents that can add structural stability to the hydrogels. Some 

xxix   Rheology is the study of the flow of matter, primarily conducted on liquids, gases and soft solids. 
These are continuous materials which have the ability to deform or flow when subjected to external forc-
es.628 Detailed rheological characterisation of alginate-based hydrogels specific for AM large-scale scaffolds 
has been done in chapter 4 of this thesis. 
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CHITOSAN BASED HYDROGELS 

DAY 01

DAY 02

DAY 03

Sample 01A
Chitosan (from Crab Shells)

3% w/v in 1% w/v acetic acid

Sample 02A
Chitosan (85% deacetylated) 
3% w/v in 1% w/v acetic acid

Sample 02B
Chitosan (from Crab Shells) 

6% w/v in 1% w/v acetic acid

Sample 01B
Chitosan (from Crab Shells) 

3% w/v in 1% w/v acetic acid + alginate

Sample 03A
Chitosan (from Crab Shells) 

6% w/v in 1% w/v acetic acid + alginate

DAY 06

Sample 03B
Chitosan (from Crab Shells) 

6% w/v in 1% w/v acetic acid + alginate
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Figure 2.8: 
Left: Chitosan-based hydrogels
A series of chitosan-based hydrogels were prepared, crosslinked and 
observed for 6 days. The samples vary in their viscosities, and their 
monomer concentrations in order to understand their varying proper-
ties under standard temperature and pressure conditions. 
Right: Preperation and cross-linking method is diagrammatically illus-
trated.

commonly used rheology modifiers are methylcellulose, carrageenan, laponite, 
ludox and curran. Hydrogels prepared with different modifiers, with varying water 
percentages were formulated and observed for up to 21 days. The hydrogels thus 
tested were observed across three stages – preparation of hydrogels, gelation and 
stability, hydrogel’s property post gelation.

1. Preparation method of the hydrogels – Physical preparations of the gels is 
the first step in the formation of hydrogels. It is during this stage that the 
gelation mechanism is initiated, via synergetic dual-physical cross-linking 
to fabricate hydrogels with high strengths and an optimum level of cellular 
compatability.200,236 As a large percentage of the hydrogel fabrication 
techniques applied within biomedicine are extremely costly, the materials 
used within this research were specifically selected for the hydrogel’s cost-
effectiveness and its ability to be easily accessible, prepared and scaled-up.  
Key properties specific to this stage are:

a. Viscosity and Viscoelasticity
b. Cellular Viability
c. Permeability
d. Homogeneity of the hydrogel – pore size and pore distribution

2. Cross-linking hydrogel networks – This is the most important stage 
that initiates the formation of hydrogels. Cross-linking changes a liquid 
polymer into a ‘solid’ or ‘gel’ by restricting the movement of molecules. 
Cross-links are broadly formed either physically or chemically, where 
they affect the molecular network of the polymer. Further, the degree 
and process with which cross-links are formed control the different 
properties the hydrogels demonstrate, such as elasticity, viscosity, 
insolubility, toughness or mechanical stability, even their thermal 
resistance or conductivity.177 The double-network cross-link technique 
is increasingly being used to develop hydrogels with optimum strength, 
stiffness and toughness of hydrogels across a few orders of magnitude.237  
Key properties characteristic to this stage are:

a. Mechanical stability
b. Form Retention
c. Cellular Growth or Biocompatibility
d. Hierarchical gradation or stiffness gradient
e. Water and Nutrient absorption

3. Post-treatment methods – Besides the synthesis of the above 
two methods, some post-treatment or curing techniques 
performed on the hydrogel have shown to significantly enhance 
the mechanical properties of the hydrogel.177 This is much like the 
curing process of concrete where it gains its mechanical properties.  
Key properties specific to this stage are:

a. Water Evaporation, Drying and warping
b. Water absorption and Swelling

18 gms
Methyl cellulose

(1 : 3)

+

Mixing solutions
prior to printing

200 mL Water 6 gms
Sodium alginate

Mix algae strain to 
solution

Crosslinking
1.5 gms. of CaCl2 in

100 mL Water

Layer hydrogel solution 
in petri dish
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GELATIN - ALGINATE HYDROGELS 

Day 06

Day 12

Sample 01
Gel-Alg 9:3

Sample 02
Gel-Alg 12:3

GELATIN - ALGINATE - METHYLCELLULOSE HYDROGELS 

Sample 01
Gel-Alg-MC 3:3:9

Sample 02
Gel-Alg-MC 6:3:6

Sample 03
Gel-Alg-MC 9:3:3

Day 06

Day 12
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GELATIN - ALGINATE BASED HYDROGELS 

Sample 01(A)
Gelatin - Alg 12:6

Sample 01(B)
Gelatin - Alg 12:6

Sample 01(C)
Gelatin - Alg 12:6

Sample 02(A)
Gelatin - Alg 9:9

Sample 02(B)
Gelatin - Alg 9:9

Sample 02(C)
Gelatin - Alg 9:9

Sample 03(A)
Gelatin - Alg 15:3

Sample 03(B)
Gelatin - Alg 15:3

Sample 03(C)
Gelatin - Alg 15:3

Figure 2.9: Gelatin-alginate based hydrogels
A series of Gelatin- alginate based hydrogels are prepared, crosslinked 
and observed for 6 days. 
The images were taken after 6 days, showing comtamination of certain 
samples, while others evaporated, and deformed significantly.
The samples vary in their viscosities, and their monomer concentrations 
in order to understand their varying properties under standard 
temperature and pressure conditions. 
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c. Maintenance and Biodegradation

Overall, scaling-up biomaterials such as hydrogels for architectural applications 
requires the investigation across a wider range of scales, from the nano, micro, 
meso and the macro, wherein the ECM of the gels has a better control over the 
pore sizes/shape/distribution/orientation, while demonstrating higher mechanical 
strength, particularly when co-fabricated with cells. Therefore, different ways 
of physically and chemically fabricating hydrogels by initiating a characteristic 
gradient relative to different preparation techniques were experimentally tested 
in order to achieve better mechanical properties, robust porous structures, and 
a better network strength. Therefore, from the initial explorations illustrated 
in figures 2.9 and 2.10, hydrogels primarily made from chitosan, gelatin and 
sodium alginate were prepared and crosslinked with CaCl2. Chitosan hydrogels 
prepared through deactylation (dissolving in acetic acid) with sodium alginate 
created polymeric networks with non-uniform surface and matrix structure. This 
was visibly demonstrated as the the hydrogels would rapidly evaporate, leaving 
behind a thin, paper-like, brittle layer of polymer with a non-uniform surface, 
that would continue to warp, curl and dry further when left exposed to normal 
room temperature and pressure conditions. Further the brown colouration from 
chitosan’s deactylation, along with difficulty in dissolving and mixing chitosan 
with sodium alginate rendered this hydrogel composition unsuitable for further 
research. Instead, a series of gelatin-based alginate hydrogels were prepared 
with the aim of creating more viscous, and thicker substrates that could exhibit a 
structurally stable matrix for a longer period of time. The gelatin-based hydrogels 
formed were easy to prepare, homogenous and had a degree of viscosity which was 
easy to work with, both prior and post crosslinking. However, the topmost layers 
of the gelatin-alginate composition over a period of 12 days began to experience 
rapid evaporation, and the viscous surfaces towards the bottom layer began to 
get contaminated by foreign matter such as bacteria and fungi. Initial experiments 
expected the crosslinking of the hydrogels to emit the possibility of additional 
growth on the exterior of the materials surface, however repeated experiments 
could not completely eliminate the contamination, due to the hydrogels gelatin 
composition, suggesting to explore additional polymeric substrates for the 
preparation of hydrogels, specific to the context of this research. 

2.4.7 Challenges: Scaling Up

While the soft mechanics of hydrogels (a factor of the material’s viscous state) 
contribute to their high water-absorptive capacity, including their sensitivity 
towards environmental physicochemical changes, make them highly relevant 
for a wide range of biological applications. These same properties double up 
as challenges that prevent direct scaling up of the desired hydrogel scaffolds, 
including their ability for easy reproducibility and replicability. For instance, pore 

size and pore distribution are essential for the functionality of the hydrogels in most 
applications, as they collectively leverage the oxygen and nutrient transport, as well 
as cell migration and proliferation within the hydrogel. Structured microporous 
hydrogels are a class of hydrogels with porosities similar to the fibrous nature 
of native ECM. Now in order to construct high-strength hydrogels, techniques 
are adopted to increase the cross-link density within the gel’s ECM. This has 
proven successful in terms of their mechanical strength; however, it is a trade-off 
between the gel porosity, i.e. gels with higher mechanical strength typically have 
smaller or fewer pores.214 This ultimately impacts the biocompatible performance 
of the constructs. Therefore, it becomes extremely important to understand 
the application, and the relative requirements of the hydrogels specific to the 
selected site, informing the correct combination of hydrogels, or biocomposites 
to be manufactured with suitable mechanical and biological properties. 

However, before discussing the next phase of biomaterial development for its 
applications as an architectural interface, it becomes important to discuss the 
specific biological function and its relative parameters for which our hydrogels 
have been tailored.

2.5 SPECIES AND BIOPROCESSES

2.5.1 Algae and Photosynthesis

Early in the history of life, microalgae are microorganisms that have been known 
to produce large quantities of oxygen, altering the planet’s atmosphere which in 
turn created an opportunity for the evolution of eukaryotic organisms.238 This is 
primarily due to the microalgal cell’s ability to perform photosynthesis through 
which they convert sunlight, water and carbon dioxide into algal biomass. 
Photosynthesis is known as the most important biochemical process, whereby, 
cells convert sunlight to chemical forms of energy that can be used to enable life-
sustaining biological systems.239 Nearly all living organisms depend on oxygen and 
energy produced from photosynthesis for their survival.

Microalgae are found in a diverse range of habitats including marine, freshwater 
and even terrestrial as they are able to tolerate different temperatures, salinities, 
pH values, and light intensities, allowing them to thrive even in the most extreme 
environments.240,241 Microalgal cells are broadly classified into Chlorophyta (green 
algae), Phaeophyta (brown algae) and Rhodophyta (red algae), and classified 
by size into macroalgae and microalgae. While microalgae are unicellular, 
macroalgae are multicellular and are easily identifiable by the naked eye, such as 
seaweed.241 Microalgae are renewable, and sustainable microorganisms that have 
a significant ability to convert atmospheric carbon dioxide into useful products 
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such as lipids, carbohydrates and other bioactive metabolites,242 making them 
suitable for applications in biopharmaceuticals in the form of bioactive medicinal 
products, bioremediation, food ingredients with high quality plant-based protein 
and cosmetics.241–244 Microalgae are a potential source for obtaining biologically 
active compounds, which are often more effective than traditional terrestrial 
plant cultures.245

The microalgae class of Chlorophyta consisting of microalgal genera such as 
Chlorella, Scenedesmus, Chlamydomonas, Botryococcus, Ankistrodesmus, and 
Dunaliella, have been reported for their high production of biomass.246 The genus 
Chlorella is a unicellular, autotrophic green algae which contains both chlorophyll 
a and chlorophyll b, located in its chloroplasts, due to which they are known to 
have a high capacity for photosynthesis. Efficient growth of microalgae essentially 

Classification of Algal species

Chlorophyta | Green algae

Rhodophyta | Red algae

Phaeophyceae | Brown algae

Diatom

Dinoflagellata | Marine plankton
Sea surface temperature
Salinity
Depth

Multicellular, Marine algae
e.g. seaweeds
Found in freshwater environments 
with warmer water

Uses:
Functional food ingredients, source of antioxidants
Production of phycocolloids (agar, algin, carrageenan) as thick-
ening agents and water-binding agents

Common species:
Cyanidioschyzon merolae, a primitive red alga
Lemanea, a freshwater genus
Palmaria palmata, dulse
Chondrus crispus, Irish moss

Multicellular, Marine algae
e.g. seaweeds
Found in freshwater environments
with colder waters

Uses:
Edible seaweeds, extraction of alginates and polysaccharides 
for industrial use Common species:

Sargassum
Ascophyllum nodosum
Macrocystis, a kelp that forms large kelp forests

Similar to terrestrial plants, as they can perform photosynthe-
sis as they contain both chlorophyll a and b

Can be found in freshwater, terrestrial and ma-
rine ecosystems. 

Can be cultivated under standard
sunlight, CO2 levels, pH, salinity.
 
Due to there highly robust cell membranes they 
are known to grow easily in a diverse set of 
environments

Served as model experimental organisms to understand water 
permeability of membranes, salt tolerance, osmoregulation

Other uses: biomass production, bioremediation, antibacterial 
properties, carbon sequestration

Common species:
Chlamydomonas, single-celled
Chlorella vulgaris, and Chlorella sorokiniana
Spirogyra, Filamentous
Scenedesmus

Cyanophyta | Cyanobacteria

Figure 2.10: Phylogenetic tree of the microalgae, highlighting their key 
features, uses and species. Chlorophyta, or Green algae is the most 
abundantly found specie and due to its chlorophyll a and b content they 
are able to perform photosynthesis similar to plant species. Hence this 
research delves into integrating growth specific requirements of green 
algae, such as Chlorella, rendering the biomaterials ability to allow 
green algal specie to grow and differentiate within its ECM. 

CLASSIFICATION HABITATS AND GROWTH REQUIREMENTS ADVANTAGES AND USES COMMON SPECIES

Photosynthetic bacteria, 
not technically algae

Nitrogen fixing ability 
Require sunlight to grow

Common species:
Arthrospira platensis
Cylindrospermopsis raciborskii
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Figure 2.11: Spirogyra sp., a  genus of green algae as ob-
served under the microscope. 
Image source: Author
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requires light (energy), a carbon source (CO2 for autotrophic xxx metabolism), 
and a growth medium with nutrients such as nitrogen and phosphorus (water-
based growth medium). Additionally, some microalgal species can utilise the 
waste organic sources found in municipal and industrial wastewaters as a 
carbon source through heterotrophic xxximetabolism, making specific species 
suitable for wastewater treatment or microalgal bioremediation.241,247 Chlorella 
species of c.vulgaris and c.sorokiniana are some of the most abundantly studied 
freshwater microalgal species due to their high biomass productivity under 
relatively moderate light, temperature and nutrient conditions due to their thick 
cell wall that offers high resistance against varying environmental and nutrient 
conditions, while also resisting contamination by other organisms. 248 They are 
easy to grow, have a relatively simple life cycle and metabolic pathways, much 
like higher plants and therefore are used as model organisms for research on 
the mechanisms of photosynthesis and assimilation of CO2.

249 Therefore, this 
research considers photosynthesis as a key metabolism or criteria to facilitate the 
formation of synthetic hybrid material ecologies, by tailoring the properties of the 
viscous hydrogels developed, in order to create a suitable microenvironment that 
allows microalgal cellular adhesion and proliferation. Allowing the cells to actively 
exchange energy through the material’s permeable boundaries, facilitating an 
environment for microalgal cellular growth by actively performing photosynthesis. 
Where the viscous hydrogel acts as a host for the cells. A host which can be then 
scaled-up for applications within the built environment context.

2.5.2 Background: Applications and Limitations of Traditional 
Photobioreactors

The photosynthetic property of microalgal cells allow them to grow and multiply 
at efficient rates producing biomass that is useful for the extraction of high-
value molecules, including carbohydrates, proteins and lipids. Hence, the field 
of engineering has been cultivating algal cells in large quantities for a range of 
applications, such as feedstock for pharmaceuticals and nutraceuticals, targeted 
production of bioactive compounds, specialty chemicals, as a high-value food 
source, aquaculture feeds, wastewater treatment,250,251 agriculture252,253 and even 
energy generation via bioelectrochemical systems and biofuel production.254–259 
For commercial purposes, Arthrospira platensis, commonly referred to as 
Spirulina, a filamentous and photosynthetic cyanobacterium that can grow 
in culture solution with a pH of ~10 are cultured in open raceway ponds for 
largescale biomass cultivation.260 Additionally, microalgal mass cultures are grown 
in photobioreactors (PBR), that are transparent containers, often cylindrical in 
shape, and are able to regulate temperature and light conditions suitable for the 

xxx   Autotrophs are capable of synthesizing their own food from simple organic nutrients, through 
the process of photosynthesis. 

xxxi   Heterotrophs are known as consumers, as they depend on preformed food for nutrition. 

growth of the specific algal specie.261,262 

Architecturally, PBRs are being explored as a state-of-the-art green technology 
to design ‘high-performance architecture’ where the biomass cultivated on the 
building façades can be repurposed to fulfil the energy demands of the buildings 
while creating thermal comfort for its inhabitants and in turn contributing to 
lowering the buildings’ ecological and carbon footprint. The BIQ Housexxxii in 
Hamburg, designed and built by a consortium of architects, engineers and energy 
consultants is an iconic example of incorporating living systems architecturally. 
Here, the PBR panels are integrated within a closed-loop system to generate algal 
biomass – contributing to the residents’ demand for heat and hot water.263,264 Also 
called the SolarLeaf, the four-storeyed residential building houses 129 bioreactive 
panels for microalgal cultivation on its façade.265 Designed and constructed as 
part of an International Design Competition called Smart Material House. The 
BIQ House was initially proposed as a ‘house in a house concept’xxxiii, enclosing 
a residential building with a secondary skin composed of bioreactors.266 The 
panels of each floor were grouped together to form four different closed-loop 
systems, allowing the researchers to test different microalgal species for different 
applications, such as Chlorella vulgaris that was harvested in a continuous process 
or in batches regulated via an integrated pilot plant situated on the building’s 
ground floor, where it was tested to create a value chain for the food and the 
pharmaceutical industry.267 Further, microalgae Scenedesmus obliquus was 
tested for energy production by a process called hydrothermal gasification.xxxiv 
Scenedesmus obliquus was also tested for CO2 sequestration as a by-product of 
the microalgae’s photosynthetic activity.249

Similarly, tubular PBRs containing Arthrospira platensis and Haematococcus 
pluvialis were installed on the roof of a building by a group of researchers from 
the Czech Republic and Italy, with a Fresnel lens to evaluate the impact of high 
solar radiation on the microalgal culture density.269 Another real-scale application 
of PBR system is currently being researched by X-Tu architects, CNRS and the 
University of Nantes, in which they have integrated microalgae PBR as curtain 

xxxii   The BIQ House was initially proposed as a design concept for an International Design Competi-
tion, called ‘Smart Material House’. Where the team proposed a ‘house within a house’ concept developed 
on the research work of Peter Head, Former Arup Director. He envisioned the potential benefits of tubular 
photobioreactors within building skins in his research seminal called Entering the Ecological Age. The proj-
ect won the competition allowing the team to construct the photobioreactor façade system in Hamburg, 
Germany 2013. 

xxxiii   The house in a house concept, based on a multi-skinned building with a core zone for living and 
a peripheral area for open space use and development within the glass façade itself, was later abandoned 
and only the energy objectives of the project were taken forward.629 

xxxiv   Hydrothermal gasification is a process that is able to generate energy from wet biomass, or algal 
streams that contain large amounts of water or moisture. Classically, algal gasification processes require a 
drying step to eliminate the moisture content, which demands large amounts of energy and time. Hydro-
thermal gasification also recovers the nutrients from the PBR’s allowing them to be reused for the following 
stages of algal biomass production. 630
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walls, as a means to reduce the maintenance cost of the building through thermal 
regulation between the building façade and the microalgal curtain wall, while 
optimising the daylight exposure and indoor air quality.270 They are also studying 
the feasibility of integrating PBR curtain walls as building fenestrations, on the 
hypothesis that a 300m2 façade can produce approximately 0.7 tonne/year of 
biomass as it sequesters 1 to 18 tonnes of CO2 per year.271 

On an average, microalgal cells such as c.vulgaris, c.sorokiniana and c.reinhardtii 
are able to convert approximately 9–10% of solar energy into biomass, theoretically 
yielding approximately 77g / biomass / m2 / day.272,273 The efficiency of biomass 
culture reduces as the scale of cultivation increases. In other words, larger-scale 
bioreactors demand additional facilities to agitate and mix the culture in order 
to uniformly distribute light, nutrients and CO2 gas exponentially ultimately 
increasing the cost and energy dependence. 241,272–274 With the BIQ House, the 
PBRs have been regularly monitored and upgraded since its construction in 2013. 
Furthermore, the researchers emphasise the need to incorporate more resilient 
components, such as an increased diameter of piping and plumbing connections 
to allow for a more efficient supply of CO2 and nutrients. They also emphasise 
the need to upgrade the heat management system in order to provide the right 
algal-friendly environment. This is in addition to the already existing challenges 
with scaling up that must be tackled, namely – justifying the increased energy 
consumption, mechanisms of regular harvesting and dewatering of biomass, 
PBR specific mechanical and electrical assembly as an added layer to the existing 
building services, and the increased design constraints in terms of the form, shape 
and potential of the building. 275 

While the BIQ House is an engineer’s perspective of assembling mechanical 
components to perform biological functions, these life-containing bioreactors 
perform distinctly from the residential apartments. This feature or importance 
of integrating a house in a house or a living skin wrapped homogenously around 
a building was part of the initial concept proposal by Arup. However, it was later 
removed due to multiple executionary constraints related, but not limited to 
manufacturing, engineering and costing. The BIQ House is built from traditional 
walls as exterior elements that structurally host the biologically active PBRs, 
allowing the algal cells to interact through the glass panels, exchanging and 
absorbing sunlight from its surroundings. It is, however, crucial to recognise 
SolarLeaf as having pioneered an important discourse within architecture and 
engineering, demonstrating the additional biological functions the elements of a 
building can perform, or the ways in which exchange of information can take place 
beyond physically constricted boundaries. 

The New Materiality school of thought embedded in the scientific, biological 
discourse questions whether there was a material, an active biomaterial system 
that could perform the functions of the photobioreactor. Instead of increasing 

Figure 2.12: Current applications of traditional PBRs
a) the image of the final, constructed BIQ House. Image source: Author; 
b) the on-site installation of the PBR;  
c) Integrated Building services concept. 
Image sources for BIQ House, Hamburg: IBA Hamburg GmbH / Martin 
Kunze, downloaded from International Building Exhibition Hamburg. 
(2013). Retrieved from www.iba-hamburg.de; 
d) Original concept sketch of the BIQ House, designed on the concept 
of house-within-a-house which was later abandoned; 
e) The reactor test facility in Hamburg installed prior to the construc-
tion of the BIQ House; 
f) biobitumen residue produced from microalgae residue. Image source: 
Audo, M., Paraschiv, M., Queffélec, C., Louvet, I., Hémez, J., Fayon, F., … 
Bujoli, B. (2015). Subcritical Hydrothermal Liquefaction of Microalgae 
Residues as a Green Route to Alternative Road Binders. ACS Sustaina-
ble Chemistry & Engineering, 3(4), 583–590. https://doi.org/10.1021/
acssuschemeng.5b00088; 
g) Inside view of the solar two-stage PBR placed in the focus of the solar 
concentrators (linear Fresnel lenses) at the Centre for Biotechnology, 
Italy. Image source: Masojídek, J., Sergejevová, M., Rottnerová, K., Jirka, 
V., Korečko, J., Kopecký, J., … Štys, D. (2009). A two-stage solar photo-
bioreactor for cultivation of microalgae based on solar concentrators. 
Journal of Applied Phycology, 21(1), 55–63. https://doi.org/10.1007/
s10811-008-9324-6 
h) flat panel photobioreactors installed at the CNRS & University of 
Nantes to improve on their cooling system by maintaining an optimum 
temperature for growth using the least amount of energy; 
i) The proposal of the SymBio2 biofacade by X-Tu Architects designed to 
use PBRs to save energy upto 50% via thermal regulation. Image source: 
Architects, X. (2016). XTU - Biofacades, capteur solaire biologique de 
demain. Retrieved from https://issuu.com/xtu_architects/docs/dossi-
er_de_presse_biofacades_symbio; 
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the dimensions of the piping and plumbing fixtures in order to improvise ease 
in the maintenance, could a biomaterial be developed that allows cultivation 
of microalgal cells, allowing them to actively exchange sunlight and CO2 from 
within the boundaries of the membrane-like material itself, rendering the 
engineering framework of supplying and extracting gas and nutrients from the 
photobioreactors redundant? Could this active matter then be designed, into a 
form or morphology that optimises the growth of the microalgal cells, instead of 
the current rectangular, or cylindrical energy-intensive PBRs?

These further trigger a broader series of important questions – How can a system be 
developed that operates more on biochemical principles where the functionality 
is embedded into the material make-up instead of the ones that are mechanically 
assembled? Additionally, what would be the new set of design parameters that 
can consider both negative and positive feedback loops, beyond the criteria of 
metabolism, to include responsiveness that can both stabilise and yield change 
in specific conditions and behaviours during the lifecycle of the material-based 
biocompatible system? 

2.5.3 Immobilisation of Microalgal Cells and Their Applications

An alternative technique to the engineered liquid PBRs is the process of whole cell 
immobilisation or physically confining the whole cells within a defined region with 
the preservation of some desired activity, controlling growth of the cells within a 
contained environment, unlike their free-cell counterparts.276 Immobilisation of 
cells is often preferred, as it allows for easier harvesting of the cultivated biomass 
and enriched bioproduct generation while making possible enhanced wastewater 
treatment.277,278 Techniques such as adsorption, whole cell entrapment in the 
form of microcapsules or on porous polymers, covalent coupling, or self-adhesive 
attachment of cells onto the surfaces of solid supports of organic / inorganic 
support matrices have been explored for cell immobilisation.279–281 

Entrapment of microalgal cells on gel matrices made from natural polysaccharides 
such as carrageenan, agar and alginate are one of the most commonly employed 
immobilisation techniques.277 These immobilised cells are in the form of small 
round beads, often ranging from diameters of 1–5mm. The beads are created by 
dropping solutions of polysaccharides, such as alginate mixed with precursor algal 
cells in a bath of CaCl2, the gelation technique similar to the hydrogels developed 
in section 2.4. This allows the alginate polymer matrix to create cross-links with 
the CaCl2, trapping the cells within the circular boundaries of the beads formed.282 
The beads are then stacked in large vertical or horizontal columns, creating a 
filtration mechanism through which water, or other regulatory nutrients are 
circulated.275 However, the biggest challenge is in achieving homogeneity of the 
packed beads, or of controlling the exact or even tentative positions of the beads 

within the reactor column, also referred to as a chromatographic column within 
biochemical research which is used for the separation of chemical compounds 
of a biological origin. Due to this, experts in microfluidics are exploring the 
potentials of 3D printing chromatographic columns in order to predetermine 
through modelling the distribution of the immobilised microalgal cells relative to 
the desired efficiency or filtration.283

Immobilisation of microalgae offers a highly efficient method for the 
development of green technology. Increasing the efficiency of applications such 
wastewater treatment, removal of nutrients, development of biosensors, stock 
culture management along with gaining access to high-value products such as 
photopigments.275 In practice, these can operate without requiring significant 
amounts of additional inputs for operation. Further immobilising cells allow ease 
in handling the biosystems, are environmentally friendly without producing any 
secondary pollution, and their end products can be converted into additional 
by-products such as fertilisers. The compactness of these systems makes 
immobilisation a much more efficient and controlled method of cell culture when 
compared to their free-living counterparts.275,278,280,281,284

However, they still impose great challenges in scaling up, especially in creating 
more efficient and mechanically stable matrices with optimum high surface-
area-to-volume ratios, often restricting the different contexts in which they can 
be applied, especially on a building scale. Other application-specific technical 
challenges include polymer optimisation for higher metabolic activity of the 
microalgal cell to improve diffusion of effluents for applications such as wastewater 
treatment.277 It must be noted that the technical aspects of these issues are 
being tackled through biochemical engineering, material sciences and synthetic 
biology and are not central to this research. However, understanding potential 
applications of microalgal systems becomes important as this research begins to 
investigate ways of integrating photosynthetic materials within our architectural 
and urban context.

Whole cell entrapment technique encourages us to consider the development of 
a polymeric active material system that could potentially perform the function of 
the liquid PBRs. Allowing us to test the alginate-based hydrogels for their ability to 
support microalgal cell growth while assembling bioscaffolds at a scale beyond the 
current small-scale matrices. Here, bioscaffolds are defined as synthetic structures, 
made from organic or polymeric substances or biomaterials that create nano to 
microscale environments, suitable for cellular growth via differentiation within 
their ECM. Both biomaterials and their resultant bioscaffolds in such an ex-vivo 
process, are required to exhibit specific properties similar to classical materials, 
such as viscoelasticity, along with a highly advanced stimuli-responsive polymeric 
system. Therefore, in the following sections a range of hydrogels specific to 
microalgal cell culture have been developed and characterised. As fields of tissue 
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regeneration, drug delivery, optics, diagnostics, and imaging discussed in detail 
in section 2.4 are increasingly using hydrogels for mammalian cell growth that 
require extreme precision, and high-level controls across the different scales. The 
alginate-based hydrogels with varying rheological modifiers for their microalgal 
cell compatibility, with limited growth requirements have been investigated in 
detail. These hydrogels were further engineered to demonstrate a wide range 
of properties such as biocompatibility, selective permeability, mechanical 
and chemical stability, and homogenous cellular growth within a pre-defined 
membrane thickness.284 

2.6 HYDROGELS FOR ALGAL CELL CULTURE

A study conducted at Technical University, Dresden, in 2015 demonstrated the 
use of hydrogels for plant cell culture. 233 The study was aimed at expanding the 
concept of developing hydrogel scaffolds for mammalian cells, to algal or plant 
cells,190 by exploring the concept of microalgal cell encapsulation in 3D printed 
alginate scaffolds with predesigned lattice geometries. The researchers were 
able to develop an alginate-based viscous 3D ink, mixed with methylcellulose as 
a rheology modifier. The viscosity of the material was tailored to allow the layer-
by-layer fabrication of the scaffold, embedded with the cells of Chlamydomonas 
reinhardtii, a unicellular green alga. The primary application of this technique is to 
use the microalgal cell’s ability to produce oxygen during photosynthesis in areas 
that have insufficient supply due to lack of vascularisation in the constructed 
bioscaffolds constructed for regenerative therapies. Therefore, mammalian 
cells are being co-cultured with microalgal cells as a means of providing oxygen, 
produced from the algal cells’ photosynthetic activity. Pancreatic islets were co-
immobilised with algal cells in alginate beads, successfully proving the principle 
behind microalgae based photosynthetic oxygen supply to isolated human cells.285 

More recently, Hopfner et al. proposed the concept of photosynthetic bioscaffolds, 
wherein they combined Chlamydomonas reinhardtii with a collagen-based scaffold 
which is commonly used for dermal repair by the US Food and Drug Administration. 
The 10mm diameter scaffolds were observed under cycles of light and darkness, 
and the oxygen concentration from the cell cultures photosynthetic activity was 
continuously recorded. A co-culture between C.reinhardtii and fibroblasts was also 
tested, showing positive results in creating normoxic (with standardised oxygen 
concentration) microenvironments, modulating a broad spectrum of applications 
both for in vitro and in vivo286 further expanding the potential applications of an 
algae-laden hydrogel matrix. 

In this section the various alginate-based hydrogel compositions developed 
specific to the purpose of this research have been discussed in detail, where 
they were tested for their ability to support microalgal cell growth, along with its 

physiochemical and structural properties for large-scale fabrication techniques. 
A scientific paper titled Robotic extrusion of algae-laden hydrogels for large-
scale applications was also published in the journal Global Challenges illustrating 
the development and potential application of algae-laden hydrogels on a large-
scale.287 
 
2.6.1 Fine-tuning Different Properties of a Hydrogel for Microalgal Cell 
Growth

Different combinations of natural polymers such as alginate, carrageenan, chitosan, 
and methylcellulose were tested for their ability to sustain the photosynthetic 
activity of the seeded microalgal cells under standard temperature and pressure 
conditions. Referencing the above discussed literature review, alginate solutions 
with a 2% w/v were prepared and mixed with methylcellulose in a ratio of 3:1.233,288 
Different hydrogel samples with varying water percentages of 97%, 92.5%, 89.2% 
and 80.6% were prepared in triplicates for a comparative analysis to begin 
establishing the properties of the viscous hydrogel containing higher or lesser 
water content. The same set of tests were replicated where the alginate solution 
was mixed with different rheology modifiers, namely – carrageenan-k, Curran CV 
500, Laponite RD and Ludox TM-50. All the experiments were crosslinked with 
CaCl2 within 10 min. of preparation.281  These samples were then observed over a 
period of 14-30 days, in standard room conditions where a set of the immobilised 
hydrogels were kept covered to reduce the evaporation of water, while others 
were left exposed in order to test the impact of water loss on the growth of the 
immobilised microalgal cells, and any additional biological contamination that 
might occur due to the materials viscous state. 

2.6.1.1 Biocompatibility

Traditionally, ‘the ability of a material to perform with an appropriate host 
response in a specific situation’ is termed as biocompatibility, xxxv and is a prime 
factor in determining the overall performance of a biomaterial.129,289 In this thesis, 
biocompatibility is not solely the property of the material or the carefully regulated 
environment of the host, but must also consider the external environment or the 
situation in which the material construct is used. This suggests the phenomenon 
of biocompatibility to involve two separate but inter-dependent processes 
taking place across two different scales – one within the material scaffold 
(cellular viability), and the other outside the material (host environment).290,291 
This implies that the response of a biomaterial could vary from one application 

xxxv   Biocompatibility is a term well established in the field of biomedicine where it is generally used 
to define the bioactive component within synthetic devices developed for long-term tissue replacement, 
or for short-term drug delivery; however, the factors that render a material biocompatible vary when we 
develop them for large-scale applications, which have been highlighted through the various experimental 
setups discussed in this section of the research.
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site to another. As mentioned by David Williams in section 2.2, the key to 
understanding biocompatibility for a specific application is by determining its 
‘chemical, biochemical, physiological, physical or other mechanisms’ that become 
operative,291 which have been elaborated through material-based experimentation 
in the following section. 

2.6.1.2 Cellular viability

Building on the initial hydrogel experiments that were conducted for their 
mechanical stability, a series of alginate-based hydrogels were tested for their 
ability to support microalgal growth, in particular Chlorella sorokiniana and 
Chlorella vulgaris. The microalgal cells were seeded into the hydrogel matrix prior 
to immobilisation via gelation or cross-linking. The samples were then observed 
on two scales – macroscale (morphological) and microscale (histological). 

Day 01 Day 12 Day 06 
Cross section of 20 layer construct

Day 06 
50 layer construct

Day 12

Plant Callus-derived 
suspension culture

Structured 
immobilization

Engineering of 3D plant cell culture with defined features
- as a tool to study or optimise

Figure 2.13: 3D printing hydrogels with algal and plant cell cultures
Illustrations of recently developed Green bioprinting technologies, 
demonstrating their technique and scale of print.
Top layer: 3D plotted algae-laden alginate scaffolds, immobilised with 
Chlamydomonas reinhardtii. The scaffolds were cultivated for 1, 6, and 
12 days; 4, 20 & 50 layer constructs were successfully printed and their 
cell viability maintained. Image source: Lode, A., Krujatz, F., Brüggemei-
er, S., Quade, M., Schütz, K., Knaack, S., … Gelinsky, M. (2015). Green 
bioprinting: Fabrication of photosynthetic algae-laden hydrogel scaf-
folds for biotechnological and medical applications. Engineering in Life 
Sciences, 15(2), 177–183. https://doi.org/10.1002/elsc.201400205
Bottom layer: Fabrication of tailorable 3D plant cell cultures as a new 
tool to study plant cell immobilization and to optimize production pro-
cesses. Image source: Seidel, J., Ahlfeld, T., Adolph, M., Kümmritz, S., 
Steingroewer, J., Krujatz, F., … Lode, A. (n.d.). Green bioprinting: extru-
sion-based fabrication of plant cell-laden biopolymer hydrogel scaf-
folds. Retrieved from https://doi.org/10.1088/1758-5090/aa8854
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Host: Alginate-based Hydrogels with rheological modifiers
Agent: C. sorokiniana and C. vulgaris sp.
External environment: Standard temperature, pressure and light conditions
Microenvironment: The cellular growth rate is dependent on the ECM formed 
within the biomaterial; therefore, the biocompatibility was observed on the 
microscale. 

2.6.1.2.1 Macroscale

This set of experiments allowed us to not only test the growth rate of C. Sorokiniana 
but also identify the interdependencies between the water content and the 
porosity of the ECM to the cellular growth rate. Visible growth rate was observed 
across all 8 samples during the first 7–10 days. However, the hydrogel containing 
methylcellulose with 89.2% water was able to maintain cell differentiation up to 21 
days, whereas in the other samples the cell growth (visible change in coloration) 
either stopped or deteriorated in the following weeks.

This further highlighted the need to establish an optimum combination between 
the water content of the hydrogel, its pore size, surface permeability and viscosity 
in order to support microalgal cell growth. It was earlier expected that the higher 
the water percentages, the higher the growth rate would be. However, hydrogels 
with maximum water percentage (92–95%) supported microalgal growth only 

up to 14 days, after which the cells became dormant, reducing or in some cases 
preventing further growth. This is probably due to the surface-area-to-volume 
ratio (pore size and pore distribution) generated within the ECM upon cross-
linking with CaCl2. Emphasising the need to establish an optimum polymer-water 
ratio so as to generate a hydrogel matrix suitable enough to support and sustain 
cell seeding and differentiation, while allowing sufficient light and energy to 
penetrate the permeable membranes of the hydrogel. Therefore, the hydrogels 
formed with either maximum or minimum water percentages did not show high 
biocompatibility. Further, all samples with different rheology modifiers are shown 
to support cellular growth for up to 7–10 days, but alginate-based hydrogels 
containing carrageenan along with methylcellulose exhibited the highest 
compatibility, sustaining the growth of microalgal cells for a duration of 21 days 
through visible greening of the earlier translucent-light green hydrogel constructs. 
The cell growth was observed under standard temperature and light conditions, 
suggesting the hydrogel to demonstrate biocompatibility without any external 
energy and mass transfer.
 
2.6.1.2.2 Microscale

Cellular viability on the microscopic scalexxxvi was also conducted to better 
understand the cell – ECM compatibility within the alginate-based hydrogels. This 
is especially important to establish the rate of biomass production (for quantitative 
comparison to PBR units) along with the resilience provided by the ECM of the 
hydrogel, as the cells experience varying levels of shear stress as they undergo 
the different stages in the overall workflow – starting from the time of material 
preparation to its fabrication on a large scale. Only after this is the desired ECM 
matrix via cross-linking formed. Therefore, the cells must show resilience, in 
order to sufficiently seed and begin multiplication via photosynthesis within the 
resulting hydrogel matrix. 

Cellular survivability tests within biopolymers, specific to 3D plotting have been 
conducted before.288,292,293 However, the pressure applied to the hydrogel containing 
cells is significantly lower, as the volume of material within the cartridge ranges 
between 10 and 30 ml (0.3 – 1.0 fl. oz). But in order for us to fabricate structures 
from the hydrogel on a much larger scale, the quantity of material prepared and 
used at a time, along with the relative forces will be remarkably high. Therefore, 
these set of experiments were conducted to identify breakpoints, or a shear stress 
limit beyond which the microalgal cells may not survive, thereby impacting the 
material preparation, and fabrication methodology. 

The experimental method adopted was similar to the Shear Device (Ultra Scale 

xxxvi   The cell survivability tests were conducted in collaboration with Cao Lingtao, a Master student at 
the Department of Biochemical Engineering under the primary supervision of Dr Brenda Parker. 

Table 2.2: Material variables that could influence the biocompatibility of the material

Bulk Material Properties
Extracellular Matrix, Micro- and Nanostructure, morphology
Water content, hydrophobic and hydrophilic balance
Macro, Micro and Nano porosity

Surface Properties
Surface chemical composition, pH Value
Chemical gradients, cross-linking of the polymer matrix
Surface topography, mediated via surface-area-to-volume ratio
Surface energy

Degradation Profile
Minimising material deterioration
Degradation product, form and toxicity

Elastic and Flow Constant – Rheological Characterisation
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Down rotating disc device) described previously in existing literature.294–298 It was 
observed that shear of up to 18,000 rpm had no significant effect on the growth 
of C.Sorokiniana. And the growth rate of cells under shear were observed to be 
similar to the growth rate without shearing.281 Establishing the biomaterial’s ECM 
to be sufficient in maintaining the integrity of the microalgal cells from external 
forces. Demonstrating the alginate-based hydrogels’ ability to be further tested 
for fabrication on a much larger scale, as opposed to the current limited constructs 
of only a few millimetres.281,299

Autocatalytic processes and Feedback Loops

The above experiments were then followed by a series of multiple alginate-based 
hydrogel constructs immobilised with microalgae, cross-linked to create bioscaffolds 
with varying surface areas and bulk volumes conducted over varying time spans. 
Here, the longevity and altering behaviour of the biomaterial was observed on 
a regular basis. It was interesting to observe the algae-laden hydrogels to follow 
similar principles and response mechanisms as observed in naturally occurring 

Day 21

Figure 2.14: Algae-laden photosynthetic hydrogel
Image of a preliminary experiment demonstrating the successful 
immobilisation of the microalgal cells within an alginate-based hydrogel 
and its relative biocompatability observed upto 21 days. 
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S.No. Sample Ratios Observations

01. Chitosan-alginate 
based hydrogels

3:1

6:1

- Thin-brittle sheets
- Brown colouration restricting light penetra-
tion
- Began to curl, and dry out rapidly losing its 
shape

02. Gelatin-alginate 
based hydrogels

9:3

12:3

12:6

9:9

15:3

- Easy contamination of all samples
- Low rate of evaporation
- Non uniform crosslinking
- Visible brown colouration
- Homogenous and structural constructs
- Low porosity and permeability observed 
through absorption of water 
- Easy hydrogel preparation

03.
Gelatin-algi-
nate-methylcellulose 
based hydrogels

3:3:9

6:3:6

9:3:3

- Cloudy surface texture
- Difficult to dissolve
- Non uniform crosslinking
- Relatively low contamination
- Visible brown colouration

04. Agarose-alginate 
based hydrogels

9:3

12:3

- Extremely dry surface texture
- High absorption, but low mechanical stability
- Creates a round, swollen water polymer net-
work upon crosslinking
- Visible brown colouration restricting light 
penetration into the hydrogels matrix

05. Alginate-methycellu-
lose based hydrogels

3:1 

3:3

3:9

3:12

- Slow dissolution of methylcellulose
- White, transparent surface texture 
- Uniform crosslinking
- No contamination
- Structurally stable structures
- High absorptive and high evaporative index

materials. One such process observed was that of autocatalytic processes, i.e., 
reaction showing rate acceleration as a function of time followed by eventual 
saturation. This was deemed essential for the growth and maintenance of living 
systems without which the hydrogels abiotic chemistry would not have given rise 
to replication, metabolism and evolution.300,301 The permeable membranes of 
the alginate-based hydrogels were further demonstrated to establish their own 
feedback mechanism, where the positive feedback loop initiates growth of the 
microalgal cells, eventually slowing down in line with its autocatalytic process, via 

a negative feedback mechanism as the nutrients and pores in the ECM reached its 
saturation point.xxxvii, 301–303 

From the experiments conducted, it became increasingly clear that there are 
multiple ways in which biomaterials can interact or coexist within a particular 
environment, as if the presence of water, and the level of permeability trapped 
within the hydrogels, would trigger high sensitivity or a response mechanism, 
allowing the material to be highly receptive to the changing environmental 
conditions in its immediacy. This is a rather important characteristic of the algae-
laden hydrogels (largely a property of the hydrogels high water content), as it exists 
and supports the photosynthetic mechanism in a continuum with its surrounding 
environmental conditions, by exchanging matter and energy without causing any 
unacceptable degree of harm. Additionally, observations show the constantly 
changing state of the alginate-based hydrogels across the different scales, beyond 
just the microalgal growth rate. 

2.6.2 Maintenance and Biodegradability

The hydrogel matrices developed in this research have been shown to create a 
microenvironment that supports the growth and multiplication of cells. Further, 
the presence of high percentages of water within the hydrogels also accounts for 
easy degradation, wherein the hydrogel, during and after performing its biological 
function onto its specific site context, begins to degrade without causing any harm 
to the host environment. This initiates a rather important discussion of time-
based phenomenon within all biological systems, i.e. to establish a controlled or 
a predictable life cycle of the biological material. More specifically, the time span 
for the hydrogel to support microalgal growth, in order to sustain the resulting 
membranes photosynthetic activity. Post-conducting material experiments that 
illustrated the biocompatibility of the hydrogel, our next step was to observe 
the timescale for which the hydrogel could sustain cellular growth without any 
additional maintenance. And to study the change in hydrogels physiochemical 
properties when the water-based polymers are left under standard room 
conditions, in closed and in open environments.

2.6.2.1 Evaporation, dehydration and deformation

Host: Alginate-based Hydrogels with methylcellulose
Agent: C. Sorokiniana and C. Vulgaris sp.
External environment: Standard temperature, pressure and light conditions

xxxvii   The graph patterns observed are similar to the iconic logistic growth curve proposed by mathe-
matician Pierre Francois Verhulst, ‘that is described as combining exponential growth embodied with posi-
tive feedback loop, and goal-seeking growth, embodied in negative feedback loop’.631the effect of geometric 
properties on flow processes must be understood. In this study, we analyze the effect of volume, surface, 
curvature and connectivity (the four Minkowski functionals

Table 2.3: A review of the different hydrogels tested, accompanied with photographic observations



DAY 01

DAY 07

DAY 14

DAY 21

SAMPLE 01
3% Alginate
33% Water

SAMPLE 02
Alginate / MC based Hydrogel 

(12.5 % Water)

SAMPLE 03
Alginate / MC based Hydrogel 

(8.33 % Water)

SAMPLE 04
Alginate / MC based Hydrogel 

(4.16 % Water)



SAMPLE 05
Alginate / Carrageenan

based Hydrogels

SAMPLE 06
Alginate / Curran 
Based Hydrogel

SAMPLE 07
Alginate / Laponite 

Based Hydrogel

SAMPLE 08
Alginate / Ludox
Based Hydrogel



Day 08 
Overnight drying

AGAR - ALGINATE HYDROGELS 

DAY 06
No maintainence

Day 10 
Hydrating for an hour

Sample 01
Agar-Alg 9:3

Sample 02
Agar-Alg 12:3
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Macroenvironment: Degradation is a result of the surrounding environmental 
conditions where the nutrients and water are allowed to evaporate, and escape 
from the ECM of the hydrogel 

Continuing to build on the fundamental characteristic of the movement of 
water in cross-linked polymers. The constant evaporation or absorption of water 
(rehydration) within the bulk of the hydrogel matrix, or across its boundaries, allows 
hydrogels the ability to adapt to the constant altering of moisture, temperature, 
pressure, pH and light conditions in its environmental surroundings. The water 
present in the hydrogel has an ability to evaporate, escaping from the gel’s matrix, 
contracting the pore size and distribution within the polymeric construct. This often 
results in a drier, even warped, hydrogel scaffold. Interestingly, the exponential 
rate of evaporation observed in the first seven days of all samples 1-4, until the 
water-polymer ratio attained a flat curve, illustrated its linear impact onto the 
mechanical strength of the hydrogel. Here the rate of evaporation from day 01 was 
observed to be higher in hydrogels with higher water percentage, namely samples 
1 and  2 as opposed to samples 3 and 4 with relatively lower water percentage. 
In other words, constant rate of evaporation increased the mechanical strength 
of the hydrogel. This significant increase in the physical strength, as the viscous 
hydrogels turned solid with the water molecules evaporating from the hydrogel’s 
matrix began to naturally initiate a stiffness gradient. This was primarily because 
the topmost layers in the hydrogel directly exposed to the environment allowed 
dispersion of water molecules much sooner, than the deeper zones within the thick 
hydrogel construct. And as the surface of the hydrogel became dryer, and stiffer, it 
reduced the permeability of the surrounding layers preventing migration of water 
molecules from the bottom-most layers. In a thick homogenous hydrogel matrix, 
the topmost surfaces as they began to dry out initiated a rather heterogenous 
behaviour across its cross-section, maintaining the hydrogel’s viscosity towards 
the bottom, whereas the topmost layers became much stiffer and dryer. This 
reduction in the hydrogel matrix also began to impact the scaffolds geometry, 
warping and curling the dryer surface.

It was further noted that the loss of water from its surface directly impacted 
the hydrogel’s porosity within its ECM, either slowing down or completely 
preventing the cells from differentiating. Stiffer the hydrogels boundaries, more 
difficult it is for the microalgal cells to continue performing photosynthesis, as 
the desired growth conditions such as light, and exchange of CO2 are blocked. 
These observations were read in conjunction to hydrogel samples kept in closed 
containers, where the rate of evaporation remained considerably low for samples 
with higher water percentage, however the ECM crosslinks began to loosen up, 
impacting the physicochemical stability of the scaffold. Alginate-methycellulose 
based hydrogels with low water percentages experienced negligible or no rate of 
evaporation when kept closed in petri dishes, highlighting ways with which the 
drying and warping of the hydrogels could be regulated, a principle that will be 

Figure 2.15: (Image on previous page)
Developing photosynthetic alginate-based hydrogels
A series of alginate-based hydrogels with varying monomers, pre-seed-
ed with microalgal cells are prepared and cross-linked via CaCl2. They 
are observed for 21 days. 
Alginate-based hydrogels containing methylcellulose and carageenan 
monomers demonstrated the most promising results for cellular via-
bility. 

Figure 2.16: (Left) 
Morphological experiments with hydrogels
Hydrogels with different preliminary morphologies, in addition to 
the cross-linked sheets are prepared, and observed. The grid-pattern 
achieves a thorough gelation due to its macroscale permeability, as 
opposed to flat sheets. However, they also show a quicker drying and 
deformation rate. The bottom-most layer of the grid-hydrogels contain 
to remain hydrated for a longer-period of time. 
The drying behaviour is relative to the orientations of the fibres, and 
their density. A factor which in Chapter 3, will be considered, as we 
explore computational simulation of hydrogel networks. 
The hydrogels were also maintained by re-hydration, and the grids 
absorbed, and achieved their printed form readily as opposed to the 
flatsheets. 
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DAY 01

DAY 04

DAY 08

DAY 17

50 ml Water 
1.5 gms. of Sodium Alginate

75 ml Water 
1.5 gms. of Sodium Alginate 
4.5 gms. of Methylcellulose

50 ml Water 
1.5 gms. of Sodium Alginate  
4.5 gms. of Methylcellulose

25 ml Water 
1.5 gms. of Sodium Alginate 
4.5 gms. of Methylcellulose
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considered during designing of the morphology of the hydrogel contructs. 

2.6.2.2 Permeability, diffusivity and swelling

Along with the hydrogel’s rapid phenomenon of water loss, it also has a property 
of absorption and swelling.304 Hydrogels are materials that are known to 
demonstrate the highest durability or stability in the swelling conditions during 
water storage where, in the case of a completely dried-out hydrogel, it can be 
re-wetted, allowing the gel to return to its original viscous state. This movement 
or state-transformation of the material, as a response to the exchanging/altering 
environmental conditions both on the cellular and macro level is mediated by the 
hydrogel’s permeability, or its ability to allow water molecules to diffuse into the 
hydrogels ECM until all voids are completely filled. 

A common example of a hydrogel used in abundance on a daily basis, are the soft 
contact lenses. Water transport through contact lenses is important for their use 
on the human eye. The soft skins that the lenses are made of have two-way energy 
exchanges that are constantly taking place from the surface of the eye. Processes 
of evaporation – dehydration and permeability – diffusivity.305 This is crucial to 
maintain the correct water and hydration levels on either side of the eye’s cornea, 
preventing any harm to the eye. Common experience teaches that soft contact 
lenses left in ambient air dry out and harden as the rate of evaporation and the 
rate of diffusion is not in balance, whereas when the lenses are worn, they are 
regularly hydrated by the tears produced in the eye. Such a negotiation between 
boundaries is an ideal demonstration of constant exchange of molecules in order 
for the hydrogel to maintain its state, while the contact lens itself is an interface 
between the human eye and the environment. Zooming in to the scale of the lens 
itself, the boundary between the air/membrane and the membrane/liquid also 
form the interfacial connections – or the connective tissue within that system.

Scaling up this hierarchical interface from thin membranes into architectural-scale 
constructs, will require re-assessing the scalar and vector dependencies across all 
three dimensions. In that case, the property of diffusion of water molecules, the 
solute particles along with the pressure, temperature and light will vary. Wherein 
the process of maintaining a state of viscosity or hydration becomes extremely 
important as it supports the photosynthetic activity of the immobilised microalgal 
cells, while establishing a stiffness gradient across the thickness of the hydrogel 
construct is important for the mechanical stability of the architectural membrane. 
The gradient originates from the bottom up where the dryer, mechanically stable 
layers form the base of the membrane. And the viscous, biocompatible layers are 
maintained towards the surface. This stands contrary to the observations made, 
where the photosynthetic layers on topmost surface dry out quicker, thereby 
impacting the form, and coloration of the matrix. These are extremely important 

Figure 2.17: Observing hydrogels rate of maintainence and biodegra-
dability
Alginate-based hydrogel with methylcellulose, that had demonstrated 
optimum cellular viability was observed for its varying rates of evapo-
ratin and absorption - across samples with varying water percentag-
es. Sample with highest viscosity, i.e. low water percentage and high 
monomer concentrations demonstrated the lowest evaporation and 
deformation. As opposed to the sample with lowest viscosity and max-
imum water percentage that evaporated rapidly, leaving behind simply 
a residue-like hydrogel construct. 
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50 ml Water 
1.5 gms. of Sodium Alginate

75 ml Water 
1.5 gms. of Sodium Alginate 
4.5 gms. of Methylcellulose

50 ml Water 
1.5 gms. of Sodium Alginate  
4.5 gms. of Methylcellulose

25 ml Water 
1.5 gms. of Sodium Alginate 
4.5 gms. of Methylcellulose

DAY 01

DAY 04

DAY 08

DAY 17
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material properties that will be taken into consideration in the following chapter 
on design as hierarchical structures composed of parts that are structurally stable, 
while others that are more viscous and biocompatible have been morphologically 
explored.

2.6.2.3 Hydration cycles

Similar to soft contact lenses, which we keep immersed in a liquid solution 
preventing them from drying out at times when we are not wearing them, a 
hydration cycle could potentially be established that would maintain or increase 
the biocompatible performance of the hydrogels. This would require rehydration 
of the dried surfaces that would work complementarily to the rate of evaporation, 
potentially maintaining consistency of the water content within the hydrogels 
bulk ECM.

It must be noted that living materials and processes necessitate a form of 
maintenance. Either it is the sustenance of a material through passive flux or 
through external intervention, much like the concept of gardening or watering 
plants in our backyard. A series of time-based experiments were conducted, where 
different rehydration techniques were tested, either through spraying or through 
complete immersion of the hydrogels. The hydrogels with varying rheology 
modifiers and viscosities that were tested in section 2.6.1 were observed for their 
specific rate of evaporation. A window of operation was identified, that optimised 
the viscosity of the hydrogels, their rates of evaporation, along with their relative 
frequencies of hydration. Ideally, hydrogels with the most resistance to water loss, 
that would sustain the growth of microalgal cells for long, would be the most 
suitable. But as the hydrogels contain high water percentages, dehydration of 
the hydrogels is imperative. And water loss beyond a certain point, would impact 
the cellular growth rate. Therefore, the point of breakage was established, and a 
timed watering mechanism was established on a daily basis. Further, experiments 
were also conducted to rehydrate completely dried out hydrogels that have lost 
their biocompatibility. And a re-seeding mechanism was tested that would post-
hydration restart their biological cycle, these have been elaborated in chapter 4 .

2.6.2.4 Biotolerance and biodegradability

Now that the material composition, cross-linking and the maintenance of hydrogels 
have been established, its other important property is that of biodegradability, 
or the hydrogels’ ability to disintegrate under specific environmental conditions. 
Biodegradation can be defined as conversion of material into less complex 
intermediate or end products through processes such as solubilisation, simple 
hydrolysis or the action of biological or microbial entities.232 The interdependent 
properties of biocompatibility and biodegradability are not exclusive to hydrogels 

Figure 2.18: Left: Regulating the behaviour of alginate-based hydrogels 
composed from methylcellulose
An additional set of alginate-based hydrogels containing methylcellu-
lose were fabricated, crosslinked and constantly kept covered. In order 
to establish a relationship between the degrees of evaporation across 
constructs that are left open, to the samples that are contained, with-
out any additional maintainence. 
The sample with least viscosity continued to vary in its crosslink, while 
the most viscous hydrogel continued to retain its overall geometry, 
while still undergoing evaporation. Suggesting the potential of estab-
lishing a cycle of hydration - while still allowing the hydrogels to stay 
exposed under standard temperature and pressure conditions. 
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but are found in almost all naturally occurring materials. The delay in the 
hydrogels’ ability to support cell differentiation, and the extension of the moment 
when the scaffold begins to biodegrade, is called biotolerability.306,307 In other 
words, the degree of fluctuation acceptable by the microalgal cells (agent) and 
the hydrogel (host) allowing them to perform photosynthesis is the degree of 
tolerance. It is important to understand the biomaterial’s range of tolerance, 
as it informs and parametrically defines the properties to be considered while 
designing the morphology of the membranes. While biocompatibility is the 
property of the material situated within a particular environment, biotolerance 
is the degree and the time scale that determines the biological activity of the 
scaffold. Architecturally, designing to extend this principle of flux between the 
different states of matter and energy becomes a challenging, yet interesting, 
design problem which has been considered in the following chapter.

2.7 HOMEOSTASIS (NATURE AS A PROCESS)

It is precisely the complex and dynamic exchange between an organism 
and its environment, and the functionality that evolves from it, that makes 
synthetic life interesting for architecture. Understandably, the very notion 
of architecture that is alive may sound scary to some and blasphemous to 
others. However, what is proposed here is not a version of Mary Shelley’s 
Modern Prometheus. Instead, it involves embedding into buildings the 
biochemical processes and functionality of life for the advantage of 
humans, other species and the environment.13

                               Michael Hensel
‘(Synthetic) life architectures: 

ramifications and potentials of a literal biological paradigm for architectural 
design’, 2006

The different stages and forms demonstrated by the alginate-based algae-
immobilised hydrogel result from its constant interactions with its surrounding 
environment, primarily mediated through the movement of water molecules 
within its ECM via evaporation, hydration, swelling and desiccation. Experiments 
where the hydrogel constructs were completely enclosed in petri dishes and 
sealed (refer figure 2.10), did not show any significant changes as the parameters 
within the closed system remained consistent. However, the exposure of 
the hydrogel scaffolds to the external environment is crucial, as material 
environments are designed to be positioned architecturally, in direct contact with 
their external surrounding conditions. Such a property of an open system, where 
living processes, especially living organisms are able to regulate their internal 
environments to maintain conditions of stability is termed as homeostasis.308 
Technical sensors, detectors, actuators, transducers and thermostats are some 

common examples of technological setups that facilitate conditions of homeostasis 
via a simple feedback loop. The algae-laden hydrogels developed in this research 
demonstrate their ability to be used as a membrane material that allows the 
embedded microalgal cells to respond to the surrounding light, temperature, 
humidity and pH conditions by changing its porosity while actively engaging the 
cells’ photosynthetic function. The primary condition of the algae-laden hydrogel 
is its ability to perform the function of the PBRs within a material system, where 
the ECM of the membrane acts as a containment, further implying the system’s 
inherent ability to perform as an individual unit, while the permeable interface of 
the membrane separates the outside from the inside, allowing only water, carbon, 
oxygen and sunlight along with a few other nutrients and substances to diffuse 
across the membrane, generating flux. The three main components required 
for the biochemical process consist of a sensor, a controller and an actuator – all 
of which are achieved by seeding the porous membrane with microalgal cells. 
Further, can the development of membrane materials with a scale-up potential 
introduce a completely new level of interaction and exchange between the interior 
and exterior environments? Can these initiate a negotiation between boundaries 
via intelligent filtration and distribution mechanisms as a result of the algae-laden 
hydrogels’ photosynthetic processes? However, for the membranes to support 
additional functions of filtration, potentially removing harmful particulates from 
their environment, the material bioreactors need to be designed and positioned 
appropriately within the architectural context, with the intention of triggering 
specific functions within the metabolism of the photosynthetic microalgal cells 
by means of transport mechanisms that traverse the boundaries of the porous 
membranes, which has been elaborated in chapter 5. 

Until now, materials that perform such functions have not been made available 
on a scale relevant to the building industry. Therefore, a prime objective of this 
research was to develop a series of water-based polymeric materials that can 
be applied on a building scale and, secondly, to identify key parameters to be 
considered in order to design with membrane materials, optimising both their 
mechanical and biological properties, specific to the photosynthetic activity of the 
immobilised microalgal cells. Objectives specific to material-based bioreactors 
and their appropriate morphologies have been researched and prototyped in the 
following chapter. 
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Figure 3.0: Varying layers of biocompatability via the microalgal cells photosynthetic property are observed, as each layers viscosity varies. 
Credit: Author
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3.1 Introduction: Bioart, Biodesign, Bioaesthetics

Bioengineering (biological engineering) is the scientific field that creates products 
and systems by amalgamating biological principles with the tools of engineering.310 
It is a field that resulted from the intersection of biology and engineering but 
remains constrained within the boundaries of the scientific discipline. On the 
other hand, in the early 14th century, artists began to position themselves within 
scientific laboratories of biology and biomedicine through design residencies, 
adopting core materials of ontogeny and phylogeny, as biological techniques 
to sculpt and mould their art objects, giving birth to the movement of bioart, a 
crossover between the art and the biosciences.311 Later in 1933, Alexander Fleming 
the discoverer of penicillin, exhibited his germ paintings that he created from 
bacteria applied on a paper pre-soaked in a culture medium and incubated.312 
More recently, bioartists began to use living matter, genes and cells as their new 
medium of expression with the intentions of exploring the richness of a new, more 
unpredictable form and aesthetic, further expanding the scientific context of the 
artwork produced.313,314 For scientists, creating bioart with artists allows them to 
break free from their academic rigour into a more cultural setting, with the aim 
of disseminating the long-term impact of biotechnology while discussing and 
raising important questions about its potential benefits with a larger audience.315 
Bioart as a form of interdisciplinary collaborative work has often been criticised 
for being more exploitative than explorative and therefore, was closely followed 
by a new age of self-proclaimed / self-taught biologists within the field of citizen 
science and DIY Biohackspace that began to see themselves as creationists, as 
an amalgamation between designers and scientists referred to as the ‘second 
genesis’.316,317 

The GFP Bunnyxxxviii project by contemporary artist Eduardo Kac is one such example, 
in which Kac, along with a group of scientists, created a transgenic version of a 
domestic rabbit called Alba. The albino rabbit was genetically modified to glow a 
bright green, when illuminated under blue light.318 Kac claims to have curated this 
‘man-made’ mutation of a common domestic animal to emphasise our ethical 
responsibility towards ‘other humans, part-humans, posthumans and non-
humans with whom we cohabit and … seek to perfect and control’.319 What failed 
to be discussed as part of this provocation was the controversial introduction of 
a foreign DNA into the genome of the albino rabbit which can be toxic, if not 
fatal and can cause cellular damage, as these alterations are permanent and 
inheritable.318,320

Similar thought processes appear recurrently through different scientific 
techniques illustrated in artworks such as, Nature?xxxix 2000311,320,321, A Genomic 
Portrait 2001, Malformed Amphibian Project 2002, Embracing Animal 2002, 
that have been introduced to the larger audience through exhibitions such as 
Ecovention 2002, Cincinnati, Becoming Animal 2005, Liverpool, UK and 2008 SK-
Interfaces, Massachusetts, US.322 While the artwork designed by the bioartistsxl 
remained constricted towards aestheticism and the exploration of biology as a 
design medium. Artists such as Sue Spaid, focussed on the capacity of each artwork 

xxxviii   GFP Bunny (where GFP is Green fluorescent protein) was a controversial three-stage cross-spe-
ciation project of Brazilian-American artists Eduardo Kac and Louis Bec and two scientists from the Institut 
National de la Recherche Agronomique in France.

xxxix   This artwork created by Portuguese artists Marta de Menzes, with biologist Paul Brakefield used 
the technique of life sculpting where they genetically modified the appearances of a butterfly to demon-
strate the resilience and plasticity available to an organism during its metamorphosing transition stage. 

xl   The use of the term bioartists includes both the artists and the scientists. 

A full understanding of biological phenomenon will be reached only when we 
approach it through the interplay of three different levels of description – the 
biology of the observed phenomenon, the laws of physics and biochemistry and 
the nonlinear dynamics of complex systems.309

The Hidden Connections: A Science for Sustainable Living
Fritjof Capra (2004)
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Figure 3.1: Morphological Circumscription
Diagrammatic representation of the different param-
eters tackled within this chapter originating from the 
microscale towards the centre, expanding outwards to 
the meso and the macroscale. The concentric bound-
aries demonstrate the relationships between various 
parameters across different scales - ranging from the 
homogenous biolayers to the heterogenous biohy-
brids, via application-specific design iterations. 
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exhibited at the Ecovention Art Movementxli in 2002 as a creation that was meant 
to ‘do something’, where each piece was designed as an inventive suggestion to 
tackle ecological issues. Conceptual artist Agnes Denes’ monumental reclamation 
project located in Ylöjärvi, Finland, titled Tree Mountain – A Living Time Capsule 
conceptualised in 1992 was a key project at the Ecovention exhibition. Supported 
by the Finnish government as a contribution to highlight the world’s ecological 
stress, the huge mountain was planted with 11,000 trees by 11,000 people from all 
over the world creating the first ever man-made virgin forest. Denes first conceived 
the project in the 1980s to mark humanity’s commitment to the future ecological, 
social and cultural life on the planet.323 Even then the bio-artwork generated was 
mostly lost in provocation, by suggesting changes in perception, views, and new 
societal procedures amongst the public.xlii For scientists, its necessary that their 
research work be pushed into the realm of the real world, socially and culturally, as 
a means to communicate the potentials of understanding the different elements 
of cells, genes and proteins directly related to the creation of life. And while art 
is an excellent medium to bridge spans by introducing new themes, concepts 
and critical dialogues aesthetically. It is equally important to push the boundaries 
on both the ends of bioart and biodesign, to explore new ways of incorporating 
the working processes that make life, within the everyday activities of the larger 
audience whose attention they often try to capture.

Eduardo Kac’s Alba, amongst others are examples of genetically modifying an 
animal, by introducing an external gene sequence from the outside. There are also 
examples where living tissues extracted from living organisms, cultured outside of 
the host animals’ body are explored as a medium for artistic expression. The Tissue 
Culture and Art Project (TC&A) developed by artists Oron Catts and Ionat Zurr 
explore techniques from tissue and stem cell engineering to create ‘Semi-Living 
Sculptures’ through their projects such as the Victimless Leather. xliii The living 
tissues from complex organisms are cultured within 3D substrates that imitate 
the body conditions via bioreactors. While the bioreactor is made from nonliving 
entities, the tissue culture is a living entity. Catts and Zurr expect this emerging art 
to introduce a new class of object/being, with a blurred boundary between the 
living and the nonliving, the grown and the constructed. Potentially illustrating the 

xli   Ecovention (ecology and invention) is an art movement that began in 1999 by artists Amy Lipton 
and Sue Spaid, who first introduced the term to refer to an ecological art intervention in environmental 
degradation. Later in 2002 they exhibited the work of 6 artists as part of the Ecovention exhibition in Cincin-
nati. The provocative discussions were then carried over as part of a series of exhibitions, the most recent 
being Ecovention Europe: Art to Transform Ecologies, 1957 – 2017.323,632,633 1957 being the early and very 
first suggestive art works with ecology produced by Willem Sandberg titled Natuur en Kunst. 

xlii   This point in particular, relating to the transformational impact of biological design on the larger 
audience or the human civilisation is discussed in detail in Chapter 5. 

xliii   The Victimless Leather by Oron Catts and Ionat Zurr explores the cultivation of human and 
nonhuman cells in the form of a miniature coat. The cells are grown on a nonhuman host material, within 
a bioreactor – artificially regulated with conditions of temperature, moisture, pH and salinity. The term Vic-
timless is highly controversial as the nutrient medium that promotes the growth of cells and tissues in vitro 
were extracted by sacrificing embryonic calves.634 

forms of establishing a new continuum of life. They further highlight that ‘these 
entities consist of living biological systems that are artificially designed and need 
human and/or technological intervention for their survival and maintenance’.324 
The evocative semi-living objects encourage us to re-evaluate what we consider 
as life, further questioning the ethical boundaries in manipulating complex living 
organisms for the sake of art. 

The projects mentioned above, especially the TC&A Project by SymbioticA, 
initiate a very important conversation about creating life by deploying the recent 
technological developments within the biomedical sciences, tangibly offering an 
outlook on our alternative and contestable futures. However, neither of these 
investigations focussed on creating new functional, performative solutions that 
could be applied to other relevant contexts. Hence, their work is considered art 
as opposed to design. 

3.1.1 Designing Living Systems for Architecture

A recent group of architects, urban planners and product designers are beginning 
to speculate and prototype objects and, in some cases, speculate environments 
– that are composed of, with or from biology, holding central the idea that design 
is humanity’s process of changing the current conditions to better, or more 
preferred, ones, largely concerning our current climate crisis.325 For the objectives 
of this research, integrating our architectural design tools with the processes of 
living organisms and their respective systems to synthetically create biological 
functions inherited from the properties of a living material can offer a fresh 
perspective to what this designed change could look like. Designers Natsai Cheiza 
and Alexandra Daisy Ginsberg refer to this biologically-oriented phase of design 
as the ‘other biological futures’,326 where biodesigns are dictated by our planet’s 
present condition, a product that is a result of its natural evolution. 

One prime application-specific example is the adoption of novel biological 
processes within the fashion retail industry. With the oncoming of fast fashion, the 
demand, production, consumption and disposal of clothes, shoes and accessories 
has exponentially increased. Demanding for the adoption of more efficient 
methods of manufacturing, recycling and upcycling of raw materials and products, 
in addition to using materials that can be biodegraded within a narrow timeframe. 
Fashion designer and future technologist Suzanne Lee’s BioCouture project that 
grows kombucha leather from bacterial cellulose, along with artist Helen Storey’s 
Wonderland project bring to the forefront these different problematic parameters 
that are leaving long-lasting footprints on our anthropocentric realm.327,328 
Discussing the wearable as a ‘second skin’ has led the industry to imagine the 
future of textiles as grown, instead of woven, cut or sewn.329 Furthermore, Julia 
Lohmann’s Cow Seat strategically recalls the origins of certain materials such as 
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leather, and the disconcerting, often camouflaged methods with which they are 
retrieved from the animal’s flesh. Her project questions the true identity of a 
manufactured ‘second skin’, instilling empathy to prevent them from disposing 
of the wearable, instead asking them to make the extra effort of maintaining it, 
potentially restricting or limiting the ready disposal and waste generation that 
comes as a given with fast fashion.329,330 By contrast, Suzanne Lee’s BioCouture, 
instead of increasing the life span of wearables, accepts fashion’s need to rapidly 
evolve with time and suggests grown garments be disposed of in compost 
heaps instead of landfills, thereby demonstrating the benefits of using materials 
that are grown, as they can be easily biodegraded.329,331,332 Similarly, Storey’s 
Wonderland demonstrates visually the receding of biologically grown garments 
by slowly dissolving them in liquid media, suggesting the cycles of resurrection, 
decomposition and resurrection again from the same growth medium329,333

These initial investigations in the early 2000s gave rise to a movement that 
textile designer Jessica Hemmings refers to as the ‘grown fashion’,329 building a 
foundation for start-ups such as Bolt threads334,335 that look at producing off-the-
shelf wearables made from grown materials with the aim of disrupting the current 
fashion supply chain. For instance, Bolt Threads, US make yarn from spider silk 
protein, by feeding sugar to its engineered yeast. Their initial prototyping stage 
included the manufacturing of silk ties and woollen beanie-hats allowing them 
to test the methods of production, and their respective distribution models. 
Established companies such as adidas and Stella McCartney are also accepting 
the importance of transitioning their current commercial models, into models 

that are much more circular and biological in their origin – referred to as the 
bioeconomy.336 One of the major challenges with any biological process is its scale-
up, i.e. producing silk threads, or kombucha leather on an industrial scale with 
cost efficiency.337 Furthermore, these examples show the development of new 
materials, often produced as a by-product of culturing or farming microorganisms 
such as yeast, bacteria and silkworms.230,338 These materials are then sculpted to 
replace the existing textiles that are used to design and make clothing, resulting in 
prototypes that often end up looking and feeling the same visually and texturally, 
as the material they replace. While we are finding ways of replacing our existing 
materials, with new, freshly grown ones, is it necessary for the new materials to 
look, feel and behave in exactly the same way as the materials they are replacing? 
One biotech startup called Ecovative is investigating this by creating different 
products such as lamps, packaging materials, and even plant-based meat from 
grown mycelium composites.191,339 These precedents have inspired the projects 
developed in this thesis, that is focussed on the objective of developing a new, 
synthetic, living, bio-active process, derived from the unique characteristics of the 
material, emphasising the importance of initiating and maintaining the growth 
and living cycles of the resultant prototype upon fabrication. 

Architecturally, the concept of the ‘second skin’ was demonstrated with the 
construction of the BIQ House, Hamburg in 2013. The use of bioreactors in 
architecture and urban projects340 have been further explored conceptually 
through prototypes in projects such as the BioCanopy & Urban Algae Folly by 
EcoLogic Studio;341,342 the Chlorella Pavilion by designer Adam Miklosi; and the 

a) b) c) d)
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Urban Algae Farm by French and Dutch-based Cloud Collective.343,344 The prototype 
module of BioCanopy exhibited in Milan constructed membranes, much like the 
BIQ House PBRs but with sheets of ETFE allowing a level of flexibility and finesse 
in the fabrication process. The canopy is assembled from pre-defined channels, 
the position of which is computationally generated via modelling local weather 
patterns through which water is circulated.345 On a relatively smaller scale of 
product designing, architectural designer Jacob Douenias and industrial designer 
Ethan Frier created Living Things,346 a spirulina-based lamp and algae-integrated 
tables as a means of improving the environment and enabling a healthier 
lifestyle. Other projects include the Biolamps by Peter Horvath,347 along with algal 
streetlamps, FermentAlg, led by French biochemist Pierre Calleja.348,349

With these projects, the function of bioreactors beyond the lab was explored. 
Suggesting their integration as a building element or an industrial product instead 
of limiting their use to merely growing biomaterials within contained regulated 
environments that needed to be post-processed for desired applications. It 
became clear that integrating working, or active biological systems could become 
more beneficial as they functionally contribute to the already existing biological 
processes in their surroundings. However, one common factor or limitation 
observed within all these precedents was that of mechanisation, where kinetic 
systems were fitted in to regulate water movement or nutrient transfer in and out 
of the PBR structures, or the biomass was converted into other easily consumable 
products for daily use, such as algae-filaments, fulfilling the same criteria of the 
material it would replace. 

Figure 3.2: Precedents on Bioart and Biodesign
Left to Right: 
a) GFP Bunny by Eduardo Kac, 2000. 
Image downloaded from [Hannah Stark: “Love, Kinship and Futurity 
in the Anthropocene”, 26th October 2017 | Edinburgh Environmental 
Humanities NetworkEdinburgh Environmental Humanities Network. 
(n.d.).
b) Agnes Denes’ Tree Mountain - A Living Capsule, 1992 located in Fin-
land. 
Image downloaded from [Agnes Denes. (n.d.). Retrieved July 25, 2021, 
from [http://www.agnesdenesstudio.com/works4.html]; 
c) The Tissue Culture & Art Project (TC&A) by Oron Catts & Ionat Zurr. 
Image source: The Tissue Culture &amp; Art Project. (n.d.). Retrieved 
July 01, 2021, from https://tcaproject.net/; 
d) Wonderland Project by Helen Storey, 2008. 
Image source: Belford, T. B. T., Storey, P. H. S. H., & Ryan, P. T. R. T. 
(2008). WONDERLAND: Plastics is Precious: The disappearing dresses; 
e) 3D Printed products using Microalgal filament by Atelier Luma. Image 
source: Morris, A. (n.d.). Dutch designers convert algae into bioplastic 
for 3D printing. Retrieved June 01, 2021, from https://www.dezeen.
com/2017/12/04/dutch-designers-eric-klarenbeek-maartje-dros-con-
vert-algae-biopolymer-3d-printing-good-design-bad-world/; 
f) Algae Dome, Close-up of the tubular PBRs conceptualised by Space10, 
IKEA. 
Image downloaded from The Algae Dome: A Food-Producing Pavilion | 
SPACE10. (n.d.). Retrieved June 01, 2021, from [https://space10.com/
project/algae-dome/]; 
g) Chlorella Pavilion by Adam Miklosi. 
Image downloaded from Chlorella Oxygen Bar Pavilion, by Adam Chlo-
rella Pavilion by Adam Miklosi « Inhabitat – Green Design, Innovation, 
Architecture, Green Building. (n.d.). Retrieved June 01, 2021, from 
https://inhabitat.com/are-algae-powered-oxygen-bars-on-the-hori-
zon/chlorella-pavilion-lead-2/; 
h) BioCanopy by EcoLogic Studio. 
Image source: The Urban Algae Canopy shows the power of “algaetec-
ture” for Milan Expo 2015 | News | Archinect. (n.d.). Retrieved June 01, 
2021, from https://archinect.com/news/article/98218917/the-urban-
algae-canopy-shows-the-power-of-algaetecture-for-milan-expo-2015

e) f) g) h)
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3.2 Designing for and with Algae-laden Hydrogel Bioreactors

The biological world deploys processes such as cell differentiation, growth, 
reproduction, and self-organisation to direct its form and function from the 
bottom up. By contrast, the design practice begins by establishing constraints 
and parameters, relative to the desired function in order to guide its form and 
fabrication technique from the top down. However, in order to design for biology, 
and with biology, a complementary and evolution-based methodology must be 
established between the bottom-up and the top-down approaches resulting in 
a biomaterial-based design-fabrication workflow. Therefore, this research begins 
at either ends of the spectrum, by conducting experiments to understand the 
biological factors of the biomaterial, while iteratively designing initial prototypes 
to investigate their applicability towards the specific context. Such a hybrid 
approach enables us to generate multifunctional structures that perform across 
a broader range of scales, from the nano, micro scale to the meso and macro 
scale, where the assemblage of components at each gradient complements the 
biological, biochemical, mechanical and structural performance of the system 
thus obtained. This is a process which Neri Oxman, founder of the MIT Mediated 
Matter Group, refers to as top-down templating of bottom-up processes.350 

In this section the different design investigations are discussed which were 
conducted in order to put to practice the hybrid research model developed 
between the top-down operators of design, with the bottom-up processes of 
biology. The research method takes central the importance of understanding the 
material, its biological performance developed in chapter 2 along with its related 
fabrication process as an integral part of the architectural practice. In developing 
a strategy for investigation, Martin Tamke and Mette Ramsgaard Thomsen’s 
three-step model of developing a material understanding through critical analysis 
and context-specific evaluation are deployed. The three different modes of 
investigation are the design probe, material prototyping, and the demonstrator.351 
They initiated this iterative material-specific method of investigation in 2009, in 
order to reappropriate the role of material evidence and its explicit correlation 
towards shaping a new dimension within practice-led architectural research. 
Tamke and Ramsgaard Thomsen identify architecture to be situated within the 
particularities of a given context, whether conceptual or actual. Through their 
research titled, Narratives of the making, they revoke architect Stan Allen’s long-
standing discussion of the differences between the ‘uncontaminated realm of 
theory and the rather compromised realm of practice’.352 One could argue that 
when designing and constructing buildings – different from research – architects 
are forced to implement top-down strategies; and therefore, with the ongoing 
climate crisis it is more and more becoming imperative to adapt new methods 
and techniques of embodying ideas, suggesting the material to be repositioned 
as the media of invention. Architecture and architectural drawings are realised 

from the different building tools and the varying dimensionalities of their media, 
including the emerging digital tools, the expanding capabilities of biological 
sciences and their relative fabrication techniques. It is definitely more now than 
ever that the ambitions of finding new practice-based research methodologies 
can allow architects to respond to Stan Allen’s criticism between the distinct 
modes of theory and practice. Tamke and Ramsgaard Thomsen’s approach 
begins by expanding on the current design methodology, as it investigates the 
interdependencies between new digital simulation tools with techniques to 
optimise the biomaterials fabricability. 

Currently, only fragments of theory and practical knowledge exist that could guide 
how the design of a biologically induced process that constantly changes, adapts 
and evolves over a period of time (also referred to as time-based, growth-based 
or evolution-based processed within digital computational language)xliv would 
actually behave in an environment. These theories and conceptual projects have 
already been discussed in sections 1.1.2 and 1.4. Other examples of responsive 
systems is Kas Oosterhius’ thesis on Kinetic Architecture where the behaviour and 
response of architectural systems towards different environmental parameters 
and conditions are kinetically controlled and regulated.353 A technique that is 
often criticised as being  parametrically limiting towards the performance of 
architectural elements, as designing completely predictable forms contradicts 
the phenomenon of self-organisation and adaptability observed in naturally 
occurring biological systems. Therefore, it seems appropriate to adopt a design 
methodology that physically studies the altering behavioural properties of the 
bio-active systems, both predictable and unpredictable by fabricating prototypes 
and observing how they behave. 

The following sections investigate in successive stages, digitally and through 
prototyping the designs and their respective geometries specific, informing 
the development of the algae-laden alginate-based hydrogel scaffolds broadly 
outlining the physicochemical and the biological characteristics of the material 
system. In relation to this thesis, the roles of the three modes of the research 
outlined by Tamke and Ramsgaard have been re-defined below:

i) Digital design Probes followed by conceptual demonstrators – a 
preliminary series of design-led investigations built on the top-
down criteria of design. Here the physical conceptual demonstrator 
are developed for exhibition purposes where the fabrication and 
performative system is scientifically ‘fake’ but presents an important 
conceptual simulation from a design point of view.

ii) Material Prototyping as proof-of-concepts – constructs developed 
with a scientific rigour. 

iii) Demonstrator as real prototypes – fragments of real building 

xliv   Refers to Greg Lynn’s project titled Embryological house discussed in section 1.4.



77

DESIGN PROBE

MATERIAL
PROTOTYPE

Fabrication

DEMONSTRATOR

Scale-Up

Form & 
Morphology

APPLICATION

DEMONSTRATOR Bio Aesthetics

Site Specificity

Figure 3.3: Three modes of research outlined on the principles of designing for and with life
Continuing to build on from the Life Criteria model outlined in Chapter 2, a similar, biological, and ever-evolv-
ing approach is adapted for the process of design development. The diagram demonstrates our intertwined, 
3-step approach, namely - Design Probes, Material Prototypes and Demonstrators that have been developed 
across different scales, each informing the other two. Allowing us to give shape to a circular design workflow 
- that bridges the bottom-up biological processes, with the top-down tools of designing. 
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component. An application or purpose-driven investigation 
designed and build at the interface of the top-down and bottom-
up parameters identified through real-world experimentation.  

Quoting Tamke and Ramsgaard Thomsen, ‘If design takes place across the skill of 
drawings, computational logic presents a new depth to its thinking…’.351 To which 
the research in this thesis contributes, that the added complexities of a living, 
biological material not only adds another dimension to the drawings programme, 
but gives architecture a fresh media to make with. Therefore, the following 
sections shift from the current theoretical discourse into a practical description of 
tests and experiments, wherein, the iterative design tests conducted by combining 
the top-down design tools with the bottom-up processes of biology are illustrated 
in detail. These investigations are shown over a map of design probes, material 
prototypes and demonstrators illustrated in figures 3.1 and 3.3, building on the 
algae-laden hydrogels as the media of architectural investigation and realisation. 

3.3 Designing Homogenous Material-based Bioreactors

In vivo cultivation of cells, both on a small and a large scale have been well 
researched and executed within the fields of bioengineering, and have been 
described in detail in sections 2.2.1, 2.5.2, 2.5.3. Specific to microalgal cultivation, 
the following diagram highlights the broad classifications between the different 
cultivation methods, along with their growth characteristics, in order to recognise 
certain design constraints and parameters that can be used to generate geometries 
for the preliminary design probes. As one of the key objectives of this research is 
to investigate design morphologies that optimise photosynthetic activity of the 
algae-laden hydrogels, the following set of design probes have been conducted 
to investigate morphological factors that can complement the growth rate of 
microalgal cells within the biomaterial. 

3.3.1 DESIGN PROBES: Solid and Homogenous Hydrogel Substrates

The first set of material properties, as shown in figures 2.17 - 2.20 were established 
by conducting tests within regular petri dishes that acted as bioreactors for 
the algae-laden hydrogel. Therefore, the first instinct was to begin altering the 
conditions of the casts within the bioreactor already tested by computationally 
generating a set of geometries with diversified surface and volume conditions via 
a surface noise technique resulting in a form with varying depths and densities. 
Generating a topography with the hope that topmost areas within the prototype 
might demonstrate a comparatively higher cellular growth rate due to direct 
exposure to sunlight, than the deeper areas with less light intensities. These were 
then cast with different sets of alginate-based hydrogels developed in section 2.6, 
with varying thicknesses and viscosities. After cross-linking the cast constructs, the 

Figure 3.4: Developing preliminary design probes via solid substrates
The images on the right show the preliminary experiments conducted 
with a 3D surface topography into a thick, homogenous hydrogel scaf-
fold. Only specific areas were observed to hold their geometry, largely 
demonstrating the inability of the viscous fluid to hold its form via cast-
ing / embossing. 

Design Probe - Computationally simulated surface topography to opti-
mise the cellular growth within the top-surface layer of the homoge-
nous hydrogel scaffold. 
Material Prototype - Copy stamping technique is used to cast the sur-
face of the scaffold. 
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hydrogels were then removed from their moulds. A similar exercise of 3D stamping 
was also performed, where the surface texture of the scaffold was embossed on 
the surface of the hydrogels allowing them to retain their topographical texture 
upon drying. These initial design probes were conducted in parallel, to test the 
ability of the soft, viscous casts to hold their shape, and to self-support their 
material weight.

It was observed that the cast design probes did not retain their topographical 
geometry even after gelation and upon semi-drying, demonstrating the inability 
of hydrogels to be fabricated in large, solid blocks. This was primarily a result of the 
disproportionality or the non-uniform cross-linking capacity between hydrogels 
with greater thickness, allowing only the top surface and the sides to be cross-
linked. The deeper surfaces were left viscous without creating a gel-state with an 
ECM, resulting in the entire hydrogel cast collapsing under its own weight. Further, 

after a period of 10 days, the topmost layers that had achieved crosslinks began to 
show visible greening from cellular growth in a rather scattered or uncontrolled 
form. The pattern of growth did not relate to the geometry instead it might have 
responded to the nutrients and the homogeneity achieved during the material 
preparation. These observations swiftly eliminated the rather homogenous outlook 
between form, structure and material, demanding to establish a varied approach 
to designing with viscous matter. The hydrogel prototypes created did not have a 
singular, constant state, instead, each layer within the thick casts were observed 
to constantly adapt to the surrounding environmental conditions, changing and 
altering their physical state, while still interacting at the interface between each 
layer. Such an actuated characteristic where the material established a responsive 
system with the surrounding environmental conditions of light, temperature, 
oxygen, pH and humidity proved to be crucial within the materials biocompatible 
schema allowing the encapsulated microalgal cells to perform photosynthesis 
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Figure 3.5: Preliminary observations of a grid-like pattern on the photosynthetic properties of the biomaterial 
Top: A first scaled-up prototype was fabricated with hydrogels with and without microalgal cells. There varying deposition in heights, layers, and densities allowed us to evolve the grid-like patterns tested before in figures 
2.17-2.20. The samples were regularly hydrated and the consistent photosynthetic activity of the printed constructs specific to areas with higher concentration of alginate-based hydrogels was observed. 
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by differentiating within the materials ECM immediately upon casting and cross-
linking, highlighting the importance of optimising the growth parameters into 
the geometry and structure of the resultant scaffold from the first step itself. 
Therefore, a different morphological approach was adopted where instead of 
simulating simply the surface topographies for growth optimisation a series of 
volumetric, 3-dimensional geometries were generated.  

3.3.2 DESIGN PROBES: Exploring Different Geometries Via Dynamic Shape 
Specification

A preliminary series of 3D geometries were conducted through computationally 
generative techniques via particle simulations. Here the relation between porosity 
and density within a bulk, volumetric base component was explored, where form 
generation through the distribution of the material was controlled. The porosities 
needed for the penetration of certain nutrients within the bulk of the object 
were mapped with the intention that a gradated porous ECM on the mesoscale 
would allow for optimum microalgal cell propagation. This was done with varying 
densities through designed distribution of the material, illustrated in figure 3.6 
through grided and longitudinal curved geometries. 

At this stage, the density and directionality of the material substance in the form-
finding process is computationally explored, based on a digital design concept 
referred to as digital anisotropy.354 Anisotropy, in naturally occurring structurally 
stable materials, is a material’s property to exhibit variations in its physical 
structure, along different molecular axes.214 For example in the case of wood, 
the varying structural strength is measured separately along the direction of 
the growth grain and against it. Therefore, for a given sample, the hardness and 
stiffness of wood will differ when measured across different orientations. It is this 
property of anisotropic structuring that creates structurally efficient materials.43,44

Therefore, digital anisotropy uses computational tools to organise the different 
layers, and densities of material with the aim to examining and optimising the 
most appropriate distribution of layers for the desired structural properties. 
This type of design exploration considers material properties prior to geometric 
formation, as the performance – specific structuring of the material will in turn 
anticipate the appropriate form. The initial geometries generated assumed the 
viscous properties of the hydrogels as homogenous throughout the surface 
and volume of the object, and the hierarchically gradated spatial distribution of 
the material was given emphasis. In this context it is worth noting that digital 
anisotropy aims at optimising the structural stability of a construct and does not 
consider properties related to softness and permeability deemed important for the 

Figure 3.6: Fibrous morphology
Hydrogels are shown extruded on varying fibrous patterns, 
linear, curves, and criss-crossing, demonstrating the form 
retention capability of the biomaterial. 
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biological performance of the material, primarily because the technique of digital 
anisotropy focuses on scaling-up of the material prototypes testing the material’s 
morphological limits, suggesting to evolve the digital form-finding process by 
conducting material experiments along with the digital design geometries. The 
resolution of the forms generated had to be able to govern the technique and 
methodology of constructing the material prototypes therefore, this exercise 
allowed to identify the relative combinations between geometric porosity for 
nutrient penetration and sustained biocompatibility, and geometric density for 
structural stability as key design principles for the next stage of explorations. 

3.3.3 DESIGN PROBES and MATERIAL PROTOYPING I: Fibrous hydrogel 
constructs

It is a well-known phenomenon that all natural materials and biological systems are 
assembled from fibrous structures that are locally aligned and spatially organised 
to optimise structural and environmental performance, a property that has been 
discussed in sections 2.1.2 and 2.2.3.355 These fibre-like constructs are known to 
orient, distribute, generate and assemble themselves across a varied length of 
scales; creating a wide range of multifunctional materials. These varied shapes 
of matter are generated under the influence of the different forces acting upon 
it.356 The fibrous nanostructures are concentrated in specific regions that require 
high strength, while dispersed in other areas where stiffness is not required. 
Additionally, areas with less structural strength are constructed to perform other 
properties such as optimising energy transfer, transportation of fluids, supporting 
kinetic movement, or absorption of particulate matter from the environment. 
This morphological observation suggested the potential of constructing algae-
laden fibrous scaffolds from hydrogels. 

A set of design probes were computationally simulated to test the compatibility of 
the hydrogel towards fibrous structures. Two sets of investigations ran in parallel 
– the first focusing on biocompatibility and the other on structural strength. The 
biocompatible simulations were generated to allow the fibrous hydrogels to 
maintain and potentially optimise cellular growth rate. The parameters tested 
were specific to light, nutrient and oxygen exchange, augmenting the surface 
area and volume combinatorial techniques. Complimentarily, factors of density, 
axis-directions, grid orientations, and fibre thickness were designed to test the 
stiffness of the hydrogel fibres. These design parameters were outlined based on 
the anisotropic properties found in naturally occurring structural materials and 
the digital anisotropic design explorations conducted in the previous section. 

The design probes were prototyped with alginate-based hydrogels containing 
methylcellulose with water percentages between 85-90%, referring to the 
materials characterised in Chapter 2. Hydrogel fibres were traced on the different 

Figure 3.7: Digital Anisotropy

Figure 3.8: Extruded fibrous hydrogels
Fibrous algae-laden hydrogels are printed in petri dish. 
Below: Fibre-like patterns are generated computationally
Right: An image of the scaffolds exhibited at the Water Futures 
exhibition, A/D/O, BMW 2019 

Anisotropic criss-cross 
grid orientation
Mechanically stable bot-
tom layer

Anisotropic linear orien-
tations
Directional top layer
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patterns through syringe-extrusions. Each test was post-processed with a solution 
of calcium chloride (CaCl2), allowing each fibre to immobilise the microalgal cells 
while achieving a level of mechanical stability. The procedure of immobilisation 
was critical to translate the hydrogel’s soft and viscous properties into a cross-
linked, comparatively structural ECM attaining a percentage of rigidity while 
maintaining the soft and permeable properties of the hydrogel. The fine-tuning of 
this relationship proved extremely crucial for the overall stability of the construct. 
One of the prime disadvantages observed in the bulk hydrogel casting and 
stamping discussed above was the non-uniform cross-linking of the hydrogels, 
which impacted the structure and form-retention property of the scaffolds. The 
fibres, on the other hand, allowed to overcome that limitation, as the CaCl2 easily 
penetrated through the cross-section of each individual fibre, collectively creating 
a much more stable structure, while optimising the quantity of the material used. 

3.3.3.1 Dynamics: Time-dependent behaviour of active biological materials

All biological systems and their respective material constructs are time-
dependent processes. They are dynamic systems with additional dimensions of 
evolution and adaptability, as they are observed to change their characteristics 
within a geometrical space over a specific period of time.357 Natural materials, 
such as bone, are known to improve their mechanical strength, as they evolve, 
self-organise and respond to the environment. This is primarily a result of the 
living cells that make up the bone structure imparting it the ability to regenerate 
and remodel its structural organisation over time.358 The cellular sub-unit is 
itself a dynamic internal structure that controls shape and creates movement. 
It consumes energy to direct organisation of the interacting components as it 
adaptively responds to the surrounding environmental conditions. Further, this 
complex interplay across length and time scales underlies energy consumption 
as it drives transitions between the distinct material states, while generating the 
complete systems mechanical responses.

The fabricated living, algae-laden hydrogel prototypes were observed over a 
period of 14 days, one set of biocompatible fibres being tested for their affinity 
towards cellular growth and the other set of structural tests being observed for 
their ability to gain strength as the water molecules within the ECM undergo 
evaporation. Here the hydrogel composites used were identical in both cases in 
order to begin establishing a potential relation between the hydrogel’s biological 
and mechanical performance specific to the predefined design parameters.

On day 04, the hydrogel fibres turned green, demonstrating that the microalgal 
cells were performing photosynthesis. The variations in the thickness of the fibres 
did not seem to impose any significant effect on the rate of cellular growth. On the 
other hand, the hydrogel fibres printed in dense grids, with alternating overlapping 

axes, did not show high biocompatibility. And at the time of prototyping, the 
deeper grid structures, even though more rigid, did not show high mechanical 
strength. While these constructs were more cross-linked with the hydrogel fibres 
interlocking across different axes, the viscosity of the material prevented the 
constructs from being highly stable. 

On day 05, the water within the hydrogel scaffolds began to evaporate at 
a considerably high rate under standard room temperature and humidity 
conditions. And as the fibres continued to dry out, the individual strength of 
each extruded strand was observed to increase. The reduction in the materials 
viscosity forced the construct to begin curling, warping and folding, separating 
the densely interlocked fibres into their own individual extruded axis. This 
behaviour was observed across both planar surfaces and between different layers 
across the grid’s z-axis, highlighting the importance of intrinsically connecting the 
fibres between each individual hydrogel strand, especially in areas where higher 
structural stability was required. Here the architectural arrangement of finite 
sized components, or the building blocks composed from the different layers of 
the hydrogel strands are crucial to the material’s resulting structural feature, more 
specifically the interface between the different components, on the meso and 
micro scale, hence declaring interfaces themselves to be designed and assembled 
as an individual building block. This interfacial phenomenon in natural materials 
such as nacre shells, bone and wood, is referred to as ‘biological interfaces’, 
where the deformation and fracture is governed by the interfacial connection 
contained within them.359 Interestingly, the extruded hydrogel strands continued 
to demonstrate cellular growth rate until they began to dry out after day 05. This 
could be due to the reduced porosity, with increased evaporation within the 
ECM inhibiting the algal cells from multiplying. This confirmed the importance 
of calibrating the viscosity, or the water content within each hydrogel strand 
with the relative strength of each fibre. Suggesting the extruded hydrogels to be 
morphologically arranged with interfacial connections in a manner to limit and 
control the range of deformation and fracture. It is also important to emphasise 
that the research objective is not limited to fabricating highly structural scaffolds 
from water-based materials. Instead, the intention is to fine-tune a balanced 
state of matter, allowing to fabricate architectural-scale elements that perform a 
biological process, therefore a second set of fibrous design probes and material 
prototypes were explored.

3.3.4 DESIGN PROBING and MATERIAL PROTOYPING II: Fibrous hydrogel 
constructs

With multiple parameters collectively in play to impact the behaviour of the 
hydrogel constructs, the potential relations between the form and the material 
were theorised. Firstly, from the bottom up, were fibres with an optimum 
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viscosity and matrix porosity constructed from alginate-methylcellulose hydrogel 
with 89.2% water that allowed the algae cells to regenerate. And secondly, from 
the top down, fibrous building blocks required a dense geometric network that 
reduced the rate of evaporation, while allowing the gradual increase in the 
scaffolds strength. 

From the observations conducted, it was deduced that a degree of moistness is 
required to allow for nutrients, such as sunlight and CO2 to penetrate the hydrogel 
fibres in order to allow cellular growth. On the contrary, the evaporation of water 
was required to reduce moisture allowing the fibres to gain strength. But before 
getting to that point, the fibres needed to initiate an interface in order to create an 
organisational network so that the dense fibres collectively acquired mechanical 
strength. The principle of the whole being greater than the sum of its parts was 

applied where instead of trying to increase the individual fibre strength, the focus 
shifted to investigating how the dense network of fibres could gain strength when 
a percentage of water collectively evaporates from its ECM.

Consequently, a new set of design iterations were generated to better understand 
the behaviour of the hydrogel strands. Different from the initial set of prototypes, 
hydrogels with higher water percentages were used to fabricate the biocompatible 
set of design probes, whereas hydrogels with low water percentage and higher 
material stiffness were used to test the mechanical grids. This was primarily 
conducted to establish a controlled movement of water, both within the material 
and in its interaction with the surrounding environmental factors.

DAY 01

DAY 04

50 ml Water 
1.5 gms. of Sodium Alginate

75 ml Water 
1.5 gms. of Sodium Alginate 
4.5 gms. of Methylcellulose

50 ml Water 
1.5 gms. of Sodium Alginate  
4.5 gms. of Methylcellulose

25 ml Water 
1.5 gms. of Sodium Alginate 
4.5 gms. of Methylcellulose

Figure 3.9: Prliminary alginate-based hydro-
gel tests demonstrating the viscous property 
of the cross-linked biomaterial matrrix with 
its physical alterations via evaporation
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3.3.4.1 Impact of water within the construction of biological materials

The initial probing and prototyping exercises allowed to observe the phenomenon 
of water movement within the hydrogel constructs first-hand, reiterating 
the important role of water in life’s processes, as it impacts the physical and 
chemical properties, including its interactions between biological molecules. 
More specifically, the biological role of water was observed, as it initiated 
biocompatibility via microalgal cellular growth within the material, while it also 
mediated the overall stability of the structure, as it initiated cross-links and 
microstructural networks that imparted the hydrogel fibres with a molecular and 
geometric stability.

3.3.4.2 Viscosity

Viscosity is an extremely important parameter that was considered and calibrated 
throughout all the conducted tests. Viscosity, or dynamic viscosity, in addition to 
being the state of the hydrogel, is also the material’s texture both on the surface 
and within the matrix of the gel. As a design parameter, the state of matter as a 
semi-fluid; or the window of transition between two more stable states of solid 
and liquid initiate a series of potential opportunities for design. Scientific research 
has demonstrated viscosity as a primary factor that controls response, even before 
the biological mechanism begins to work. Upon studying the ecophysiological xlv 
changes within organisms such as small-scale movements of cilia in mussels, it 
was observed that the temperature-dependent viscosity of water is a key factor 
in the enhanced filtration performance of the cilia, instead of its biological/
physiological or physical/mechanical control.360–362 The design explorations at this 
stage remained limited to the mesoscale, where the translatability of the viscous 
fluid was explored for the establishment of an interface. It further became crucial 
to test patterns and fibrous organisations that could benefit from the semi-fluid 
and semi-solid state of hydrogels, while being able to regulate the rapid changes 
in the materials viscosity with change in the surrounding temperature conditions.

Building on the initial design probes, variations of dense fibre constructs across 
areas of high biocompatibility with the areas of high strength and rigidity became 
important design moments. The topmost surfaces of the scaffold were composed 
of spatially distributed fibrous geometries that allowed light and CO2 to penetrate 
to the deepest possible zones, while controlling its rapid rate of evaporation in 
order to sustain the hydrogels photosynthetic activity. These fibres had to be 
hierarchically arranged throughout the cross-section of the scaffold, allowing 
the deeper zones to become stiffer with time. This three-dimensionality of the 
fibrous scaffold instigated a level of permeability where not only the ions of water 

xlv   Ecophysiology is also referred to as Environmental physiology or physiological ecology. It is a bio-
logical discipline that studies the response of an organism’s physiology to environmental conditions of light, 
temperature, water, CO2 concentrations and wind. 

Figure 3.10: Voronoi & branched patterns are extruded in multiple lay-
ers, with varying hydrogel viscosities, with / without microalgal cells 
in a petri dish of 200mm diameter. The 3D patterns are printed with 
varying densities, exploring the morphologies ability to support the 
algae-laden hydrogel from retaining its physiochemical, structural and 
geometric integrity. 
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permeated from within the matrix, but also other factors such as light, gaseous 
and nutrient exchange exerted an influence.

A design strategy was employed where the morphology generated was a 
preliminary stage of the actual desired geometry of the scaffold. This morphology 
was fabricated to allow the viscous property of the material and its relative 
biological process to take some time to settle into its formal scaffold form, a 
process that was observed during the material development stage in section 2.6 
where the fluid or the viscous property of the hydrogel would spill, or expand, 
distorting the fabricated geometry of the scaffold upon deposition.xlvi This was 
done by using fibrous growth simulations, where the geometry to be fabricated 
was exported one-step or a time-frame before the generation of the final desired 
geometry. 

3.3.4.3 Permeability

The viscosity of the hydrogel fibres gave rise to varying levels of permeability, 
thereby moving one step further from the hydrogel’s microscopic scale, into 
the geometric and form-based mesoscale. The criss-crossing, overlapping and 
interfacial arrangement of the fibres gave rise to a permeable construct, that 
allowed a level of nutrient penetration in dedicated areas with voids while 
restricting in other areas with dense fibres.

3.3.4.4 Homogeneity

In nature, biological materials such as plant tissues are often constructed from 
a limited set of ingredients, where only a small number of components serve to 
modulate the processes and functional abilities of the system. Therefore, the prime 
components explored in this research remained limited to – water, microalgal cells 
and natural polysaccharide polymers which have been developed and designed to 
exhibit different properties in different zones. The changing states of the viscous 
alginate-based fibrous constructs were closely observed over time, informing the 
development of a system based on the thickness of fibre, ECM of the hydrogel and 
the density or porosity of the fibres needed at each stage of the designed cross-
section, allowing to design and fabricate homogenous structures that were able 
to perform both on a biological and mechanical level. 

3.3.4.5 Stiffness gradients

Functional assemblages of biological constructs with very different properties, 
such as cartilage and bone, nail and skin, can cause high interfacial stresses, 

xlvi   This effect is called the die swell effect observed in fluid materials, and has further been scientifi-
cally tested and explained in detail in the following chapter on fabrication, under the section 4.3.3.

a concept that has been discussed in section 2.1.2 and 2.4.5.3 under the sub-
heading of interfaces. The section has also highlighted the mechanical stiffness 
gradient present in the form of the articular cartilage and the cuticle that create 
a gradual interconnection or the interface between the different types of tissues 
and between different states of fluid and solid components, as it gradually controls 
the shift between one state to the other. 

In this research, a thickness-based continuous stiffness gradient was adopted as an 
important design variable, where the soft and the hard zones, the biocompatible 
and the mechanically stable areas, were connected through a steady geometrically 
induced gradient. The fibres with a dense network and potentially deeper zones 
became the harder substrates, while the fibres with a comparatively low density 
and less depth became the softer, viable growth substrates. The interface 
between these regions created a gradual gradient, calibrated layer by layer as the 
deposition of the fibres grew from the bottom up. 

3.3.5 Designing to Initiate Biological Mechanisms

Computationally designing patterns for living materials was only stage 1 of the 
entire process, where the design investigations were conducted not with the 
intention of completely predicting the end-product instead, the idea was to 
optimise a geometry or a morphological vocabulary that could initiate the biological 
process within the material system, further allowing the geometry of the scaffold 
to be altered as it performs photosynthesis. Therefore, the factors associated 
to the cycles of life such as biotolerability (material’s tolerance or capacity of 
hosting the growth of microalgal cells), change in surface topography, along with 
maintenance and biodegradability became important to be considered during the 
designing stage. This was where the use of computational simulation techniques 
became useful, as they allow the observations from the materials experiments 
conducted to be embedded within the generative control mechanisms in order 
to simulate the various possibilities of form-change under a set of environmental 
conditions. For instance, the initial probes and material prototypes illustrated 
above demonstrated curling, warping and a slight change in the fibres’ geometric 
integrity as the water evaporated from its permeable membranes, or in some 
cases water retention and increase in moisture content allowed the fibres to swell 
up which would alter the resolution of the grid-like fibrous geometry. This level 
of actuation, or response of the photosynthetic hydrogels were closely observed 
and recorded. 

3.3.5.1 Growth and decay

The design process was split between two stages – of growth and decay, where 
the first stage generated a fibrous morphology to establish and optimise the 
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hydrogel scaffolds’ photosynthetic activity. This was not limited to 2D uniform 
sheets or layers of fibres; instead, the design of a 3D porous mesh was considered 
where the hierarchical variance within the scaffolds’ cross-section was regulated 
via digital computational tools. 

Two types of connections between the fibrous meshes were investigated. The first 
type maintained connections to form an intersecting typology with specific points 
becoming nodal areas, where hydrogel fibres overlap, accumulate, even expand 
and bulge out concentrating the growth of cells on the surface and within the 
depth of the fibrous construct, while still retaining the individual fibre geometry. 
The second type was of a floating typology, in which the fibres with varying 
thicknesses or diameters were left free flowing initiating larger surface areas for 
active nutrient and gaseous exchange. While the first strategy was to embed a level 
of control into the geometry, the second strategy was adapted to incorporate flow 
and randomisation, allowing a level of individuality to the fabrication system and 
to the materials property of flow. This degree of self-calibration, also referred to as 
the window of operation, was adapted as visible changes between the prototype 
during and after assembly were observed, illustrating the need of a design-
fabrication system that allows the biomaterial to flow and organise itself from 
time-to-time. The material’s viscosity and the hydrogel strands design typology 
were the primary factors of contingency that made this design process dynamic. 

Figure 3.11: Initial testing of grid patterns with agar-alginate, algi-
nate-methylcellulose hydrogels. The tests are conducted to understand 
the ability of the viscous hydrogel to hold their fibrous morphology, 
while creating interfaces between layers at the time of cross-linking. agar-alginate hydrogel

completely dried out 
grided constructs

alginate-methylcellulose hydrogel
relatively stable grids, 
beginning to dry out

alginate-methylcellulose hydrogel
rehydrated grid construct

beginning to lose its crosslinks

merged centre due to high viscosity

warped edges due to low depositionof hydrogel

grid-geometry maintained

the entire construct would uniformly dry by reducing 
the fibre diamter, and slightly curl from the base
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The second stage of the design process includes the scaffold’s rate of decay or 
desiccation through drying and changes in coloration. Therefore, the above 
material prototypes which were constructed with different thicknesses and 
densities of fibres, were evaluated for their decaying mechanism under 
evaporation, along with the varying rates of swelling and dissolution upon 
absorption. These changes were regularly recorded photographically by placing 
the constructs on grided sheets and mapping the rate of evaporation to the rate 
of drying, warping and curling of the scaffolds, which was then introduced into the 
digital generation model largely governing the minimum and maximum distances 
between the dense fibre geometries in the bottom most structurally stable layers 
of the scaffold. This was further accompanied by an intuitive act of (re)hydrating 
the fibres with the aim of postponing the decaying event, intentionally balancing 
and maintaining the desired biological factors. This stage of decay highlighted the 
impact the algae-laden hydrogels would undergo as a constant ongoing biological 
process, where besides the biological performance the form and geometry of the 
scaffold will also alter over a period of time. Here, the form changes can only be 
controlled within a limit via the nodal points, or by delaying the desiccation of 
the constructs through regular hydration cycles, which has been discussed in the 
following section. 

3.3.5.2 Maintenance (third stage to growth and decay)

Within the field of biomedicine, developing and maintaining bio scaffolds is 
extremely important but little discussed, as it is taken for granted that all the 
small-scale fabricated scaffolds will be kept incubated under very specific 
conditions before they are introduced into the targeted host environment. But 
when investigating the designing of biological systems for the built environment, 
it becomes mandatory to test these living scaffolds under the naturally altering 
conditions of the outside environment, where the relationship between the living 
scaffolds and the external agents takes centre stage in the negotiations between 
the different boundaries. 

The initial set of design probes and material prototyping clearly demarcated the 
two distinct stages of growth and decay, switching between the time span for 
microalgal growth (biocompatibility) and the moment where cellular growth 
slowed down and stopped, in turn commencing the period of material desiccation. 
An additional effort to maintain the levels of moisture, nutrient absorption and 
light penetration in order to extend the biocompatible window of the algae-laden 
fibrous constructs, was made as an important middle or third stage performed 
by identifying rates of evaporation with the rates of hydration establishing a 
maintenance cycle. 

The maintenance choreography of the algae-laden hydrogels was observed to 

be non-uniform throughout the entire structure. For instance, the mechanically 
dense fibrous constructs require a level of evaporation that allow the hydrogels 
to stiffen and gain a level of rigidity. However, this needs to be regulated in 
order to prevent them from completely drying out and deforming completely. 
Likewise, the topmost biocompatible layers that need to maintain their nutrient 
and moisture conditions from the moment they are fabricated, require a slightly 
different strategy of maintenance. Here instead of allowing water to evaporate, 
a type of gardening strategy is adopted to keep the hydrogel fibres irrigated and 
moist, maintaining an equilibrium that allows the algae cells to continue to grow 
within the fibres. It was also observed that constantly keeping the hydrogels under 
water causes the fibres to swell by at least a factor of 2. This in turn increases the 
porosity within the ECM, negatively affecting the biocompatibility of the fibres.

Geometrically, the degree of maintenance varied across the different zones. For 
instance, the nodal points with higher deposition of hydrogel demonstrated a 
lower rate of drying in the first few days accompanied with lower rate of cellular 
growth, whereas the individual free-flowing fibres were much more biocompatible 
but began to dry out comparatively quickly after day 7. This homeostatic tendency 
to maintain a stable, relatively constant internal environment requires multiple 
factors of temperature, pressure, moisture and nutrients to be considered, which 
must be accompanied with a cyclical method in order to allow and maintain a 
prolonged homeostatic activity.  

3.3.5.3 Challenges

Scaling up and finding suitable geometries for incorporating algae-laden hydrogels 
within the architectural context pose major challenges throughout the different 
scales, besides designing for soft and viscous states of the hydrogel simultaneously, 
with hard and robust areas. The lack of complete predictable control on the active 
materials in a steady state is highly problematic as the juxtaposition of different 
factors in play related to viscosity, contribute to a wide range of biologically 
responsive possibilities, an equal attention needs to be paid to achieving a level 
of structural stability that in turn creates a foundational basis for the biological 
factors. While a contingency factor can be engineered to allow a percentage of 
controlled variability, the unpredictable conditions of biology were considered 
both advantageous and disadvantageous within the remits of this research.

Using design as a tool of investigation, factors of density, depth, surface area-and-
volume ratio become crucial in generating a set of potential suitable morphologies. 
One that can potentially promote the permeability between individual fibres, 
while also instigating functional interfaces between the distinct layers of fibrous 
membranes, hierarchically establishing interfaces that can govern the structural 
stability on the large scale. This subtle transition between zones is extremely 
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Figure 3.12: Scaling up fibrous hydrogel geometries
The fibrous - branched networks computationally simulated to opti-
mise biocompatability of the hydrogel scaffolds. 
Material prototypes are fabricated, to test their form retention ability 
along with their cellular growth rates. 
The distance between two adjacent fibres, allows for increased perme-
ability across the different layers of the scaffold.

DAY 04

DAY 14

NODAL POINTS

FLOATING TYPOLOGY
DEFINING THE FIBRE ORIENTATIONS

OVERLAPPING AREAS TO 
INCREASE FIBRE THICKNESS
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important to the designing of a dynamic microstructure, that incrementally builds 
itself into the overall geometry of a biocompatible scaffold.

In the following sections, the problem of bio-maintenance from different 
perspectives has been investigated, starting from the hydrogel composition, to 
design geometries that become denser and less porous in areas where the rate 
of evaporation needs to be reduced, to the contexts within which the developed 
bioscaffolds are deployed. These are simply strategies that are adopted to elongate 
the need for maintenance; however, their cycles along with their changing states 
both performatively and aesthetically will be discussed in detail in a later section.

3.4 Designing for Hard and Soft Zones

With the above concepts and discussions, it was understood that the functional-

structural relationship for each zone needs to be distinctly defined. While the 
entire scaffold is viscous, the degrees of viscosity depending on their site-specific 
performance need to be clearly demarcated. Therefore, nature’s own trick 
of embedding an interface that lies between the hard and soft tissues – in the 
form of an articular cartilage was studied, refer figure 3.12.123,363 The cartilage is 
constructed from a series of layers or zones, starting from the superficial zone, 
wherein the cells and ECM matrix are arranged differently from all the other zones. 
Its matrix organisation consists of a maximum number of cells and is dominated 
by a microfibrillar network that runs parallel to adjacent fibrillar networks and to 
the articular surface. This zone transitions into the midzone where the cell density 
decreases, and the ECM becomes richer with proteins that offer resistance to 
compression in cartilages. The third, lowest and stiffest zone is the deep zone, with 
the lowest cell density but maximum aggrecan content and fibril diameter.364 It is 
this structural, yet flexible property of the cartilage that make its constructional 

MECHANICAL STABILITYBIOCOMPATIBILITY

VISCOSITY PERMEABILITY STIFFNESS GRADIENTS

H2O INITIATED

HIERARCHICAL CONSTRUCTION

Homogenous Biolayers Heterogenous Biohybrids

INTERFACE BOUNDARIES

Texture Morphology
High cell density 

Suface area - to - volume ratio 
High permeability 

Maintained via watering

Dense Fibrous networks 
Low permeability

Initiated via low water content & 
semi-drying

Key Parameters:
Density & Distribution of fibrous net-

work
Orientations 

Depth
Overall morphology

Variations & Generative capacity
via cross-links
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Figure 3.13: Designing hard and soft zones
Diagrammatic representation of the inter-relationships between the various parameters that mediate the hierarchical transition of a viscous material 
from a soft, permeable substrate into a hard, structurally stable substrate. The diagram further highlights the transition in morphology and its relative 
geometrical factors that have been explored in order to develop homogenous biolayers and heterogenous biohybrids. 



93

organisation interesting for the context of this research.

Such a territorial and inter-territorial compositional matrix constructed from 
microfibrillar networks with varying diameters is the morphological and 
fabrication approach that has been adapted within the construction of the algae-
laden hydrogel membranes, where the layered scaffolds with different viscosities 
and cell densities were arranged locally in a surface-frequency pattern acting 
homogenously to mediate structural-biological function. Therefore, the top surface 
layers (superficial zone) that are in direct contact with sunlight, CO2 and nutrients, 
have been fabricated with hydrogels containing higher water percentages with 
maximum algal cell density, allowing them to perform photosynthesis. On the 
other hand, the consecutive bottom, hard, robust zones have been composed of 
hydrogels with lower water percentage, designed and fabricated for mechanical 
stability. These zones will host low or in some case no algal cell cultures as the 
porosity of the resultant ECM is extremely low to allow cellular differentiation. 
Resulting in a more viscous top-zone exhibiting an optimum percentage of 
photosynthetic activity, with an extremely low structural stability. And a stiffer, 
bottom zone with high structural performance and no biocompatibility. The 
transitions between the two will be hierarchically generated, creating a smoother 
interface between each zone, illustrated in figure 3.11.

3.5 DEMONSTRATOR: Algae-laden Hydrogels as Fibrous 
Photobioreactors

The next step was to collate the different findings from the design probes and 
material prototypes constructed above into a real demonstrator. Designed and 
fabricated on the multilayered, hierarchical approach of the algae-laden hydrogels, 
a series of fibrous patterns were generated layer-by-layer considering the three 
distinct functional zones – namely, structural stability at the base, biocompatible 
or photosynthetic layers towards the top, connected via a gradating transition 
zone that forms an interface. The particle simulation software Houdini was used 
to generate the series of time-based fibrous patterns.

The bottom-most, structurally stable layers were simulated first. The minimum 
and maximum distance, between the different fibres along with their specific 
diameters were used as inputs for the particle simulation system. Local grid 
subdivision methods were used to improve the resolution and density of the 
triangular meshes. A series of dense, interconnected and overlapping patterns 
spread across different orientations to create a robust network was simulated with 
minimum fibre thicknesses, resulting in a finer and denser pattern generation.

A morphological template from the initial material experiments predefined the 
density, fibre thickness, shape and material choice of each layer. Surface meshing 

and multiscale remeshing were used as each layer iteratively moved closer to 
the topmost surface reducing the fibre density, while creating a variation with 
the fibre thicknesses, fibre orientations and their distribution. A shortest path 
algorithm was used to generate the vein-like branched network between the 
different particles distributed on the surface and across the volume of the grid. 

The interface zone and its rich functional properties were critical within the design 
methodology. Therefore, along with the existing fibrous particle-generation system, 
a venation pattern algorithm was introduced as a multi-step resampling strategy 
that included, a core hierarchical data structure of the veins, a corresponding 
parametric surface model and a set of unstructured triangular meshes that allow 
user-defined density of each layer in the membrane-like scaffold. With each 
segment constructed from a slightly reduced triangulated fibre density, there 
was a relative increase in the venation pattern. While this approach allowed for 
a smoother transition across each layer, it also allowed the generation of tertiary 
veins with smaller fibre diameters, optimising the mesh structure with relative 
surface area for photosynthetic activity.

In plant sciences, the pattern of leaf venations are studied extensively for their 
functional-structural plant modelling, simulating light distribution along with 
growth analysis and plant responses.365 Here, the veins’ morphology has evolved to 
distribute the varying viscous property of the membrane’s cross-section optimising 
the overall photosynthetic rate of the scaffold. Therefore, each branched layer 
was subdivided into three different venation networks – a main fibrous system 
with primary and secondary veins with two different fibre thicknesses, further 
connected across the surface and tangentially with adjoining layers through a 
tertiary venation network with minimum fibre diameters. 

The next step was to introduce the nodal and the free-flowing typologies, shown 
in figures 3.12-3.16. Through the vein parametrisation process, start and end 
points were predetermined to orient the main direction of the veins. Here the 
ending points generated the free-flowing typologies that expanded towards 
the mesh margins, whereas the start points from where multiple veins would 
generate became the nodal points. These areas became a lower level feature, as 
fibres from the surrounding layers would build interconnections and junctures 
through these spot locations. While the dense meshes towards the bottom had 
their own morphological vocabulary, it became clear that the venation patterns 
that evolved towards the top surfaces were most critical in defining the final shape 
formation, as the fibrous network towards the bottom determined the stability of 
the membrane structure. This fibrous network template was developed to explore 
the potential of combining the stiffness gradients with an aqueous environment, 
enabling dynamic adaptation of the material and its relative morphological 
features. This was also achieved by varying the fibre diameters across each zone 
between 2mm-7mm. These demonstrators were exhibited at the BioTallinn 
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HARD ZONE
Dense fibrous grid for 
structural stability

INTERFACE
Network density reduces 
hierarchically, to allow for 
a homogenous transition

SOFT ZONE
Least dense fibrous layer, 
with high permeability 
and cellular compatability

Figure 3.14: Hierarchical construction from hydrogels
In order to allow for scale-up, a layered fibrous branched pattern is 
computationally simulated, across different zones. Divided into the soft 
& hard zones towards the extreme ends, connected with an interface 
zone. 
The soft, top zones are printed with hydrogels with least viscosity, high 
water percentage and are therefore most biocompatible. 
The hard, bottom zone is printed with dense, voronoi grid pattern, with 
high viscous hydrogels to create a mechanical stable base. 
The middle, interfacial zone is printed from hydrogels with medium vis-
cosity, to allow for a seamless transition between the different layers, 
while supporting a percentage of the microalgal cell’s potosynthetic 
activity.
Below: A standard cross-section of a cartilage is illustrated demonstrat-
ing the principles adaptability in the development of the hierarchical 
algae-laden hydrogel membranes. 

Biennale366 hosted in Tallinn, Estonia, 2017. Curated by Claudia Pasquero from 
EcoLogic Studio, the exhibition aimed at challenging the typical assumptions of 
what constitutes the boundary between natural and artificial realms. 

Five different variations of the script were generated and fabricated. The different 
layers and their functions were clearly demarcated, with the lower-most grid 
patterns being fabricated with low viscosity and their function being to create a 
mechanically stable foundational layer. Further, due to the hydrogels low water 
percentage, these layers were not biocompatible at all as they were fabricated 
without any microalgal cells. With each layer, the percentage of water within 
the hydrogels was increased incrementally, thereby impacting the materials 
photosynthetic properties. Therefore, the venation patterns were generated 
to allow for sufficient light and nutrient, in order to maintain a healthy cellular 
growth rate and photosynthetic activity. Each panel designed was used as a 
scale-up test to understand the potentials of the design and fabrication system 
developed, in response to the varying properties of the algae-laden hydrogels. 
With each panel, factors such as viscosity and biocompatibility, density and 
structural stability, thickness and morphological integrity of the complete panel, 
printing resolutions, different venation patterns and densities were tested. A 
multimaterial, multiscale morphology of the viscous membranes was generated 
from a seamless computational workflow, encoded with specific hydrogel 
characteristics accompanied with domain-driven data relative to the branching 
network (density, strength, size, and shape). 

The first panel was printed with a dense bottom layer from the alginate-based 
hydrogel with the highest viscosity in order to test the mechanical properties 
and the design resolutions or the finesse that could be achieved from the viscous 
material. With the next panel, the layer-by-layer variations were explored, where 
each fibrous geometry was printed with an alginate-based hydrogel with different 
viscosities - high viscosity towards the base and the least viscous, more fluid 
hydrogel towards the top. With panel 3, the maximum 3D potential that can be 
achieved from one hydrogel sample was tested. Here the bottom grid layer, and 
the second zone were deposited with mutliple layers upto 10 and 7 respectively, in 
order to push the 3-dimensionality of each layer, which were then independantly 
cross-linked to allow the formation of a more stable gel-state. Panel 4 and 5, the 
multiplicities of the developed hydrogel were tested, where alternate layers of 
curved and linear fibrous branches were deposited, in order to initiate multiple 
levels of interfaces, allowing certain fibres to sag from their property of flow, 
settling in a morphology of its own. This level of unpredictability was allowed 
towards the free-flowing strands, whereas the more rigid and stable geometries 
were used to practice a degree of control. These panel specific variations are 
illustrated in detail in figure 3.16.

The exhibition offered an important opportunity for the components to be tested 
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for their longevity and aging process. The initial tests had only been conducted 
over a period of few weeks, allowing for a thorough time-based plan to be 
drafted, where the tests were weighed, their water evaporation measured and 
complemented with a watering mechanism. Therefore, it was decided to use the 
three months of the exhibition as an experiment to observe and determine the 
growth, maintenance and decaying cycles of the panels fabricated. The membranes 
were displayed at their initial growth stage allowing the audiences to become a 
part of the systems life cycle. With the support of the curators, local volunteers 
were assigned to regularly water the panels. A weekly and monthly calendar plan 
was shared as a guide to preserve and extend the fibrous panels growth period. 
Calcium chloride was also sprayed regularly in order to recreate any loosened cross-
links within the hydrogels, keeping the biocompatible ECM suitable for continued 
growth. The challenge of exhibiting living work reflects a much wider problem 
felt with works considered as biodesign or bioart. The maintenance and control 
required in exhibition spaces demonstrates the long-term interaction between us 
and the photosynthetic membranes as an imperative behaviour change necessary 
with the development of such design solutions. Hence, it was for the first time that 
five large 3D printed photosynthetic membranes were displayed and maintained 
during an exhibition, the harsh lighting conditions of which impacted the panels 
rate of photosynthesis in the long run. Further, the dense fibre networks were 
not able to maintain their venation morphologies beyond 6-8 weeks, after which 
they began to blur, and merge with the adjacent fibres losing their resolution. 
This was probably due to the lack of appropriate cross-linking medium in the 
maintenance cycle that resulted in loosening of the ECM. This recognised scaling 
up computationally with moist, and semi-fluid materials as one major challenge, 
while managing to fabricate and maintain the geometric definition of each fibre 
and the performance of the membrane at large as another. 

3.5.1 Challenges with Digital Form-Generation Tools

Biological templating coupled with digital design tools is still very much in its 
nascent stage, primarily because it was not until recently that researchers began 
to explore the potential of biological materials, along with their varying functional 
and structural properties for prototyping.120 Additionally, the tools available within 
the fields of biomedicine, that are known to have been constructing scaffolds 
from hydrogels for the last 50 years, continue to be limited in terms of the 
resolutions they can achieve computationally. A major difference remains in the 
fact that medical technology focuses on regenerating systems and structures that 
already exist and the morphology of which are comparatively well known through 
techniques of MRI, fMRI, CT and X-ray scans including high-res 3D scanning, 
allowing the required organ or tissue geometry to be digitally reproduced.214,367,368

Such a methodology could not have been adopted within the context of the 
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SOFT, BIOCOMPATIBLE 
LAYER

INTERFACE 
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Figure 3.15: Layered biocompatible scaffolds
A large-scale panel 1000 x 500mm in dimension is fabricated hierar-
chically, and their fibrous computationally generated branched layers, 
with different densities are shown. 
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Figure 3.16: Large-scale algae-laden hydrogel panels
From left to right:
1. Highly dense, and fine bottom most layer. Constructed with 4 
fibrous layers for higher mechanical stability. The light colouration of 
the top layer shows the intial stages of the printed scaffold.

2. Fibrous branched pattern towards the top was optimised to achieve 
higher microalgal differentiation. 

3. The base structure was finely deposited, and allowed to semi-dry 
in order to attain a higher structural stability. The top branches were 
deposited after the base had reached an interfacial state, post-drying 
but prior to warping and curling. 

4. Originating from a single nodal point, a dense, and linear branched 
pattern was designed to understand the print resolution. Relaxation 
points were used to eliminate any branches within the adjacency 
factor relative to the alginate-based hydrogels. 

5. The venations patterns were simulated allowing for a heightened 
interaction between varying points distributed among the top and 
two layers of the grid. Alternating paths of hydrogels are deposited 
with different viscosities and extrusion diameters in order to further 
intertwine the additively fabricated patterns.
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Tallinn demonstrators, as the hypothesised systems and their relative functional 
performances span across a wider range of scales and the potential geometric 
typologies relevant for such a large-scale application are relatively less explored. 
Generative tools, such as Houdini software used within this research, do however 
allow us to achieve high spatial resolution and a comparatively detailed complexity, 
resulting in form generation and its relative fabrication. Having said that, the 
translation of biologically specific properties of the organism, the water-based 
material and the desired system, currently exist scattered within the boundaries 
of different disciplines, requiring a shift in practice, in order to bring the top-
down computational systems closer to the bottom-up assembly in a manner 
that is scalable and replicable in an ecological and habitable space. Potentially 
deploying different simulation strategies at each stage of design development 
in a manner so as to organically initiate a feedback loop between the various 
design probes, prototypes and fabrication techniques giving shape to complex, 
functional, multimaterial objects with high biological, mechanical and even optical 
resolutions. 

3.5.2 Challenges in Scale-up: Allometric Scaling

While designing and fabricating the demonstrators, the need to establish a 
mathematical logic for scale-up was identified, as the small-scale fibre prototypes 
constructed could not simply be linearly grown into larger panels. Therefore, 
throughout the construction process, an exponential growth factor was adopted, 
instead of a linear multiplication factor across all the three stages of material and, 
design development along with the fabrication process.

During the stage of physical development of the demonstrators a larger set 
of challenges were recognised. It was observed that the scaling relationships 
between different elements of the photosynthetic membranes were functionally 
and physiologically integrated. This means that the scale of one trait (e.g., fibre 
thickness) changed the scale of another (e.g., cellular growth rate). Scaling the 
design simulations computationally, not only required the tailoring of the material 
composition, viscosity and the rate of photosynthetic activity; but also required 
making relative changes to the fabrication process and the workflow with which 
each layer that was prototyped. Therefore, the relationship of scale-up within 
biological organisms, and their impact across all ecosystems was investigated in 
addition to the earlier discussed hierarchical construction systems. Introducing 
the concept of allometric scaling, or the study of biological scaling based on the 
term allometry; coined by biologists Julian Huxley and Georges Tessier in 1936 to 
study the phenomenon of biologically relative growth or the scaling relationships 
in organisms that include the morphological traits, physiological traits (relationship 
between metabolic rate and body size) and even ecological traits.369,370 More 
recently in 2005, theoretical physicist Geoffrey West along with biologist James 

Figure 3.17: Homogenous biolayers
A detail showing the different start / nodal points in order to over-
lap and intertwine the fibres for higher stability and form retention. 
Further allowing their different hydrogels to perform their distinct 
functions, while establishing an interface amongst themselves. 
The other three geometric boundaries of the biolayer are scattered 
with points, in order to generate the free-flowing typologies. 
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Brown from Santa Fe Institute as part of their research work on ‘scaling in biology’ 
proposed a set of principles by deducing a universal scaling constant that could 
apply across a vast array of biological systems.371 They predicted a ‘quarter-power 
scaling’ or ‘3/4-power of mass’ as a factor that could impact over 27 orders of 
magnitude, from molecular and intracellular levels up to the largest organisms. 
What was interesting in particular, were their assumptions based on observation 
studies that identify that almost all life is sustained by hierarchical branching 
networks, that are space-filling and are optimised via natural selection.370,372,373 
However, it is well established that the complexities involved across the different 
scales of magnitude are extremely wide and highly intricate, and that workflows 
adapted for their scale-up should involve the varying relationships between the 
traits within and across each magnitude.

As the factor of scale-up becomes central to the discussion of designing and 
fabricating large-scale photosynthetic membranes for buildings. Understanding 
spatial and temporal relationships between the growth parameters of the 
organisms, and their relative biological process – along with their complementarity 
to the larger biome or ecosystem – is both important and challenging. This 
is probably a major reason why until now, the number of small-scale products 
developed with biomaterials is available in plenty, such as the mycelium-based 
lamps by Ecovative and the soluble alginate-based packaging by Ooho.339,374 But 
living systems for a much larger-scale application remain limited, with only a few 
conceptual artistic interpretations instead of actual living systems such as the 
Mushroom tower at PS1, New York by architect David Benjamin and Aguahoja I & 
II by the Mediated Matter Lab at MIT.375–377 

While at this stage the use of the quarter-factor was only used briefly as a method 
of clarification to deduce rational relationships between parameters that seemed 
to work, as opposed to others that did not. For instance a 15–20% saving in the 
material used in the scale-up was observed which according to the universal 
scaling factor seemed reasonable, suggesting that if an optimisation factor of up 
to 15–20% is not observed, the material, design and fabrication methods used are 
not efficient enough and need to be further optimised. 

Within the field of plant biology, the concept of allometry is less understood 
including the specificities of the mechanistic connections between the various 
organismal processes and their ecological consequences. 370,378 Moreover, the 
potential allometric relationship between biological mechanisms built for the 
architectural context are almost completely redundant. With the demonstrators 
illustrated in this section, it becomes important to try to build a design-led 
mathematical relationship between microscale material processes with the 
macroscale building components. Through design-fabrication observations, the 
necessity and appropriateness of an allometric factor was considered as critical. 
However, its complete computational implementation remains limited within 

the scope of this research. Chapter 4 will briefly revisit this concept, as further 
potentials of scaling up are explored. But, a separate line of research will need 
to be conducted in order to deduce a more rigorously established allometric-
biological scaling for architecture.

3.5.3 Flow: Generating Dynamic Pattern Configurations

For a finite-size flow system to persist in time (to live) it must evolve 
such that it provides greater and greater access to the currents that flow 
through it.379,380

Adrien Bejan, 1995
Design as Flow

An important factor that determines the performance of the membranes exhibited 
at Tallinn, is flow that allow for efficient delivery of light, nutrients and moisture to 
support cell differentiation. This is partly fulfilled on a microscale by the hydrogel’s 
permeability and translucent quality, while on the macroscale, flow was designed 
into the geometry of the 3D construct of the panels. 

Adrian Bejan, a Professor of Mechanical Engineering at Duke University, in 1995 
formulated the constructal law to describe an emergent property of how flow 
systems, both animate (biological) and inanimate (geophysical) change through 
time. Contrary to biomimicry, constructal theory starts by understanding a basic 
law, and using it to extrapolate a series of structures or designs for that situation.379 
The branched structure of the bronchi in our lungs and the geologically formed 
flow patterns on river basins are key examples of such emergent patterns of 
flow. Bejan, suggests the constructal law to be applied as a physics principle in 
engineering, and as a philosophy of design as science. What is most interesting 
in the constructal theory is its consideration of the continuous ongoing evolution 
of the flow configurations with respect to time, originating a strategy where the 
form or pattern thus generated is not static but dynamic.379,381,382 Recognising 
the importance of a universal phenomenon of generation of configuration, or 
the generation of ‘design’ in nature.383–385 Therefore, fibrous, branched networks 
prototyped in this section were a demonstration of the different potential 
configurations the workflow, and its relative material and design morphology, 
could achieve on an architectural scale. None of these printed membranes were 
considered as a ‘final design’, or condition that would remain static instead, these 
flow configurations were a first in a series of dynamic, altering states of material 
and geometric form.

The constructal law was qualitatively extrapolated during the design generation 
phase via Houdini simulations which was later reconfigured during the fabrication 
process elaborated in the next chapter. Some of the configurations were:
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i) Maximising surface-area-to-volume ratio to allow flow, and sufficient 
penetration of the cross-linker, light, moisture and growth nutrients

ii) Uniform distribution of stresses across all three axes of the membrane, 
used as an axiom in rationalising the extruded fibrous patterns

iii) Maximising growth rate within the topmost surface of the printed 
constructs by optimising flow disturbances and turbulences, achieved 
through the free-flowing typology of the fibrous membranes

iv) Minimising flow resistance 
v) Optimising robustness and resilience to support ‘fitness’ and 

‘adaptability’ of both the viscous biomaterial and its resultant geometry

In the following sections, conclusions from the Tallinn demonstrators have been 
discussed, the concepts and design techniques are capable of establishing an 
interface between boundaries that support levels of growth and decay. 

3.5.4 An ‘Interface’ Between the Outer and the Inner Environment

There are primarily two levels of interfacial conditions formed with the algae-
laden scaffolds. The first is within the cross-section of the membrane connecting 
the different hard and soft zones, triggering homogenous transitions between 

the different layers. And the second is the interface between the outer, exterior 
environmental conditions and the photosynthetic activity taking place within the 
membrane, largely governing the homeostatic property of the open system. This 
does not mean that every minute detail that makes up an outer environment 
needs to be considered, as there are often only those many characteristics that 
determine whether the designed system will ever achieve its particular goal of 
biological and structural performance. Therefore, a property of adaptation is 
considered relevant to most good designs, whether biological or artefactual. 
With the series of demonstrators exhibited at the BioTallinn Biennale a level of 
conciliation, or a kind of negotiation between the inner matrices of the hydrogel and 
the microalgae along with the outer conditions of the environment was initiated. 
Further blurring the boundaries between the designed and the naturally adapted 
or self-organised, as the degree of unpredictability within the living scaffolds is 
embraced via design, establishing cycles of continuum, through constant response, 
adaptation and transformation. This contradicted the assumption in architecture, 
where the distinction between the inner and the outer environments is taken 
for granted physically, performatively, and environmentally as designed artefacts 
often exist independent to the wider set of possible parametric variations that 
characterise the exterior conditions. 

GROWTH MAINTAINENCE DECAY

BIOCOMPATIBILITY

BIOTOLERABILITY

BIODEGRADATION

Biomechanical
Stability

Figure 3.18: Growth, Maintainence and decay
Diagram showing the time-based inter-relationship between the vary-
ing hydrogel states 
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Figure 3.19: Images of the biolayers after 3 months. 
The top-layer seems to have achieved its saturation point specific to cell differentiation. While the bottom layers, 
deposited in high densities continue to retain their viscosity or moisture conditions. The layers have begun to 
perform receptivity towards other organisms as well, in addition to the immobilised microalgae. This phenomenon 
will briefly be considered as we develop biohybrid constructs for applications such as biosorption or bioreceptivity. 
Where the hydrogel are used as precursor conditions to give shape to bio-active scaffolds. 
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3.5.5 Growth, Maintenance and Decay

The five algae-laden hydrogel panels experienced different stages of life forms 
during the three-month period of the exhibition. While they were being 
maintained through regular watering, and re-cross-linked by spraying CaCl2, 
they were bound to change their biological and morphological state, due to 
the constant exposure to surrounding factors of light, temperature, CO2 and 
other microbial communities within the contained exhibition environment.  
 
The first few weeks demonstrated a healthy growth pattern observed through a 
visible greening within the topmost layers of the membrane, illustrating the active 
photosynthetic activity via cellular differentiation. This was followed by a relative 
lag phase, where the microalgal cells were beginning to reach a saturation point, 
having differentiated to their capacity, colonising the porosity present in the ECM. 
It was towards the end of the lag phase that the bottom, semi-moist, rigid layers 
of alginate-based hydrogels were beginning to turn visibly brown. Alginates are 
extracted from seaweed and are known to inherit a brown coloration, which only 
became visible as the layers began to dry out, demarcating the panels as they 
entered their decaying phase. 

Theoretically, the importance of time, duration, speed and slowness of biological 
mechanisms was recognised as a property inherent to the active state of the 
biomaterial. The long-term experiment allowed to visibly observe and record the 
changing patterns the algae-laden panels undergo over a period of time require 
a trigger mechanism to be integrated in the form of a designed switch, carefully 
calibrated over a time scale to perform between the system’s biocompatibility and 
water evaporation / hydration cycles relative to its surrounding environmental 
conditions. This is no different from the biomass harvesting cycles observed 
in the BIQ House built in Hamburg in 2013 where at regular time intervals the 
microalgae within the PBRs after having reached their full growth capacity are 
harvested and post-processed for further applications. In the case of the algal 
hydrogels, the time duration for a designed membrane, specific to its architectural 
context along with its changing aesthetic quality of decay, are parameters that 
must be taken into consideration during the design stage itself, in turn informing 
the desired properties of the biomaterial appropriate for its construction. Further, 
the moist, viscous conditions of the membranes were also observed to be highly 
receptive for colonisation by other microorganisms post completion of the 
growth phase. This could either be used as an advantage, encouraging growth of 
higher plants and organisms, or could become a disadvantage as it becomes host 
to harmful microbes or substances. The relative growth cycle and characteristic 
of biodegradation (and/or colonisation) either in parts or as a whole, have been 
explored in section 3.6 through different design agencies for specific applications 
of biosorption and bioreceptivity. 

3.5.6 Challenges, Limitations and Potentials

Until this stage, scale-up and the appropriateness of the fibrous morphologies 
with the viscous hydrogels, through designing distinct, but homogenously 
intertwined zones, each with its own fibre orientation, density, porosity and 
hydrogel viscosity were successfully demonstrated through physical prototyping. 
However, challenges in achieving higher structural stability to allow for further 
scale-up, and potentially a more 3D construction still exists, where increasing the 
heterogeneity of the hydrogels to attain higher stiffness is made possible. This 
must be accompanied with a suitable fabrication technique, parts of which were 
tackled during the construction of the hydrogel panels and are discussed in detail 
in Chapter 4. Another technique is to recognise the drying of the hydrogels as an 
important stage to impart greater stiffness and rigidity to the viscous scaffolds. This 
further introduces the difficulty in establishing a predictable tool where the drying 
and curling behaviour of the hydrogels can be accurately mapped and integrated 
at the design stage itself. Until now a contingency factor was incorporated that 
takes into consideration the slight reduction in the fibre diameter upon gelation. 
But designing to fabricate with a viscous biomaterial, which is on purpose allowed 
to dry out before the next zone, or layer is fabricated will require a real-time 
feedback mechanism that allows tailoring the pattern prior to each stage of 
material deposition. 

More recently, a 3m-tall winged structure titled Aguahoja II was showcased as 
part of the Nature exhibition at the Cooper-Hewitt Triennale by the MIT Media 
Lab, Mediated Matter.376,386 Aguahoja is assembled from panels constructed from 
water-based biocomposite materials with varying viscosities made from chitosan 
and other molecular components augmented with natural pigments found in insect 
exoskeletons, tree branches, apples and bones. Here each 2D flat panel was printed 
in one go in its viscous state, allowing the different hydrogels to bond, creating a 
homogenous construct.377,387 The panels that together make up the 5-metre tall 
Aguahoja pavilion is robotically printed with biocomposites with varying degrees 
of stiffness, flexibility, and opacity with the intention of creating a structural skin 
that is seamlessly constructed with regions that serve as structure, window and 
environmental filter. The primary research objective of Aguahoja was to find an 
alternative to industrially extracted materials for construction with materials 
that are derived biologically and can respond to their surrounding environment 
mediated by humidity during their life cycle, and through evaporation causing 
natural degradation and decay returning the materials back into the ecosystem.388 
These wing-like structures were allowed to cure under a large temperature and 
moisture regulated incubator with the aim of controlling the drying, and curling 
mechanism while increasing their mechanical stiffness and opacity. These dry-
hydrogel skins were then encased in tension frames, holding the hydrogels’ 
final, curled 3D morphology. They used the biocomposites drying ability as 
an advantage, printing 2D skins to finally attain a 3D scaffold. This technique 
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is relevant especially when different ways of constructing structurally stable 
hydrogel scaffolds are being investigated. However, none of these panels were 
required to host algal or any kind of life form, eliminating the need for maintaining 
a viscous or moist microenvironment within the biomaterial. Therefore, drying 
out the entire scaffold worked, but could not have been replicated within this 
research, as the structural-biological function requires fine-tuning to maintain the 
hydrogel’s biocompatibility towards the immobilised microalgal cells. Instead, the 
integration of moist membranes with other, potentially porous structurally stable 
building materials in the form of biohybrids was explored. 

3.6 Biohybrids: 3D Multimaterial Living Composites

The initial investigations were limited to hierarchically fabricating structurally stable 
biocompatible membranes from similar alginate-based hydrogel compositions 
by varying their water percentages layer-by-layer. However, with the limitations 
and challenges experienced in terms of replicability, scalability and control, the 
potential of developing multimaterial composites called biohybrids were explored, 
where combinations of different hydrogel composites with scaffolds made from 
existing, commonly used building materials were designed. 

Scientifically, in the fields of bioscience and biotechnology, biohybrid materials 
are defined as ‘composites assembled from biologically-derived components, 
such as proteins, DNA or living cells; and a synthetic component, such as inorganic 
polymers and ceramics’,389 developed for applications such as microfluidic 
devices,390 biosensors,391 self-cleaning materials,392 including engineering cells 
that grow structural materials with self-actuated and self-assembly characteristics 
to create biobots,393 often limited to nano and microscales.

Within this section, the concept of biohybrid design via the relationship between 
3D scaffolds as compatible hosts for the viscous, living hydrogels when developed 
for site-specific contexts has been explored. Here the scaffolds are designed with 
the aim of creating self-supporting 3D structures, with programmable biological 
surfaces that are customisable and replicable, and can be designed and fabricated 
with the goal of assembling bulk materials with defined physicochemical 
properties across multiple length scales. While the factors of hierarchical 
gradation, viscosity, and permeability remain a central focus, this section has 
been reoriented to probe and prototype scaffolds made from different materials 
that can control and support the biocompatible functionality of the algae-laden 
hydrogels. The level of functional support ranges across scales and is specific to 
parameters, such as porosity and permeability, structural support, morphological 
definition, while optimising the performance of the hydrogels specific to their 
applications. Here the interface between the different materials of the hydrogel 
and the host is an important design and fabrication parameter. While the 
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synthetic scaffold modulates cellular behaviour through the establishment of an 
active interface, the algal cells and the hydrogel must reciprocate by influencing 
the scaffolds’ resultant function and morphology, to an extent. This has further 
been done with the intention of sketching narratives that create opportunities for 
the viscous hydrogels to be integrated within our existing architectural systems 
without having to suggest major reformations, instead proposing a method of 
transitioning existing structural boundaries into ones that can support and 
thereby perform active biological processes, one step at a time, hierarchically. A 
classic example is the development of ‘smart living surfaces’, initially developed 
at the Stark Lab at ETH Zurich, where cells entrapped within polymeric surfaces 
(similar to the microalgal cells in the hydrogel) are used to create antibiotic-
releasing self-cleaning surfaces. A three-layered structure is assembled from a 
base polymeric layer as a mechanical support, a central layer hosting the living 
cells and a porous top layer that allows nutrient diffusion while protecting from 
the external environment.358,394,395 

In this research specific architectural applications of the photosynthetic hydrogels 
were identified and the morphology of macroscale 3D scaffolds as hosts for the 
viscous hydrogels explored through computational design probes and material 
prototyping techniques, creating large-scale multilayered constructs. These 
biohybrids were developed as proof-of-concepts or as conceptual demonstrators 
and were exhibited at the Centre Pompidou, Paris as part of the La Fabrique 
du Vivant or The Fabric of the Living Mutations / Creations exhibition, curated 
by Marie-Ange Brayer, Olivier Zeitoun and Prof. Frédéric Migayrou.xlvii The 
prime intention of these components was to disseminate the potentials of the 
research work being conducted with photosynthetic membranes for architectural 
application to a larger audience, limiting the focus of the exhibition pieces to its 
aesthetic quality, scale of execution and the long-term sustenance of the designs 
for the 3-month time span of the exhibition.xlviii Therefore, with these conceptual 
demonstrators the fabrication and performative system was scientifically ‘fake’ 
instead the rigour was directed more towards conceptually simulating possible 
scenarios from a design point of view. Three potential applications of the algae-
laden hydrogels accompanied with their relative design morphologies and 
fabrication techniques were showcased within the circular boundaries of large 
petri dishes customised to 50 cm in diameter. Houdini software was used to 

xlvii   It was the first time ever that the prestigious cultural institution of Centre Pompidou was organis-
ing a collection of living or biological artwork. The 3-month long exhibition, commencing from the 14 Febru-
ary to 14 April 2019 was taken as an opportunity to design and communicate the potential applications of 
living materials, such as algae-laden hydrogels within the architectural context. It must be noted that the 
demonstrators developed for the exhibition were a collective work that also included the ongoing research 
work conducted by my colleagues at the Bio-Integrated Design Lab. In each section, the collaborations and 
the intent behind them are acknowledged with immense gratitude.

xlviii   Note that no window for maintenance of the living pieces was allowed during the time span of 
the exhibition at Pompidou, unlike the BioTallinn Biennale where the panels were allowed to be maintained 
through additional human intervention as discussed in the earlier section. 

generate the three different morphologies via a particle simulation technique. 
Preliminary testing was conducted on a smaller scale in collaboration with experts 
from different backgrounds in order to briefly explore the true potentials of the 
scientific principles behind the proposed application-specific contexts of the 
algae-laden biomaterial, which have been duly credited and discussed in detail in 
the following sub-sections.

3.6.1 Potential Application I: Bioremediation

Microalgal bioremediationxlix for wastewater treatment has been a prevalent topic 
of research within the field of microbial and biochemical engineering, in which 
different types of large-scale systems ranging from flat constructed wetlands and 
vertical photobioreactors396 to small-scale microfluidic chromatographic cartridges 
have been developed.298 More recently, engineered strains of E. coli are being 
used to produce bacterial biofilms upon sensing elevated concentrations of metal 
ions in their environment; in turn sequestering metals based on cellular uptake.397 
Also, Dr Brenda Parker had been researching the use of microalgae in developing 
wastewater treatment mechanisms, informing and guiding the experimentation 
and development of the algae-laden hydrogels by deploying the tools of design 
to control spatiotemporal aspects of the cellular and material organisation for the 
purpose of bioremediation.l 

3.6.1.1 CONCEPTUAL DEMONSTRATOR I: (Bio)layers for Bioremediation

Building on the observations and conclusions made from the Tallinn demonstrators, 
a similar set of fibrous, branched design iterations were explored. Considering 
bioremediation as our application, flow of water, its direction, and the need to 
optimise contact between wastewater and microalgae were identified as key 
factors to the form development. Parameters of hierarchical construction, viscosity, 
density and the requirement for a structural base and a biocompatible top surface 
were also taken forward. Using the circular boundaries of the 50cm-diameter petri 
dish as our base geometry, venation and branching patterns towards the direction 
of the water flow were simulated. Specific points of entry were identified at the 
perimeter of the circular petri dish. These points were predetermined as start 
points for the particle-generation system, evolving into a branched network of 
dense, porous mesh assembled from different hydrogel compositions creating 

xlix   A detailed explanation of the scientific understanding behind microalgal bioremediation has 
been discussed thoroughly in chapter 5, where another series of design and scientific exploration has been 
conducted focused on scaling-up. 

l   Dr Brenda Parker, secondary supervisor to this thesis and lecturer at Department of Biochemical 
Engineering, UCL under a Winston Churchill Memorial Trust Fellowship in 2014 had travelled to different 
wastewater contamination sites in Mongolia, India and China. Through a project report titled ’Biological 
approached to land and water restoration’, Parker had concluded the need to use design thinking as part 
of the development and engineering of wastewater treatment systems in order to successfully render their 
integration within the context of developing countries.635



110



111

distinct layers, each with own set of fibre thickness, viscosity and function. 
Keeping the entry nodal points consistent at each layer, the resultant branched 
pattern evolved to adhere to the varying properties of the hydrogel. The bottom-
most hydrogel layer with the least amount of water percentage and high stiffness 
was fabricated via extrusion with delicate, thin but extremely dense and intricate 
fibres. At the same time, the topmost biocompatible, highly viscous hydrogel 
layer was least dense, but constructed from fibres with greater diameters in order 
to facilitate high microalgal growth increasing the potential uptake of pollutants 
as the water flows over the surface of the layer, allowing the biomass to capture 
the pollutants present in the wastewater. Making the algae-water contact a key 
factor in generating the fibrous pattern, the concentration and the thickness 
of algae-laden fibres were made denser towards nodal points where the water 
entered the system, branching out into more distributed venations towards 
the exit points. Here, the hybrid material system was generated by regulating 
the rheological modifiers used within the alginate-based hydrogels, namely 
methylcellulose and carrageenan in addition to varying the water percentages 
across each printed layer. Here a combination of different types of hydrogels was 
used, as opposed to the initial compositions where only the water composition 
or the viscosity would vary. Two-axis gradation was thereby generated through 
variations in morphology and material composition, one across the depth of 
the layer creating stiffness gradients, and the other spatial gradients across the 
surface length. This distribution of the branched fibres’ optimising surface area, 
along with its hierarchical characterisation, proved morphologically appropriate 
within the bioremediation context. 
 
For the purpose of the exhibition, the algae-laden hydrogel fibres were extruded 
manually, and laser cut perspex layers were introduced into the petri dish to 
frame the individual strands and layers. Resin was poured into the petri dish to 
fix the free-flowing geometry for the long-term exposure of the exhibition. This 
was done as the primary objective of the exhibit was to act as a proof-of-concept 
where the designer’s intention and the technology being developed to realise 
large scale biologically performing layers could be successfully communicated, 
therefore maintaining its aesthetics throughout the course of the exhibition 
became critical. However, the patterns and their algae-water contact were earlier 
tested via material prototyping, where different geometries – including grids, 
voronoi cell patterns and free-flowing branched networks were printed and 
immersed in smaller petri dishes filled with water. Further, a series of branched 
patterns were generated testing the versatility of the form-generation tool, 
adopting distinct morphologies specific to the microalgal strains and their relative 
metabolic dependencies. These preliminary design probes were designed and 
created in different dimensions and showcased in multiple exhibitions such as the 
London Design Festival, 2018 as part of the Biodesign: Here, Now exhibition and 
Water Futures Exhibition, New York, April 2019 illustrated in figures 3.8 and 3.9.398

Figure 3.21: Algae-laden hydrogel scaffolds designed for bioremedia-
tion. A branched pattern, created to optimise algae-water contact is 
shown immersed in water.
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As the core objective of this research was to investigate the development 
of a biological system that in turn has the capacity to generate a series of 
complementary processes as a result of its passive functionality. The intention 
with the bioremediation demonstrator was to allow designers to consider living 
layers that could potentially treat polluted water while performing photosynthesis, 
integrated as a designed element, assembled from a series of intricate layers. An 
advanced and detailed exploration of this concept and application is revisited in 
Chapter 5.

3.6.2 Potential Application II: Biosorption

Two further biohybrid demonstrators were created by integrating the algae-laden 
hydrogels with traditional material-processing strategies. There are two main 
advantages for adapting this approach. The first being the easy integration of 
living materials within the building context initiating the transition between our 
existing architectural infrastructure into one that performs a biological function. 
The second, more important factor is using the structural properties of synthetic 
materials to allow for ready scale-up allowing the creation of hybrid structures, 
with mechanically robust scaffolds that act as hosts for the living materials. This 
is not only limited to creating simple containers that are filled with the hydrogel. 

Figure 3.22: Fibrous morphology for the hierarchical construction of 
biolayers 

Left:
The different branched patterns, each with their unique nodal points 
and floating areas, along with densities are shown. 
Here, the entire cross-section of the membrane was created as a 
flowing branched pattern in order to optimise surface area - to - vol-
ume contact between the algae immobilised in the hydrogels and the 
wastewater to be treated. 

Right: 
Large-scale demonstrator is fabricated within a custom-made petri 
dish of 500mm in diameter by extruding fibrous hydrogels according 
to the morphology generated computationally, through hierarchical 
layering.

The demonstrator was exhibited at Centre Pompidou, La Fabrique du 
Vivant, Paris, 2019. 
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Figure 3.23: Close-up details of the fibrous algae-laden scaffolds de-
signed for bioremediation immersed and sealed in a layer of resin.
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Instead, the properties of both the synthetic material and the hydrogel have been 
tailored so as to perform complementarily with each other. And in order to initiate 
this level of interaction between the two components, the central zone between 
the material boundaries or the interfaces pose as a key design factor. Therefore, the 
first heterogenous biohybrid structure focussed on designing the complementarity 
between a robust, mechanical scaffold made from a construction material and 
the viscous hydrogel polymers immobilised with microalgal cells. The importance 
of the water content within the hydrogel to maintain its biocompatible property 
has already been known and well established in our earlier chapter. Therefore, 
exploring a synthetic material with porous properties that has the ability to retain 
and distribute water and nutrients to the cells immobilised within the hydrogel 
was recognised, potentially maintaining a degree of water-equilibrium throughout 
the volume of the scaffold.  

Professor Marcos Cruz and Richard Beckett, in collaboration with Dr Sandra 
Manso, have investigated the potentials of Magnesium Phosphate Concrete 
(MPC) for directed growth of cryptogams under an EPSRC funded project entitled 
’Design the Future’.342 Their research was built on bioengineer Olivier Guillitte’s 
concept of bioreceptivity, defined as the ‘aptitude of a material to be colonised 
by one or several groups of living organisms without necessarily undergoing any 
biodeterioration’.399 Guillitte identified the surfaces of building exteriors, stone 
statues and outdoor furniture to be colonised by living organisms over a period of 
time, under natural environmental conditions. Largely a function of the exposed 
objects surface property, the pattern and manner of colonisation is often random 
and considered as weathering or aesthetic deterioration. Cruz and Beckett began 
to question ways of formalising this bioreceptive growth by choreographing 
the colonisation over architectural surfaces, tailoring the properties of material 
substrates and creating geometrically concentrated areas.400 They began by 
tuning the properties of the MPC scaffold by altering the surface roughness and 
pH level. As their main objective was to design growth over surface by eliminating 
the need for any additional irrigation system, they introduced levels of porosity to 
the MPC substrates increasing absorption, retention and distribution of water, a 
factor considered favourable for the growth of microorganisms.342 Through long-
term observation studies, they worked on morphological and material strategies 
to grow algae, lichens and bryophytes over the porous MPC panels, at the same 
time directing, and limiting the growth of these microorganisms into specific 
designed areas. 

This was spotted as an opportunity to use the hydrogel’s knowhow developed in 
this research as a water retaining substrate for application on the bioreceptive 
material scaffolds used in the prototypes built during and after the EPSRC-funded 
research, which were showing a real problem of not being sufficiently moist 
due to excessive water evaporation and lack of rainfall in the areas where the 
components were tested. Since, previously used ‘moss-shakes’ included water 

Figure 3.24: Cellular bioscaffolds
Computational simulations of the varying surface porosities generated 
for the biosorption demonstrator. Different pore sizes, depths, densi-
ties are simulated in order to activate and create interfaces between 
the solid, MPC scaffold and the soft, hydrogel living scaffolds. 
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absorbing crystals, the idea of applying hydrogels was seen as a potentially viable 
way to keep the material surface moist for much longer with a gel that, different 
from the scattered crystals, was continuous and easily absorbed by the material. 
But more studies are needed to evaluate if the hydrogels were indeed performing 
as expected or creating a material barrier between the MPC components and 
moss. 

3.6.2.1 CONCEPTUAL DEMONSTRATOR II: (Bio)scaffolds for Biosorption

Bioscaffolds are a common concept within tissue engineering, where they are used 
for two main functions: defining the overall form of the construct and delivering 
molecular and mechanical signals to support cellular growth.291 A similar principle 
was used within the development of this specific conceptual demonstrator 
focused on biosorption, wherein the  designed bioscaffolds were fabricated from 

a traditional building material, to define the overall structure and morphology of 
the construct, the properties of which were tailored to deliver water and nutrients 
to support the cellular growth within the hydrogels.

To tackle this via design, the bioscaffold was divided into three different zones. The 
top layer consisted of the microporous viscous hydrogel matrices that allowed cell 
adhesion and proliferation. The bottom layer was the porous scaffold, made from 
MPC concrete that controlled the overall morphology and its relative mechanical 
characteristics. And the middle layer was the interface that facilitated delivery 
of nutrients, specifically water from the porous lattices of the MPC scaffold to 
the viscous hydrogels. This interface was initiated during the fabrication process 
where a percentage of the viscous hydrogel fluid was allowed to seep into the 
topmost porous matrix of the MPC scaffold, forming a gel-concrete middle 
layer, initiating a gradient between the soft and the hard zones. This activity of 

Hard Zone: MPC Scaffold

Soft Zone: Algae-laden hydrogel

Critical Interfacial Zone
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absorption and adsorption between the soft and the hard layers, controlled fluid 
flow within the volume of the porous structure. Therefore, the term biosorption 
was used to define the purpose of this demonstrator.

Conditions of porosity were geometrically simulated by creating variations in size, 
depth and density within the circular boundaries of the petri dish, much like the 
cross-section of plant stems constructed from a dense layer of cells at each level 
that transport water throughout the plant via capillary activity.401 Houdini-led 
design simulations of copy-stamp and boolean were used to generate a series 
of cell-like pockets which defined the areas that would contain the algae-laden 
hydrogels. The pore-cell concentrations became denser towards the boundaries 
creating moist perforations with the intention to regulate exchange or absorption 
of unwanted particles within the bulk of the scaffold. Further porosity gradients 
were extracted across multiple levels, both morphologically and also material-
wise.

The formwork of the geometry was CNC milled from foam, which then acted as 
a base placed within the 50cm diameter petri dish used to cast with the MPC 
concrete, creating areas of depression into which the viscous hydrogels were 
injected, involving a two-step process. The first, softer layer of hydrogel with 
higher water percentage was allowed to penetrate the porous concrete scaffold, 
generating a homogenous interface, after which the more viscous, biocompatible 
fluid was topped up within each cell. The cellular growth within the hydrogels 
was observed to vary across the different geometric cells. The smaller units 
approached their cellular growth saturation much quicker than the bigger units. 
Creating a photosynthetic gradient pattern as a result of the microenvironment 
generated within the concrete bioscaffold.li For the purpose of the exhibition at 
Centre Pompidou, the petri dish with the foam and the MPC formwork containing 
the immobilised algae-laden hydrogels were topped with a layer of resin in order 
to maintain its aesthetic quality. 
 
This conceptual demonstrator suggested a range of future possibilities to be tested 
where the structurally stable scaffols could be used as a potential technique to 
maintain and support the biological activity of the biomaterial. Further speculating 
that the algae-laden hydrogels cast within porous scaffolds could be used as 
initiators of a much longer biological process, in which the photosynthetic activity 
of the viscous fluid is used as a precursor that alters the biocompatible properties 
of the MPC scaffold with time. This would then direct the growth of cryptogams 
and other macro living organisms within the designed pockets, potentially tackling 

li   The biosorption conceptual demonstrator received computational support from Javier Ruiz, and 
the demonstrator was fabricated in collaboration with Anete K. Salmane, a biologist who had been con-
ducting preliminary material tests in order to optimise the porosity and the mechanical stability of the MPC 
constructs.

Figure 3.25: Cellular bioscaffolds upon fabrication and assembly
CNC Milled, and casted MPC Scaffold is layered with algae-laden hy-
drogels with different porosity, relative to their pore sizes, taking into 
consideration the relationship between the permeability of the scaf-
fold, the material and the desired viscosity to allow for cellular differ-
entiation. 
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Figure 3.26: Interfacial properties of the cellular bioscaffolds 
Close-up details of the fabricated biohybrid scaffold for biosorption. 
Different regions with varying porosities show varied biocompatibility 
towards the hydrogels depending on the surface area and the texture / 
aggregate size of the structural MPC scaffold. 
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a major challenge faced within the bioreceptive research project.lii 

However, within the context of this research, this acted as a proof-of-concept 
confirming the principle of biohybrids, wherein the properties of existing building 
materials were fine-tuned to give structure, form and hydration, with the aim of 
maintaining the photosynthetic activity of the living material while accelerating 
the transition of existing architectural elements into systems that perform 
biological processes. This heterogeneously fabricated, homogenous biohybrid 
has been further explored through the next demonstrator where the functional 
potentials of such a biohybrid structure were tested.

lii   This hypothesis was briefly tested for two exhibitions across two different scales. The poikylohy-
dric walls400 prototyped under the Design the Future Project were applied with a hydrogel layer prior to the 
moss transplantation. This was done with the intention that the polymeric, viscous composition would act 
as a gelling, interfacial agent while supporting the rooting mechanism supporting sustenance and growth of 
the bryophytes within the geometrically defined growth areas. Further research needs to be conducted to 
verify this hypothesis. 

3.6.3 Potential Application III: Biophotovoltaics

Flows of matter and energy – particularly, the generation, exchange and storage of 
energy as a result of material processes within biological and ecological systems 
– have been a significant topic of research and interest over the decades.301,402 
Ranging from the principles of thermodynamics to basic behavioural modelling of 
energy-matter interactions, scientists have studied the complementarity between 
the distribution networks of matter and its relative transformation processes 
driven by energy specific imbalances. These theories, referred to as E-M systems 
are primarily composed of 1) a set of objects and 2) a set of object interactions. 
Biologically, the objects could be organisms, and the set of object interactions 
could be the interconnections between an autotrophic organism with carbon flow 
in an ecosystem.402

Photosynthesis is one of the most fundamental and abundantly used E-M systems.239 
Photosynthesis, as discussed in section 2.5 is the synthesis of chemical compounds 
by the use of light. In a more restricted sense, as used here, photosynthesis is the 
process with which microalgae convert light to chemical forms of energy.403 The 
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capacity of an organism to produce and store usable energy necessary for the 
maintenance of life is the property of its metabolism.278 In the case of the algae-
laden hydrogels, the algal cells themselves have a metabolism through which they 
are able to harness and store energy from light in order to conduct life-sustaining 
physical and biochemical processes. Multiple lines of research underway seek 
to deliver technologies that harness the potentials of a synthetic metabolism as 
means to provide energy for synthetic-life processes.19,95,241,278 One such growing 
potential is to harness the photosynthetic ability of microalgae and bacteria for 
solar energy generation. This biological approach allows to overcome the energy 
consuming production of silicon-based photovoltaic cells, further eliminating the 
use of mechanics needed to alter panel orientations according to the sun-path 
over time.404

Biophotovoltaics (BPV) is a term used to define the technology of generating 
renewable energy by using the photosynthetic ability of living organisms as 
catalysts to generate electricity via electron production from the abundant 
source of sunlight.405 Since 2007, Dr Paolo Bombelli, a bioelectrical engineerliii 
based at the University of Cambridge, has been pioneering the research on BPVs, 
engineering biological versions of photovoltaic panels by using microalgae and 
cyanobacteria to optimise energy generation. Bombelli achieves this by placing 
microalgae inside one of two electrode-containing chambers separated by a 

liii   Dr Paolo Bombelli based at the Department of Biochemistry at University of Cambridge, UK has 
been pioneering the development of hybrid systems constructed from photobiological elements such as 
cyanobacteria and microalgae, for use in electrochemical setups such as microbial fuel cells for the direct 
generation of electrical current, driving electro-synthesis and as bio-environmental sensors. Bombelli has 
collaborated regularly with designers to realise larger scale hybrid systems such as the moss table, moss FM 
and the Plant to Power project.255,408

Figure 3.27: Designing biohybrid BPV demonstrators
Left: A cross-section through a traditional, liquid-based BPV is shown.  

Left:
Computationally generated differential growth morphologies are de-
signed, consisting of cells with varying surface areas and volumes rela-
tive to hosting an anode or a cathode element. 

Right: An initial BPV prototype is fabricated via 3D printing and al-
gae-laden hydrogels inlaid into its crevices, initaing an interfacial con-
nection between the PLA-filament and the viscous scaffold.
Preliminary assembly of the BPV conducted at Dr Paolo Bombelli’s lab 
at Cambridge University.
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PDMS Basket
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membrane that permits only protons to pass through. As light falls on the algae, 
a series of biochemical reactions split water into protons, electrons and oxygen. 
The electrons thus generated are directed to flow via an external circuit in order 
to recombine with protons and oxygen forming water. The resultant current 
flowing in the form of electrons via the external circuit can then be used to power 
electronic devices, refer figure 3.26. This part of the cell consists of the reductive 
electrode, referred to as a cathode. And the internal circuit that conducts protons 
is called the anode.255,406,407 One of their major research challenges is to be able 
to manufacture economical devices with excellent energy conversion efficiency. 
Unlike traditional solar panels whose applications are often limited to deserts and 
rooftops of buildings in countries that receive high intensity of sunlight, BPVs are 
powered by living organisms that have evolved to efficiently generate electrons 
for energy production via photosynthesis. They make available an energy-
generation technology across a much broader set of latitudes and longitudes 

within the biosphere. Allowing BPVs to be deployed in much greener and moist 
environments, instead of the brownfields where existing solar panels are installed.

The major performative dependency lies on the living organisms self-assembling 
and self-resistant capabilities. Therefore, designing a system that adheres to the 
organism’s circadian clock was deemed important, initiating a design exercise 
that encouraged the scientific team in collaboration with designers to identify 
potential applications of the BPV technology. Near-shore generators that harvest 
desalinated water,255 and a garden moss tableliv that generates and stores energy 
during the day to power light in the evening were some suggested concepts.408,409 
Note that each of these speculations were based on liquid-based algal bioreactors, 
or liquid-based BPV cells that are engineered in capsule form and assembled 

liv   The moss table was conceptualized by Dr Paolo Bombelli in collaboration with designers Alex 
Driver and Carlos Peralta.408
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similarly to the batteries used in solar panels. However, the diversity of forms in 
which BPVs could be deployed was captivating. 

At present, it is well understood that the efficiency of BPVs is not competitive 
enough to replace traditional selenium-based solar cells. However, if designed 
and fabricated for very specific site contexts, BPVs could become an extremely 
important tool of energy generation especially in areas where currently there 
is less or no energy available at all. Therefore, a collaboration with Dr Bombelli 
was established to develop a BPV conceptual demonstrator for the exhibition 
at the Centre Pompidou using algae-based hydrogels for the first time ever. Key 
objectives were 1) to briefly test the metabolism of algae-based hydrogels in BPVs 
instead of liquid containers, and 2) to design for their potential integration as an 
architectural element.

Figure 3.28: Computationally generating 3D cells connected in series

A series of 2D differential growth patterns are generated, with varying 
densities, and boundaries. 

These were then overlapped, and altered in order to achieve the hi-
erarchical morphological relationship between the BPV Cells, and the 
desired interfacial interactions between the hard and the soft zones of 
the biohybrid. 
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Figure 3.29: 3D printed BPV cells
Left: Working details, and electrical connections of the anode and the 
cathodes relative to the different cellular constructs - embedded during 
the design stage itself. 
Each distinct performative cell was optimised within a metric square 
range, pre-determined to allow for increased electron generation and 
transfer mechanism within the biohybrid. 

Right: The assembled BPV Prototype, complete with connection, and 
varying hierarchical conditions.
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Designing and fabricating material processes that passively perform photosynthesis 
is one aspect of this research, where it is theoretically established that a living 
material system, while performing a photosynthetic mechanism, will exchange 
energy with its surroundings. But can a system be designed to tap into the energy 
flows while the passive material process is taking place? What would these 
systems look like then? Where would these be integrated so that the energy 
generated and stored is beneficial to the adjoining or enclosing environment? By 
designing and developing this conceptual BPV demonstrator, the potential benefit 
of the material-based artificial biological system was established, where it not 
only interacts with its naturally surrounding biological process but also exchanges, 
produces and stores energy flows beneficial for human consumption.

3.6.3.1 CONCEPTUAL DEMONSTRATOR III: (Bio)hybrid Biophotovoltaics

The development of this demonstrator began first by assembling a traditional 
BPV cell with Dr Paolo Bombelli in order to understand the different elements 
that make up a working unit. Traditionally, each cell termed a microbial fuel cell 
(MFC) is assembled from three main components, the two individual electrode-
containing chambers, the anode and the cathode, connected via a separation 
membrane that mediates the electron and proton transfer across the chambers. 

MFCs are constructed as completely closed units, connected in series with 
other cells collectively generating a substantial amount of current, much similar 
to the selenium chips in large solar panels. This water based BPV unit utilises 
a set of exogenous soluble mediator compounds to facilitate electron transfers 
from the biomaterial to the electrode surface. This not only adds difficulty to the 
assemblage of the cells, but also creates an opportunity to lose a percentage of the 
electrons generated as it travels through the different stages. Therefore, Bombelli 
et al. have been investigating the use of biofilms, wherein the microalgal cells are 
grown directly onto the anode substrate, increasing efficiency (reducing the three-
step process into a two-step process), robustness and self-renewable ability.406 
They have successfully demonstrated the use of microbial biofilms, as naturally 
occurring cell aggregations for electron production. These biofilms are grown on 
a traditional electrode material made from indium tin oxide-coated polyethylene 
terephthalate (IOT-PET). The use of these synthetic biofilms also demonstrated 
the efficiency of an open-air BPV instead of a closed unit, indicating that power 
productions were maintained for longer periods with higher sensitivity to ambient 
light levels. The BPVs harness the electrons generated from microalgal species 
Chlorella vulgaris and Synechococcus sp.405,406 Initial biomaterial experiments 
were conducted in continuation to the alginate-carrageenan based hydrogels 
developed in section 2.6 for their biocompatibility towards C.vulgaris and 
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Synechococcus sp which showed successful results. A preliminary was assembled 
wherein the anode biofilms in the traditional water based BPV unit was replaced 
with the algae immobilised hydrogels, and a positive electron-production reading 
was recorded. There were moments, where the electron-generation rate was 
similar, and in some cases even higher to the ITO-PET made biofilms encouraging 
investigating further the use of the living biomaterials. From the perspective of 
designing, these initial tests became instrumental in understanding the principle 
behind the working of a basic BPV unit, further recognising the key parameters 
that must be considered for improving the performance of the MFCs while also 
exploring their biohybrid morphology.

Keeping the E-M systems concept in mind, the designing of the BPV demonstrator 
was divided in two steps, 1) objects and structure, and 2) total systems. The objects 
and structure were the biohybrid components that were designed to behave as 
individual open-air BPV cells. These were then connected in series within the 
circular boundaries of the 50cm diameter petri dish creating a total system that 
would generate sufficient current to run a small electronic device. The preliminary 
experiments conducted, and Bombelli’s understanding informed the importance 
of designing multiple smaller cellular units with a minimum surface area of 
5cm2 and a cathode opening of 2cm2 in order for each cell to produce sufficient 
number of electrons. This approach was preferred over the designing of a smaller 
number of large cells, as small cell units would tap into the electrons produced 
more efficiently. This was further complemented by each BPV cell’s biocompatible 
factor that required proficiency in cellular growth rate, as the living cells were the 
catalysts that generated the electrons through performing photosynthesis.

Particle simulations were performed based on differential growth equations, 
biological formulas that calculate the growth and emergence of patterns by 
generating a continuous path through points, nodes and edges over a period 
of time.410 Generative software, Houdini was used simulate a series of possible 
iterations of the differential equations by altering a set of parameters related to 
density and aggregation of cells with minimum and maximum surface area of 2-5 
cm2. Deploying form-finding techniques became relevant in order to generate a 
series of morphological possibilities within the edge condition of the petri dish. 
A rich phenomenology of patterns was generated by varying key parameters 
of density, and distance. The patterns generated are in the form of waves, 
demonstrating the energy flow patterns visually via continuous curves across an 
X-Y grid, as shown in figure 3.27. 

The area, depth, and dimension of openings compulsory for a functional BPV 
were first identified as constants. At a later stage, a small range was established 
in order to simulate their impact on pattern generation. Different time spans 
created different 2D pattern behaviours which were then juxtaposed into a 3D 
model, with varying depths read in conjunction with the minimum width and 

Figure 3.30: Close-up of the BPV Biohybrid demonstrator, as exhibited 
at the Centre Pompidou, La Fabrique du Vivant, Paris, 2019
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Figure 3.31: Close-up of the BPV Biohybrid demonstrator, showing the concentric regions of the cell. 
Outer, wider cells containing the anode, and the cathode. And the central 2 circular regions with a curvilienar, dense pattern was optimised to allow light penetration through the boundaries of 
the large petri dish, 500 mm diameter. To sustain the photosythetic activity of the immbilised microalgal cells, towards the entire volume of the scaffold. 
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area required by each MFC. A composite continuous pattern was established, 
creating three distinct but interconnected cellular networks in concentric zones 
within the petri dish. The outer most zone was defined into distinct cellular units 
that will contain the cathode. This concentric zone of cells was assembled from 
MFCs whose sizes were within a predefined range that was required for sufficient 
electron generation. As each zone moved concentrically towards the centre of 
the circular petri dish, each cell expanded its surface area into interconnected 
wave-like geometries designed to contain the anodes. These mediated zone paths 
also initiated the metastate distinctly demarcating the separation but initiating 
selective exchange between the anode and cathode. As the algal-hydrogel 
biofilms were layered within the cathode containing part of the cell, the depth of 
the outer layer was increased by a few centimetres in comparison with the less 
deep internal zones. The third zone, towards the core of the circular petri dish 
was constructed from a complex network of wave patterns that had a minimum 
distance to contain the algal biofilms while keeping enough separation between 
each cellular unit, so as to allow for light penetration.

Each cellular unit was developed as a biohybrid element, composed of 3D 
printed scaffolds that became the structural base predesigned and fabricated 
with the necessary connections that supported the cathode and the anode. Each 
continuous wave-like cell that made a quadrant of the circular petri dish was 3D 
printed using a standard desktop 3D printer (Ultimaker 2+). The components 
were then assembled with cathode and anode connections before being layered 
into the large petri dish. A coarse-grain aluminium mesh, a waste product from 
metal-making industries, was used as the membrane for electron transfer. A 
dense layer of the aluminium mesh was layered into the 3D printed cells, topped 
up with the pre-mixed algal hydrogel immobilised with C.vulgaris on the outer 
perimeter and Synechococcus sp towards the inner cellular units. It must be noted 
that only preliminary test was conducted with the BPV’s limited to understanding 
the working principles form a design perspective, and the petri dish developed 
for the exhibition purpose was overall a conceptual simulation that only took into 
consideration the theoretical limitations prescribed by Dr Paolo Bombelli. Upon 
complete assembly, the petri dish was layered with resin for exhibition purposes.

From these experiments one can conclude that light photosynthesis-capable 
membranes are a promising direction for future research beyond the field of 
engineering. Moving a few steps ahead from the BIQ House workflow of harnessing 
energy from microalgae via mechanically post-processing the biomass generated 
in the PBRs.267 The integration of active matter can perform complementarily 
through providing a series of useful by-products such as electron generation and 
environmental remediation as a function of the microalgal cells’ photosynthetic 
activity. Suggesting a multi-programmatic performativity of the biohybrid 
components where they can perform different functions simultaneously while 
promoting a new aesthetic. Here, the idea of implementing 3 different geometric 

systems of the branching, the scattered voronoi type cellular tessellation and 
differential growth that provoke a new aesthetic quality of work was central to 
the development of the 3 different conceptual demonstrators.  

3.6.4 Challenges and Future Potentials

3.6.4.1 Multimaterial design development 

A major challenge within this research was to establish an appropriate design 
methodology or form-finding technique relevant for fabrication with soft, viscous 
materials. The appropriate morphological pattern, and organisation of the 
biomaterial largely governed the functional and biological performance of the 
resultant structures. While the biomaterial in itself had versatile properties, it 
was important to be able to design appropriately in order to align and accentuate 
the properties of the resultant scaffold, rendering it applicable by both human 
and environmental agents. While Houdini, the particle generative software used 
allowed properties and their time-based processes to be digitally simulated, it 
offered limitations in terms of quantitative volumetric material distribution based 
on light penetration and desired structural performance. The next few paragraphs 
will look at possible future scenarios and solutions that are worth exploring in 
continuation to the design work discussed in this chapter. 

Multimaterial 3D printing is an emerging technology that enables prototyping 
products by fine-tuning the material distribution at resolutions as low as 15 
microns within the bulk of a material.207,411 It employs a voxel technique where the 
user is required to specify the material composition throughout the entire volume 
at resolutions of up to 2,000 DPI, extending the designers ability to assign multiple 
materials to the object (up to six printing inks at a time), much contrary to the 
standard 2D boundary representations assigned to single material objects.412–414 
A disadvantage is that almost all software that allow material definition are 
bundled with commercial 3D printers which restrict the applications of the tool 
across different contexts. Instead, open access tools such as Netfabb415 and 
Materialise 3-Matic416 have been developed to generate low-lying geometries but 
are unable to deal with hierarchical material compositions. On the other hand, 
volumetric modelling tools often used within the computer graphics segment are 
largely motivated with digitised realism and focus more on appearance driven 
decisions as opposed to performance-based decisions. Researchers from the 
Computer Science and Artificial Intelligence Lab, CSAIL at MIT, are therefore 
beginning to bridge this gap via tools called OpenFab417,418, Monolith419 lv and 
Foundry (refer figure 3.31b), wherein they are creating an interactive platform 
to hierarchically construct spatially varying, multimaterial objects. Currently, at 

lv   The project Monolith technology was under beta testing by Autodesk in 2016-17 and has cur-
rently been made available as a plugin for Rhino with altered features.636 
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a very nascent stage where they are testing the applications of Foundry for 3D 
printing objects by optimising efficiency in terms of material distribution, using 
off-the-shelf filaments.420 Digital tools such as these can be evolved to fine-tune 
form generation in real-time as the properties of soft materials adapt and settle 
within their fabricated geometric state upon printing.421

Open Shading Language (OSL)422 is another technique which is being developed 
by computer graphic artists which could be deployed for the hierarchical 
construction of biological materials across a range of scales. OSL is a 3D 
rendering technique that calculates pixels across the volume of the object 
rather than just the surface, rendering the code most useful to be adapted for 
such simulations. Therefore, a future objective for designing biologically active 
objects from viscoelastic composite materials with structural hierarchy would 
be to develop a library of BioShaders relative to different rheological, textural 
and morphological properties of the biomaterial. A major challenge in both the 
fields of biomedicine, and 3D bioprinting is the ability to fabricate constructs by 
carefully depositing multimaterial hydrogels layer by layer. However, prior to even 
managing to fabricate at the desired resolution, the challenge is to be able to 
digitally visualise the 3D geometry before they are printed. A tool such as OSL 

Figure 3.32: Multimaterial design development
a) A preliminary computational experiment conducted by the author to 
distribute the viscous hydrogels within a bulk volume of an object - with 
the aim of exploring the possibility of controlling the distribution of the 
hydrogels (with or without the combination of another structural ma-
terial). Due to the challenges discussed in section 3.6.4 further research 
must be conducted to develop appropriate tools for the same. 
b) Multimaterial digital softwares such as foundry, currently in their 
initial stage of testing are being developed for a similar purpose. The 
typical operator workflow is shown on the right that includes - decom-
position into subvolumes -> remapping -> simple or complex-based ma-
terial composition  -> final material compositions are assigned to each 
subvolume. Image source: Vidimče, K., Kaspar, A., Wang, Y., & Matusik, 
W. (2016). Foundry: Hierarchical material design for multi-material 
fabrication. In UIST 2016 - Proceedings of the 29th Annual Symposium 
on User Interface Software and Technology (pp. 563–574). https://doi.
org/10.1145/2984511.2984516
c) The interface of software monolith being developed for multimateri-
al modelling of geometries.

i) 3D model surface ii) Slice mode

iii) Volume mode iv) Crop-box

v) High resolution crop vi) Wedge tool

b)a) c)
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BioShaders or the Foundry could enable distinct yet homogenous layers – by 
slicing the volume into hierarchical densities – each layer with its own property 
but connected structurally to the adjoining layers and the stability of the overall 
construct. This could then be exported in a GCode format for fabrication. The 
BioShader can also be explored for larger-scale applications in architecture and 
large-scale material construction, taking into consideration mechanical stability, 
biocompatibility, form and geometry. 

Another instance would be to fine-tune the digital-fabrication workflow in real 
time, as it detects the relaxing mechanism of the viscous biomaterial and its 
embedded cellular growth rate, responding by altering the geometric density 
(adjacency) and the viscosity of the material deposited, and increasing the stability 
of the biohybrid constructs thus developed. On a similar line, a digital design 
and fabrication workflow of 3D multimaterial structures with programmable 
biohybrid surfaces were custom developed at the MIT Mediated Matter Lab. 
They built an interactive computational model, controlling and modelling gene-
regulated function of engineered bacteria in response to chemical signals on a 3D 
material surface, during the process of fabrication.423 Establishing these additional 
features and digital design tools within an integrated [bio]material-[bio]design-
[bio]fabrication workflow will accelerate the implementation of a wide variety 
of applications. These could include self-assembled objects, functionally graded 
materials,377,424 actuated and deformable objects,425,426 composite materials that 
maximise stiffness, strength and energy dissipation,427 biomimetic composite 
materials,428,429 and structurally stable tissue and organ constructs with a self-
sustaining and self-supporting vascular network. 

3.6.4.2 Designing for decay: bioaesthetics

Working with living systems from the bottom up brings with it an imperative 
moment of decay or degradation, inherited from the growth pattern of the 
biological system, contrary to the common architectural discourse where 
elements are considered as immortal states of matter. In order to tackle this, 
designers will have to adapt a new hybrid thinking, where certain parts of the 
system are structural and have a longer timescale that are accompanied by parts 
that are living and will degrade at a comparatively faster rate. In some cases, this 
will reinstate the growth of the mechanism, followed by decay again. 

An added challenge for designers is to embrace the aesthetic of decay while 
provoking the acceptance of the systems changing states by the inhabitants. 
In other words, to design for unpredictable conditions, where the designed 
component is allowed to alter its state morphologically, structurally and 
biologically, as it interacts with the altering conditions in its environment. This is 
much similar to the plants in our backyard that often wilt away with the changing 

seasons, to which we instinctively respond to, by watering or other techniques of 
gardening and re-seeding, maintaining growth season-upon-season. The active 
and constantly evolving texture, structure, form and colour of the hydrogels 
could be used as a means of communicating the different phases the system 
is at, intriguing an empathetic human behaviour as they interact with the 
photosynthetic layers inculcating an attitude of care towards our surroundings. 
This element of growth, decay and visual communication via biosensing has been 
briefly discussed and illustrated through design in Chapter 5 on scale-up, as the 
active states of microalgal cells are used for the heavy metal uptake activity via 
bioremediation. 

The following chapter discusses the different techniques of fabrication that have 
been explored to make possible the large-scale construction of the soft, viscous 
hydrogels. Additionally, the different tools and parameters that were taken 
into consideration at the design stage, situating themselves at the intersection 
between the design-fabrication workflows have also been elaborated. 
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Figure 4.0: Viscosity as a medium for both life & death. Not just metaphorically but also physically. Shown is a viscous 
homogenous - heterogenous layer that is seen transitioning between different modes of growth, lag and decay phases. 
Credit: Author
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04.

(BIO)FABRICATION
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4.1 Introduction

Biofabrication, or fabricating with biology, is a concept that was first mentioned 
in the iconic 1907 paper written by the American developmental biologist Ross 
Harrison,430,431 in which he introduced the potential for growing tissue explants 
in vitro (an integral part of biofabrication technology) establishing a foundation 
for modern cell culturing. It was not until 1950s and 60s that modern cell culture 
techniques of tissue fluidity, and tissue fusion were experimentally validated by 
theoretical physicist, bioengineer and innovator Gabor Forgacs, by measuring 
tissue surface tension through tensiometers.225,432,433 More recently, in 2009 is the 
first time that a seminal journal titled Biofabrication was launched, formalising 
the vast potentials of the now rapidly emerging research field.434–436

Biofabrication can be defined as ‘the production of complex living and non-living 
biological products from raw materials such as living cells, molecules, extracellular 
matrices and biomaterials’.434 

Traditionally originating at the intersection of three disciplines – cell and 
developmental biology, biomaterial sciences and mechanical engineering – the 
first pillar contributes to the important biological stages of cell survival during the 
self-assembly of tissue constructs, along with its relative vascularisation and tissue 
maturation. Its relative manufacturing technology that must take into account the 
key physical, chemical, biological and/or engineering processes is fulfilled by the 
second pillar of mechanical engineering. The third integral component is material 
sciences with emphasis on biomaterials, where functional and biocompatible 
materials, often in the form of stimuli-sensitive or intelligent polymeric hydrogels, 
are synthesised using carefully formulated design specifications applicable with 
particular biofabrication technologies.435 This functionally rich amalgamation of 
the three prime disciplines renders biofabrication a critical research technique 
that has been adapted and tailored within the context of this research. 

Sections 2.2 and 2.4 have already established that the scale of biofabricated 
products within the field of biomedicine remains limited to nano or microscales, 
where living cells, tissues and organs are manufactured from raw materials that 
are either living and / or matter that is nonliving but is bioinspired.435 Therefore, a 
major challenge that continues to be a key factor of investigation is the potential 
for scaling up the biofabricated products, by establishing a controlled and 
programmable workflow, that takes into consideration the rheological properties 
of the biomaterial and digital morphological modelling, relative to its site-specific 
deposition. Therefore, this chapter is dedicated to developing architectural-scale 
biofabrication techniques that allow the manufacturing of large-scale biological 
scaffolds that include fabricating structures that span beyond the current nano 
and microscales, into centimetre and even metre-long constructs from the viscous 
algae-laden hydrogels. The biofabrication techniques are investigated in two broad 
categories. The first process includes the hierarchical construction of biolayers, 
that are constructed homogenously from the viscous hydrogels immobilised 
with microalgae expanding the scale of one hydrogel component beyond the 
dimensional constraints of the growth chamber that often limits the scale of the 
scaffolds. And the second technique explores the emergence and assembly of 
biohybrid systems from a combination of living and nonliving materials.

4.2 Homogenous Construction of Biolayers

Fabricating biological constructs in tissue engineering combines three main 
components: cells, scaffold and growth factors.437 The resulting construct is 
considered biologically active and could be immediately implanted into the 
desired host or incubated in vitro to allow cell differentiation. In such scenarios, 
biofabrication is used to define the three-step methodology of assembly, 
incubation and integration into the desired host environment.146 This can also 
be referred to as pre-processing, process of biofabrication and post-processing. 
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Figure 4.1: Biofabrication Circumscription
Diagrammatic representation of the different strate-
gies that have been explored in order to develop novel 
tools and techniques that can allow scaling-up from 
the viscous algae-laden biomaterials. The concentric 
circles depict the inter-relationships between the pa-
rameters that allow for gradual hierarchical construc-
tion while maintaining the morphological definition of 
the resultant biolayer or biohybrid.
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Here, the careful fabrication of the scaffold is extremely crucial, in order to create 
an ECM that not only allows the successful delivery of cells and/or growth factors, 
but also provides a temporary mechanical support for the incubation period 
supporting tissue maturation. Traditionally this is performed on solid substrates, 
wherein the scaffold material provides a matrix suitable for cell adhesion and 
differentiation.438 This rather standardised strategy was the foremost point of 
entry to begin investigating the potentials of fabricating 3D bioscaffolds from 
hydrogels for the growth of microalgal cells.

4.2.1 Solid Scaffold-based Biofabrication

Solid scaffold-based biofabrication is one of the most common and abundantly used 
methods of engineering tissue constructs in vitro, fit for in vivo transplantation. 
It was originally invented by Robert Langer and Joseph Vacanti from MIT in 
1993.438,439 They suggested the potential use of a biocompatible scaffold as a solid 
substrate that mediates the growth of cells, outside the human body.440 These 
scaffolds are desired to be biodegradable after mediating the desired tissue 
growth. Explorations have been made in both synthetic and naturally derived solid 
scaffolds, assembled using fabrication technologies such as electrospinning, cell 
sheet technology, moulding sheets into microscale tubular constructs, including 
self-assembling matrices.441,442 The ultimate goal of tissue engineering is to find 
ways of designing and fabricating complex organs such as the human heart, 

Figure 4.2: Solid scaffold based biofabrication
Self-folding hydrogel based cell tubes via 4D bioprinting are fabricated. 
Top-left: The fabrication process shows printing, and photocrosslinking 
as stages that cure and initiate the folding technique of the sheets. 
Bottom-left: Microscopic images of the single tubes with / without 
printed cells

Right: 3D cellular structures using shape transformation technique are 
shown. The top two use two-stage cell seeding process, while the bot-
tom section uses a one-step methodology. 

Fabrication without cells

Fabrication without cells

Fabrication with cells

Shape transformation Deposition of cells

Shape transformation

Deposition of cells Shape transformation

1. Printing 2. Photocrosslinking 
with green light

3. Folding into tubes

liver, and even the lung.293,358,443 However, the current state of this technology 
offers limitations due to its top-down approach, as the cellular growth within 
the scaffolds is observed to be randomised and cannot be precisely controlled 
simply through seeding or injection onto a solid, homogenous substrate.444,445 
Demonstrating the importance of constructing 3D biocompatible scaffolds, where 
cellular differentiation, and supporting mechanisms such as vascularisation, 
porosity and ECM permeability can be better controlled, suggesting a shift in 
methodology, from top-down into bottom-up processes. 

Initial explorations discussed in Chapter 2 on the biomaterial development 
have their foundations embedded in the solid scaffold-based technology. The 
alginate-based hydrogel samples cast in standardised petri dishes to observe 
their cell growth rate were also observed for their mechanical strength, and their 
relationship with the water content and / or viscosity which soon established the 
inverse relationship or non-interdependency between the thickness (up to 15mm) 
of solid scaffolds to the cellular compatibility. In other words, thick hydrogel 
samples, beyond an optimum depth would have no effect on the microalgal 
growth rate. This was primarily observed due to two reasons. The first being 
the non-uniform cross-linking throughout the cross-section of the solid scaffold, 
which prevented the formation of a homogenous ECM. And the second is the lack 
of growth factors, such as light and absorption of CO2 towards the deeper zones 
of the scaffold. According to literature, such a behaviour seemed imperative as 
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Figure 4.3: Classification of the biofabrication techniques developed within this research. 
The diagram depicts the concilience of top-down and bottom-up processes tackled from the construction of novel tools of fabrication.
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almost all organs, including tissues and cartilages that are composed of thick cross-
sections either have an embedded vascular network that transports nutrients to 
the entire scaffold.231,446 Or they are composed of thinner sections with varying 
biological functions, assembled hierarchically in order to collectively perform 
and maintain the systems biological function.447 This mediation, or a continuum 
between layers that allow a level of fluid and gaseous and/or energy exchange is 
recognised as an important parameter across the different scales of construction. 
More specifically, the nano and microscale channels allow for delivery of sufficient 
growth elements in order to instigate and maintain cellular differentiation. On the 
macroscale, they are shown to construct or assemble scaffolds that demonstrate 
mechanical stability, while maintaining overall biochemical flow cycles. And 
the third, critical scale is the mesoscale. That establishes the desired interfaces 
between each layer within the scaffold, while bridging the gap between the 
currently limited small-scale tissue constructs, with the large-scale construction 
of architectural elements. While design is an important tool in the formation 
of the interfacial meso-zone or the middle-zone, its assembly and appropriate 
fabrication methodology is equally, if not more, important. Further, ‘activation via 
assembly’ is adopted as an approach to support the photosynthetic property of 
the algae-laden hydrogels. 

Our preliminary experiments, conducted using solid homogenous hydrogel 
scaffolds, allowed us to begin investigating the steps of assemblage in varying 
combinations, informing the workflow to be investigated, refer figure 4.2. The 
individual steps included – material preparation pre-seeded with algal cells, 
scaffold fabrication, and gelation.

4.2.2 Cell Seeding

Cell seeding in solid scaffolds is a critical step in initiating the construct’s biological 
mechanism. In tissue engineering, there are two potential ways of integrating 
cells into the solid synthetic biodegradable scaffolds: one-step and two-step 
fabrication. A two-step biofabrication system uses a rapid prototyping device (first 
step) to fabricate the thick 3D soft tissues,435,448,449 followed by a sequential activity 
of cell seeding of the scaffold in bioreactors. A multi-step cell seeding process 
not only adds complications in the way each stage is handled physically, but also 
demands differently controlled environments for each step.450 The cellular viability 
experiments conducted in Chapter 2 show no significant difference between the 
two-step and one-step methodology. Therefore, a one-step approach was adopted 
where the hydrogels are pre-seeded with the cells at the material preparation 
stage itself.

4.3 Hierarchical Construction of Biolayers

Additive manufacturing (AM) techniques are being increasingly used to generate 
bioengineered 3D structures that replicate the complex nature of tissues and 
organs. Here, biofabrication involves a much more holistic workflow, that includes 
3D visualisation of the desired construct, integrated with a suitable digital technique 
of fabrication.451 The initial stage includes a computer-aided design process (CAD-
CAM) that models the patterning and assembling of the living and nonliving 
materials with a prescribed 3D organisation, allowing necessary customisation 
of the model specific to the scaffold’s application. This includes geometrically 
controlling the deposition of cells within open inner structures, improving the 
supply of nutrients towards the direct site of cellular growth, leading to biologically 
functional equivalents.452 Recent investigations have demonstrated the adoption 
of such fabrication techniques for the construction of skin,453 wound dressings,197,198 
meniscus, aortic valves, cartilages,211 bones and even blood vessels.146,442 Here 
instead of simply using robotic dispensing mechanisms to seed cells into a specific 
location within the scaffold. AM techniques are instead developing desktop 3D 
printers to deposit the host material and the cells simultaneously, based on the 
one-step biofabrication process mentioned above. The biomaterials tailored to 
exhibit cell-friendly conditions are referred to as bioinks.454–456

Inspired by the AM technologies developed to efficiently fabricate 3D structures 
from metals, ceramics and thermoplastic polymers such as PLA, 3D biofabrication 
began by hacking these same desktop printers to extrude bioinks instead of 
synthetic filaments. The dimensions of the printing scaffold and its resolution 
is desired to be in micro and nano scales (from 20 to 300 μm)457 therefore re-
adapting commercial desktop 3D printers into bioplotters were able to satisfy the 
requirements to an extent. Here, the nozzle at the extrusion end is replaced with 
precision syringes, varying from 0.04 – 0.1 mm, to deposit bioinks composed from 
natural or synthetic polymers with a rheological viscoelastic property. These bioinks 
do not universally require heating prior to extrusion but do require pneumatic 
pressure or, in some cases, piston valves – that can drive the viscous bioinks 
through the extruder, depositing them at the desired site.457,458 For biomedical 
applications, the desktop size 3D printers often double up as incubators, or 
controlled bioreactors that are able to simulate a suitable growth environment 
during the fabrication stage. This is done through in-built UV lights, temperature 
regulators or by providing completely sterile chambers. Further, instead of using 
thermosetting techniques, these 3D bioplotters use different strategies to cure 
the printed scaffold initiating an ECM suitable for cellular differentiation.192 
The different types of AM techniques adopted for the biofabrication of specific 
biological tissues are illustrated brielfy in figure 4.5.

4.3.1 Bioprinting
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Figure 4.4: Biofabrication of biolayers and biohybrids - Correlation
The diagram illustrates in detail the interdependability between the different factors, established in 
Chapter 2 & 3. This chapter has been broadly divided into 2 main sections - biolayers (homogenous) and 
biohybrids (heterogenous). 
This is achieved by hierarchical construction of the algae-laden hydrogels with varying viscosities fur-
ther scaled-up by assembling with other structurally stable scaffolds. Where establishing an appropriate 
structure-function interface is crucial. 
First, a detailed characterisation of the different bioinks is performed, and then a custom-made biofab-
rication system is established. 

AM, or 3D printing with bioinks, is commonly referred to as bioprinting.459 The 
aim of this section is to develop a novel bioprinting technique that allows us to 
fabricate architectural-scale elements from the algae-laden hydrogels. This is 
done by exploring the potentials of amalgamating existing fabrication techniques 
developed in the field of biomedicine, on the micro scale; with the AM techniques 
developed to fabricate building elements, on the macro scale.

The investigations began by adopting a step-by-step scale-up procedure, wherein, 
the first fabrication experiments were conducted on a small scale, limited to the 
size of a standard petri dish where the various biological and physiochemical 
factors desired by the bioink were tested. This was followed by a series of simple 
extrusion tests, where hydrogel filaments were deposited incrementally, layer-
by-layer testing the viscous bioinks capacity to hold their geometry in the desired 
position. Informing us of the specific factors that control the AM scale-up, even 
beyond the standard dimensions of a 3D printer. 

4.3.1.1 Green Bioprinting

The team at TU, Dresden discussed in detail in section 2.6.1 tested the ability of 
3D printing hydrogel scaffolds primarily for algal cell culture, building on existing 
research where mammalian and algal cells were mono and co-cultured on solid 
scaffolds. Constructs with 4, 20 and 50 layers with a length of 15mm and a strand 
distance of 1.87 mm (four layers) and 2.5mm (20, 50 layers), respectively were 
plotted in a 0 / 90-degree lattice configuration. The prints were observed over a 
period of 12 days for their photosynthetic activity, via cell multiplication.460 The 
technique termed as ‘Green Bioprinting’ successfully proved the cultivation of the 
embedded microalgal cells upon extrusion. The translucent nature of the bioink 
was beneficial for light transmittance and monitoring of the embedded algae.190,233 
The same group further tested the viability of the green bioprinting technique for 
culturing plant cells, more specifically basil cells immobilised within a bioink made 
from alginate, agar and methylcellulose.288 Agar was used as a thickening agent to 
increase the viscosity of the material upon extrusion, for the fabrication of open 
macropores.

Specific to AM, biofabrication is redefined as ‘the construction of three-
dimensional tissue-like structures composed of biomaterials and cells generated 
from a single manufacturing procedure’.450 For this purpose, bioinks, made from 
agarose, alginate, carboxymethyl-chitosan, collagen, fibrin, cellulose, silk fibroin, 
elastin, synthetic nanosilicate clay, including PLA fiber-reinforced alginate are being 
optimised with different combinations and concentrations to fabricate constructs 
that allow homogenous and efficient cell seeding and growth, complete with 
robust biomechanical characteristics that allow the formation of scaffolds with 
suitable shapes and sizes.461 
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Figure 4.5: Desired properties of bioinks suitable for large-scale fabrication

4.3.1.2 Rheological characterisation of algae-laden hydrogels: The biofabrication 
window

The properties of hydrogels suitable for a solid scaffold-based biofabrication 
are different from those needed for AM. Therefore, a range of alginate-based 
hydrogels containing different rheology modifiers, such as carrageenan, 
methylcellulose and laponite that have successfully demonstrated cellular 
compatibility were rheologically characterised, and their respective form-
retention ability quantitatively assessed. Allowing us to establish a biofabrication 
window, quantitatively illustrating the resolution and scale of print that could be 
achieved by a specific hydrogel. Literature is regularly updating the biofabrication 
window with new biopolymers, however their application often remains limited 
to microscale fabrication.444,462 The biofabrication window established in this 

research is specific to their ability for large-scale AM, further allowing us to select 
the appropriate bioink for its relative biological and/or mechanical performance. 

As rheology is the physical study of flow behaviour and is applied to materials that 
exhibit time-dependent response to stress.456,463 Based on the assumption that 
hydrogels will be pneumatically extruded in the form of strands, and deposited 
additively, layer by layer, allowing hierarchical construction of the algae-laden 
hydrogel scaffolds, fundamental rheological properties of viscosity, flow rate 
and plasticity, or shear thinning property that determines the material’s ability 
to flow under pressure were characterised for the various alginate-based bioinks 
developed in  section 2.6, illustrated in figure 4.7. In order to successfully deposit 
the viscous strands accurately in the desired position, the gel formulation shall 
exhibit two important characteristics. First, the hydrogel shall exhibit a low 
transitional viscosity, allowing it to flow through a nozzle when applied with 
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Figure 4.6: Diagrammatic representation of 4 prime AM techniques 
are highlighted, namely - inkjet printing, extrusion printing, la-
ser-based printing and microvalve-based droplet deposition.
For this alginate-based bioinks developed within this research, an 
extrusion-based printing mechanism has been explored. 

sufficient pneumatic pressure. This shall be accompanied with a dominant solid-
like property, that permits the strands to retain their form accurately in their 
deposited position. The different quantitative measurements of each of the eight 
samples of hydrogel were published in detail as part of the research paper titled, 
‘Robotic Extrusion of Algae-Laden Hydrogels for Large-scale Applications’.281

4.3.1.2.1 Viscosity and shear thinning

Initial rheological measurements demonstrated the inverse relationship between 
the hydrogel’s water content and its relative viscosity, i.e. the lower the water 
percentage, the higher the viscosity of the material. This impacts the density 
and the initial pressure the material requires to flow through a nozzle. This time-
dependent behaviour between the stress and strain of the alginate-based viscous 
materials was quantitatively analysed through amplitude and frequency sweep 

tests,lvi distinctly defining each hydrogels limits of viscoelasticity. Viscoelasticity 
is the property of a substance that exhibits both elastic and viscous behaviour 
where the applied stress results in an instantaneous elastic deformation followed 
by a viscous, time-dependant strain,464 a phenomenon also referred to as, Linear 
viscoelastic limit (LVE).189

Alginate-based hydrogels with monomers methylcellulose and carrageenan 
demonstrated a distinct LVE limit, requiring an initial pressure of up to 1.5 – 3.0 
bar in order to attain a fluid-like behaviour. Other samples showed a comparatively 

lvi   Amplitude sweep test uses an oscillation assay by incrementally increasing the amplitude or the 
energy input to probe the viscous samples rheological stability. Here, the amplitude of deformation – or the 
amplitude of shear stress is varies, while the frequency is kept constant.637 Whereas, in a frequency sweep 
test, the amplitude and the temperature remain constant, and the sample undergoes a range of oscillation 
frequencies in order to determine the viscoelastic properties as a function of timescale.638 Here, several 
parameters of elastic modulus, viscous modulus, and complex viscosity of the sample can be obtained.639 
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constant LVE limit, however their values were higher or lower depending on their 
viscosities.

4.3.1.2.2 Shape fidelity

The form-retention property of a hydrogel was expected to be higher, with increase 
in viscosity. However, hydrogels with extremely high viscosities, and low water 
percentages either demonstrated a bingham plastic-like behaviourlvii or a solid-like 
property, behaving as a rigid body under external stress. Preventing the hydrogel 
to flow through the nozzle’s orifice even after significant pneumatic pressure was 

lvii   Bingham plastic like materials are also referred to as viscoplastic materials, as the viscous fluid 
only begins to flow under very high external stress conditions, otherwise behaving as a rigid body at low or 
moderate stresses. Toothpaste, mayonnaise, mustard and clay suspensions are some common examples of 
fluids that exhibit a bingham plastic like behaviour. The surface of these materials can hold peaks when they 
are left under static surface conditions due to their high visco-plastic nature.640 

applied. Illustrating the importance of calibrating the bioinks within an optimum 
range, where it shows a fluid-like behaviour allowing the material to flow through 
the orifice under pressure, while still retaining the strand’s geometric integrity 
upon deposition. This was further read in conjunction to the phase anglelviii of 
each hydrogel sample.

Alginate-based hydrogel samples, with methylcellulose (80.6% and 89.2% of water 
percentage) and carrageenan rheology modifiers, exhibited the most suitable 
form-retention behaviour, with low phase angles, and a high viscoelastic solid-
like property. These bioink samples demonstrated properties relative to an ideal 
thixotropic fluid, a material property rendered desirable for 3D printing, as they 
have the ability to self-heal shortly after the applied shear stress is removed.465,466

lviii   Phase angle is the ratio between the shear stress experienced by the hydrogel used to identify a 
viscous fluid’s ability to retain shape upon extrusion. Samples with relatively low phase angles were identi-
fied to have a viscoelastic solid-like property, deemed preferable for AM. 

S.No. Sample

Water 
Percentage 

(by 
Weight)

Relation 
between 
G’ & G”

Dominant Property
Phase 
Angle 
(Deg.)

Extrusion 
Pressure 

(bar)

01. 50ml Water + 1.5g Alginate 97% G” > G’ Viscoelastic Fluid 56 1.5

02. 75ml Water + 1.5g Alginate + 4.5g Methylcellulose 92.5% G” > G’ Viscoelastic Fluid 55 1.8

03. 50ml Water + 1.5g Alginate + 4.5g Methylcellulose 89.2% G” > G’ Viscoelastic Fluid 51.2 2

04. 25ml Water + 1.5g Alginate + 4.5g Methylcellulose 80.6% G’ > G” Viscoelastic Solid 18.2 3-4

05. 75ml Water + 1.5g Alginate + 4.5g Carrageenan 92.5% G’ > G” Viscoelastic Solid 44.4 3

06. 75ml Water + 1.5g Alginate + 4.5g Curran 92.5% G’ > G” Viscoelastic Solid 43.5 2

07. 75ml Water + 1.5g Alginate + 4.5g Laponite 92.5% G” > G’ Viscoelastic Fluid 57.1 1.2

08. 75ml Water + 1.5g Alginate + 4.5ml Ludox 92.5% G” > G’ Viscoelastic Fluid 52.3 1.2

Figure 4.1: Rheological characterisation of alginate-based hydrogels
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4.3.1.2.3 Die swell effect

The resolution of the extruded hydrogel strand is quantified by their die swell 
effect. Ideally, the hydrogels suitable for large-scale AM should have the ability 
to recover and retain the strands geometry upon deposition. Initial experiments 
show bioinks with high water percentages and low viscosity to easily lose their 
individual fibre definition, further preventing their ability to hold additional layers 
of strands perpendicularly one on top of the other, rendering them unfit for AM, 
refer figure 4.9.

Mathematically, the die swell effect D=Dex/Do is the ratio between the extruded 
strand diameter Dex and the die cross-section Do. Hydrogels that demonstrate a 
reduced die swell effect are most suitable for AM as they prevent the expansion 
of the strand diameter upon extrusion through an orifice under pressure.467 These 
strands further have the ability to exhibit higher mechanical strength, as additional 
layers are deposited and cross-linked, preventing deformation and collapsing of 
the viscous hydrogel structures. 

Initial experiments, and rheological characterisation identified alginate-based 
hydrogels consisting of rheological modifiers methylcellulose and carrageenan, 
containing up to 89–90% of water to show the least die swell effect. Strands with 
thick diameters of up to 7–9 mm were able to hold 10, 15 and in some case 25 
layers of the viscous bioink.281

4.3.1.2.4 Flow rate

Flow rate is another important factor in achieving a high-quality print resolution 
within an optimum printing time. Therefore, a comparative study across all 
eight samples of bioinks were conducted by loading them into 12 oz. cartridges, 
approx. 5 folds higher than the hydrogel volumes extruded in market-purchased 
bioplotters. A simple Arduino sensor was assembled and attached to a weighing 
scale onto which the bioinks were deposited over a specific period of time. 

The viscosity of the hydrogel and the volume packed inside one cartridge directly 
impacted the initial pneumatic pressure required for the hydrogels to begin 
flowing. Post which, the hydrogels shear thinning property would allow the 
samples to attain a uniform rate of extrusion through the nozzle. It was observed 
that less viscous hydrogels would experience an increase in flow rate, as the 
volume in the cartridge reduced. A factor which would need to be pre-embedded 
digitally, by either reducing the relative pressure applied, or by increasing the 
speed of deposition. 

Figure 4.7: Establishing the window-of-operation or the biofabrication 
window by rheologically characterising printable hydrogels – the shad-
ed region shows the optimum range of parameters a hydrogel should 
exhibit in order to 3D print with generating a window of operation. The 
blue shaded region shows higher degree of printability with form re-
tention, whereas the lighter region shows comparatively less printable 
hydrogels. 

The alginate-based hydrogels consisting of methylcellulose and cara-
geenan with water percentage between 80-90% (samples 03, 04 and 
05) were observed to demonstrate the most suitable properties for 
large-scale extrusion, while allowing their water percentages to be fine 
tuned relative to their cellular compatability or their desired mechan-
ical stability. 
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This is of course relative to the homogeneity achieved at the initial stage of 
material preparation, whose mixing and agitation process would introduce non-
uniformly distributed air bubbles. This was observed to momentarily interrupt the 
constant rate of material flow through the orifice, leading to unintended broken 
lines and curves during deposition.lix However, this dissolved air within the bioinks 
ECM was observed to significantly impact the rate of absorption and evaporation 
further mediating the levels of permeability needed to support the immobilised 
microalgal cells to perform photosynthesis for differentiation. Therefore, instead 
of completely eliminating the air bubbles, achieving a higher rate of homogeneity 
by uniformly distributing vacuum and water molecules during the material 
preparation was considered more appropriate for achieving a consistent flow rate.

4.3.1.2.5 Gelation

The first half of the fabrication workflow includes material preparation and 
deposition. The next important stage is that of post-curing through gelation, in 
which the printed constructs immobilised with microalgal cells are either sprayed 
or immersed in a bath of CaCl2, allowing the viscous hydrogels to form the desired 
ECM to support cell differentiation while increasing the scaffolds mechanical 
stability. Different combinations of gelation were tested, wherein the hydrogels 
with higher viscosities were deposited layer-by-layer, for up to seven consecutive 
layers, and the entire construct immobilised. This was then compared to a layered 
strategy where each layer was deposited and cross-linked individually, with the 
intention that cross-linking each fibre strand would increase its form-retention 
ability, making it more stable to hold a greater number of layers. This technique 
was not, however, the most suited, as cross-linking each strand limited its ability to 
create an interface with the surrounding hydrogel layers, which in turn impacted 
the functional and mechanical property of the entire hydrogel scaffold.

Referring to the biocompatible window thus established, alginate-based 
hydrogels with methylcellulose and carrageenan as rheology modifiers with water 
percentages 80.6 and 92.5 respectively, were identified to be most suitable for 
large-scale AM. Their ability to support microalgal cell differentiation has already 
been observed in section 2.6. Further to which the thixotropic property of these 
bioinks were identified to exhibit great extrusion, form retention and layered 
properties of stacking. Preliminary extrusion tests also show the resulting fibre 
strands ability to create interfacial bonding between layers, before and even after 
cross-linking with CaCl2 rendering them suitable for the hierarchical construction 
of the fibrous biolayers morphologically designed in Chapter 3.

lix   Several methods of degassing, including agitation-free mixing, exposing the prepared hydrogel 
under a vacuum chamber, and even ultrasonic agitation were investigated, none of which significantly elimi-
nated the trapped air bubbles in the bioink.281

4.3.2 Workflow – Integrated Design-to-Fabrication Systems

…to recognise that highly complex, self-sustaining, reproducing, living 
structures require close integration of enormous numbers of localized 
microscopic units that need to be serviced in an approximately “democratic” 
and efficient fashion. To solve that challenge, natural selection evolved 
hierarchical fractal-like branching networks that distribute energy, 
metabolites, and information from macroscopic reservoirs to microscopic 
sites.468

Geoffrey West, theoretical physicist
‘Life’s Universal Scaling Laws’, 1990

The challenges with scaling up bioactive systems have already been discussed, 
which does not only incur scaling up linearly in size but requires each parameter 
to be fine-tuned, to perform the characteristics of a microscale biological 
mechanism, in addition to the mechanical and structural requirements of a large-
scale architectural element. Therefore, the biocompatible window established 
with a range of alginate-based bioinks composed from methylcellulose and 
carageenan allowed multiple functionalities to be accomodated through spatial 
and temporal variations across length scales. 

Developing fabrication tools tailored for this purpose are rendered crucial but 
are only a part of the process. An even more important step is the integration 
of these tools within the larger framework of design-to-fabrication, bridging the 
digital designs with the rheological properties of the bioink, to achieve its desired 
biological function, physically realising structures that exhibit a wider range of 
functional gradients.134,354,447,469 This would include stages of material preparation, 
its application-specific morphological arrangement, site-specific material 
selection, and eventually its biofabrication coupled with post-curing techniques. 

A digital fabrication workflow was established by merging material-driven 
processes (MDP), computer-aided design (CAD), computer-aided engineering 
(CAE) and computer-aided manufacturing (CAM) into a seamless, unified 
process.470–472 This allowed us to tailor the material’s properties specific to the 
desired scaffold’s morphology by embedding a material-based intelligence within 
the fabrication process, after which the data from a 3D-modelling software was 
digitally transferred to the desired language to be interpreted by the machine for 
its relative fabrication. As ways of fabricating hierarchical structures from water-
based biomaterials, a workflow was developed to allow the properties of the 
scaffold to be tailored layer by layer, potentially creating a homogenous additive-
transition during the process of fabrication. In addition to the workflow, and the 
appropriate morphology of the scaffold, a large-scale AM tool was developed in 
order to allow the construction of architectural-scale bioactive scaffolds from the 
appropriate bioink(s) characterised in the biofabrication window. 
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4.3.3 Robotic Extrusion

A custom large-scale pneumatically driven robotic-extrusion system was developed 
to demonstrate the layer-by-layer fabrication of the algae-laden hydrogels. The 
cartridge-based setup was assembled onto a small industrial 6-axis robotic arm 
UR10 (Universal robot) with a working radius of 1300mm, 9-10 times wider than 
the market-based 3D bioplotters. The entire setup was assembled to be digitally 
controlled from standard flow-regulating valves, air pressure gauges, and 12 oz 
cartridges with rubber plungers.281 Initially, a single cartridge-extruder (fugure 
4.11), attached to the robotic arm, filled with the alginate-based hydrogels 
with methylcellulose and carrageenan were tested individually for the printing 
behaviour. This allowed us to quantitatively establish a relationship between the 
volume of hydrogel (its density and viscosity), pressure applied, the flow rate, and 
the speed of printing. An optimum range between these different parameters was 
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Figure 4.8: Biofabrication Workflow

noted as critical in order to achieve a high-print resolution with a suitable printing 
speed and time. 
 
4.3.3.1 Multimaterial homogenous constructs: Functional Gradients

The single-cartridge setup was then upgraded into a multimaterial extrusion 
system, composed of three cartridges, each calibrated to extrude three different 
bioinks with varying properties (figure 4.12). Each bioink with its own extrusion 
diameter, ranging from 2mm to 7mm, further allowed us to fine-tune the resolution 
of the print. The fibre diameters were relative to the hydrogel’s viscosity and its 
ability to retain its form impacting the resolution of the strands, i.e. higher the 
hydrogels viscosity, lower the fibre diameter as the material exhibits a higher form 
retention capacity imparting the scaffold with a higher print resolution. This was 
done to allow AM of homogenous hydrogel constructs with varying functional 
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MOTION PLATFORM
6 - AXIS ROBOT 

CONTROL & OPERATION

PATTERN GENERATION
Particle Simulation 
Software - HOUDINI

TOOLPATH DEFINITION
Software - Rhinoceros
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CONTROL PARAMETERS
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ToolPath - Points / Motion Path of the Robot
Material Extrusion - Start & Stop of Flow of Material. Through a Sole-
noid Valve controlled through the Grasshopper PlugIn

Figure 4.9: Single pneumatic extrusion system developed for prelimi-
nary AM tests
Top left, clockwise: a) Image showing the initial setup with the pneu-
matic extruder attached to the robot arm; b) first 2D layered prints con-
ducted to establish the form retention capacity of the hydrogels with 
different viscosities, read in conjunction to the rheological characteri-
sation conducted in the previous section; c) AM on points of overlap or 
nodal points was observed to see the extra spill-over the viscous mate-
rial would have on the overall form of the scaffold; d) additional geom-
etries with varying straight and curved lines with multiple overlapping 
points were conducted to test the print resolution on a 2D scale. 
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gradients. 

4.3.3.2 Relationship between Line Width, Pressure, and Printing Speed

Our initial extrusion experiments were extrapolated mathematically, using 
the power law modellx, where the speed of the motion platform is directly 
proportional to the flow rate, affecting the line width of the deposited hydrogel 
strand. For instance, under a uniform flow rate, a higher speed of printing reduced 
the amount of hydrogel deposited at a particular point, reducing the diameter of 
the strand considerably. Likewise, an extremely slow printing speed will deposit 
a higher amount of hydrogel, affecting the integrity and print resolution of each 
individual strand.

Further, the flow rate, or the resistance of sample against flow is largely a factor of 
the hydrogels viscosity. Therefore, higher the pressure applied, higher is the flow 
rate. In some cases, it was noted that the shear thinning property of the hydrogels 
required a higher initial pressure that would force the viscous material to begin 
flowing through the orifice. After which the material would attain a consistent 
flow rate under a comparatively less pneumatic pressure. This calibration was 
important in order to manage the speed and resolution of print, as the volume 
of material reduces, and the pressure trapped within the cartridge increases. The 
pressure applied on each hydrogel sample also affects the shear rate experienced 
by the pre-seeded algal cells. Hence, the cellular viability tests conducted in 
section 2.6.1 were important to demonstrate the resistance of the microalgal 
cells under high pressure, when extruded through an orifice, a prime factor that 
regulates the biological performance of the printed scaffolds.

Similarly, the different factors, specific to the bioink was required to be 
appropriately calibrated in order to optimise the geometric resolution of the print, 
while maintaining optimum photosynthetic activity of the immobilised microalgal 
cells. These relations were read in conjunction with a series of initial material 
printing tests discussed in the following section and illustrated in the figures. 

4.3.3.3 2D Extrusion: Linear, Angular and Circular Printing

Referring to table in figure 4.7, hydrogel samples situated at the extreme ends of 
the biocompatibility window were selected as calibration points, wherein hydrogel 
samples 01, 02, 07 & 08 with low viscosities requiring extremely low pressure (or 
in some cases no pressure) to flow through an orifice, were deposited to identify 
the minimum range of pressure needed. Similarly, hydrogel sample 04 with the 

lx  The Power law model is used for shear thinning fluids in order to establish the flow behaviour of 
non-newtonian fluids. As per the power law model, the flow rate Q is directly proportional to the speed, 
affecting the line width of the deposited hydrogel strand. The flow rate was assumed to be constant for 
calibrating the line width and the print speed, specific to the hydrogels viscosity.  
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Figure 4.10: Preliminary extrusion tests, with different viscous hydro-
gels were performed to establish the printing requirements relative to 
the biocompatible window. 

While the less viscous materials are shown to easily lose their fibrous 
form upon deposition, spilling even post gelation. The hydrogels with 
high viscosities were seen to retain their fibrous geometry, even prior 
to gelation, further permitting additional layers of deposition. Render-
ing them suitable for AM. 

Further, the resolution of the grid construct was tested with varying 
nozzle diameters (fibre thicknesses), extrusion pressure, number of 
layers that can be deposited, and the resolution of the pattern thus 
achieved. 

An extremely fine, and mechanically stable, bio-active 3D construct was 
printed successfully with a uniform viscosity of the hydrogel, demon-
strating the potentials of the bioinks thus developed. 
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highest viscosity, that require high pressures to induce flow through the nozzle 
was printed. This rather wide range of extrusion properties had to be narrowed 
down to establish a level of control.

Next, the precision of each printed line was tested. This is crucial in the digital-
fabrication workflow where the computationally defined points of deposition 
need to be translated precisely during fabrication, as any discrepancy or error 
during the process will impact the overall form, function and stability of the 
hydrogel scaffold. Therefore, the most suitable distance between the nozzle and 
the deposition platform, relative to the bioinks flow rate was tested preventing 
the strand from curling, warping, spilling, or breaking at certain points as shown 
in figure 4.13. An important parameter that determines the line width deposited 
over the printing platform.

As already established, the extrusion of viscous hydrogels is very different from 
that of market-based plastic filaments, as hydrogels have been observed to 
inculcate a degree of uncontrollability or a factor of contingency, allowing the 
extruded material to settle into its specific voxel. Therefore, at this stage of the 
research, the die swell effect of the bioink was readjusted into the morphology, 
communicating the pre-relaxation points of extrusion to the robotic system. For 
instance, almost all hydrogel samples were shown to increase the strand diameter 
upon deposition. Largely a factor of the materials water content, the hydrogel 
strands even after demonstrating a low die swell effect expanded. This level of 
discrepancy was recalibrated on two levels. The first, being fabrication-based 
parameters of speed and flow rate, that were altered to achieve high degree 
of precision. However, the spilling of some rheological samples, such as sample 
03 & sample 04 could not be avoided as their viscosity was required to contain 
an optimum percentage of water to allow microalgal cells to photosynthesise. 
Therefore the strands dimensional parameter was used as a precondition during 
the design stage, and thereafter in the generation of the digitisation of the tool 
path.

This was also accompanied via adjacency tests, illustrating the rate of diffusion 
between two consecutive printed strands as a function of the hydrogel’s viscosity. 
The higher the material’s viscosity, the lower its diffusion rate, where bioinks 
containing methylcellulose and carrageenan with water percentages between 
80-92.5% were observed to achieve a precision of up to 1.5mm. However, post 
gelation the strands with a distance of less than 4mm eventually merged over a 
period of 24–48 hours when left under standard room temperature and pressure 
conditions. 

The print resolution was further compromised at overlapping points, or in 
areas where multiple strands cross over as the amount of hydrogel at that voxel 
increases. This further alters the layer height, merging or blurring corners as the 

additional bioink fails to retain its extruded form. This property was rectified by 
either increasing the viscosity of the hydrogel extruded, or by increasing the speed 
of extrusion at points of intersection. 

Geometric alterations were also made accordingly, by increasing the distance 
between certain points, assuming that the bioink will spill at the junctions. In 
some cases where the fibre density could not have been altered due to structural 
stability, the fibres were either printed with a high viscous bioink or the density 
was incrementally achieved by alternating the fibre deposition and gelation 
stages. While these changes increased the clarity of print, they did not completely 
eliminate the spilling of the material. A feature which was later incorporated as 
a design feature within the large-scale demonstrators fabricated in the following 
sections. 

4.3.4 3D Layered Printing

The 2D extrusion tests were followed by 3D material probes that were robotically 
extruded with two high viscosity bioinks. These alginate-based hydrogels 
consisted of rheology modifiers – methylcellulose and carrageenan, allowed us 
to deposit 3D constructs consisting of 4 to 7 layers respectively. Homogenously, 
these constructs failed to retain the weight of additional hydrogel layers thereby 
collapsing and losing their form. Suggesting the requirement of a bottom layer 
with a high mechanical strength or strands with thicker diameters, to better retain 
the successive layers of print even prior to cross-linking. In other words, printing 
a heterogenous construct with a stiffness gradient (varying water percentages or 
viscosities) that can hold the 3D geometry of the scaffold more efficiently.

4.3.5 Robotic Extrusion of Large-scale Photosynthetic Layers

A series of hierarchically constructed hydrogel panels, 1000 mm long and 500 mm 
wide were AM for the BioTallinn Biennale, Estonia. The fibrous, branched patterns 
computationally generated with varying densities and functional zones discussed 
in section 3.5 were used to demonstrate the appropriateness of the workflow 
thus developed. 

4.3.5.1 Software

The mechanics of the robotic movement – printing path, speed (S), distance from 
the deposition platform (D), and points of extrusion – were computationally 
generated using the Rhino plug-ins, Grasshopper and Robots.473 A simple numerical 
code is generated that defines the flow path of the different hydrogels constrained 
within a precalibrated virtual environment. This step is crucial in communicating 
the computationally generated geometry to the fabrication platform, connecting 
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Figure 4.11: Multimaterial extrusion system
The single extrusion system was upgraded to a multimaterial system 
where multiple hydrogels with varying viscosities, with and without 
the microalgal cells could be extruded simultaneously in order to 
fabricate larger scale 3D biolayers.
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Figure 4.12: Initial printing tests to establish optimum relationships 
between – nozzle diameter (Nd), flow rate Q (relative to pressure “P”), 
printing speed (S) of moving platform, distance “D” between nozzle 
and deposition platform. These tests are conducted with alginate–
methylcellulose hydrogel with 89.2% water content (sample 03).

the workflow by numerically outlining the printing parameters relative to the 
varying rheological characteristics of the different bioinks allowing us to seamlessly 
fabricate a 3D scaffold with stiffness gradients by varying the hydrogels extruded 
at each layer.

4.3.5.2 Computational Design

Using Houdini, a procedural particle simulation tool to generate the branched 
morphology allowed us to control the distribution of fibres across X, Y and Z axes, 
while also defining the most efficient path (in terms of distance and time) to print 
between points. The ‘path cost’ node and the ‘minimum adjacency cost’ node 
were used in equivalence to the minimum gap required between adjacent lines in 
order to prevent diffusion of the hydrogel. The direction of the fibres at each layer 
were further controlled, relative to the specific alginate-based bioink that would 
be used during fabrication.

4.3.5.3 Robotic printing of the hierarchical hydrogel scaffolds

Each panel was horizontally divided into three main layers, varying in density and 
pattern, with its own extrusion or fibre diameter Nd relative to the viscosity of the 
bioink. The bottom-most layer was densely printed up to seven layers, with fibres 
of Nd 5mm overlapping across different orientations. These layers were printed 
with a high viscosity bioink (alginate-methylcellulose hydrogels with 89.2% water) 
creating a mechanically stable grid-like base capable of retaining the successive 
layers of hydrogel. Due to their high viscosity, low water percentage and their 
primary function limited to providing mechanical stability, these layers did not 
contain microalgal cells.281 The successive two layers were printed with bioink 
immobilised with algal cells. Each zone was constructed by depositing six and 
three layers respectively, while the middle was fabricated from alginate-based 
hydrogels containing up to 90% water, with fibre diameter Nd 5mm. The fibrous 
network in this layer was arranged with less density, as compared to the bottom 
layer, by beginning to clearly define the fibre orientation in a specific direction 
relative to the suggestive direction of flow. Seamlessly connecting the soft 
biocompatible layers with stiff surface depositions. 

The topmost biocompatible zone was fabricated with a bioink containing up 
to 92.5% water and printed with Nd 7mm. The higher water percentage in the 
hydrogel at this layer does not allow the deposition of more than three layers but 
permits optimum cellular growth by supporting increased photosynthetic activity 
through constant exchange of nutrients. The branched network arrangement at 
this layer has maximum impact in defining the overall morphology of the panel.

It was for the first time ever that biologically active layers were AM from water-
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Figure 4.13: AM large-scale algae-laden biolayers
The custom multi-material robotic extrusion system is seen deposit-
ing the different layers of hydrogels into their desired voxel-position, 
layer-by-layer. 

Each alginate-based hydrogel, with its relative viscosity is digitally 
actuated to its specific, extrusion pressure, print speed, distance be-
tween the nozzle and the base, flow rate, and the fibrous pattern. 
This is further accompanied by the number of layers each hydrogel 
must deposit, in order to transition between the different zones 
successfully. 

based hydrogels immobilised with microalgal cells at a scale that was larger 
than the nano and millimetre scales.281 Similar to naturally occurring structures 
that demonstrate gradients in a hierarchical manner, allowing a systematic, and 
exponential change from the microstructure to the macroscopic scale.lxi The 
series of layer configurations across all the five robotically extruded panels were 
simulated and successfully printed to illustrate the graded resolutions that could 
be achieved from the robotic workflow developed.

4.3.6 Post-Processing: Gelation Tests

The third stage in the fabrication workflow is of post-curing, where immersing 
or spraying the printed constructs with CaCl2 solution (or a similar cross-linker) 
changes the fluid hydrogel polymer into a ‘solid’ or ‘gel’ by initiating the formation 
of ionic bonds within the hydrogel’s ECM.177 This prevents the soft, viscous 
polymer from flowing and deforming, while immobilising the microalgal cells 
within the boundaries of the polymer. This step imparts the printed strands with 
mechanical stability allowing them to hold the subsequent layers by establishing 
interfacial interactions between the distinct zones. Cross-linking also imparts the 
printed constructs with a degree of elasticity, by preventing them from dissolving 
in solvents, while retaining their ability to absorb solvents.483

Different combinations of curing methods are being explored with different 3D 
printing techniques such as laser printing (stereolithography and two-photon 
polymerisation), inkjet printing, extrusion printing (3D plotting and direct-ink 
writing), including 3D and even 4D bioprinting, each with its characteristic printing 
mechanisms and workflows, the result of which is the fabrication of the scaffolds 
into desired geometries with their relative printing resolutions.131,192,205,234,437,462 
The bioink and its relative curing techniques go hand-in-hand and are required 
to be considered when deciding the scaffold’s application and its relative scale.484 
3D bioplotter machines readily available in the market come with an extremely 
narrow specification of bioinks you can use, as there curing process is finely 
adjusted into the design of the printers at the manufacturing stage. For instance, 
laser printers use photo-cross-linkable polymers by sequentially depositing light 
energy in the pattern that determines the overall scaffold geometry.442 Similarly, 
two-photon polymerisation technique, uses near-infrared laser pulses to initiate 
polymerisation of photosensitive material, but increases the resolution of print 
by narrowing the bandwidth of cross-linker at 800nm wavelength.442,445,485 Emitted 
into a bath of photosensitive resin, the rays polymerise the hydrogel at exactly 
the point, or voxel, in the construct that is desired to become solid or gel-like, 
leaving the rest of the resin in its standard liquid state. While these printing-

lxi   The structural assembly of a leaf’s skin and the soft-hard composite observed in the squid’s beak 
are among some of the examples demonstrating the hierarchical construction of naturally occurring materi-
als that have been discussed in detail in chapter 2, under sections 2.2, 2.4, and 2.6. 
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Figure 4.14: A robotically printed multi - layered hydrogel panel (1000 x 500 
mm). Each layer is printed with a different hydrogel viscosity, density and nozzle 
diameter. 
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through-curing techniques offer high resolutions down to the nanoscale, their 
remit of adaptation for large-scale constructions is limited. Their requirement 
for extremely controlled, contained incubator environments, along with their 
limitations of supporting cell deposition during the process of fabrication, makes 
it extremely difficult for the systems to be scaled-up.

Extrusion printing on the other hand, uses temperature change, and / or the 
initiation of ionic bonds within the polymers as curing techniques.444,445 Thermal 
gelation by heating the polymer at time of extrusion was eliminated due to their 
inability to support cellular biocompatibility. However, extruding over a cooler 
substrate was tested and was observed to allow the fibres to retain their shape 
fidelity upon deposition. This did not however eliminate the need to immerse the 
scaffolds in CaCl2 for active cross-linking.

Therefore, a series of tests were conducted on a large scale to find the most suitable 
gelation strategy. The initial action referenced from the small-scale laboratory 
experiments included spraying the printed constructs with CaCl2. But this too had 
to be tested in order to identify the correct moment to initiate gelation – is it after 
every layer of print, or is it post the entire structure was printed. Cross-linking 
after every layer of robotic extrusion limited the deposition of the next layer as 
the gelled polymer was unable to create an interface with the liquid polymer, due 
to its newly acquired property of insolubility. This further resulted in the slight 
misalignment of the next hydrogel strand as it slipped off the bottom, the cured 
hydrogel’s surface incrementally affecting the overall geometry of the hydrogel 
fabricated.

Another test was conducted, where the hydrogel strands were pneumatically 
extruded directly into a bath of CaCl2, with the consideration of directly printing 
into an environment composed of the curing agent, referencing a recently 
developed 3D bioprinting technique named freeform reversible embedding 
of suspended hydrogels (FRESH).486 In this, Feinburg and colleagues deposited 
hydrogels in a slurry of thermo-reversible gelatin, demonstrating a curing agent 
to support the construction of larger hydrogel scaffolds.445,486,487 However, upon 
robotically extruding the hydrogels into the CaCl2 bath, the strands would begin 
to cure moments before they were deposited onto their actual site, accompanied 
with the strands becoming solid at the nozzle itself, preventing the material from 
flowing into the bath.

Therefore, a different strategy was adopted in which each zone with its relative 
geometric pattern was fabricated fully, up to 7–9 layers and then cured via spraying 
with CaCl2. A time-lag of 10–15 minutes was embedded into the software, allowing 
the layers sufficient time to initiate the ionic cross-links. The topmost layer of the 
zone was slightly dabbed with a filter paper, removing any excess CaCl2 which could 
have prevented the deposition of the next layer in its appropriate pixel space. The 
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same curing procedure was repeated after the deposition of each zone. 

After the entire AM process was complete. The entire panel was immersed in a bath 
of CaCl2 allowing the interfaces created between the zones and its surrounding 
layers to initiate cross-links in parts of the matrices that were earlier left out. A 
significant increase in the mechanical stability of the printed layers was observed.

It must however be noted that the option of aqueous-in-aqueous printing is not 
completely eliminated. This shall be further investigated, with a curing agent that 
has a higher viscosity than the hydrogels being extruded.411,458,488,489 This way the 
curing bath would not only support the fabrication of large-scale structures but 
could also allow for more 3D scaffolds as the curing bath doubles up as a sacrificial 
scaffold which is removed either by washing, dissolution or via slow heating post 
the completion of the bioprinting process.

4.4  Biocompatibility 

Another important factor to be taken into account post fabrication is the hydrogels’ 
continued ability to support cell propagation. Traditionally in biomedicine, the 
printed scaffolds are maintained in a controlled environment before they are 
introduced into the target host system, only after which the desired biologically 
activity is initiated.115,490 However, in our process the biocompatibility is activated 
right after the system is extruded (pre-seeded with microalgal cells) and 
immobilised. This is by choice, as incubating panels with large dimensions is 
difficult to execute practically.  

4.4.1 Bio spraying

The printed bioscaffolds experienced water loss, instigating the fabrication process 
to be accompanied with a hydration cycle to maintain and extend the printed 
panels photosynthetic activity. Therefore, a cyclical maintenance system was 
established where the hydrogel panels were watered regularly, often at the same 
time every day. This was very similar to the activity of gardening where you would 
water the plants as an essential act of propagation. Moisture and humidity levels 
within the layers of the panel, and in the surrounding immediate environment 
were observed to be highly sensitive and relative to each other often resulting 
in fluctuations in the layers water levels. Thereby impacting the ionic cross-links 
within the polymers ECM, as they loosened or became stiffer at the microscale. 
A regular cross-link mechanism was integrated within the weekly maintenance 
cycles of initiating the (re)formation of ionic bonds. Further, introducing the cycles 
of maintenance into the design of the scaffolds was recognised as a potential design 
challenge and an application-specific opportunity, which has been elaborated in 
the next chapter.

4.4.2 Bioregeneration: Robotic cell seeding

In times of reduced biological activity, can the printed bioscaffolds be rejuvenated 
without having to fabricate the entire layer again? Referencing the two-step 
workflow of traditional 3D bioprinters that seed cells after AM the hydrogel 
scaffolds with the desired ECM,448,450 the possibility of introducing cells additionally 
into the matrix was explored as a means of reviving the biological performance of 
the layers after its first life cycle has ended. 

A robotically actuated seeding technique was explored, where the extruder was 
replaced with a custom-built injection syringe attached to a cartridge containing 
microalgal cells. Specific areas in the large-scale hydrogel panel that were visibly 
showing signs of reduced photosynthetic activity were identified. These areas or 
zones were demarcated computationally, communicating the exact points where 
the cells were to be reintroduced into the hydrogel matrix. Repurposing the same 
design-to-fabrication workflow, the microalgal cells were injected at specific sites 
demonstrating the potential of extending the lifecycle of the hydrogel panels. 
Recent evidence demonstrates the benefits of distributing cells in a 3D hydrogel 
matrix as opposed to a 2D monolayer culture, showing significant differences 
in cellular response to exogenic cues, accompanied with higher cell-to-cell 
communication, a healthier cell morphology and cell-ECM interactions.491,492 
Further, embedding cells within such immobilised matrices has also been shown 
to better replicate spatiotemporal presentation of cells to each other throughout 
the developmental process.493 These however only highlight the benefits of 
seeding cells into substrates that are limited in size and scale. Robotic seeding, as 
demonstrated in this research on a metric scale, was conducted for the first time, 
illustrating its promising mechanism in the overall life cycle of the printed panels. 

A similar robotically actuated incision technique can also be adopted to introduce 
additional nutrients from time to time instead or with cells into targeted areas of 
the 3D geometries. This can also be automated via sensors that are attached to 
the syringe, so that the desired nutrients are reintroduced into the hydrogels at 
the correct moment in its photosynthetic time scale. 

4.5 Challenges and Future Potentials with robotic extrusion 
of water-based biomaterials

This research made possible the significant scaling up in terms of AM with 
algae-laden hydrogels by developing a dynamic system of extrusion which could 
be calibrated and readapted to extrude a range of rheologically characterised 
alginate-based hydrogels and other living bioinks suitable for cellular growth. 
However, this is recognised as an initial breakthrough, and only a first in a much 
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Figure 4.15: Bioregeneration - The customised robotic end effector is adapted for cellular seeding. A dual method was also tested where the hydrogel, and the cells 
could be deposited simultaneously, specific to the desired areas of print or rejuvenation. 
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longer and rigorous series of developments that shall follow to further develop 
and fine-tune certain aspects of the system before it can be widely adopted to 
construct architectural-scale photosynthetic layers.

A prime focus would be to further fine-tune mechanical gradients across each 
layer. While dividing the cross-section of the panel into three distinct zones 
allowed us to fabricate with specific hydrogel compositions, an ideal scenario 
would be to integrate an actuated material mixing system at the nozzle itself by 
using an auger screw, allowing us to precisely prepare the hydrogel with its voxel-
specific water percentage prior to extrusion. This would allow us to gradually vary 
the mechanical properties of the hydrogel both tangentially and longitudinally, 
constructing layers with functional properties that are fine-tuned on a high 
resolution.474,475 This could be done by either varying the percentage of water 
or the concentration of the rheological modifier as it governs the viscoelastic 
property of the extruded hydrogels.

It is also important to highlight that the range of rheological modifiers 
demonstrated in this research are only a starting point in order to illustrate the 
design-to-fabrication workflow. Therefore, additional rheology modifiers are worth 
exploring, especially when the biological function post-fabrication is required to 
be different than photosynthesis.455,456,476,477 This could be further complemented 
by an actuated robotic extruder that allows the deposition of multimaterials, 
thereby creating heterogenous layers that perform homogenously. The material 
variations can be precoded with their specific flow rates, extrusion diameters 
and even their relative post-curing techniques (if any) by using digital software 
tools. In case layers, or breathing systems need to be fabricated with a greater 
thickness, robotic extrusion could also be explored in combination with certain 
electrospinning techniques opening up the potential of creating macroscale 
vascular constructs, increasing the surface-area-to-volume ratios within the 
volume of the scaffold.478

For instance, using techniques of co-immobilisation or genetically engineered 
e.coli species, instead of single-cell immobilisation to create efficient 
microstructures relative to desired biological performance.423 This workflow can 
also be combined with varying optical and stimuli-responsive hydrogels, giving 
architectural geometry and scale to the currently limited smart and actuated 
devices. Shape memory polymers are one such example where the property of 
the material is being explored to generate energy, and kinetic responses triggered 
by the altering environmental conditions in its immediate surroundings.426,499 The 
direction and orientation of fibres printed, have also shown to contribute to the 
polymer’s response mechanism, choreographing the degree and direction of 
movement embedded into the system via fabrication. Until now, these engineered 
devices have been limited in their application. However, the aim of developing 
the material-to-design-to-fabrication workflow in this chapter was primarily to 

overcome some of these challenges, and to open up the possibilities within which 
these devices and systems could be designed and fabricated, in addition to its 
applications in fabricating photosynthetic skins to improve water retention and 
self-regulated biological growth. 

As hydrogels are primarily composed of 80–90% of water, the constructs printed 
in this research were observed to experience rapid rates of evaporation, limiting 
the longevity of the constructs or the time span for which the layers continue to 
support cellular growth. A comprehensive morphological understanding of the 
hydrogels in terms of their rates of deformation and swelling, caused via evaporation 
and absorption, respectively, post-printing will need to be established.204,479–482 
This constant movement of water from within the hydrogel’s matrix also had a 
significant impact on its mechanical properties. Therefore, gathering a better 
understanding of these properties, upon gelation, and semi-drying of the viscous 
scaffolds could allow us to integrate these properties through prediction models 
at the design stage itself, further permitting us to better tune the layered gradation 
between the biological and structural zones of the photosynthetic layers. This 
could be accompanied via a mathematical model, specific to biologically active 
mechanical characterisation system applicable for an architectural scale.

A new, rapidly evolving generation of biomaterials with bioresorbable, bioactive 
and mechanically robust cell-ingrowth properties with active-matter transport 
networks within their matrix can also be rheologically characterised for fabrication 
via the system developed.114,194,227,458,500,501 These scaffolds can in turn propagate the 
formation of biologically active substrates with controlled material biodegradation 
– where the structurally stable system acts as an immortal structure. And the 
biofilms hierarchically formed on the substrate are – i) a result of the homeostatic 
properties, ii) and active exchange of matter and energy, such as sunlight, CO2, 
nitrates and phosphates depending on their application. 

It is noteworthy to mention the structural limitations of a viscous state of matter, 
even if a seamless hierarchical design and construction technique has been 
developed. Creating 3D bioscaffolds from a combination of different types of 
hydrogels, that are not necessarily limited to alginate-based, or even natural 
hydrogels is a technique worth exploring. Therefore the following sections 
expand on the homogeneity of the AM hydrogel scaffolds, by evolving our existing 
fabrication methodology for use in the realisation of more robust and mechanically 
stable heterogenous biohybrids via a series of prototypical experiments. 

4.6 Fabricating Soft Biohybrids
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Biohybrid, or heterogenous assembly of hydrogel scaffolds, is increasingly being 
explored to overcome existing limitations discussed above. One such technique 
adapted to prevent excessive dehydration of the hydrogels includes wrapping 
the scaffolds in a thin film of elastomer or elastic polymers with the intention 
of creating a double skin that prevents the water molecules from escaping the 
polymeric matrix without compromising its bioactive functionality.390 Specific to 
embedding living systems such as bacteria, microalgae, yeasts and mammalian 
cells, hydrogel-elastomer hybrids are being developed as hosts with bioactive 
microstructures, in which the hydrogel provides water and nutrients for cellular 
adhesion and differentiation while the air-permeable elastomers maintain the 
long-term viability and functionality of the encapsulated cells.390,502 Similarly, 
inspired by mammalian skins, hydrogel-elastomer combinations are being 
studied for the fabrication of soft hybrids with greater toughness, high elasticity 
or malleability, including elastomers etched with microfluidics or patterned circuit 

boards for applications in microfluidics, soft robotics, biomedical devices and 
stretchable and bio-integrated electronics.193,358,426,503 The hybrids are fabricated 
to act as freestanding active materials and devices that can sense, compute, 
memorise or store behaviour in turn triggering responses specific to their desired 
application.502,504 Currently their applications are limited to synthetic biology or 
as wearables, such as, wound dressing, skin patches, and gloves embedded with 
sensors that are highly efficient and quick in their response. Other examples of 
integrating living cells into biohybrid walls,505 fibres and textiles,478,506 bio-bots391 
are enabling a new class of products tailored to exhibit multifunctional properties. 
A Hybrid Living Material (HLM) Fabrication platform, briefly discussed in Chapter 
3 has demonstrated the ability to volumetrically control the material distribution 
via a multimaterial 3D inkjet printer.423

In this section, the biofabrication workflow thus developed is re-adapted and 
reconfigured to construct biohybrid hydrogel scaffolds by combining living algae-
laden hydrogels with the nonliving structural building materials such as MPC 
concrete.389 Heterogeneity and robust interfaces, are identified as key factors of 
the process, in order to efficiently harness the properties of biological systems 
with existing structural materials. Therefore, the morphologies generated in 
section 3.6 are fabricated, demonstrating the versatility of the workflow. 

Here, the algae-laden hydrogels are fine-tuned to perform in tandem with 
existing structural materials, and vice versa. Thereby initiating a functional trade 
between two rather distinct materials and fabrication techniques, in a way that 
they augment and support each other. First, the already established rheological 
characterisation of the hydrogels are considered to fabricate scaffolds with 
varying hydrogel compositions. Second, existing structural materials such as MPC 
concrete are introduced to create geometries via 3D printing and CNC milling, 
using them as structural scaffolds that would become hosts to the microalgae-
laden hydrogels. The physical interface established between the living and the 
nonliving materials by varying porosities, permeabilities and optic properties 
were considered during the fabrication process. This illustrated the possibility of 
amalgamating existing fabrication techniques with the novel robotic-extrusion 
system, in order to elaborate on our hypothesis of integrating living systems 
readily into our existing built context.

4.6.1 Design-to-Fabrication-to-Assembly Workflow

The foundations for heterogenous hydrogel printing were laid in the earlier section, 
where the cross-section of the panel was divided into zones, where each zone 
was printed with a different hydrogel, relative to its rheological and functional 
characteristics within the overall morphology of the construct. Now, as materials 
other than hydrogels are being introduced to assemble biohybrids, the first step is 
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Figure 4.16: Biofabrication Workflow for Biohybrids



168

Figure 4.17: Bioassembly 
Preliminary experiments were conducted by integrating the viscous 
hydrogels with different structural scaffolds with varying porosities. 
Here, the interfacial interaction and the drying and rehydration mech-
anism were observed in detail, as a property of the structural scaffold. 
Left to right: Hydrogels are extruded robotically onto standard con-
crete and on MPC scaffolds (in collaboration with Sofoklis Gianna-
kopoulos); hydrogel is allowed to flow over and into a petri dish to test 
the different drying properties of the hydrogel; hydrogels are layered 
into crevices carved out in the scaffolds as host areas. 

to tailor the property of the hydrogel matrix relative to the new material, while fine-
tuning the structural material’s properties to support and sustain the biological 
characteristics of the hydrogels. Demarcating two distinct zones – the first being 
the soft, viscous, living hydrogel that allows for cell adhesion and proliferation. 
And the other being the more solid, structural scaffold that acts as an active host 
for the living fluid. Unlike the earlier prototypes that were robotically extruded 
by carefully adjusting the properties of each layer upon extrusion, here the zones 
and their functionality were distinctly predefined, allowing the fabrication process 
equal governance on the resulting performance of the biohybrid, which cannot be 
achieved by the morphology in complete isolation. 

This was done by increasing the viscosity of the algae-laden hydrogels as a means 
of tuning it one step closer to the host scaffolds mechanical properties. Likewise, 
structural scaffolds that could demonstrate higher porosities were tested, along 



169

with their ability to retain and transport water as a mechanism of increasing the 
lifespan of the microalgal cells within the hydrogels. At this point, establishing 
an interface between the viscous fluid and the solid scaffold was identified as a 
critical parameter within the overall workflow, resulting in a three-step fabrication 
process, in which the first two steps include material preparation and scaffold 
construction independently, using existing tools, followed by the third, critical 
step of assembly and cross-linking wherein the appropriate interface is initiated, 
so that the resultant hybrid, even though heterogenous, performs homogenously. 

4.6.2 Fabricating Biocompatible Scaffolds
 
Selecting the correct material for the scaffolds is important for ease of fabrication, 
morphological customisation and its replicability on a large scale. This also includes 
the material’s ability to accommodate slight variations in its porous and permeable 

properties to create microstructures that support the cell-laden hydrogels. 
Therefore, three readily available materials and their fabrication processes were 
adapted, namely - 3D printing from recyclable PLA, CNC milling and casting with 
microporous concrete and locally available clay. Geometrically, the demonstrators 
section 3.6 for biosorption and biophotovoltaics were considered as opportunities 
to test the proposed fabrication processes.

4.6.2.1 3D printing scaffolds 

Each BPV cell was 3D printed using a standard desktop printer (Ultimaker 2+). 
The geometry was predesigned with openings for the anode and cathode 
connections, with sufficient depth to contain additional layers of aluminium 
mesh and the microalgae immobilised bioink. The individual cell size was limited 
to the dimensions of the 3D printer; however, when assembled and connected 
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with other cells, the resultant BPV unit was significantly larger in its dimension. 
Here, the BPV embedded with anode and cathode, connected in a series circuit, 
was assembled to act as a device, where the interface between the solid 3D 
printed scaffold and the fluid microalgal laden hydrogel was established through 
the fibrous aluminium mesh, which was carefully laid into the cells, creating a 
transitionary middle zone between the different porous states of matter.

Additionally, another set of 3D scaffolds with varying depths and widths were 
concentrically designed, printed and assembled to explore the different ways 
in which they could be used to support the biocompatible material. These 
experiments contained only the fluid containing cultured microalgal cells and the 
solid states without an interface, narrowing its use as a horizontal surface only. The 
scaffolds were printed with a transparent PLA filament, allowing us to play with 
the varying opacities or light transmissions from within the multiple layers of the 
hybrid device. The resulting biohybrids demonstrated that existing materials, and 
standard digital printing platforms could be paired to construct larger-scale multi-
input, energy-generation pattern drivers. Creating a blueprint with which chemical 
distributions and cellular circuits could be designed to produce systematic output 
patterns, complete with mechanical and ergonomical functionality.

4.6.2.2 CNC milling and casting

While 3D printing was adapted as an immediate structural solution, the next 
iteration was to investigate scaffolds that could actively contribute to the biological 
functionality of the cell-material composite. In collaboration with biologist Anete 
K. Salmane, a series of MPC concrete mixes were tested for their varying porosities 
and water retention abilities. 

A large-scale mould, 50cm in diameter was CNC milled into the cellular geometry 
developed in section 3.6.3, and the MPC concrete was cast in its crevices. The 
pockets generated on the surface of the scaffold double up as containers within 
which the hydrogels were injected. The bioink was introduced in two stages. The 
first, much thinner layer of hydrogel containing microalgal cells, with a relatively 
higher percentage of water was injected and even smeared into the concrete. 
This was done to initiate an interface between the scaffold and the living material, 
where a part of the material was allowed to penetrate into the pores present 
at the topmost surface of the concrete. Next, a highly viscous alginate-based 
hydrogel containing a starter culture of microalgal cells were injected into the 
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Figure 4.18: Assembling the BPV biohybrid - the structural scaffolds 
were 3D printed and placed in the petri dish; the anode from a sheet 
of carbon, and the cathode were connected into each cell. Then a 
layer of the fine-grain aluminium mesh is placed into the cells. This 
mesh acts as an interface between the 3D printed cell scaffold, and 
the soft algae-laden hydrogel which is then layered on to the top. The 
mesh further adds surface-area and volume for the hydrogel to pene-
trate into the mesh’s ECM, while allowing additional light and electron 
generation. 
Right: The final assembled BPV cell, topped with a thin layer of resin 
for the exhibition at Centre Pompidou, Paris. 
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Figure 4.19: Assembling Biohybrid scaffolds
a, b) The CNC Milled and casted prototype; is first smeared with a small amount of viscous hydrogel - which allowed to seep into the porous crevices to create an interface. After which, the algae-laden hydrogels 
are injected; c) The hydrogel, pre-seeded with the microalgal cells are shown being injected into the vein-like crevices of the clay construct. 

a) b) c)
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crevices. The intention of using a porous substrate was to supply moisture to the 
hydrogels, maintaining the materials photosynthetic activity. This is of course 
subject to water being provided to the concrete scaffold, either through rainfall, 
or integrated vascular networks231 (which had not been fabricated into the cross-
section of the scaffold at this stage) that can circulate water throughout the length 
and breadth of the hybrid concrete structure, allowing it to store the water for a 
comparatively longer period of time.

In drier conditions, the porosity of the scaffold was observed to absorb the 
moisture from the hydrogels, speeding the materials rate of evaporation. 
Therefore, a following test was performed where the scaffold with its crevices was 
moulded from clay and its surface glazed and fired, impeding its topmost surface 
from having voids in its microstructure and preventing the hydrogels from drying 
up. The pattern within these scaffolds were more longitudinal and fibrous, instead 
of the earlier pockets. Further allowing us to manually extrude the hydrogels 
into these scaffolds, as an intention of amalgamating the workflows into hybrid, 
adaptable and flexible mechanisms. The glazed ceramic scaffolds, due to their 
smooth, glossy texture were unable to tightly hold the viscous fluid, especially 
when lifted vertically. Therefore, the micro porosity of the concrete and glossy 
texture of the clay must be recalibrated to suit the polymeric properties of the 
hydrogels. For instance, glazing the surface with microscopic grains, creating a 
texture onto which the viscous bioink can hook itself, especially for applications 
onto a vertical standing structure, a techniquewhich has been explored in the 
following chapter focussed on scaling-up. 

In all of these hybrid systems, the hydrogel was immobilised by first spraying the 
exposed surface of the hydrogels. Followed by immersing the entire scaffold, with 
the concrete or the ceramic constructs in a bath of CaCl2 for approximately 10mins. 
This was intentional to allow the porous scaffolds to absorb and store a percentage 
of the curing agent within their microstructures, delaying the dehydration of the 
embedded soft, bio-active surface layer. 

Taking into the account the obvious fact that the host compartment of the scaffold 
is an enormously dynamic, complex, metabolic milieu of structural and biologically 
active macromolecules that can provide support for the microalgal cells contained 
within a fluid medium, the functionalised material surface that physically interacts 
with a minute proportion of the fluid entities can possibly influence the response of 
the host in the long term. Here, the initial interactions will govern the subsequent 
events. Therefore, the material surface modifications of the 3D printed PLA and the 
casted clay scaffold must be further tested, and their permeable ECM properties 
tailored in order to support the long-term biocompatibility of the algae-laden 
viscous medium, exploring the hierarchical construction of scaffolds with rather 
distinct material combinations, where parameters of porosity are used to create 
the layered seamless transitions between the hard and the soft zones. 

The bulk morphology of the thick, structural scaffolds can also be explored to 
contain a vascular network both on a microscale and on a mesoscale, allowing 
sufficient transport of growth nutrients to keep the hydrogels hydrated for a 
longer period of time. Biotextiles 507 and bioceramics476 are also materials that have 
recently shown promise in constructing structurally stable, bioactive structures. 
Scaffolds can also be embedded with sensors and actuators, 391,453,508 in order to 
trigger a specific response mechanism as an act of maintaining and propagating 
the microscopic cellular response within the viscous fluids.

The biofabrication workflow developed in this chapter demonstrates the 
possibilities of hierarchically constructing bioactive systems from the bottom up, 
by using top-down digital tools. A major limiting factor of scale-up is beginning to 
be tackled, by amalgamating new, living materials with existing building materials, 
for applications such as bioremediation, biosorption and biophotovoltaics, 
a characteristic of the bioinks photosynthetic property. This workflow also 
has the capacity to be adapted for ready integration within the existing urban 
infrastructure, a factor illustrated in the next chapter. 
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Figure 5.0: Viscosity as a diverse, hyperobject fluid. The viscous hydrogels are seen beginning to absorb, and integrate the matter and energy 
from its surroundings, embracing and creating a new cycle of life, of its own. 
Credit: Author
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5.1 Introduction

The earlier chapters established individual elements of biomaterial, form and 
morphological experiments, and developed fabrication techniques underpinning 
the realisation of biologically active structures. A complete workflow was 
demonstrated, expanding the architectural capability of designing viscous 
boundaries that can perform photosynthesis on the molecular scale, while 
exhibiting physiochemical and mechanical stability on the meso and macroscale. 
Having completed the initial objective of constructing photosynthetic building-
scale components for temporary installations, the importance of considering an 
additional step of maintenance to the workflow for the long-term performance 
of the scaffold was being highlighted. This also underlined the need to consider 
human behaviour and human interaction as a critical design opportunity that 
potentially inculcates elements of empathy towards the performative architectural 
bioscaffold. Could elements, spaces and instances be crafted in a manner that 
intuitively provoke behavioural change in the ways we interact, consume and 
exploit our natural resources, eventually blurring the boundaries between 
the human and the nonhuman, as we extend ourselves and our environments 
to intertwine with the myriad ecological flows? This chapter examines these 
boundaries from the lens of bioremediation, wherein the architectural scale 
algae-laden hybrid scaffolds have been developed and experimentally tested for 
the purpose of wastewater treatment. 

In 1971, designer and educator Victor Papanek through his seminal work entitled 
Design for the Real World – Human Ecology and Social Change emphasised the 
functionally relevant wider impact of design on social, cultural and ecological 
contexts.509 Inspired by Alfred North Whitehead’s expression of ‘life’s creative 
exploration of novelty’,510 he developed the functional complex model, formalising 
the complexity of interactions and relationships that surround design.509 Papanek 
identified the need to create products and solutions that put central the aspects of 

integration, reciprocity, and community, instead of designing them as expressions 
of segregation, exploitation and individualism.511 Biologically, designing with 
life, inherits the intertwined parameters of social, ecological, and even cultural 
impact – complete with its diversity of individual expression, interaction and 
relationships with people and their environment.19,308 Therefore, the ambitions 
of this research will be rendered incomplete if it remains limited to only the 
prototypical demonstration of large-scale biologically active scaffolds, instead this 
chapter takes on the challenge of designing an algae-laden, photosynthetic system 
for its ready integration within today’s architectural context. This has been done 
according to Papanek’s functional complexity diagram, that takes into account 
the method (tools, material and processes developed in this research), along with 
the appropriate cultural and environmental associations; aesthetics; the need or 
purpose of the system; telesislxii between nature, society and technology; and the 
designed bioactive system as an identity, or a symbol of both the cultural community 
and the ecological environment.509 This is primarily done in two segments. First, 
an appropriate architectural site context is identified where algae-laden scaffolds 
can impact the performance, and health of the identified biome. And the second 
is to design an intervention that takes into account human behaviour and human 
interaction with these systems. This chapter embodies the truly interdisciplinary 
nature of this endeavour, as it is composed of conceptual ideas, a narrative of 
specific site visits conducted, scientific experiments accompanied with design 
iterations - each of these categories require a different form of writing to tackle 
the complexities inherited with the consilience of knowledge by putting to practice 
each of the individual elements in a coherent manner. The different sections in this 
chapter focus on investigating means of transitioning our existing urban context 
into systems that accommodate new living materials, along with their relative 
biological systems for a very specific application of bioremediation, by expanding 
on the workflow developed and the potential applications of photosynthetic 

lxii   Telesis is defined as deliberate or the purposeful, planned and directed utilisation of processes in 
nature and society as a means to obtain particular goals. 

Nearly 15 years ago I discovered a Finnish word, kymmenykset, similar to the 
medieval church word tithe… Being designers we don’t have to pay money in 
the form of kymmenykset or a tithe. Being designers, we can pay 10% of our 
crop of ideas and talents to the 75% of mankind in need.509

Victor Papanek, 1972
Design for the Real World: Human Ecology and Social Change
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systems discussed in sections 2.6, 3.3 and 3.6.

5.2 Identifying the Architectural-Biological Niche

A biological system as defined by Tibor Gànti, and described in section 2.2.2, 
is the resultant network of mutually dependant interconnected components 
that together result in the inherent unity of a system. Every biological system 
is known to exhibit a degree of plasticity due to its adaptive and emergent 
behaviour inherited from its interactions with both biotic / genetic and abiotic / 
environmental components unique to its ecological situatedness.512 Resulting in 
no two biological systems as completely identical. Systems biology encourages 
us to acknowledge and adopt an intersectional process of understanding and 
in turn designing novel synthetic systems for seamless integration within the 
environment. This philosophy stands in contrast to the standardised, turn-key 
concept of one-system-fits-all for developing innovative solutions for climate 
change, wherein technologically advanced solutions are designed with the aim 
of being readily replicated across different geological, environmental, social 
and economic contexts, taking the liberty of overlooking specific environmental 
parameters at the time of implementing the proposed solutions. Often expecting 
to deploy biology in the way engineers might deploy systems. This is primarily 
because engineered solutions are designed to be completely contained and 
regulated within enclosed boundaries, much different to the open, permeable 
and adaptable boundaries observed in biological systems. One common biological 
example that illustrates systemic biology is the misconception that planting trees 
on a mass scale can contribute to the reduction of CO2 in the atmosphere.513 This 
statement is only partly true, as there is a delicate balance between tree’s ability 
to absorb CO2, reduce warming, and their tendency to trap additional heat and 
thus creating warming. Implying that planting trees only helps prevent climate 
change in certain places, such as the tropics.514–517

In order to better understand the importance of site-specificity, the two 
characteristic concepts of ecology, namely – the ecosystem and the ecological 
niche51 along with their individual systemic components need to be well-defined, 
and characterised for use by different fields, to tackle different purposes. The 
ecosystem concept is sufficiently well defined and understood, as a correspondence 
to a biological reality consisting of an abiotic substrate (structural, physical and 
chemical components and factors) along with a wide variety of living organisms 
that fill in the niches.518 A Niche is the biotic – structural and functional – part 
of the ecosystem, often consisting of one or more specie populations. A niche 
relates to the place and the function of organisms in an ecosystem.519 Therefore, 
an ecosystem does not create niches (although it offers opportunities for species 
to form them), but the niches, together with the abiotic ‘substrate’ create 
an ecosystem.520 Together, the abiotic substrate (environmental and largely 

unpredictable components) superposed with a number of biotic components 
(where the biological function can be largely predicted and hence programmed in 
the designing of systems) make up a hybrid ecological program. And the position 
this ecological program takes within an ecosystem is the niche.168,519 

Architecturally, identifying this niche is critical in inculcating Papanek’s 
interconnectedness as a conscious effort of imposing a new meaningful order 
where design fulfils its purpose of functionality. Wherein, identifying this 
opportunity correctly will allow us to seamlessly amalgamate the photosynthetic 
property of the alginate-based viscous biomaterial developed in chapters 2 and 
3, along with its maintenance illustrated through different techniques of design 
and fabrication in chapters 3 and 4 with the surrounding environmental context 
– suggesting architectural structures to fill in voids, and existing ecological niches 
that offer design opportunities within an ecosystem instead of superimposing 
infrastructure as one-more-technology that burdens the sites’ ecological carrying 
capacity, as discussed in section 1.3.2. 

Historically, in Classical architecture, niches, or recesses are defined as narrow 
spaces referring to cracks and crevices appearing sequentially across the intricately 
carved stone façades. However, recent translations in the architectural discourse, 
such as the niche tactics or niche thinking in architecture by architect Caroline 
O’Donnell521 and niche differentiation by landscape architects Sven Stremke and 
Jusuck Koh522 inspired by the principles of evolutionary ecology have begun to 
explore the notion of niche as a site, with the aim of reintroducing the concept into 
the biologically evolving vocabulary of contemporary architecture.523 This suggests 
the addition of an ecological function with a view to push design considerations 
beyond the boundaries of the physical site, extending the realm of performance 
into the larger ecosystem,520 and recommending architectural structures to begin 
performing ecological services, by identifying and filling in a niche opportunity, 
a void or a ‘recess’ within an existing ecosystem that is required to be colonised. 
Further, as ecological niches define how an organism interacts and survives in 
its habitat while exhibiting specific characteristics in terms of temperature, 
availability of nutrients, terrain and sunlight that govern the species survivability 
and reproducibility. In the context of the photosynthetic layers presented in 
Chapter 3, this suggests the importance of identifying an appropriate ecological 
niche where the extruded microalgal cells embedded within the hydrogel can 
adapt, diverge, and even impact the ecosystems environment, while fulfilling 
its own requirements of performing photosynthesis. Furthermore, it has been 
scientifically proven that no same specie performs identically when placed in 
different niches within an ecosystem, as it is subject to the situatedness of the 
surrounding intermediary niche(s), along with other biotic and abiotic factors 
that either ‘restrict or accentuate the realisation of the species’ ecopotential’.519 
Therefore, its rather imperative for the living properties of the algae-laden 
viscous scaffolds to embrace the local environmental factors of the ecological 
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Figure 5.1: Scale-Up Circumscription - A Biocompati-
ble functional complexity diagram 
Victor Papanek’s Functional complexity diagram has 
been re-adapted for the context of this research, 
wherein the biomaterial-design-fabrication workflow 
is tailored for scaling-up of context specific designing 
of viscous boundaries while taking into account its so-
cial, cultural and environmental impact. 
The diagram is amalgamated between Papanek’s dia-
gram and the workflow established in figure 1.4 titled 
Consilience.
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niche they occupy. Therefore, no two algae-laden hydrogel scaffolds need to be 
designed as completely identical. And even if they are, they will begin to evolve 
into attaining an identity of their own, depending on the interactions the material 
and the organisms have with their local environment. This material property of 
adaptability has been illustrated in sections 3.6.4 and 4.4. 

Architecturally, the building façade is often the foremost element identified as 
an opportunity to integrate living systems, as they are appropriately situated at 
the intersection of choreographed-habitable spaces and natural environments. 
Further, permitting the exchange of energy-air-water between the interior and the 
exteriors, becoming a mediator, negotiating between the two separate ecological 
environments. The most common green façades are either in the form of green 
walls composed from higher plant species524 or liquid-based PBRs that allow 
the growth of microalgal species as an imperative means of initiating biological 
conditions. Earlier chapters have elaborated different projects, such as the BIQ 
House that explores architectural fenestrations for bioengineered systems.267 
But in all these case studies, building façades are merely used as sites instead of 
ecological niches, where the availability of large amounts of surface area in the 
form of building envelopes is perceived as an opportunity to deploy engineering 
systems for cultivation of microorganisms and plant species. Instead of identifying 
and designing for niches within an ecology of the existing built environment, where 
the introduction of microalgal cells within a biomaterial are allowed to embrace 
the intra and interconnected relationships with the biomaterial’s surroundings, 
further accentuating the ecological carrying capacity of a building site. In such a 
scenario, factors such as the local biological, and physical environment, spatial and 
material organisation complexes along with species architecture will contribute as 
a niche construction and biodiversity provision underpinning holistic ecological 
efforts.525

5.3 Small-Scale Artisanal Communities: An Ecological Niche

Water has been an important element within the development of this research. 
Water contributes to up to 80–90% of the hydrogel’s composition, allowing the 
formation of an ECM suitable for the growth of microalgal cells. It is the presence 
of water that initiates the permeable properties of the viscous layers. It is also 
the fine-tuning of water across each AM layer that templates the formation 
of a stiffness gradient, creating a homogenous interface between each layer. 
Furthermore, it is the rate of water evaporation from within the hydrogels matrix 
that largely governs the growth and decay stages of the scaffold, suggesting 
the need to carefully regulate and maintain the transportation or flow of water 
in order to retain the photosynthetic activity of the microalgal cells. Or else it 
shall be allowed to dry, curl, warp, decay, and biodegrade post the successful 
completion of the scaffold’s desired biological performance. As water and its flow 

across each spatial and temporal gradient of the designed hydrogel scaffolds is 
crucial in defining the design, and its morphology. It becomes critical to identify an 
ecological niche wherein the water-based biological structures could contribute 
to the biological phenomenon of the microbiome while managing to sustain, 
maintain and support the growth and decay of the photosynthetic layers.

5.3.1 Water: An Overly Exploited Natural Resource

In section 2.3, water’s property as a primary medium that initiates and supports 
life across the wide geographical and ecological landscapes within our planetary 
biosphere has been discussed. The United Nations identifies water and its rapidly 
altering conditions as the foremost indicator of the extreme effects of climate 
change.526 The chemical composition of water, while extremely robust and 
versatile is also highly receptive to the most minute of changes in its environment, 
reflecting its rapidly changing past, present and future states.

One prime concern is the ever-increasing rate of water pollution, as the Lancet 
commission report on pollution and health released in 2018 records up to 80% 
of the global wastewater generated to be disposed untreated into existing rivers, 
lakes and oceans in turn estimating approximately 2 million deaths in the year 2015 
to direct and indirect exposure to unsafe water sources.527 This is primarily due to 
the fact that the water consumed for various industrial and domestic activities is 
not fully treated prior to its discharge into existing cleaner water bodies, rivers, 
lakes and oceans, thereby diluting the pollutants into even more unmanageable 
states.527 The UN Water organisation outlines the necessity of designing integrated 
systems that intertwine water, the biosphere and the environmental flows 
with the aim of transitioning our existing energy-intensive systems into circular 
systemslxiii suggesting the potentials of regenerating resources exploited within 
the existing supply chain.528,529 Therefore site-specific water flow networks were 
studied to identify voids or niches where an architectural-scale scaffold containing 
microalgal cells could potentially contribute to treating a percentage of the 
wastewater thus generated. Integrating the system within a water flow channel 
is intentional for two main reasons. First, use the immobilised microalgae to treat 
wastewater, via the process of microalgal bioremediation.250 And in the process, 
keep the hydrogels active via constant hydration. 

5.3.2 Small-scale Artisanal Communities in India: Site Context

Our biospheres, particularly, the terrestrial and marine aquatic systems, have 
experienced elevated levels of anthropogenic pollution in the last decades. 

lxiii   The concept of circular systems emerges from systemic thinking, where identifying the root 
cause of problems, and then unwinding the various interconnected elements surrounding the root cause as 
means of developing novel solutions that attach direct to the origins of the problem area.641–643 The concept 
of circular economy has further been discussed in section 5.6.6 of this chapter. 
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Extractive processes such as mining, ineffective waste treatment before disposal 
and growing transportation and urbanisation contribute to the burden of heavy 
metals in our environments. Industrial manufacturing facilities are major point-
source contributors to the contamination of our natural water bodies. Heavy 
metals such as Cadmium (Cd), Chromium (Cr), Copper (Cu), Nickel (Ni), Arsenic 
(As), Lead (Pb) and Zinc (Zn) are discharged into water courses either as an 
unintended consequence of earthworks, or as a by-product of other intensive 
industry operations. Due to their biotoxicity and bioaccumulation they pose 
significant public health hazards.527,530,531

In the last few years as the climate change movement gains momentum, reports 
are highlighting the urgency of identifying and tackling issues related to water 
pollution at the grassroot level. Bringing attention to the millions of artisanal 
workers and communities scattered across the globe, that have in the past been 
considered as insignificant for their contribution towards water pollution. These 
enterprises tend to form strong clusters with serious water pollution problems, 
where countries such as India alone generate upto 3900 million liters per day or 1.2 
Gm3 per year. While the informal layout of these clusters might camouflage their 
relevance when read in conjunction with formal, high-tech industrial facilities, it is 
these same clusters that together contribute to up to 40% of the global resource 
supply chain, building a powerful network and contributing to the constantly 
rising demands of the global economy.527,532 Governments are regulating new 
policies that promote the establishment of new, small-scale artisanal clusters, 
with the aim of generating new forms of employment opportunities, in turn 
increasing the number of decentralised, flexible industrial units that are able to 
rapidly adapt to the changing requirements of global supply chains. Cheap and 
abundantly available labour makes these countries and small-scale units ideal for 
manufacturing on an international scale as they retain the production costs to 
their bare minimum demonstrating the scale of contributions these culturally, and 
socially rich communities make to the economy, and to the environment at large. 

What is even more alarming are their infrastructural facilities, including their 
environmental health and stability.533 While their manufacturing facilities are 
informal and makeshift, post-processing facilities such as wastewater treatment 
are either made available in an insignificant capacity or are completely missing. 
Integrating conventional wastewater systems could be an option. However, 
the formally constructed, safe, and well-designed manufacturing facilities are 
remarkedly different from the organically, scattered artisanal communities in 
the developing countries of Bangladesh, India and Philippines rendering the 
appropriate application of central engineering plants redundant.534 

In India alone, cottage industries contribute to up to 40 percent of the total 
industrial wastewater, employing almost 17 million people across 3.2 million 
industrial units. These communities tend to form strong clusters with serious 

water pollution problems, generating up to 3900 million litres of wastewater per 
day.535 I, for the first time, was introduced to the untapped potentials of these 
communities in 2017, during a site visit to Kolkata, India.

Figure 5.2: Water - A key component for the hierarchical scaling-up of bioactive scaffolds
Diagram depicting the role of water at each scale, and how it mediates and impacts the scaling-up 
of the biosaffold. At the nano and microscale the availability of water within the bioink allows for 
cell differentiation; whereas varying its percentage impacts the viscosity of the hydrogel that permits 
scaling-up. 
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5.3.2.1 Site visit, February 2017: Bangle makers in Kolkata, Indialxiv

As part of an EPSRC Global Challenges Research Fund Project awarded to Principal 
Investigator Dr Brenda Parker on cadmium bioremediation,532,536 together with 
post-doctoral fellow Dr Laura Stoffels we were given the opportunity to visit 
small-scale artisanal communitieslxv of bangle makers in Domjur District, Kolkata, 
India.lxvi This allowed us to better understand the artisanal workers and their 
manufacturing facilities, including their daily activities, working environments, 
infrastructure, cluster density, and most importantly their water consumption 
and discharge cycles. 

Located a few kilometres west to the banks of the river Hooghly these artisanal 
clusters would collect water from the natural water channels adjacent to their 
village. The process of bangle-making, in particular, the colouring of ornaments 
and jewellery, requires dyes to be electroplated onto the bangles’ surfaces. This 
is primarily done by mixing dyes in buckets of water segregated by coloration. 
The dyes used are chemically manufactured and contain heavy metals in high 
concentrations. After completing their electroplating process, the artisan workers 
would dispose the untreated wastewater either into an informal sandpit dug in 
the cluster’s backyard or in open channel drains that eventually flow back into the 
natural tributaries of the Hooghly River. This in turn pollutes the ground water 
table and surface water and deteriorates the quality of soil in the river’s immediate 
vicinity. We observed the artisan workers to use the bucket of coloured water for 
up to 10–15 days prior to its untreated disposal into the surrounding environment.

The quantity of water per bucket per unit (20-45 litres) was observed to be relatively 
small and much more manageable as opposed to the wastewater discharged in 
high quantities by large industrial establishments. However, when each small 
cluster disposes their water untreated into the surrounding environment it 
exponentiates the potentials of wastewater treatment into uncontrolled and 
unmanageable conditions. Once the wastewater enters the river streams, 
tracking the contaminants and their concentrations becomes extremely difficult. 
Therefore, it is imperative to think of treating the wastewater at the grassroot 
level itself, instead of collecting it at a later point, hundreds of kilometres away. 

lxiv   These site visits were formally organised by the Centre for Environment Education (CEE), India a 
government organisation run under the Ministry of Environment and Forests. And we were accompanied 
by Reema Banerjee, a CEE Representative who had been regularly working with these communities with 
the aim of upgrading their environmental and standards of living. 

lxv   These communities would function as small collectives referred to as panchayats, consisting of 
an elected representative who would facilitate our site visits, while also sharing the details of their daily 
water consumption practices.

lxvi   Kolkata, rich in terms of its culture, literature and social diversity is situated at the intersection of 
East India & Bangladesh, another extremely important developing country in terms of clusters that work in 
abundance for the global supply chain.

Furthermore, the vastly scattered, yet informally interconnected network of the 
small-scale artisans adds to the complexities of managing the flow of water from 
one source to the next, disabling the benefits of deploying expensive, commonly 
used centralised wastewater technologies readily available in the market.

5.3.2.2 Site visit, April 2019: Textile dyers in Panipat, India

The fashion and textile industry are recognised as being a major contributor 
to the pollution of our natural water bodies. Therefore, in April 2019, we also 
visited the textile dying industries in Panipat, which is known as the textile capital 
of India. Consisting of millions of small-scale clusters that are known to form 
local unions, or panchayat communities to better organise and disseminate the 
incoming work potentials managing to build themselves a formal framework 
around the entire process of yarn and textile dying. We were accompanied by 
Deepak Rawat, a colleague from the Delhi University who had been working on 
wastewater contamination via dyes.537 Due to the rather spontaneous nature of 
this site visit, we got an opportunity to informally interact with the members of the 
local panchayat. Digging deeper into their daily activities we understood recurring 
problems at the grassroot level that prevent the successful implementation of 
large-scale civil engineering projects for wastewater treatment. 

The Central Pollution Control Board in India had recently been imposing restrictions 
on these communities preventing the textile dyeing clusters from disposing 
polluted water into the surrounding natural reservoirs. These regulations come 
at a time when developing countries are implementing ways of restricting the 
accelerating impact of climate change. As Panipat is identified as a formal textile 
sector in the subcontinent, the provisions of central wastewater treatment plants 
(CWWTP) had recently been made available by the government but were out of 
use for more than 3 months due to miscellaneous issues to do with maintenance, 
funding and energy supply. We realised the incompetency of law enforcements 
from the top down, when they are not appropriately accompanied by bottom-up 
solutions that empower the artisans from adhering to the new regulated policies. 
Further encouraging us to identify the need for a decentralised wastewater 
treatment system for use by the small-scale artisans as an ecological niche. 

5.4 Decentralised Microalgal Bioremediation of Wastewater

The site visits conducted challenged us with certain application-specific questions, 
such as:

1. Is there an elementary intervention in the form of a biologically mediated 
process that could address specific challenges identified with wastewater 
treatment?

2. Can a biohybrid system be developed that contains microalgae-laden 
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Figure 5.3: Images from the site visits conducted to the Bangle-makers 
in Kolkata, and the textile dyers in Panipat. 
Right: Dr Laura Stoffels, biologist collecting water samples from the 
coloured buckets of wastewater generated at bangle makers, Kolkata. 
The coloured stream of water seen in the image on the next page runs 
adjacent to their dying cluster, where the artisan workers dispose off 
their wastewater containing dyes without any treatment. 
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hydrogels, allowing their ready integration within the ecological niche 
identified in each unit within the small-scale artisanal clusters?

3. Can such an approach be aligned with the workings of an ecosystem – 
where a species such as microalgae fills in a void, to not only sustain itself 
but also to contribute proactively to its ecological functioning, allowing us 
to tackle the problem of water pollution at the grassroot level.

4. Can this viscous boundary perform wastewater treatment locally while 
it performs photosynthesis, allowing the artisans to treat and reuse the 
polluted water within their manufacturing process?

5. How can this system be designed to form, a kind of, viscous boundary, that 
sits between the boundaries of the artisanal clusters, and their immediate 
surrounding environment?

6. Can the viscous boundary also act as a biosensor, intertwining the 
biological, architectural and environmental systems as they re-orient how 
humans interact with existing natural resources?

5.4.1 Working Principle: Microalgal Bioremediationlxvii

Current techniques used to remove heavy metals from contaminated waters 
include reverse osmosis,538 electrodialysis,539 ultrafiltration,540 ion exchange,541 
and chemical precipitation.542 However, all these methods often remain limited in 
their metal removal activity, require high energy, generate large quantities of toxic 
sludge demanding careful disposal, and are extremely costly in their installation 
and maintenance.531,543

Microalgal species are known to sequester, remove, breakdown or metabolise 
pollutants from soil and water, via a biochemical process called microalgal 
bioremediation, or phyocremediation.244,544–546  Microalgae and cyanobacteria 
have several mechanisms that allow them to respond positively to a wide range 

lxvii   Microalgal Bioremediation is an ongoing research lead by Dr Brenda Parker (Secondary PhD Su-
pervisor) in the Dept. of Biochemical Engineering, UCL. All the scientific research mentioned in this chapter 
has been conducted as a continuation to the already existing foundations, especially in regard to microal-
gal-induced heavy metal uptake. 
The extensive lab work involving the quantitative testing of cadmium absorption by algae-immobilised 
hydrogels was conducted in collaboration with Parker’s research group. Dr Laura Stoffels who was a key 
member during our site visit to Kolkata did a major portion of the initial work in terms of cadmium uptake. 
The next set of experiments specific to rate of absorption, residence time and algae-bacteria consortia were 
conducted by Arran Finlan and Deepak Rawat at the Dept. of Biochemical Engineering, UCL. 

Bioaccumulation is the process that involves interactions and 
concentration of toxic metals in biomass, either living or non-living. 

RAW 
WASTEWATER

TREATED 
WASTEWATER

MICROBIAL BIOFILM FOR BIOACCUMULATION

Metal ions bind within the 
permeable cell membranes 
of the microbial cells

Figure 5.4: Microalgal bioremediation - Working principle and key prec-
edents
Left: Microscopic images demonstrate the permeable walls of the mi-
croalgae accumulating the particles present in their immediate envi-
ronment. 
Next, a diagram highlights the uptake mechanism of the microalgal 
cells, referred to as bioaccumulation.
 
Right: Traditional microalgal bioremediation techniques are shown.
Image downloaded from [http://www.bashanfoundation.org/gmaweb/
proyectos2/ilin5.html] and de-Bashan, L. E., & Bashan, Y. (2010). Immo-
bilized microalgae for removing pollutants: Review of practical aspects. 
Bioresource Technology, 101(6), 1611–1627. https://doi.org/10.1016/j.
biortech.2009.09.043

IN OUT
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RACEWAY PONDS HORIZONTAL TUBES FLAT PANELSIMMOBILISED MICROALGAE BEADS

of organic and inorganic pollutants.lxviii, 547 These organisms are able to remove 
compounds such as heavy metal contaminants from their environment through a 
process called bioaccumulation, first proposed by Oswald and Gootas in the year 
1957.548–550 It was not until recently that this concept began to gain traction. 

Initial exposure of microalgal cells to low concentrations of heavy metals result in 
the adsorption of heavy metal ions to the cell surface as part of a passive process.550 
Under heavy metal exposure, plant and algal cells initiate an active mechanism to 
detoxify their environment, by releasing phytochelatins (PC) that are glutathione-
derived compounds, that form stable complexes with metal in the form of 
nanoparticles, protecting the cells.551 This works complementarily by adapting 
relatively low concentrations of starter cells for the remediation of environmental 
pollutants, as microalgae and cyanobacteria undergo physiological changes 
and genetic responses,552 allowing them to grow, multiply and bloom as they 
sequester CO2, thereby increasing the rate of bioaccumulation.553 This property of 
bioaccumulation, and high affinity towards increased concentrations of pollutants 
in their immediate environment, make phycoremediation an important tool for 
the treatment of contaminated soil and water. Its applications include stabilising 
or neutralising acidic contamination, removal of excessive nutrients from water, 
and degradation and sequestration of toxic compounds from water and soil.544,554 

lxviii   Previously P. tricornutum has been used as a biomonitor of trace element availability during 
dredging activities, and immobilised cells have been shown to grow and divide in matrices containing up to 
5% alginate.547 

This is done by immobilising the microalgal cells in the form of small-scale alginate 
beads, which are then immersed in large tanks containing the contaminated 
wastewater, limiting their application to industrial engineering contexts.555 Further, 
the uncontrollability of the exact distribution of beads (similar to the randomised 
particle distribution of a chromatographic column) renders the bioaccumulation 
cycle rather unpredictable in its performance. A factor which can be tackled 
through the construction of geometrically controlled algae-laden hydrogel 
layers allowing us to optimise the distribution of the immobilised microalgae 
beyond the current column-stack technique adopted in the field of engineering. 
Additionally, biosorbents have also been explored via specific biological materials 
that can accumulate heavy metals from wastewater by either metabolic activity 
or physicochemical pathways of uptake.556 Previously biomass derived from moss, 
aquatic plants, and leaf-based adsorbents have been investigated as they reduce 
the dependency on chemical-based wastewater treatment systems that in turn 
produce large quantities of contaminated chemicals that need further processing 
for careful disposal.557–559 The technique of biosorption has been proven to be 
highly effective, reliable and predictable in the removal of heavy metals from 
aqueous solution. A form of membrane filtration has also been investigated for its 
efficient performance and easy adaptability.560,561

Therefore, it was hypothesised that fibrous prototypes and demonstrators 
discussed in Chapter 3 and fabricated in Chapter 4, could be experimentally 
tested and explored in the context of bioremediation. The first step was to test 
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the ability of microalgal cells immobilised within the alginate-based hydrogels 
developed in section 2.2, for their affinity to bioaccumulate heavy metals present 
in the wastewaters. As literature and our site visits suggest high concentrations of 
heavy metals such as Cadmium (Cd), Nickel (Ni) and Arsenic (As) to be present in 
the composition of the coloured dyes, the experiments conducted were directed 
specifically towards heavy metal uptake.542,549,556,562,563 This was done by using 
the binding activity of heavy metal ions to charged functional groups within the 
algae-hydrogel matrix for initial capture of pollutants. Here, the material-design-
fabrication workflow was followed in order to inform, fine-tune and develop 
membrane bioreactors with varying geometries for bioremediation. The material 
tests were conducted two ways – firstly for their ability and rate of biosorption of 
heavy metals, and second the materials resilience when exposed to the exterior 
environmental conditions. The algae-laden hydrogels were further tested to 
identify specific design parameters necessary to develop the appropriate biohybrid 
scaffolds specific to the local context of the small-scale artisans. Revisiting 
Victor Papanek’s thesis on Designing for the Real World, where he highlights 
the importance of need, fulfilled by design, the ambition became to design a 
biological intervention that satisfied the need of the artisanal community through 
an intervention in which the photosynthetic activity of the microalgal cells, and its 
ability to perform bioremediation, could contribute both passively and actively to 
the health of the artisan’s biome. Also note the collaborative aspect of the project 
discussed in the following sections, where the scientific lab experiments were 
conducted with the Department of Biochemical Engineering under the guidance 
of Dr Brenda Parker and Dr Laura Stoffels as the overall design project was being 
led by myself. Any additional support has been highlighted either in the main 
body of the text or in footnotes. 

5.4.2 Model System

A model system was established with the support of biologist Dr Laura Stoffels 
to illustrate how the microalgae-laden hydrogels suitable for in situ remediation 
could be developed. The diatom P.tricornutum was selected as a model organism 
for the preliminary experiments presented here as it is known to bioaccumulate 
cadmium. lxix,547,564 When exposed to Cd, the wild type P.tricornutum forms Cd-
PC complexes to which sulphide ions (S2-) can be incorporated regulating the 
formation of PC coated CdS nanocrystallites.547 In molecular biology and genetic 
studies, transcriptional observations of the cell have shown that, in contrast to 
other organisms, PCs are regulated in P.tricornutum at a post-transcriptional level, 
indicating that cells prevent a stress response as they have mechanisms to respond 

lxix   Bioremediation experiments with P.tricornutum were already underway at Dr Brenda Parker’s 
Lab at the Dept. of Biochemical Engineering. Therefore, it was decided to build on to the already ongoing 
work, hence designed a model system around the same species and heavy metal, cadmium (Cd). 

to cadmium without requiring the synthesis of new proteins.565,566 Two primary 
mechanisms are employed when using P.tricornutum for bioremediation, namely 
– bioaccumulation inside the cell at low concentrations, and bioadsorption to the 
cell surface at higher concentrations. 

The microalgal cells of P.tricornutum were immobilised with the alginate-based 
hydrogels, prepared with methylcellulose, ludox and carrageenan as rheological 
modifiers, in order to test their heavy metal uptake activity relative to the 
material’s rheological characteristics, adding a layer of performance to the existing 
biocompatible window discussed in section 4.3.

Prior to testing the model system, a series of preliminary experiments were 
conducted to establish the biosorption ability of the hydrogels without the 
microalgal cells. Considering that alginate is a polysaccharide extract from 
seaweed – a macroalgal specie – the binding capacity of the biomaterial itself 
was established. This was followed by another series of tests performed on 
immobilised hydrogel beads, similar to the technique which is commonly used 
in heavy metal uptake, where the beads containing microalgal cells are packed 
in columns and wastewater is allowed to flow through the column, permitting 
the beads to absorb heavy metals.567,568 The experiments were conducted with 
two species of microalgae, namely Arthrospira platensis and Pheaodactylum 
tricornutum.

5.4.3 Design-specific Scientific Experimentation

Recently, AM has been explored as a potential technique to produce 
chromatography or biofiltration columns with predefined and predictable particle 
configurations, to overcome certain unpredictable conditions in the column’s 
filtration mechanism.283 Through 3D printing, control can be achieved not only 
in terms of the position of the beads but in the column’s geometric shape and 
orientation, increasing the column’s uptake efficiency.lxx The geometry, however, 
remains limited in terms of its scale, application and adaptability across different 
systems and contexts.

In order to design for optimum heavy metal uptake, the surface area – to – 
volume ratio between the microalgal cells, and the wastewater was taken into 
consideration as a key design parameter. Therefore, the fibrous design morphology 
generated in Chapter 3 for the purpose of bioremediation was carried forward, by 
transitioning the homogenous branched biolayers into a hybrid scaffold design 
allowing the designing of a surface based filamentous system with a hierarchical 

lxx   I attended a 3-day workshop at Edinburgh University, where this technique has first been devel-
oped. As an only designer amongst a group of scientific researchers, I was able to understand the nanoscale 
potentials of 3D printing chromatographic columns. Further questioning the importance of finding a series 
of efficient geometries where the surface-area-to-volume within columns could be generated. 
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cross-section that supports the photosynthetic activity of the microalgal cells, 
while allowing sufficient contact of heavy metal ions with the biomass. 

Considering the hierarchical nature of the fibrous layers, three different 
configurations and extrusion diameters of 2mm, 5mm and 9mm were tested with 
alginate-based hydrogels assembled with ludox and carrageenan as rheological 
modifiers for their heavy metal uptake. The algae-laden hydrogels were initially 
extruded in the form of long continuous strands and immersed in a test tube 
containing cadmium contaminated wastewater. The samples were tested for 
their filtration mechanism by establishing an optimum relationship between the 
diameter of the extruded hydrogel to its rate of adsorption. Later a controlled 3D 
grided pattern was extruded and immersed in a rectangular box with dedicated 
inlet and outlet channels. This setup was designed to observe the heavy metal 
uptake ability of the extruded hydrogel grid when water is allowed to flow over 
the surface of the bioscaffold. Here, wastewater was circulated with varying flow 
rates over the extruded hydrogel and recordings were taken every 15 minutes, at 
both inlet and outlet via a cadmium measuring electrode, allowing us to record 
cadmium readings at the time of entry and exit with each water cycle. Here the 
quantity of algae-immobilised hydrogel with an optimised surface-area-to-volume 
ratio, along with the concentration of cadmium present in the wastewater before 
and after bioremediation were quantified. The working volume of the hydrogels 
and the biomass were kept constant, while the fibrous geometries were developed 

to test varying surface area-volume ratios.

Hydrogel composed of 3% sodium alginate and 9% K-carrageenan with diameter 
of 2mm achieved the highest/quickest Cd uptake, whereas the same hydrogel 
with a diameter of 5 mm had an uptake rate that is 4.8x slower. And with a 9 
mm diameter a 5.5x slower uptake was recorded. Demonstrating the importance 
of surface area for enhanced sorption and maximising contact between the 
immobilised algal cells and the liquid wastewater. A similar thickness to adsorption 
relationship was observed in alginate-based gels containing ludox, however the 
hydrogels prepared with carrageenan demonstrated a higher heavy metal uptake 
along with better mechanical stability. The tests were conducted with both living 
and dead cells, allowing us to compare their varying bioaccumulation activity. The 
first phase of absorption was observed to be higher in living gels as compared to 
the samples containing dead biomass. However, the difference in absorption after 
a period of time was not significantly different between the two. Therefore, it was 
concluded that in areas or in sites where live algal cells cannot be immobilised, 
dead biomass could also be encapsulated within the hydrogels allowing a greater 
access to this type of filtration mechanism.

The highest Cd concentration recorded in literature is 2mg/L present in leachate.554 
Therefore the experiments conducted used a concentration of 2.5mg/L which 
was reduced to tenfold 0.25mg/L within 30–45mins, using 25g of hydrogel (WW) 

Cd2+

Cd2+
Cd2+

Starting concentration 
10mg/L cadmium

Intracellular
Binding 60%

Extracellular
Binding 40%

Cd-cystine 60%

After 2 hours the optimum formu-
lation has over 90% uptake. 

Cd-sulphide 40%

Figure 5.5: Cadmium uptake via microalgal bioremediation
a) A diagram illustrating the bioaccumulation process of cadmium by 
microalgal cells through intracellular and extracellular binding. 
b) Experimental setup for testing the model system, along with the 
electrode used to measure the rate of cadmium uptake.

Metal nanoparticle formation in microalgae has been characterised and shown the 
formation of CdS in P.tricornutum after exposure to cadmium.
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in 1 L of water demonstrating the significant filtration mechanism of the algae-
laden hydrogels. The rate of heavy metal uptake was observed to be directly 
proportional to the concentration of Cd in the water samples, i.e. higher the 
concentration quicker the uptake. 

All the observations were read in conjunction to a control experiment, where the 
algal cells were immobilised in the form of beads – a technique for which literature 
is readily available for comparison.547,549,569,570 A following series of absorption tests 
were conducted on thicker layers of homogenous hydrogels cast in petri dishes, 
with similar range of thickness 2.5mm, 5.5mm and 9mm across the different 
hydrogel samples, in order to better understand the absorption properties of water 
throughout the cross-section of the hydrogel. Simultaneously, a series of alginate-
based hydrogels immobilised with live and dead algal biomass were prepared and 
exposed to the external environmental conditions. In order to test their longevity 

Uptake of heavy metal by algae immobilised in hydrogels
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and pattern of decay, three sets of experiments were conducted simultaneously, 
with six different hydrogel samples. One set was left unattended to observe its 
natural process, and another was maintained on a daily basis, along with a control 
experiment placed in the lab. Considering the application of bioremediation, a 
following test was conducted with constant water flowing onto a series of vertical 
hybrid scaffolds containing the algae-laden hydrogels, in order to understand 
their swelling, dissolution and deformation behaviour. This experiment too was 
exposed to the outside environmental conditions, as it experienced high solar 
radiation on some days, and heavy rain on others. Additional natural rheological 
modifiers, such as xanthan gum, were also introduced into the gel matrix in order 
to increase the viscoelastic property of the hydrogels, without compromising with 
its photosynthetic activity.

A prime observation was the sustained performance in viscous hydrogels, with an 
optimum ECM for cellular differentiation wherein the rheological characteristics 
were desired to be placed towards the upper edges of the biocompatible window, 
showing high solid-like viscoelastic property. 

5.4.4 Morphological Explorations: Key Design Parameters

Our model material-specific experiments demonstrated the clear potential of 
using fibrous alginate-based hydrogels immobilised with microalgal cells for heavy 
metal uptake, such as cadmium. The tests further allowed us to identify certain 
design constraints key for the generation of a functional fibrous morphology. 
Primarily, an optimum fibre diameter of 5–9mm was calculated to have an optimum 
heavy metal uptake activity beyond which, thicker fibre strands would have no 
additional performative effect on the process of bioaccumulation, limiting the 
resolution of the topmost biocompatible layer within the membrane bioreactor. 
Surface-area-to-volume ratio was deemed important as large continuous, flat 
membranes would only absorb heavy metals on their topmost surface, rendering 
the cross-section of the permeable biolayer inoperable. Therefore, designing a 3D 
branched pattern that increases points of wastewater-algae contact throughout 
the cross-section of the membrane can significantly increase the filtration process, 
efficiently using the material and the encapsulated biomass. In the case of live 
algal cells, this further allows cellular differentiation and multiplication, increasing 
the biosorption activity until it reaches the saturation point of the hydrogels’ ECM.

Water flow, and the different layers of the fibrous hydrogel the water is required 
to pass through for the entire bioremediation process to take place, is a key 
connecting thread. Here, the time the wastewater is required to stay in contact 
with the microalgal cells to allow the biosorption and bioaccumulation to take 
place is extremely important. Termed as the residence time relative to the rate of 
flow, the fibrous morphology shall take into consideration areas where either the 



191

0

2

4

6

8

10

12

0 50 100 150 200 250 300

Ca
dm

iu
m

 (m
g/

L)

Cadmium uptake by hydrogels of different thicknesses

No  beads Ludox S (2.5 mm) Ludox M (5.5 mm) Ludox L (9 mm) Carra S (2 mm) Carra M (5 mm) Carra L (8 mm)

Ca
dm

iu
m

 c
on

c.
 in

 sy
nt

he
tic

 
w

as
te

w
at

er
 (m

g/
L)

Time (min.)

Figure 5.6: Heavy metal uptake by alginate-based hydrogels im-
mobilised with different microalgal species
Left: Our experiments demonstrate the rate of uptake, as ob-
served from our model system - microalga P. tricornutum & 
heavy metal cadmium. 
The conc. of Cd is observed to reduced by 10-folds within the 
first 30-45 mins. 
Above: Immobilised hydrogels with different thicknesses ranging 
from 2-9mm were also tested in order to deduce important de-
sign parameters relative to the bioaccumulation process of the 
immobilised microalgal cells. 

wastewater percolates for a specific period of time, before it flows any further, 
or there are directed areas in the layer with higher surface-area-to-volume ratio, 
through a much more intertwined fibrous pattern, that creates deeper zones 
allowing the water a comparatively longer path to travel. Additional spatial and 
resource-specific constraints are inherited specific to the context of the informal 
artisanal communities that impose constantly changing site conditions with each 
individual unit, suggesting the requirement for a versatile system that can be 
tailored specific to its site, from resources that are readily available.lxxi

lxxi   A 3-day long Co-Lab workshop organised in November 2016, contributed hugely to recognising 
the different stakeholders involved in making available and maintaining wastewater treatment systems 
in small-scale communities. A group of 30 students, and peers from different backgrounds discussed the 
problems at the grassroot level, further suggesting potential low-tech and low-cost solutions via preliminary 
prototyping. 

5.5 Viscous Boundaries: Indus, A Biohybrid Microalgal Wall 

Considering the fibrous pattern as the key morphology, a heterogenous network 
of scaffolds was computationally generated. Contrary to the initial hierarchically 
constructed biolayers from section 3.5, the fibrous pattern was intertwined 
with a structural scaffold resulting in biohybrid components allowing for readily 
scaled-up with control, and replicability across multiple contexts of the small-
scale artisans. In addition to the biohybrid specific discussions from section 3.6, 
this pivotal choice of designing a biohybrid scaffold into which the algae-laden 
hydrogels could be extruded as opposed to deploying the homogenous AM 
process developed in chapter 4, was primarily due to the objective of readily 
making the microalgae-laden biomaterials accessible to the small-scale artisanal 
communities. This further allowed the possibility of constructing vertical structures 
as opposed to the horizontal systems developed above, responding to the spatial 



192

constraints observed during our site-visits across India. The surface topography, 
or the topmost active layer of the structural scaffolds was tailored to host the 
viscous algae-laden hydrogels, optimising its thickness between 5mm and 9mm 
considering the findings from the heavy metal uptake experiments conducted in 
the above section.

The scaffolds, in the form of wall tiles, with deep channels varying between 
5–9mm were designed to hold the microalgae-laden hydrogels. The fibrous 
design of these scaffolds takes inspiration from the intricate veins on a leaf that 
have evolved to transport water uniformly and efficiently to the entire plant.571 
Here, bio inspiration is different than the concept of biomimicry where the form 
and geometry are merely mimicked within an architectural scale. Instead, each 
vein channel within the scaffold was computationally generated using the Houdini 
software, to optimise the width and its relative depth, increasing the wastewater-
algae contact within the topmost viscous cross-section, as the water flows over it. 

A hierarchical generative vein and margin simulation system was developed, in 
which the volumetric margin of one scaffold was introduced into the modelling 
software, using surface meshing and local subdivision method. Aligned with the 
hierarchical construction and assembly of biohybrids, the marginal volume was 
divided into three distinct layers, with varying mesh triangulation density. Similar 
to the fibrous patterns generated before, a series of venation networks were 
simulated over the top two layers. Divided into primary and secondary venation 
systems, the widths representative of their structure-function relationship was 
pre-programmed. With the primary veins ranging between 7 and 9mm and the 
secondary veins with a width of 5 to 7mm. The venation pattern would begin 
to generate from a start point, towards the vertex of the scaffold’s margin, 
representing the point of entry for the water. Here, the start point would represent 
the nodal typology, allowing for venation clustering. And the different directions 
the venations would extend towards the margins of the scaffold, would represent 
the free-flowing typology, allowing the water to flow over the different crevices 
introduced into the scaffold. In order to allow for ease of fabrication, a relaxing 
factor was introduced in order to eliminate areas of dense overlap between the 
veins. It was at this stage that the scaffold’s surface morphology was beginning 
to be clearly defined, the space or crevices of which would be layered with the 
viscous hydrogel. 
 
The scaffolds, behaving as individual structurally stable and biologically active 
units, could be assembled into a vertical wall structure, depending on the space 
available within the local artisanal clusters. Joinery details, on the boundaries of 
each scaffold were designed in order to propose a plug-in system, where they 
could be easily clipped in or tessellated together onto a one-time installation 
structure constructed from simple wooden battens or metal mullions. 

The biohybrid wall titled Induslxxii was designed as a central element of a closed-
loop system, consisting of dedicated inlet channels present at the top of the wall. 
The user would be required to pour the polluted water into these inlets, allowing 
the water to enter system running onto the 3D surface of the scaffold, trickling over 
the venation channels laid with the viscous hydrogel, allowing the microalgae to 
absorb the heavy metals present in the polluted water. Wastewater-algal contact 
is optimised via the density and the distribution of the venation network. This is 
further read in conjunction to the residence time, or the minimum contact the 
heavy metals in the wastewater are required to have with the microalgal cells to 
perform bioaccumulation. Therefore, the water can be recirculated for further 
treatment, depending on the level of contamination, leaving behind a bucket 
of cleaner water, which could be reused or safely disposed into the surrounding 
tributaries.

The flow of wastewater serves two purposes – first is of interacting with the 
microalgal cells immobilised within the hydrogel undergoing bioremediation, and 
the second is to maintain the hydration levels within the hydrogels extending 
the capacity of Indus’ photosynthetic activity for a longer period of time. This 
two-way multidirectional interdependency is a resultant property of integrating 
Indus within an appropriate ecological niche initiating inter-relationships with 
its immediate environmental surroundings. Further, this biological structure 
illustrates the benefits of readily integrating living materials, as opposed to the 
heavily mechanised photobioreactor façade systems of the BIQ House in Hamburg. 
Using a simple water pumping and circulation mechanism, Indus strips bare the 
requirement of additional piping, plumbing and external energy work that powers 
the BIQ House. 

Besides installing Indus on existing walls and roofs of the small-scale artisanal 
industries, research also suggests the potentials of integrating phycoremediation 
within large-scale multi-stage wastewater treatment plants that are currently 
incapable of removing the heavy metals from the wastewater prior to disposal.572,573 
The modularity of the structure, and the versatility of the venation pattern of the 
scaffold allows it to be integrated either as a precursor to constructed wetlands, 
or as an additional tertiary step within extensive treatment plants. It could also be 
used in tandem with technologies such as microbial fuel cells or biophotovoltaics 

lxxii   The title of the project Indus was formulated while submitting the project to the Water Futures 
Research Program, an international competition conducted by A/D/O, BMW. Indus is one of the longest 
rivers in Asia, originating in the Tibetan plateau, historically, the river acted as a node for the Indus Valley 
Civilisation. The versatile trajectory, history and the various roles river Indus has played over the centu-
ries is representative of the changes we all need to make globally, in order to preserve the most precious 
resource – Water. Additionally, the term Indus, is a prefix to the term ‘Indus-try’ suggesting the adoption of 
biologically integrated systems as initiating a new ode of design thinking and working with natural resourc-
es, where regenerative circular systems become a central objective in designing innovation towards climate 
change. In different contexts such as the Lafarge Holcim Next Gen Awards 2021, the project was referred to 
as Tessellated Cleansing. 
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in order to obtain a higher efficiency of wastewater treatment. 

Designing a system such as Indus allowed us not only to introduce a novel, living, 
photosynthetic material within the existing context of the artisanal communities, 
but also illustrated the potential of constructing vertical, viscous boundaries 
that can passively exchange different states of fluids from within its permeable 
constraints, actively contributing to the removal of pollutants in its surrounding 
environment. 

5.5.1 Biofabrication

Multiple prototypes of the venation scaffolds were fabricated. Initially, the 
biohybrid was 3D printed, with hollow and perforated vein channels in addition to 
the crevices on its surface. This was intentional in order to allow the water to flow 
within the scaffold, in addition to its topography. However, material and scalar 
constraints allowed us to explore the potentials of CNC milling and casting. A mould 
of the scaffold geometry was CNC milled and a plaster mould was fabricated, to 
allow for easy replicability, and easy fabrication via press moulding with clay. 

The intricate veins on a leaf that evolve to trans-
port water uniformly to the entire plant. Each 
plant consists its own set of unique leaf venations. 

KEY DESIGN PARAMETERS

1. FIBRE THICKNESS - 5 TO 9MM

2. SURFACE AREA - TO - VOLUME RATIO 
OPTIMISED 
  VIA DENSITY AND DISTRIBUTION OF 
THE BRANCHING NETWORK

3. RESIDENCE TIME, FLOW RATE AND 
FLOW PATH

Figure 5.7: Morphological explorations of the venation bioscaffolds
Different patterns are simulated to synthesise the vein length per unit area optimising performance relative to the heavy metal contamination.
Right: Different taxonomical variations of the venation patterns were also generated to demonstrate the versatility of the form-finding tech-
nique, coupled with the microalgal specie and the heavy metal to be accumulated from the wastewater.  
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The perforations, and the hollow channels were eliminated at this stage due to 
fabrication constraints. Techniques of slip casting were also tested. Eventually, 
the scaffolds were fabricated from ceramics considering their application within 
the artisanal communities in developing countries. This further expanded the 
potentials and versatility of the biohybrids, suggesting the local artisans to be 
able to fabricate the scaffolds by themselves using locally available materials and 
traditional techniques such as clay and laterite, reviving the potentials of age-old 
vernacular traditions that are increasingly becoming redundant under the global 
mechanised supply chain.

The next stage of assembly is critical in appropriately establishing the interface 
between the viscous fluid and the solid clay scaffold. Initial experiments were 
conducted on both glazed, and non-glazed surfaces, to establish the most 
appropriate surface porosity. As demonstrated before in section 4.3.6, a two-

step process was adopted, to first smear the scaffold surface with a relatively thin 
layer of the hydrogel. Followed by which, the performative algae-laden hydrogel 
was topped up into the crevices. Due to its rough surface texture, the fired 
non-glazed clay scaffold initiated a better interface as compared to the glazed 
surface. However, upon continued observation, if the water flow over the scaffold 
stops momentarily the non-glazed biohybrid would begin to dry out the viscous 
hydrogel at a much faster rate. Therefore, a clay scaffold, glazed with a micro grain 
texture was fabricated, allowing the hydrogel to initiate the desired interface, 
without accelerating the hydrogels rate of evaporation. Once the scaffolds and 
the hydrogels were assembled, they were sprayed with CaCl2 to allow the gels 
to immobilise onto the crevices of the construct. Further, to demonstrate the 
artisan’s ability to press mould these scaffolds using local clay via press moulding. 
A set of constructs were fabricated locally using the plaster mould made via CNC 
milling in Khurja, India – the ceramic capital of India. These tiles were exhibited 

IMMOBILISED 
ALGAE - LADEN HYDROGEL

PERFORATED 
WATER CHANNELS

REUSABLE 
LOCALLY CASTED 
TILE COMPONENT

WATER INLET I

IMMOBILISED 
ALGAE - LADEN HYDROGEL

WATER INLET II

WATER INLET IIIWATER OUTLET

Figure 5.8: Venation Biohybrid scaffolds for bioremediation
As the fibrous morphologies have demonstrated suitability towards the 
fabrication of hydrogel scaffolds. A venation biohybrid scaffold was sim-
ulated to etch out - flow pattern, specific areas that contain hydrogels, 
along with a surface morphology for the structure. 
Manifold and free-flowing typologies are used as start and end points 
for the flow of water and the fibrous networks. 
Right: The entire working mechanism of the bio-active wall structure is 
demonstrated. Complete with inlets towards the top, and a collection 
gutter towarsd the bottom. The water would be allowed ot flow over 
the surface of the scaffolds containing the viscous hydrogels - allowing 
the immobilised microalgal cells to uptake hevay metals present in the 
wastewater. In the process, the flowing water will also keep the viscous 
hydrogels hydrated, to sustain cellular differentiation, and thus the 
photosynthetic property of the structure. 
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Figure 5.9: Designing and fabricating the Indus wall
Top left: Plaster mould of the venation biohybrid scaffold; 
Top right: The scaffold was press moulded using terracotta, and lad with the algae-immobilised hydrogels into its crevices. 
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for the first time, complete with the algae-immobilised hydrogel at the Water 
Futures Exhibition, organised by A/D/O in New York in April 2019. lxxiii 

The next stage was to construct a 1:1 scaled demonstrator to test the working 
principle of the Indus wall. This was done September 2019 as part of the London 
Design Festival where for the first time a scaled prototype of a photosynthetic 
system designed to clean polluted water was displayed on a public forum. The 7-day 
long exhibition period and the environmental parameters local to London were 
considered to test the feasibility of the algae-laden hydrogels when applied on a 
building scale and exposed to the external environment while it undergoes regular 
cycles of water circulation. A 2.2mt. x 2.1mt. stand-alone structure assembled 
from wooden battens and mullions was installed in the courtyard of a residence 
next to the Victoria & Albert Museum on South Kensington accompanied with a 
complete water circulation system, where water inlets at the top and a customised 
gutter as a collection point at the bottom were incorporated into the installation. 
Each venation scaffold was fabricated with extended lap joints, as a means to 
tessellate the elements with watertight connections. These joints would further 
allow the tiles to be screwed in place onto the one-time installation structure. The 
venation channels were inlaid with algae-laden hydrogels via manual extrusion 
and CaCl2 sprayed onto the surface for cross-linking. Towards the end of the 
7-day experimental exhibition, hydrogels within the ceramic scaffolds towards 
the inlet present at the top, were observed to significantly swell as opposed to 
the hydrogels towards the bottom of the wall structure. This was probably due 
to their high exposure towards the water entering the system, suggesting the 
importance of varying the viscosity of the hydrogel across the length of the wall. 
No visible contamination of foreign matter was observed on the gels; however, 
the hotter days and the cooler nights were beginning to show discolouration, or 
reduced photosynthetic activity within the hydrogel scaffolds, an element which 
requires further investigation. Additionally, water loss partly due to evaporation 
and partly due to absorption by the hydrogel was observed within the overall 
setup, which must be factored in during the designing and fabrication. Overall, 
the construction of the Indus wall successfully demonstrated the viability of the 
biomaterial-design-fabrication-application developed within this thesis. 

5.5.2 Indus 2.0

From the observations made during the scaled-up demonstrator installed at the 
London Design Festival, a second design iteration of Indus was generated with the 
central aim of altering the venation pattern in order to further regulate the flow 

lxxiii   The Biohybrid Microalgal Wall was initially conceptualised for the Water Futures Competition 
organised by A/D/O, an interdisciplinary innovation space founded by BMW. It went on to win both the 
awards, the Category Award for Future Systems and Infrastructure and the Audience Award through Public 
Voting.

of water, while increasing its residence time per cycle. This strategy was primarily 
used to alter the trajectory of water flow, as the demonstrator highlighted waters 
tendency to gravitationally fall towards the centre of the tiled scaffold, especially 
when water flows over higher, vertical structures. Emphasising the need to 
regularly interrupt the vertical patterned uniformity in order to force the water to 
not concentrate towards the centre. This was done by juxtapositioning a horizontal 
venation network onto the existing pattern, with the aim of redistributing the 
water across the horizontal axis causing a ripple-like effect as the water flows 
from one channel to the next. In case the water continued to collect towards the 
centre, a complimentary deeper central ridge-like region was designed that would 
extend the residence time, while also holding a higher amount of the algae-laden 
hydrogel scaffold. Preliminary computational fluid simulation was performed in 
order to test the residence time and the flow pattern of water which was observed 
to be extended significantly by the horizontal channels, refer figure 5.13.lxxiv The 
crevices in the evolved pattern resulted in a higher surface-area-to-volume ratio, 
increasing quantitatively the availability of microalgal cells for a relatively quicker 
heavy metal uptake. These scaffolds were manufactured using a locally available 
terracotta-like clay and was exhibited at the Beazley design of the Year exhibition 
at the Design Museum, London, 2020. 

 5.5.3 Designing a Taxonomical System

Scientific research has shown a wide range of microalgal species to exhibit different 
absorption properties (or rates of uptake) towards different heavy metals. For 
instance, microalgal species such as Spirogyra hyaline, Scenedesmus acutus, 
Chlorella vulgaris, Chlorococcum sp. have also shown high affinity of absorption 
towards cadmium as their cell membranes act as target sites for cadmium ions, 
in addition to Pheadactylum tricornutum.543,551,574 This property of multiple 
microalgal species that are capable of performing bioaccumulation is relevant, 
suggesting, the microalgal species native to the site to be locally cultivated for 
use as biomass within the hydrogels. Integrating wild, or naturally occurring 
species into the fabric of the viscous boundary. The selection of the microalgal 
specie will further reflect the appropriate venation pattern of the scaffold, as each 
specie will have its own rate of absorption towards a specific heavy metal, read 
in conjunction to the concentrations of the pollutants present in the wastewater, 
governing the desired residence time, and the overall scale of the system. 
Therefore, a series of biohybrid scaffolds with varying venation patterns could be 
generated, similar to the different species of plants that have their own unique 
set of venations, demonstrating a taxonomical system where the desired scaffold 
and its morphology can be tailored – specific to the microalgae, and the heavy 
metal(s) identified in the wastewater. 

lxxiv   The author collaborated with a Bio-ID student Dali Alnaeb in order to perform computational 
fluid dynamics on the designed venation tiles. 
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5.5.4 Time-based Phenomenon

5.5.4.1 Biocompatibility

The biocompatibility of Indus was embedded within the systemic design of the 
installation, where the water to be treated also maintains the moisture levels 
within the hydrogels as it trickles onto the surface of the wall, further supporting 
cellular differentiation, if live microalgal cells are immobilised. In case of dead 
algal mass, the water would maintain the hydrogels viscous state supporting 
the longevity of the heavy metal uptake process. This, however, resulted in a 
percentage of water loss collected towards the end of the system, i.e. the volume 
of water collected post treatment is less than the volume of water entering the 
system as a percentage of it was absorbed by the hydrogel. Theoretically, the 
absorption percentage is only significant in the first immediate cycles of water 
flow, reducing considerably in the long term, once the swelling kinetics of the 
polymeric matrix have reached its maximum. This is a factor that needs further 
investigation and will be briefly discussed in a later section.

5.5.4.2 Bioaccumulation and Biosensor

Preliminary lab experiments demonstrated the immobilised hydrogels to show 
visible change in coloration as they accumulate the heavy metals. Literature 
exists on the development of whole cell biosensors from microalgae to detect 
toxicity in contaminated waters due to their sensitivity towards heavy metals. 
Here the microalgal cells are integrated as a bioreceptor element together 
with an electrochemical system that triggers the cellular activity for marine 
applications.575 This property can further be explored to visibly communicate the 
rate of absorption and the time of scaffold replacement on the Indus wall via a 
plug-in mechanism.  

5.5.4.3 Maintenance, saturation and replenishment

Preliminary experiments were conducted to understand the methodology of 
maintenance of the viscous scaffolds, as they accumulate heavy metals onsite. 
The objective was to investigate whether the entire scaffold needs replacement, 
or whether simply the viscous layer on the scaffold could be replaced while it 
remains attached to the vertical structure, upon saturation. A technique of 
uptake-release-uptake was conducted by Dr Laura Stoffels, wherein the potentials 
of eluting the heavy metals accumulated in the hydrogel were explored, in 
order to replenish the same algae-laden polymer to be reused at site, without 
its physical removal and replenishment from the scaffold, reusing the viscous 
boundary for further uptake of heavy metals. This is a property inherited by the 

Figure 5.10: A render illustrating the Indus wall installed in the court-
yard of a small-scale dying industry in India. 
Technical support: Martyna Marciniak
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Figure 5.11: Hydrogel-laden ceramic scaffolds
Left: The scaffolds in laid with the soft, viscous hydrogels are shown 
tesselated together, highlighting the overall flow pattern of the wall. 
Right: Close-up details of Indus 
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Figure 5.12: Indus 1:1 installation in London
Left: Close-up details of the demonstrator highlighting the inlet and the 
lap joints between the ceramic tiles. Further the plaster mould shows 
the potential of readily replicating the ceramic scaffolds with their crev-
ices. 
Right: A 1:1 demonstrator of the Biohybrid microalgal wall complete 
with its working mechanism was sccessfully constructed and exhibited 
at the London Design Festival, 2019. The lap joints between the tiles, 
the gutter system along with the water flow was also demonstrated as 
part of the installation. 
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hydrogel during immobilisation where it achieves a gel state, allowing selective 
permeability and absorption of particles, but preventing complete dissolution, 
while it retains its original functional-structural integrity, as it shifts between 
states and different stages of the bioremediation process. The absorbed heavy 
metals were successfully released by dissolving the alginate – based hydrogel in 
a bath of potassium chloride (KCl), and the same hydrogel samples were used 
to absorb another cycle of contaminants showing the same rate of absorption 
demonstrating the potential of such a technique. However, a much more rigorous 
set of experiments need to be conducted in order to establish the correct cycle, 
and methodology of maintenance and replenishment along with the point when 
the hydrogel loses its elasticity that begins to impact the stability of its ECM, 
resulting in a reduced rate of bioremediation. 

5.5.5 Circular Economy 

An important question is what happens to the heavy metal now trapped within 
the biomaterial? How can this be safely handled, disposed or if possible, upcycled 
for additional applications? 

During the process of bioaccumulation, microalgae have shown to make sub-
micron scale compounds from metals in the form of nanoparticles (NP) that 
have high value in biomedical purposes (e.g. antiviral, antibacterial, medical 
imaging, drug delivery, cancer treatment), environmental remediation purposes 
and industrial purposes of enhanced fuel cell performance.576,577 Currently, these 
nanoparticles are being synthesized industrially via chemical and physical methods 
that require high temperatures and / or pressures resulting in high energy 
consumption and generation of large amounts of waste, techniques that do not 
align with the sustainable development goals.491 In recent years, research is being 
conducted to synthesise the nanoparticles through biological methods, such as 
microbial biosynthesis of NPs. Microorganisms are known to produce biogenic 
metal nanoparticles by utilizing their natural metal resistance and metabolic 
pathways, either through intracellular or extracellular mechanisms.578 Specific 
to Indus, the immobilised microalgal cells of P.tricornutum embedded within the 
hydrogel for microalgal bioremediation, the cells when exposed to heavy metals 
such as Cadmium form Cd-PC complexes which in turn can create PC coated CdS 
nanocrystallites by incorporating sulphide ions (S2-), that can be upcycled for 
additional applications.544

A major drawback in the biological synthesis of nanoparticles is the inability to 
control the size, morphology and the stability of the yield which largely depends 
on the microorganism and its relative heavy metal compound.576 Therefore, the 
controlled environment of the alginate-based hydrogels allow an advantageous 
opportunity to regulate size, morphology and high quality, stable yields which can 

Figure 5.13: Indus 2.0
A second iteration of the Indus wall is computationally designed via 
generative modelling wherein horizontal ridges are created to overlay 
the venation pattern from Indus 1.0. 
The image on the right shows the variations in the design of the hori-
zontal ridges evaluated with the aim to redistribute water, while in-
creasing its residence time.
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Figure 5.14: Indus 2.0
Left: The bioybrid scaffolds are fabricated from terracotta-like clay and 
inlaid with the alginate-based hydrogels composed from carageenan 
and xantham gum as rheology modifiers. 
Right: A digital renger showing the generated horizontal ridges overlap-
ping with the venation system. 
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Figure 5.15: Extruding hydrogels immobilised with different microalgal species
The different venation patterns were homogenously printed with different hydrogel viscosities immobilised with different species of 
microalgal cells. 
Left: A. platensis is printed;
Above: P. tricornutum is inlaid with the hydrogel.
The material prototypes were exhibited at the Water Futures Exhibition,  A/D/O, BMW, New York, 2019.
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be processed for further applications of the nanoparticles.579 It must be noted that 
this concept is still in its initial stages of research and development, but the process 
is deemed as promising to create an opportunity to close the loop between the 
bioremediation process and the trapped heavy metal compounds within the algal 
cell containing biomaterial, generating value from what is otherwise considered 
as a waste product. 

5.5.6 Social, Cultural and Educational Impact of a Bioactive system

In recent times, the work of Nobel Laureates Abhijit Banerjee and Esther Duflo,580 
along with the concepts of The Prosperity Paradox introduced by Clayton 
Christensen,581 put central the concept of democratising innovation, influencing 

design thinking to integrate multi-stakeholder engagements informing the process 
of innovation specific to the social and environmental context. Furthermore, 
reports released by international policy makers such as the UNDESA World Social 
Report 2020 and the European Commission emphasise the importance of social 
innovation as a key driving factor towards tackling the global climate crisis.582,583 
The key concept behind the term social innovation is the ability to involve and 
empower the citizens with the aim of enhancing their capacity to act towards 
local issues. Social innovations such as the Bybi project in Copenhagenlxxv and the 

lxxv   The Bybi city bee project in Copenhagen took a new approach of tackling the declining honey-
bee population, by setting up a business structure that invited the local residents to install hives on their 
premises. Additionally, Bybi also trained and educated the unemployed impacting the community socially, 
while testing the model’s ability to be replicated across cities for promoting potentials of biodiversity within 
urban environments.644  

Figure 5.16: Positioning Indus within a circular supply chain
A diagram illustrating the different stages of the circular economy that are inherited by integrating a passive, bio-active system such as 
biohybrid microalgal wall within our existing urban framework. 
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Freecycle community in Arizonalxxvi have observed the effectiveness of providing 
a measurable improvement in outcomes, as they are able to provide novel 
solutions specific to their geographical, social, cultural and economic context, 
as the uniqueness of these innovations is often to do with tailoring existing 
potential solutions in a manner that best fits the community-specific context. This 
is an important consideration when designing with and for biological systems, 
as discussed through the concept of the ecological niche, where the emergent 
interconnections and the resultant performance of the designed synthetic 
hybrid living system is relative to its situatedness. Likewise, from the bottom-up 
perspective analysing the key parameters, both biotic and abiotic, of the identified 
problem condition or niche, will inform the morphology and the appropriateness 
of the desired biological function. Now, if the resultant bioscaffold is appropriately 
positioned within the overall context, it will initiate multiple, intertwined 
interconnections across multiple stages and scales. One prime connection besides 
the biocompatible relations to its surrounding environment must / will be with 
the human, considering that the human is an important element within the entire 
ecological context in subject. In such a case, the kind of association the viscous 
scaffold establishes with the human can vary. Specific to the context of Indus, this 
association can be of wastewater treatment, of maintenance of the Indus wall, 
of communicating via biosensors the levels of contamination, or of mere carbon 
sequestration. Considering the human relationship within the designing of the 
Indus wall system is imperative, as it is an aspect of the potential negotiation that 
takes place between a synthetic artefact of life with a different form of life itself, 
more specifically the new biological with the human. 

One prime example of country level social innovation is Israel, that has successfully 
demonstrated the possibility of overcoming the challenges of an arid climate 
and scarce natural water reserves primarily by treating all the wastewater 
generated.584 While technological innovations have made a major contribution, 
an equal contribution goes to the country-wide behaviour change which was 
inculcated through policy implementations, education and awareness programs 
that encouraged communities to take charge of the water consumed at-site, 
and to integrate decentralised solutions to treat and recycle the wastewater.585 
A prime factor that steered the movement towards water conservation was the 
change in community behaviour, wherein they began to adapt local methods of 
storing and reusing 80-90% of the water consumed in their daily activities. This 
was further accompanied by inculcating the same techniques to all generations, 
both young and old, bringing about a radical, long-lasting behaviour change 
within the society.586 Today, approximately 50% of the water used across the 
country is supplied via recycling treated water, allowing them to generate surplus 
volumes which they now export to adjacent countries, a resultant of establishing a 

lxxvi   The freecycle community in Arizona uses social media to reuse and recycle second-hand goods 
and has expanded to 4000 Freecycle communities in 80 countries.645 

complimentary relationship with water as a natural resource. Other solutions such 
as small-scale, decentralized anaerobic digestion of food waste and hydroponic 
systems within urban areas have also proven to support community enterprise 
activities, contributing to closing the loop between waste-energy and food.587 
Designing for this behaviour change was the prime ambition of Victor Papanek’s 
functional complexity diagram, wherein innovating not just to fulfil the human 
need, but also to involve the user with its workings for a longer-term relationship 
between the human and the artefact. 

Indus’ design and fabrication not only demonstrates the potentials of integrating 
living systems within the rather benign contexts of small-scale artisans, but also 
empowers developing communities with a biological system that can be fabricated, 
assembled and maintained solely by them, allowing them to actively treat and 
reuse the polluted water in their manufacturing process. The modularity of the 
system encourages communities to tailor the hydrogel material and the scaffold’s 
venation network, educating both literate and illiterate members of the community 
about a sustainable and futuristic bioremediation system. It is also hypothesised 
that such a system that inculcates a degree of maintenance by the locals becomes 
a part of a community’s daily process, where they actively engage with a living, 
viscous wall in order to gain benefits that include upgrading of infrastructure 
and local wastewater treatment, along with carbon sequestration. This in turn 
inculcates a naturally provoked change in human behaviour, that would become 
a part of a community’s social, cultural, economic and environmental framework, 
demonstrating the true benefits of actively integrating a living system. While the 
topic of social innovation is a wider topic of research which does not directly 
relate to the central objective of designing viscous boundaries, this however was 
important to briefly introduce with the aim of strengthening the argument behind 
the quality of maintenance the viscous boundaries demand, while introducing 
an important aspect to the research which requires further investigation and 
development as research would continue post the completion of this thesis. 

5.6 Hydrogel Scaffolds as an Ornament: The ‘Wall Veil’

An important element of the venation scaffold is its ornamental quality that 
embeds within it the rich cultural character of the small-scale artisans of Kolkata, 
while still being advanced and futuristic in its functionality, illustrating the value 
design can have on systems that are otherwise limited to the field of engineering, 
suggesting the importance of integrating scientific and technological innovations 
within the changing culture of human behaviour. Dutch architect, artist and 
author Lars Spuybroek, in his seminal work entitled ‘The Matter of Ornament’, 
highlights art and architecture to prepare for ‘a return of ornament’ after having 
gone through decades of modern, contemporary and minimalistic aesthetics of 
design.588 Spuybroek, influenced with the various forms of beauty, such as those 
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found in plant life, emphasises the importance of searching for a new experience of 
beauty altogether, a kind of aesthetic where the form and the ornament are highly 
interdependent functions of matter. Influenced by the nineteenth century English 
writer, philosopher and art critic John Ruskin’s aesthetical insight, Spuybroek 
recognised form and morphology of objects in nature as a constant attunement 
with life and its processes.589–591 He further encouraged rethinking how we perceive 
the beauty of the object, or how we interact with it, as ‘the life surrounding the 
object is aesthetically related to the life of the object itself’.591,592 In section 3.6.4, 
the evolving concept of bioaesthetics was briefly discussed, and how designing 
with soft, viscous states of matter not only demands a fresh aesthetic sensibility 
from designers, but also a degree of acceptance by its users encouraging for a 
slight re-orientation – a re-orientation in perception, in experience, in interaction, 
and in flows.

It is important to mention that ornamentation does not necessarily sit at 
the core of this research. However, it follows along as an inheritance to the 
morphological exploration of the photosynthetic systems thus developed. It 
accompanies the texture, in the form of viscosity that makes up both the matter 
and the functionality of the living systems, suggesting the designed matter, a 
new materiality, as constantly active and transformative. Besides viscosity, the 
patterned morphologies of the scaffolds and their viscous boundaries form 
patterned tessellations through tiling, and interlacing veins, that expand across 
dimensions of object-life creation, emerging and blending organically, from the 
surface in the form of lines, and back from the lines to the surface, formalising a 
realm of ornamentation.588,593 

Traditionally, ornamentation has been situated within defined historic periods, 

Figure 5.17: Viscous boundaries as an ornamental ‘wall veil’
Above: A line drawing of the ornmanetal venation pattern
Right: Image of the fabricated tesselated bioscaffolds



213



214

and are highly definitive of its culture. Often initiating emotions, memories 
or even sympathy towards the art, or the form being experienced.594 But the 
notion of ornamentation within biodesign comes back and comes back much 
stronger across multiple dimensions as new tools of giving form, texture, and a 
new identity to synthetic life are explored,lxxvii wherein the element of inherent 
empathy towards the living synthetic form of matter becomes central to its 
performance and its longevity. This makes interactivity, and visual conversations 
of the living systems with the environment and the processes that surround it 
as vital to the concept of beauty and ornamentation.592 Therefore, the viscous 
scaffolds were conceptualised to become an ornamental piece of intervention 
within the existing infrastructure of the panchayats, where the filigree of each 
individual scaffold has its own, patterned identity and, when tessellated together, 
it acts like an interactive ‘wall veil’.106,595 A wall veil that becomes an ornamental 
identity of the panchayat community – a sort of a new societal culture, that 
visually illustrates the daily activities and the changing futuristic behaviour of its 
community, where treating water becomes embedded within the fabric of the 
local society. This is a bold piece of rhetoric, as over the course of its life cycle 
adapts, changes and responds to the processes it performs, and the processes 
that perform with it.594,596 Now, as the ornamentation of the wall veil performs 
its cleansing mechanism, it is also far more animated and is constantly changing 
and adapting to the pollutants in the water, and the temperature and pressure 
conditions of its surrounding environment, while sequestering carbon. From the 
different growth phases to the process of bioaccumulation, the visual aesthetic of 
the venation scaffolds and the algae-laden hydrogels will change over a period of 
time, communicating visually the living process of photosynthesis, and the toxic 
heavy metals accumulated, bringing to life the veiled ornament, quite literally.

Till date, the aesthetic value associated with cleaning contaminated resources 
evokes a sense of disgust, and a system that must be camouflaged or kept 
hidden as it is considered to be dirty and something that does not have a quality 
to be displayed. On the contrary, the design and functionality of Indus brings 
to the forefront the entire mechanism of wastewater treatment, through its 
ornamental quality but also its ability to show to its users the quantity and quality 
of contamination that is extremely dangerous for their health, and the health of 
the environment – and therefore, they must take careful actions if they are to 
improve their living conditions. 

lxxvii   This thought is influenced by Lars Spuybroek’s book titled The sympathy of things, wherein he 
states, ‘… pure exchange and activity, even when loaded with meaning, do not add up to beauty either 
ethically or aesthetically if that activity doesn’t follow some path of convergence, if not to say some path 
toward form’.646 

 
5.7 Challenges and Future Research

Note that the Indus project is at present a demonstrator of a viscous boundary 
designed and fabricated at a large-scale built with a synthetic material ecology 
specific to the application of bioremediation. And the preliminary scientific and 
design experiments discussed in sections 5.4 and 5.5 were conducted to illustrate 
the authenticity of such a system. This included the successful demonstration of 
the heavy metal uptake activity of the algae-laden hydrogels specific to Cadmium, 
and its direct relationship with the flow rate, flow path and the residence time the 
contaminated water is allowed to stay in contact with the immobilised hydrogels. 

However, a rigorous series of experiments need to be conducted to fine-tune the 
various material, design and functional parameters (refer figure 1.18), before an in-
situ pilot test can be constructed and further tested for its long-term performance 
in the built environment. First, a taxonomy of different microalgal species and 
their affinity towards specific heavy metals need to be identified and immobilised 
for growth within the hydrogels. This must then be read in conjunction to their 
desired residence time, depending on the levels of heavy metal contamination 
identified in the wastewater. Simultaneously, computational design explorations 
must be conducted to test the efficiency of a closed, open and a semi-open 
system with the aim of reducing the percentage of water evaporation during 
bioremediation, while controlling the flow rate and flow path of the water. 

Further, the possibility of designing areas in the scaffold, where water is collected 
momentarily, before flowing on to the next channel, or collection point must 
be explored. This would create a gradated ripple effect onto the surface of the 
scaffold, with areas of high and low concentrations of the immobilised hydrogels. 
This could also be a technique to increase the residence time of the wastewater. 
However, it is well established that increasing the number of interruptions reduces 
the control over the water flow, an element which will have to be optimised by 
conducting a series of computational fluid dynamic drawings in conjunction with 
physical flow experiments to inform the next iteration of the venation patterns. 

A major challenge is to establish an efficient method of maintaining the system, 
including the timely and safe recovery of the concentrated heavy metals trapped 
within the biomass and the hydrogel. Can the hydrogel be reused upon eluting 
the trapped heavy metals? Can the biomaterials lifespan be increased to reduce 
the level of maintenance required by the system? Integrating a biosensor or an 
indicator must also be considered, to communicate the saturation point of the 
algae-laden hydrogels. 

Clay minerals also have an affinity to absorb heavy metals in their interlayers 
through ion-exchange reactions.597 While the scaffolds constructed here were 
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glazed before applying the hydrogel, a further investigation into the different 
clay scaffolds with varying porosities might contribute to an additional layer of 
permeability and controlled sorption, where the structural scaffold itself has the 
ability to retain a certain amount of water that can keep the viscous hydrogels 
hydrated. This becomes important, if the viscous boundary is to be installed 
in areas that experience extreme dry conditions, and the percentage of water 
loss during the treatment needs to be reduced significantly. In such cases, the 
absorption of heavy metal by the clay particles will have to be carefully regulated, 
as both the viscous gel and the solid substrate would be in competition to each 
other, to trap the ion-charged particles from the wastewater. 

Indus is only one design proposition of a much wider range of possibilities of 
integrating synthetic material ecologies within a social, cultural and environmental 
context. One possibility is to incorporate viscous biomaterials to activate 3D inert 
surfaces to perform biological processes, such as photosynthesis while indicating 
minute imbalances in the surrounding environment or acting as a substrate 
for growth of other organisms, which in turn would facilitate novel designed 
interactions. In contribution to the fields of architecture and biochemical 
engineering, the resultant design methodology and the construction of project 
Indus demonstrates the scaling up of stable biohybrid constructs to the scale of an 
architectural wall, with a functional form, incorporated with a biological principle 
for site-specific application.   
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Figure 6.0: Viscous boundaries. Complete with permeabilities and porosities, a continuum between different zones. 
Credit: Author
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06.

CONCLUSION
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In this chapter the theoretical, methodological, scientific and design-led 
contributions of the thesis are reviewed, the implications of which are considered 
to benefit the contexts of architectural design, material design, and engineering 
design. By analysing the biomaterial-based design-fabrication workflow developed 
in previous chapters, future directions and design scenarios will be proposed. 
Central to future contributions will be the consideration of interlinking the 
concepts examined in figure 1.4, where design requires integration of biological 
performance, material properties and fabrication techniques. The novelty of this 
methodology is that it incorporates the microscopic scale of living organisms and 
their growth mechanisms along with their relative biocompatible materials that 
govern the resultant morphologies and the technique of prototyping, bringing 
closer the currently distinct approaches of the bottom-up and top-down processes 
practiced independently within the fields of biochemical engineering, synthetic 
biology and architecture respectively. 

Underpinning processes of scientific experimentation, computational design and 
prototyping, the core objective of this thesis has been to incorporate properties 
of life within man-made architectures. Here, life does not suggest the building 
components’ ability of kinetic movement, or response achieved through the use 
of smart, actuated materials, but instead considers life in its truest biological 
sense, wherein incorporating living microorganisms and their relative growth 
requirements become a prime factor of design, a concept that goes beyond 
simply considering nature as a model or inspiration. The objective of designing 
to embed life within our built environment creates radical distinctions from the 
bioart and the biodesign projects discussed in section 3.1, where living organisms 
were exploited either as a medium of provocation to illustrate the repercussions 
of synthetic alterations to biological organisms or the result of extraction-based 
human activity to our existing environment, or solely as a new medium for 
artwork, or more recently to grow materials that can be moulded into consumable 
products. Till date, neither of the projects take into consideration the long-

term biological performativity that can result from using living organisms as a 
medium of creative endeavour. This has been achieved by evolving the approach 
of working with hydrogels as a medium to support biological processes through 
the maintenance of a hydrated environment, facilitating exposure to light, while 
remaining stable at ambient temperature and pH. In Chapter 4, a novel workflow 
for fabrication was devised, maintaining the conditions to support cell division 
and CO2 sequestration. The work presented in this thesis subsequently illustrated 
the integration and functional performance in an architectural context via the 
development of conceptual demonstrators in chapter 3. 

The scaffold biohybrid system developed and tested in chapter 5 illustrated for the 
first time, the appropriate integration and its resultant biological function’s use 
within the building context, wherein the viscous hybrid prototype was allowed 
to perform its usual lifecycle by responding to the surrounding environmental 
factors in turn performing the application of remediation. It’s important to 
clarify the venation pattern of the Indus tiles as an example of bioinspiration and 
not biomimicry as the design focussed on uniform and efficient distribution of 
water across the surface, by computationally generating a form through inputs 
of certain parameters which were tested via lab experiments and physical 
prototyping of the model system. Further, the fibrosity of the 3D viscous scaffolds 
has been explored throughout this thesis, first introduced during the construction 
of the AM of hierarchical biolayers. The design of Indus 2.0, where the venation 
channels are juxtaposed with a more horizontal pattern designed to optimise the 
distribution and flow rate of water while embedding central catchment areas with 
higher quantities of algae-laden hydrogels also illustrate the intention of taking 
inspiration, while focussing on designing with biological materials and processes 
from the bottom-up.  

The research presented here posits an alternative approach to integrating the 
living within our built environment. Rather than transposing the logic of the 
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bioreactor into an architectural setting, relying on physical processes to maintain 
homeostasis, the balance is achieved through a novel bio-based materiality. 
This complex and dynamic exchange initiated between the microalgal cells, 
the microenvironment of the biomaterial, the external environment, and its 
photosynthetic process is precisely what re-defines the meaning of embedding 
life within architecture. Where buildings embedded with biochemical processes 
within their material make-up, form biohybrid material ecologies that initiate the 
possibility and the notion of architecture as being alive. 

A new biocompatible materiality

Within the field of biomedicine, development of hydrogel polymer scaffolds that 
allow the cellular adhesion and differentiation of mammalian cells for integration 
within the human body for applications such as drug delivery and tissue 
regeneration have been investigated. However, these remain limited to small 
scale and the emphasis has been on their temporal qualities in vivo.  Water-based 
hydrogel materials composed from natural polymers such as sodium alginate, 
methylcellulose and carrageenan were prepared, tested and rheologically 
characterised. While there is literature available on the characterisation of alginate-
based hydrogels for applications on a nano and microscale, their characterisation 
based on their structural, physiochemical and biological properties on a large scale 
ranging from centimetres to metres was conducted for the first time. In this work 
the properties of the material in terms of biocompatibility were formally defined 
and illustrated in Chapter 2.  I contextualised biocompatibility on the theoretical 
concept of the new materiality, as an intervening or interfacial substance through 
which energy in the form of flux is conveyed or through which physical forces can 
be transmitted. This was achieved across two scales, the biological scale where 
the substance offers a microenvironment for a specific microorganism to live, and 
on the architecture scale wherein the material, its form and its techniques are 
used to govern the formation of the object and its relative biological process. 
Further illustrating the potential of an architectural-scale material to perform as 
a host for additional organisms and their biological processes, while fulfilling its 
requirement of mechanical and structural stability.

Against the Modernist aesthetic paradigm in which surface conditions have 
taken on a perception of being clean, sanitised, linear, edgy and minimalistic, 
recent studies of the spatial microbiome have highlighted the thousands of 
microorganisms, in the form of bacteria, fungi and microalgae that colonise our 
surrounding habitable environments.598 Likewise, the concept of bioreceptivity 
proposed by Guillite discussed in section 3.6.2, highlighted the naturally induced 
biocolonisation of external surfaces exposed to the altering environmental 
conditions as a sign of biodeterioration.399 The work developed in this thesis 
has shown the benefits of introducing microbial ecologies in a defined manner. 
In line with the new proposed sub-category of bioreceptivity called quaternary 

bioreceptivity, where “added materials such as consolidants and other surface 
treatments may become a new habitat for colonisers.”599 This does not simply 
include altering surface morphology and its textures, instead this thesis suggests 
incorporating layer(s) of active matter that can become a host for the controlled 
and directed growth of specific species that can perform functions such as 
photosynthesis. 

Soft architectures: Viscous and permeable boundaries

Through this thesis I argued about viscosity and permeability as key parameters 
of the biocompatible material that alter the surface boundary conditions with an 
element of stickiness, suggesting the property of the biomaterial to allow living 
cells to stick to its ECM, while it also sticks to the architectural surface boundary – 
creating functional surface microstructures. This further instigated the creation of 
soft architectures, wherein the predictable, linear, non-transformative behaviour 
of independent objects give way to non-linear soft systems, that are able to 
embrace complex interrelationships between elements and the environment. Here 
I undertook different physical biomaterial experiments accompanied with relative 
prototypes under a time-based observational study with the aim of illustrating 
the absorption, transformation, and exchange of information the algae and the 
hydrogel undergoes with its surroundings, self-regulating the designed objects 
into often predictable or unpredictable states of matter. The work developed in 
this thesis illustrates the complex interrelationships inherited from soft and fluid 
systems as they are eligible of governing behaviour down to the smallest scale, 
further provoking architecture to move away from the classical purity of form 
and to embrace the soft, viscous, sticky and messier biological model of design, 
re-defining what constraints, assumptions, formal predictions and control truly 
mean for architects and designers, a concept which has been elaborated across 
different chapters from different perspectives in sections 1.4, 2.6, 3.5, 5.2 and 5.5. 

Hierarchical fabrication of soft bioscaffolds

A major challenge remains in finding appropriate tools and techniques that can 
allow the fabrication of biologically functional components from soft, viscous 
matter as existing, market-based bioplotters are constrained and limited in 
material, scale, and application. Materials in nature have been observed to grow, 
construct and assemble forms and structures from polymers through hierarchical 
deposition of chemical compounds across a wide range of molecular scales 
resulting in emergent properties that eventually perform the desired biological 
function. In order to realise this on an architecturally relevant scale, this research 
has developed a novel biofabrication tool that allows controlled but scaled 
construction of biolayers and biohybrids through an AM technique that was 
custom designed via a multimaterial pneumatic extrusion system connected to 
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the end effector of a robot arm. The tool was constructed in order to allow the 
layer-by-layer construction of the fibrous biolayers from the algae-laden hydrogels 
with varying percentages of viscosity. It was for the first time that a cell-laden 
viscous material was 3D printed on a metric scale, that would upon construction 
continue to support the photosynthetic activity of the printed scaffold, while 
depositing a structurally stable layer. Developing a robotically actuated pneumatic 
system, not only allowed to fabricate living systems on a large-scale successfully 
but has also opened up a wide range of possibilities, where different biomaterials, 
with different performative properties could be extruded by digitally entering 
material and form specific parameters, fine-tuning the complete material-design-
fabrication workflow, allowing the large-scale construction of photosynthetic 
systems from the bottom up. Hereby the soft programmable biological surfaces 
can be readily reproduced, replicated and customised for applications across 
different contexts and functions. 

Designing photosynthetic layers for growth and decay

The work produced in this thesis records the time-based changes the designed and 
fabricated bioscaffold undergo, as, post-fabrication it initiates and self-organises 
its form and function in response to its surrounding and internal environmental 
conditions. Soft, malleable substrates have an innate capacity of altering their 
states of matter in response to the changing conditions in its environment – a 
property that is largely inherited with the element of life integrated within the 
developed bioscaffolds. In Chapters 3 and 5, I advocate that both the designer 
and the users to embrace the concept of bioaesthetics where the architecturally 
designed elements are allowed to change and alter their form. This may take 
several modes. For instance, components may change aesthetically, functionally 
and even structurally over a period of time. Objects and processes that are living, 
are required to undergo change during their lifecycle a notion that is radically 
different from the static, constant and frozen-like state of building elements. 

The converse state, or the naturally following process to growth is that of decay, 
wherein the absence of routine maintenance or under exhaustion of key growth 
specific nutrients, the living material ecology begins to decay. One might consider 
this as a highly performative synthesis between a house and a garden embedded 
with specific microenvironments within a macro-ecological system that needs 
regular tendering and taking care of, in case of maintaining its longevity. Here, 
the aesthetics of growth and decay, and constant alterations of living systems 
becomes inherent to the different forms and states the pre-designed and fabricated 
scaffold takes on, further suggesting designing and liberating the components to 
take on rather unpredictable forms that cannot always be regulated, controlled 
and predicted by the creator. This marks human intervention as an important 
element for the maintained longevity of the system, through a behaviour that is 
much different to the extraction-oriented association humans are known to have 

with the natural, initiating a new kind of relationship with their natural processes. 
Now, if we are to expect a positive change in behaviour in the ways with which 
we interact with our surroundings, I emphasise the importance of incorporating 
these new designed ecologies within appropriate ecological niches where the 
human intervention instigates the biological process to perform a function that is 
beneficial for the health of the habitable environment. Further intertwining the 
relationship and the hierarchical distinctions between natural and the artificial, 
blurring the boundaries in a manner that humans begin to establish new levels 
of relationships with their synthetic environments, appreciating and empathising 
with natural processes – as if synthetic environments are alive, just like themselves. 

Indus: Biohybrid wall systems for bioremediation

The designs and experiments in Chapter 4 demonstrated how control of 
geometrical form could be exerted through assembly or AM. Nonetheless, viscous 
materials alone had limited practical application for biologically integrated 
design unless they are appropriately designed for use within an ecological and 
urban context. In response to this, I challenge the capability of the biomaterial-
based design fabrication workflow to offer form-generation and hierarchical 
fabrication processes that integrate the physiochemical and biological properties 
for applications within different environmental contexts, such as bioremediation 
and biophotovoltaics. The demonstrators developed in this thesis illustrate the 
possibility of incorporating the soft, bio-active surface boundaries within the 
existing built context, by suggesting the creation of biohybrid scaffolds that 
integrate the new biomaterial with existing building materials. In this way the 
designer can correspond and negotiate between multiple types of performances 
as demanded by the designed environment, bridging the distinct classes of 
engineering and architectural performances. 

While the novel AM technology demonstrated the ability to fabricate hierarchical, 
viscous hydrogel biolayers, the technology is very much in its initial stages 
and would require a series of further developments before it can be readily 
implemented for use within architecture. However, the ambition of this thesis 
evolved to illustrate the novel attempt to link the various components of the 
biomaterial-design-fabrication workflow while initiating a consilience between 
design and science. This was tackled through the development of project Indus, 
where for the first time a photosynthetic wall scaffold was assembled from 
biohybrid components containing the soft, viscous algae-laden hydrogels. To 
embed findings from ethnographic research conducted in section 5.3, material 
selection for the scaffolds considered ways of reflecting the vernacular identity of 
the identified context of the small-scale artisans along with its ability to be readily 
fabricated via locally available materials and traditional techniques. In addition 
to its photosynthetic surfaces, the application towards heavy metal removal via 
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microalgal bioremediation was novel, further demonstrating the potentials of 
already beginning to integrate the soft, living zones as a means of activating existing 
building surfaces - where they occupy an ecological niche performing functions 
such as carbon sequestration, and wastewater treatment, while cultivating 
biomass for additional product-based applications either in pharmaceuticals 
or in agricultural fertilisation. This further opens up a wide range of potentials 
in different fields, such as bioremediation of organic pollution or removal of 
eutrophic compounds from other aquatic sources or in tackling air pollution in 
urban environments where the creation of surfaces on high rise buildings for gas 
exchange and absorption of pollutants could be advantageous.  Accompanying 
the agenda of bioremediation, a similar workflow can be adopted to build-in 
biosensors embedded within the viscous layers via living microorganisms that are 
able to visually communicate the concentrations of pollutants and other harmful 
substances present in their immediate environment. 

Potential future research 

At a time when discussions on climate change and their relative innovations 
are being discussed and implemented widely across different fields. The built 
environment will be soon required to begin integrating living elements as a means 
of tackling challenges related to addressing air and water pollution, augmenting 
microbiomes for a healthier environment or to create responsive layers and 
systems that are able to rapidly adapt and alter their material states in response 
to the extreme climatic conditions being increasingly observed across the globe. 
The property of biocompatibility within architecture as defined within this thesis 
highlights the ability of a material and its resultant biological process to establish 
two separate but interdependent relationships – one within the material scaffold 
and the other outside the material scaffold (host environment). For instance, 
the carbon uptake potential of photosynthetic systems during manufacture and 
installed life of architectural components, offers a biocompatible form of designing 
with carbon conscious building materials.

On a much broader remit, the role of biocompatible components is twofold, 
one of mitigation and the other being remediation. The biocompatible viscous 
scaffolds have the ability to sense minute changes with specific gaseous and 
chemical compounds within their immediate environment, making them 
suitable for applications such as biosensing, where the quality and the quantity 
of the surrounding conditions can be assessed in real-time. The benefit of such 
a biosensor is its inherent property of mitigation, wherein the active microbial 
community will respond by a counter mechanism that can assist in mitigating by 
controlling or regulating the further increase in concentrations of pollutants to 
extremely hazardous states. The biocompatibility of the material’s ECM can also 

promote symbiotic relationships wherein growth and proliferation of additional 
microbial colonies can be promoted as a means of augmenting the biosensing and 
mitigation activity under extreme conditions. A similar strategy can be deployed 
in creating remediating bioactive systems that can either allow the growth of 
cells within the controlled boundaries of the biomaterial or have bioresponsive 
materials that allow local micro-organisms and even macroscopic plant species to 
begin colonising the scaffold with the aim of remediating the local environmental 
conditions. Furthermore, a biocompatible hybrid scaffold containing growth 
nutrients can also be designed to be degraded naturally after a period, or upon 
demolition with the aim of returning specific ingredients back into the soil or 
building substrates to maintain the soils fertility. Therefore, biocompatibility within 
architecture must be further investigated in order to develop and characterise 
a larger set of polymeric materials, wherein the physiochemical, biological, and 
structural properties suitable for applications on a large-scale are outlined relative 
to their appropriate fabrication process, such as casting or robotic extrusion. 

Iterations of the Indus project are being developed and implemented as a 
biologically designed intervention, rethinking the relationship between water 
consumption cycles, photosynthetic processes, and architectural scaffolds, by 
offering a novel alternative that is able to be readily integrated and adapted across 
different communities. Additionally, the process of hierarchically fabricating 
stand-alone hydrogel scaffolds with varying optical, structural and growth-specific 
properties are also being developed through multimaterial distribution systems 
for applications such as biosensing, soil and water bioremediation. 

A naturally induced empathy between the human and the non-human is one 
of the prime architectural and societal implications of designing biocompatible 
scaffolds. Wherein the growth and decay quality of the living system initiate a 
new form of communication between the inhabitant and its surrounding living 
structure, suggesting a two-way complimentary relationship where the system 
works to enhance the quality of the environment, and the human takes an added 
initiative to maintain the performance of the system that in turn continues to 
perform. This new narrative between the human and the non-human initiates 
a much larger conversation about the societal changes that must be adopted if 
we are to tackle the impacts of climate change. A major concern is in the ways 
with which these behavioural changes can be inculcated in the community at 
large as top-down policy regulations have often failed, as they weren’t always 
amalgamated by bottom-up user centred design thinking. This highlights the 
critical role of design wherein systems are to be conceptualised for contexts that 
naturally provoke the desired change in behaviour. Wherein the altering aesthetics, 
and the reduction in its performance deem human intervention necessary, 
eventually working towards a time when the manner in which we consume and 
interact with our surrounding natural resources would completely transform into 
one that works highly complimentarily, as opposed to the current perception of 
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infinite extraction and exploitation.  This is not to say that designing architectural 
viscous bioscaffolds is the only intervention that will fix the root causes of climate 
change, however the successful implementation of biocompatible thinking where 
microstructural materiality and the macroscalar design and fabrication will 
surely begin to initiate an urgent and pertinent discussion between the altering 
conditions of the environment. Wherein the resultant negotiation via viscous bio-
active boundaries holds the capability of transforming our environment into one 
that is highly dynamic.  
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They say we are headed towards the 4th Industrial revolution, the Digital Revolution. 
But from my vantage point, I see us headed towards a Biological Revolution.
They are probably destinations whose path seem united for now.
But with time, we might have to consciously search for a new consilience, 
to get to our desired destination.

What that united system of knowledge looks like,
and how we will begin to explore the still unexplored domains of creating new realities.
Only time will tell...
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RATE OF EVAPORATION TESTS

HYDROGEL DAY 01 DAY 30
WHEN LEFT OPEN

DAY 30
WHEN KEPT COVERED TO RETAIN MOISTURE

SAMPLE 01
Alginate - based Hydrogel

(33 % Water Content)

SAMPLE 02
Alginate / MC based 

Hydrogel 
(12.5 % Water Percentage)

SAMPLE 03
Alginate / MC based 

Hydrogel 
(8.33 % Water Percentage)

SAMPLE 04
Alginate / MC based 

Hydrogel 
(4.16 % Water Percentage)

Table 1

Rate of 
Evaporation when 
left open

DAYS

1 2 3 4 5 6 8 9 10 12 14 15 16 17 19 20 21 22 23 24

Sample 01 84.73 52.92 44.08 30.12 12.0 6.30 7.0 6.70 6.70 6.40 6.40 6.70 6.70 5.90 9.60 9.60 9.60 9.60 9.60 9.60

Sample 02 48.21 28.90 23.95 17.47 9.10 4.50 7.6 5.90 5.90 7.60 7.10 7.60 7.20 7.00 10.20 10.20 10.20 10.20 10.20 10.17

Sample 03 45.58 23.38 16.79 11.97 6.0 8.90 8.2 7.20 7.20 8.30 7.70 8.40 8.40 7.90 11.50 11.50 11.50 11.50 11.50 11.0

Sample 04 63.75 43.17 36.12 26.69 11.40 11.80 13.50 8.90 12.0 12.30 12.40 12.50 10.70 12.50 18.10 18.10 18.10 18.10 18.10 18.10

Rate of 
Evaporation when 
covered to retain 
moisture

Sample 01 103.90 96.40 91.64 90.43 59.60 68.5 60.7 52.90 59.40 57.0 47.50 42.90 42.90 41.70 59.60 58.80 58.10 56.30 55.70 55.10

Sample 02 42.90 48.85 48.54 48.12 33.20 26.8 29.40 23.90 30.40 30.30 27.80 27.40 26.90 22.00 35.30 34.70 34.20 32.50 31.90 31.40

Sample 03 71.02 77.60 77.26 76.75 41.20 31.9 40.70 44.20 42.80 43.0 41.70 46.30 41.20 41.60 61.80 61.30 60.80 59.00 58.40 57.72

Sample 04 67.30 74.09 73.80 73.36 52.80 46.60 44.2 41.90 49.0 47.0 42.10 47.20 45.20 45.40 62.70 62.10 61.60 59.70 59.20 58.50

Sample 01 50 ml Water + 1.5 
gms. of Sodium 
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33.33% of water
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Alginate + 4.5 gms. 
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Left: Rates of evaporation when hydrogels are kept exposed to the 
environment and when they are kept covered. 
Above: Printing flow rates for alginate-based hydrogels, conducted 
and controlled in order to maintain printing precision.
Right: The five hydrogel panels exhibited at the BioTallin Biennale, 
Estonia, 2017

Bartlett School of Architecture UCL Workshop leader: Sofoklis Giannakopoulos
Tutors: Christopher Leung, Shneel Malik
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Left: An image of the 1:1 scaled-up demonstrator of Indus under con-
struction at South Kensignton, London, UK

Right: A local clay artisan fabricating the Indus tiles in India using a plas-
ter mould which was CNC milled and fabricated in the B-Made work-
shop at UCL. 

Next pages: Images of the Indus 2.0.
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