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Abstract

The thesis explores the emerging realm of “living” fungal-based
composites in architecture, examining a shift from methods that
form and dry mycelium (fungi's rootlike networks,) - referred to here
as "nonliving", to methods based on mycelium's unique growth
processes, referred to here as "living". By utilizing the biological
functions of mycelium in its living state, this generation of living
methodologies addresses the challenges and limitations faced by
earlier mycelium applications and further advances the potential of
mycelium in the construction and architecture industry.

For the past decade, there has been a growing interest in the
bio-fabrication of mycelium due to its sustainable, structural,
and economic benefits. Claimed as one of the leading classes
of biomaterials, mycelium-based composites building material
alternatives that promote low-carbon emission and are compostable.
Despite gaining recognition, the integration of mycelium in
architecture remains limited, with the composite mostly applied to
installation and exhibition scale projects. By drying and killing the
organism, the predominant brick-and-panel approach of mycelium
research of the last decade has tended to fix mycelium in the shape of
a given formwork rather than privilegling mycelium's unique growth
capacities. Earlier research on using mycelium in construction
relied heavily on traditional construction methods and replicating
conventional materials without fully utilizing its capability for self-
healing, self-growth, and self-organization.

By analyzing five case studies that reflect this generation of recent
"living" mycelium research, this thesis aims to demonstrate the
benefits of preserving mycelium in its living state to translate their
innovative methodologies to mainstream architecture applications.
Specifically, the thesis investigates five strategies and illustrative
mycelium research projects that foreground mycelium’'s unique
biological properties in its living state: Myco-welding of conventional
mycelium-based blocks (La Parete Fungina), Fibre reinforcement
and welding of 3D-printed components (Mycera), Bio-collaboration
of mycelium-based composite and bacterial cellulose (BioKnit),
Bio-tectonic of living mycelium (Mycelium Tectonics), and Senso-
aesthetics of mycelium’s natural processes (Mycelium Rope).

The thesis identifies three key characteristics of this generation of
research across these projects: 1. biological utilization (the active
harnessing of mycelium's unique biological processes), 2. integral
and lost formwork (the use of formwork that becomes a permanent
part of the structure), and 3. material understanding and visual
acceptance (the understanding of technical knowledge and aesthetic
appreciation of mycelium as a building material) . Each case study's
research goals, design intentions, methodologies, and reflections will
be explored to provide insights into the potential of living mycelium
architecture. The concepts presented in the paper challenge
traditional notions of today's static architecture and propose a
dynamic and living framework capable of adapting to its environment.
The study positions living mycelium as a model for resilient and
adaptive structures. This approach offers new insights for sustainable
construction that harness the self-repairing, regenerative properties
of living organisms. The purpose of this comparative research is
not to undermine the existing development of non-living mycelium
architecture but rather to expand the knowledge of the unique natural
functions of living mycelium toward sustainable design practices.
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Neighbour_Sensing Model of the Fungal Morphogenesis., January
7, 2006, January 7, 2006, No machine-readable source provided.
Own work assumed (based on copyright claims)., https://commons.
wikimedia.org/wiki/File:Neighbour_Sensing_model_cone.jpg.

Fig. 3.4.5 The Living Fibre prototype before mycelium inoculation.

Image by Gianluca Tabellini, retrieved from “mycelium tectonics,”
mycelium tectonics, May 1, 2015, https://mycelium-tectonics.com/.
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Fig. 3.4.6 The Living Fibre prototype after mycelium colonization
on the fibrous base. Image by Gianluca Tabellini, retrieved from

“mycelium tectonics,” mycelium tectonics, May 1, 2015, https://
mycelium-tectonics.com/.

Fig. 3.4.7 (left) A free standing sample from Mycelium Tectonics
inspired by the Greek columns. Image by Gianluca Tabellini,
retrieved from “mycelium tectonics,” mycelium tectonics, May 1,
2015, https://mycelium-tectonics.com/.

Fig. 3.4.8 (right) Petri dish experiments, prior to fabrication of the
Living Fibre prototype. Image by Gianluca Tabellini, retrieved from
“mycelium tectonics,” mycelium tectonics, May 1, 2015, https://
mycelium-tectonics.com/.

Fig. 3.4.9 A diagram showing the hierarchy of the fibrous base
system. Diagram by Gianluca Tabellini, retrieved from Gianluca
Tabellini et al., “Prof. Alessio Erioli Prof. Alessandra Zambonelli
Maurizio Montalti Philip Ross,” n.d.

Fig. 3.4.10 The fibrous system used as a guiding formwork for the
prototype. Image by Gianluca Tabellini, retrieved from Gianluca
Tabellini et al., “Prof. Alessio Erioli Prof. Alessandra Zambonelli
Maurizio Montalti Philip Ross,” n.d.

Fig. 3.4.11 (next page) A diagram of the Living Fibre components.
Diagram by Author.

Fig. 3.4.12 (right) A photograph of the cotton balls soaked in water
for humidity. Image by Gianluca Tabellini, retrieved from “mycelium
tectonics,” mycelium tectonics, May 1, 2015, https://mycelium-
tectonics.com/.

Fig. 3.4.13 (left) The prototype wrapped in plastic to ensure proper
mycelium growth. Image by Gianluca Tabellini, retrieved from
“mycelium tectonics,” mycelium tectonics, May 1, 2015, https://
mycelium-tectonics.com/.

Fig. 3.4.14 (right) Microscopic image of mycelium network bridging
the gaps and interlocking with one another. Image by Gianluca
Tabellini, retrieved from Gianluca Tabellini et al., “Prof. Alessio Erioli
Prof. Alessandra Zambonelli Maurizio Montalti Philip Ross,” n.d.

Fig. 3.4.15 (next page) A step by step diagram showing the growth
process of the Living Fibre prototype. Diagram by Author.

Fig. 3.4.16 A zoomed in photograph showing the various density
points after mycelium growth. Image by Gianluca Tabellini, retrieved
from Gianluca Tabellini et al., “Prof. Alessio Erioli Prof. Alessandra
Zambonelli Maurizio Montalti Philip Ross,” n.d.

Fig. 3.4.17 An illustration of the aesthetically chaotic outcome of the
prototype. Diagram by Author.

3.5 The Senso-Aesthetics of Mycelium’s Natural Processes

Fig. 3.5.1 The use of mycelium in arts. Lingzhi Girl by Xiaojing
Yahn. Image by Xiaojing Yahn, retrieved from “These Sculptors Use
Mushrooms as Metaphors and Materials,” accessed September

5, 2024, https://www.artnews.com/art-in-america/features/
mushrooms-as-metaphors-urbonas-studio-tj-shin-xiaojing-
jan-1234614585/.

Fig. 3.5.2 The spatial installation Myconnect by Mirjan Svagelj
and Anil Podgornik. Image by Damjan Svarc, retrieved from “SASA
SPACAL, MIRJAN SVAGELJ, ANIL PODGORNIK (SLOVENIE),” Prix
Cube (blog), accessed September 5, 2024, http://prixcube.com/
folio/sasa-spacal-mirjan-svagelj-anil-podgornik/.

Fig. 3.5.3. Natural appearance of mycelium on a tree trunk. Image

by Jerzy Opiola, retrieved from Jerzy Opiota, Mycelium, October 30,
2023, October 30, 2023, Own work, https://commons.wikimedia.org/
wiki/File:Mycelium_a1(2).jpg.

Fig. 3.5.4 A zoomed in photograph of Mycelium Rope. Image by
Katya Bryskina, retrieved from “Mycelium, Rope by Katya Bryskina -
Future Materials Bank,” accessed September 5, 2024, https://www.
futurematerialsbank.com/material/mycelium-rope/.

Fig. 3.5.5 Mycelium growing on the hand-knitted formwork of the
project. Image by Katya Bryskina, retrieved from “Mycelium, Rope
by Katya Bryskina — Future Materials Bank,” accessed September
5, 2024, https://www.futurematerialsbank.com/material/mycelium-
rope/.



Fig. 3.5.6 (right) The view of the public looking into the incubator
as mycelium grows. Image by Katya Bryskina, retrieved from
“Mycelium, Rope by Katya Bryskina — Future Materials Bank,”
accessed September 5, 2024, https://www.futurematerialsbank.
com/material/mycelium-rope/.

Fig. 3.5.7 (next page) A diagram of mycelium colonization bridging
the gaps between spaces. Diagram by Author.

Fig. 3.5.8 Mycelium overgrowth on its integral knitted formwork.
Image by Katya Bryskina, retrieved from “Mycelium, Rope by Katya
Bryskina — Future Materials Bank,” accessed September 5, 2024,
https://www.futurematerialsbank.com/material/mycelium-rope/.

Fig. 3.5.9 Varying results of mycelium density in different areas of
the formwork. Image by Katya Bryskina, retrieved from “Mycelium,
Rope by Katya Bryskina — Future Materials Bank,” accessed
September 5, 2024, https://www.futurematerialsbank.com/material/
mycelium-rope/.

Fig. 3.5.10 Three different iterations of Katya Bryskina's Mycelium
Rope for the LIFORM: Living Megastructures exhibit. Image by
Katya Bryskina, retrieved from “Mycelium, Rope by Katya Bryskina —
Future Materials Bank,” accessed September 5, 2024, https://www.
futurematerialsbank.com/material/mycelium-rope/.

Fig. 3.5.11 A photograph of the incubator displaying an exposed
mycelium growth process. Image by Katya Bryskina, retrieved
from “Mycelium, Rope by Katya Bryskina — Future Materials Bank,”
accessed September 5, 2024, https://www.futurematerialsbank.
com/material/mycelium-rope/.

Fig. 3.5.12 Microscopic images of mycelium’s colonization on the
knitted textiles. Image by Katya Bryskina, retrieved from “Mycelium,
Rope by Katya Bryskina — Future Materials Bank,” accessed
September 5, 2024, https://www.futurematerialsbank.com/material/
mycelium-rope/.

Fig. 3.5.13 Microscopic images of mycelium’s capabilities to bridge
gaps of up to 8 mm apart. Image by Katya Bryskina, retrieved from
“Mycelium, Rope by Katya Bryskina — Future Materials Bank,”
accessed September 5, 2024, https://www.futurematerialsbank.
com/material/mycelium-rope/.
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Fig. 3.5.14 A diagram of Mycelium Rope’'s growth process. Diagram
by Author.

Fig. 3.5.15 An illustration of the project’s learning experience that

fosters a deeper relationship between mycelium and its viewers.
Diagram by Author.
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Chapter 1: Introduction




1.1 Mycelium Marvels: The Living

“Despite the sustainable, economical, and structural
benefits, there is an inherent problem in using
fungal-based materials simply as an alternative to
standard building materials. The problem with this
approach is that fungus-based materials retain the
assembly techniques of their traditional counterparts.
Fungal-based bricks are stacked in the same way as
conventional bricks; they require just as much labour
andjustas much mortar. Anew method of construction
could emerge simply by leaving the fungal bricks alive
during assembly, rather than killing the organism...”

-Sean Campbell et al.

As Sean Campbell et al wrote in the quote above, designers tied to
the building sector share an essential duty in reducing the use of
non-renewable natural resources as a global sustainable strategy.
In response, the use of bio-based materials or biomaterials has
gained popularity in the construction industry (see figure 1.1).
Alongside the emergence of relatively well-known bioplastics
such as Poly-Lactic Acid, there has been a great interest in fungal-
based materials, driven by the biological properties of fungi’'s root
network, mycelium.2 Recent developments of renewable mycelium-
based composites have offered a tremendous amount of potential
in different industries such as furniture, packaging, fashion, and
most notably, construction.® Amongst the forty-seven academic
papers from 2012 to 2019 that focus on the relevance of mycelium in
architecture and design, the literature review observes the production
of bricks or blocks mycelium-based composites as the most common
approach for building material alternatives.* These composites are
commonly grown in custom-made moulds, eventually dried in ovens,
and transported to site for assembly. Typically, these bio-bricks and
blocks are applied with the same principles of brick, while in some
cases, require assistance from temporary formwork and scaffolding
structures.®

A personal realization from the qualitative research of mycelium
architectural projects is the significant generational shift from using
inanimate materials to adopting a living growth process approach (see
figure 1.2). Reflecting on the short excerpt above, designers in artand
architectureindustrynoticedthatmostmyceliumarchitecturalprojects
view mycelium-based materials simply as alternatives without the
consideration of the complex hyphae network’s numerous biological
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Fig. 1.1. Application of
biomaterials in construction
as insulation, panels, and
floor tiling.

Fig. 1.2. A zoomed in
image of mycelium's
unique natural behaviour
in the project, Mycelium
Tectonics.




properties.® More recently, mycelium architecture researchers have
adopted sustainable material approaches that adopt pure biologically
inspired systems. Exploring the capabilities of mycelium alive
allows designers to envision waste-free production of structurally
optimized, organic forms that embody unique formal expressions
as compared to standardized, mass-produced forms typical of
industrial manufacturing.” Thus, newly published experimental works
of mycelium in architecture that include research experiments and
student works display a shared goal of fully utilizing mycelium in its
living state to open the discussion of mycelium’s natural systems’
potential in architecture alongside the conventional, nonliving
approach of bricks and panels.2 While the more commonly applied
method of bricks and panels provides additional level of control and
consistency to produce architecturally viable works, it overlooks the
fungi’s biological properties of self-organized growth and potential
to challenge today’s conventional construction methods.® The brick-
and-panel approach of moulding mycelium-based composite, while
straightforward and suitable for industrial-scale production, limit the
end-product’s geometrical complexity and customizability.'®

As researchers and designers show more interest in adopting
the specialized approach of living mycelium, the compelling and
multifaceted results of the living mycelial approach become more
evident. Natural systems acquire unique functions of adaptation,
resilience, self-repair, self-organization, and self-growth that are not
present in current construction components. The natural systems
provided by living mycelium offer potential benefits for economical
and sustainable architecture as they use less energy in product
manufacturing and reuse organic wastes."" Thus, this research
explores the emerging concept of the “living” mycelium in the context
of architecture, identifying and reviewing selected projects that
exhibit biological utilization of mycelium in contrast to conventionally
killing the organism through a drying process. This research aims to
explore the less-viewed lens of living mycelial architecture to give it
more legibility. Implying a rethinking of architectural principles, the
paper aims to answer the question of how this redefining approach
of living processes influences the understanding of space and
structure, as well as the boundaries between the built environment
and nature. Furthermore, this research seeks to critically evaluate the
effectiveness of the specified living approach and reflect on whether
the methodological shift could offer greater potential or enhance the
current understanding of mycelium in the construction sector.



1.2 Mycelium Architecture in the
Context of Environmental Crisis

Emergence of a Field

Founded in 2007 by Eben Bayer and Gavin Mcintyre, graduates
in Mechanical Engineering and Innovation Design (Rensselaer
Polytechnic Institute), the company Ecovative is considered a pioneer
inresearch developmentof mycelium bio-fabrication. Ecovative's early
works focused on mycelium-based materials as surrogates for replace
petroleum-based Styrofoam such as polystyrene, polyethylene, or
polypropylene, all considered non-sustainable. The newly developed
packaging alternatives made from mycelium have three beneficial
qualities, they are biodegradable, bio-based, and high protection
qualities.’? Another leading figure in the advancement of mycelium-
based materials is designer and scientist Philip Ross. In 2009, Ross,
alongside his long-time artistic collaborator Sophia Wang, launched
a pioneering material research company, MycoWorks, and coined
the term Mycotecture that initiated the movement of art of designing
and building with mycelium. Ross and the team of MycoWorks'
mycelium installations and artworks have been publicly exhibited
at international events such as MoMA and The Moscow Biennale of
Contemporary Art.'3

Taking inspiration from the works of Ecovative and MycoWorks,
mycelium-based materials started gaining traction in the design
industry over the past three decades. Extending from packaging
products and insulations, MyCoPlast, founded in 2015 whom recently

configured as Mogu, currently develops eco-friendly alternatives
for interior and product design applications, mainly focusing on
acoustic tile panels and flooring materials.'* In 2016, the Fungal
Futures exhibition held in Netherlands showcased some aspects of
mycelium at the intersection of design and science. A few explorative
design projects included 3D printed biodegradable scaffolding for
mycelium-based furniture by Erik Klarenbeek, an organically formed
textile consisting of grown mycelium on mats by Aniela Hoitink (see
figure 1.3), and Mycotecture Vault, that consisted of mycelium-bricks
stacked in a brick-and-mortar manner by MycoWorks (see figure 1.4).'°
Mycelium as an insulator also garnered interest from the construction
industry because of its lightweight, foam-like material. Elise Elsacker,
a researcher in the Department of Bio-Engineering Sciences at
Vrije Universiteit Brussel, opened the discussion of the potentials
of mycelium-based composites as alternatives to conventional
insulation materials including rock wool, glass wool, kenaf, and
sheep-wool plates. After a thorough technical analysis, Elsacker
presented a summary of the thermal conductivity and density of
mycelium insulation comparable to the products mentioned above.'®



Fungal Cultivation for Architecture

Itis essential to have the basic knowledge and understanding of fungi,
or mycelium to be specific, as a learning foundation in investigating
the growing scene of cultivated architecture. Whether it is recognized
or not, fungi are everywhere (see figure 1.5). Humans walk upon
the habitat of the world’'s largest networks and connections that
occasionally run above the surface, commonly known as mushrooms.
Figure 1.6 shows a complete overview of fungi life cycle and its
relation to the natural carbon cycle. Fungal species are ubiquitous
eukaryotic microorganisms that exhibit an enormous diversity in
morphology and lifestyle. Mycelium is the network of interwoven,
thread-like fungal hyphae and constitutes the vegetative part of fungi.
The complex network of mycelium consists of the developmental unit
of fungi, the hypha, which grows through the extension and branching
of their hyphae into substances.'” Fungi require nutritional intake
from their surrounding environment to branch out, and mycelium
takes charge of this action. The hyphae networks of mycelium break
down biological polymers of dead matters into simpler molecules
and convert them into soluble nutrients, which are often difficult for
plants and decomposers to digest.'®
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As living microorganisms, fungal species react to their environmental
conditions through the rebuilding of their mycelium networks to
optimize nutrient absorption. They constantly transform, depending
on the influences of their environments, thus resulting in varying
properties across the mycelial structure.'® Many fungal species play
a vital role in the ecosystem by degrading biomasses and circulating
carbon. Due to their physiological and metabolic properties,
designers saw their large biotechnological potential as they are likely
to provide efficient, resilient, and cost-effective solutions in today's
environmental crisis.?°
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Why Mycelium Architecture Now?

While mycelium composites may seem like a marginal or niche
material for construction, their potential for material circularity has
drawn a lot of research interest. Based upon the review of published
articles, researchers have shared their reasoning as to why mycelium
could be worth investing time in. One of the primary drivers of the
research on mycelium-based materials is its role in closing the loop
in today’s conventional construction cycle. Evident in the diagram
shown in Figure 1.7, the current construction cycle practices a linear
approach that views construction as a process of eventually leading
to waste. Mycelium-based composites allow for local growing and do
not rely heavily on resource extraction, which eventually lowers the
demand for long-distance transportation.?!
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In addition to being grown locally, the production process of the
materials is considered eco-friendly due to the valorization of organic
waste such as straw or sawdust, as their primary substrates. The
wide variety of substrates coupled with the processing methods
allow the biomaterials to achieve specific structural and functional
requirements such as thermal, acoustic, and fire resistance. It not only
replaces synthetic planar materials and low-density objects but also
semi-structural materials such as flooring, furniture, and paneling.??
The materials are comprised of multiple biocompatible components,
creating a circular construction cycle as they biodegrade at their
end of life.?® Another advantage of mycelium-based materials is
their vital role in the environment’s carbon cycle. The manufacturing
of the materials uses low-energy and natural processes in which
carbon sequestration occurs, a unique property offered by fungi not
commonlyfoundinotherclasses of biomaterials.?2*Ina study published
by Livne that focused on the carbon influences of mycelium in the
environment, the embodied carbon of mycelium-based composites
was calculated at -39.5 kg CO,eq indicating the effective function
of the material as a carbon sink for its negative value, in contrast to
conventional building materials that acquire positive values. The total
processing energy consumption of myco-bricks was also estimated
at values that show reductions in carbon emissions as compared with
that of common construction materials such as steel and concrete.?®

According to a study conducted by the United Nations Environment
Programme, the building construction industry is responsible for 36
percent of global energy use and 39 percent for energy-related carbon
emissions with material extraction, processing, and discharge leading
to the highest environmental impacts in the industry.?® Cement-
based concrete accounts for a total of 8 percent of global carbon
emissions alone, with more than 33 billion tons produced yearly
worldwide.?” Another study from Transparency Market Research in
2022 expects the global construction and demolition waste to reach
approximately 2.2 billion tons by 2025, doubling the value from the
2012 study.?®In United States alone, reports from the Environmental
Protection Agency shows the 600 million tons of construction waste
generated in 2018. Although structural materials such as wood, steel,
copper, and brass are valuable commodities for recycling and reuse,
present-day architectural assemblies often interface these materials
with expanded foams, plastics, and resins, creating irreversible,
unrecyclable composites.?® The construction industry is in dire
need to undertake considerable changes in today's linear cycle. The
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building sector should minimize the consumption of non-renewable
building resources to achieve sustainable practices and a circular
economy. This action should be prioritized since the energy demand
and carbon footprint from the construction industry are expected to
rise because of the rapid growth in population and the development
of urbanization processes in developing countries.*

A holistic solution to reduce the number of carbon emissions and
energy usage in architecture and construction industry is shifting
towards the research and development of innovative, renewable
construction materials that follow the principles of a circular
economy.®' Although challenging, adopting new ecological materials
into the standards of contemporary and future architecture is
necessary at a time where buildings are expected to have non-
permanent lifespans that commonly ends up in landfill disposals.
Evident in most recent works, there is a huge gap between the scale
of current construction methods and more experimental materials
such as mycelium, bioplastics and other biomaterials. Innovations in
materials are required to challenge today’s perceptions of significance
and building permanence to rethink material consumption and raise
awareness of where materials go at their end-of-life.® Initiated in
the past few decades by multidisciplinary researchers is the use of
bio-based materials in design practice which radically changes the
passive recipient role of designers to a more active maker of materials.
Figure 1.8 presents the significance of bio-based materials as a viable
solution to close off the current linear approach in construction.

Often referred to as “Growing Design” by designers during its early
stages, the approach refers to producing materials from living
organisms to achieve unique biological functions, expressions, and
solutions for sustainable design. The approach originated from the
advancements in bioresearch initially intended for biological organs
and skins for medical purposes. The introduction of biomaterials
enable co-creation with nature, reimagining design paradigms for
a more sustainable, cross-disciplinary approach that integrates
biology with art, architecture, and design.®® Nevertheless, providing
new methods of meaningful product application concepts is not
straightforward, it requires a critical understanding of what the
material offers in terms of their function and utility. It is important
to truly grasp how it gratifies or disturbs people’s senses, and what
emotions it evokes.?*



1.2 Mycelium-Based Composites

A Primer

Particularly in the last ten years, there has been great interest
in harnessing the properties of mycelium and understanding its
different characteristics to develop application techniques for fungal
architecture. The interdisciplinary research in this field extracts
information aboutthe organism’s mechanical propertiesand aesthetic
qualities. The thorough understanding of its physical properties
combined with the morphological and philosophical investigations of
mycelium pave the ground for designers and architects to visualize a
potential alternative future towards a sustainable built environment.®®
Figure 1.9 provides a graphic explanation of "non living" mycelium-
based composite’s growth process from inoculation to the application
of today’s mycelial architecture, as well as the additional processes
involved including cultivation and mycelium extraction.
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In today's cultivated architecture, mycelium-based composites
are often grown by two methods: either by exploiting its biological
capabilities to interlock organic substances within its network to
produce a bulk material, or through harvesting the liquid culture of
mycelium. In terms of bulk mycelium-based materials, the mycelial
structure can self-replicate in the presence of appropriate substrates
to generate seemingly limitless composites with varying forms and
properties.*® Mycelium-based composites are commonly fabricated by
inoculating natural organic substrates with fungal strains, either from
the grain fungal spawns or liquid culture extracted from mycelium
source. The widely used fungal strains found in literature reviews
are Pleurotus Ostreatus and Ganoderma Lucidum.®” The substrate
of choice should provide necessary nutrients such as carbon,
nitrogen, minerals, and vitamins, together with the appropriate
amount of water, to achieve mycelium growth.*® The varying mixtures
of substrates described in literature review usually consists of
agricultural crop waste such as hemp, wheat, cotton, kenaf, and flax
residues. Most experiments use softwood and annual plants, while
the smaller majority use hardwood-based substrates combined with
carbohydrates as a nutritional supplement.

The inoculation process requires proper sterilization of the substrate
mixture to prevent contamination of other harmful organisms through
autoclaving, pasteurization, or treatment with chemical agents.**Once
inoculated, the mixture of mycelium spawn and organic substrates
are applied into a pre-shaped mold for incubation. The vegetative
mycelium colonizes the organic substrate by branching new hyphae
as it feeds through the biodegradable base and interlocking them
to form a denser network (see figure 1.10).%° If a nutritional source
is available, mycelium uses the exploitative growing strategy called
phalanx to slowly progress in a continuous line, resulting in a thick
hyphal mat of fine branches.*' During incubation, the mixture should
be maintained at controlled environmental conditions of light,
temperature,and moisture toensureanuncompromised growth within
two to three weeks. Studies show that 25 to 35 degrees Celsius and
65 percent humidity are the best conditions for growing mycelium-
based composites. It is also preferable to leave the mixture in dark
conditions to prevent fruiting bodies and favor the rapid growth of
mycelium networks.*2 After weeks of mycelium colonization, the living
organism is eliminated by actively drying the composite. The most
common finishing method documented in publications is through
oven-drying, while other methods include heat-pressing at the end of
the incubation stage.*®
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Fig. 1.10 A zoomed in
photograph of mycelium's
hphal bonding of loose
organic substrate.




Once fully grown and actively dried for growth stoppage, the mixture
results in a three-dimensional live composite mesh of interconnected
organic components and fungal fibres. The mycelium-based
composites tend to be dense but lightweight weighing in at 0.05
g/cm3, giving them advantageous strength-to-weight ratios over
concrete suitable for large-scale material placement and long-
span structures. The distinctive characteristics offered by these
composites include reduced thermal conductivity than that of other
biomasses for insulation, efficient thermal insulation, favourable
mechanical properties averaging 1 MPa compressive strength and
0.18 MPa tensile strength, as well as acoustic insulation with 70-75
percent absorbance at 1500 hertz and above.* The composite’s low
thermal conductivity and high specific heat capacity are comparable
to conventional insulating materials in current construction. Due
to mycelium’s high porosity and slight rigidity, the composites are
often categorized as insulation foams at the early stage of research
development.*®* Compressed mycelium panels are another form
of mycelium-based composite end products that have yet to reach
the market but are thoroughly researched in some literature. These
products are fabricated by either cold or hot-pressing grown mycelium
composites. Compressed composites offer compressive strength
comparable to timber products such as Oriented Stand Board or
medium-dense fibreboards.* Moreover, the low manufacturing cost of
mycelium-based composite places them as competitive alternatives
to conventional construction materials and other bio-based
composites. The development of mycelium-based products presents
a promising future for ecological construction and architecture.*’
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2.1 Design Integration of Mycelium-
Based Composites

Despite the numerous benefits offered by mycelium-based
composites, the products struggle to find their footing in conventional
construction applications. Several factors appear to limit the current

usage of mycelium-based composites, primarily stemming from — -
low structural strength, high water absorption, and gaps in material ATMOSPHERE N :
property documentation.*® However, researchers and designers,
in turn, remain hopeful in eliminating the drawbacks presented by FORMWORK GROWTH
mycelium-based composites. These limitations allow researchers
to come up with solutions to develop the materials necessary for
targeted usage in specific applications.*® NATURAL \Y, 4
CARBON %
L. . . .. . CYCLE WASTE
What initially started as eco-friendly alternatives to traditional plastics PLANTS |
as biodegradable packaging, mycelium has evolved due to its versatile |
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Regarding mycelium-based architectural structures, the initial
documented projects were mycelial bricks cast in rectangular-shaped
plastic molds, stacked in a brick-and-mortar manner.®' The commonly
applied method of mycelium-based bricks was seen in structurally
applied projects such as Mycotecture Alpha, shown earlier in figure
1.5, a small-scale catenary vault made entirely out of mycelium bricks
grown from Reishi. The early projects of mycelium architecture
assumed that the materials would only work in compression
applications, thus, experimentations with domes, vaults, towers, and
columns dominated the early literature of the field.®?

Mycelium-based composites are often praised for their early stacked
brickwork. However, figure 2.2 shows an emerging method of in-
situ monolithic casting also started gaining interest from designers
in the industry. Though considered much weaker than brick and
panel products, grow-in-place monolithic structures inherit many
advantages of cast-in-place concrete techniques focused on
stereotomic approaches and mainly the use of formwork to produce
upscaled mycelium composites.®®* Due to the challenges of cultivating
large volumes of live mycelium because of high contamination
risks, and constructing of wasteful formworks to facilitate growth,
the monolithic approach found lesser projects in the context of
architecture and design.% Incorporating mycelium into architecture
and construction is not an easy task and requires interdisciplinary
collaboration, continuous experimentation, and true commitment to
sustainability. As the specialized field continues to evolve, there will
likely be an increase in innovative applications for mycelium in the
built environment to promote a circular economy.
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2.2 Literature Review

The First Generation of Mycelial Architecture

While still lacking comprehensive understanding, the experimental
design movement of mycelial architecture, defined by the exploration
of various forms and applications, embodies a collective curiosity
among designers. In recent years, few projects and installations have
shown an underlying appreciation for fungi as exceptional biological
components and valuable contributors to the design process. One
of the leading researchers of mycelium, Elise Elsacker, claims that
the previous studies of mycelium architecture show almost no
consideration towards the assessment of norms, which is essential
for the implementation of the materials for large-scale, conventional
applications. She believes that older literature and shared knowledge
regarding mycelium are very fragmented, lacking consistency and a
standardized overview of the production parameters and properties.®
As an effort to achieve consistency in reviewing projects from
published literature, the analysis of multiple projects in the context of
mycelium-based architecture will follow a set of parameters shown in
Table 1, laying out the varying elements that influence each project.
The following section examines various projects of mycelium-
based construction and design published in the literature review to
understand the potential and challenges of contemporary mycelial
architecture.
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PARAMETRES

DEFINITIONS

Fungal Species

The specific strand of fungi used to grow Mycelium that influences the properties of
Mycelium on varying substrates. Specific strands produce fluffier Mycelium suitable for
insulation purposes while others produce denser root fibers for higher structural properties.

PARAMETRES

DEFINITIONS

Post Treatment

The treatment that each Mycelium-based materials undergo once the substrate is colonized.
Drying is typically the method to inactivate the fungi, but other approaches also produce
different varieties aside from bricks.

Substrate Mixture

The type of organic materials used as a base for the growth of Mycelium. Substrates are
usually bounded by the hyphae of fungi to provide hardening characteristics to Mycelium-
based materials. The organic waste used often provides nutrients for the fungi to grow.

The location of where the project or installation took place. Locating the project is important

Fungal Spawn Type

The form of the Mycelium source used to inoculate substrate. There are 2 types of spawns,
grain spawn and liquid culture. Liquid culture is more common in living Mycelium projects as
it can be mixed easily with different types of surfaces and directed-growth formworks.

Site when considering availability of organic waste, environmental conditions, and availability of
resources and labs.
The weather conditions of where the projects are located. Climate plays a vital role in
Climate determining the factors of growing Mycelium based on the site’s humidity, precipitation, and

temperature. Mycelium'’s current growth requirements rely heavily on controlled temperature

Inoculation Method

It is the process of mixing the fungal strain within the base or substrate in which the
Mycelium is expected to grow. Initially, the method was to always mix the strain with the
substrate, but the living-growth approach introduced 3D inoculation and injection.

Packing Method

The technique used to allow Mycelium to colonize the substrate. Most common method in
the industry is packing into shaped molds while monolithic approaches are slowly gaining
more attention.

Growth Process

The process of growing Mycelium. The non-living projects typically grow Mycelium in molds
but the shift to living Mycelium saw processes such as growth-directed fiber, binding growth,
and more.

Growth Conditions

The condition of where Mycelium is allowed to grow. The selected projects display different
types of growing conditions from indoor, controlled, sanitized, to outdoor, exposed, and
uncontrolled. Light exposure is also another critical factor to avoid fruiting to occur.

Incubation Period

The number of days it takes for Mycelium colonization. Different fungi strains require different
periods to fully colonize a substrate, so incubation is important to consider depending on the
project timeline.

Composite Exposure

The exposure of the growing or unalive Mycelium composites. The main difference between
non and living growth is that the living Mycelium composites are more prone and exposed to
contamination due to not being fully enclosed to study the organic growth of fungi.

Drying Method

The method of killing the Mycelium to stop its growth. Drying fully colonized substrate not
only prevents mushroom fruiting but also hardens the product to increase its strength.

Containment

The type of enclosure (if contained) used to let the biological living growth process occur.
Containing living Mycelium can be as simple as covering it with plastic while some methods
include usage of incubators and organic formwork.

The type of structural support in which the inoculated substrate is placed. Different types of

Sterilization Method

The killing of microorganisms to avoid contamination. Some common practices are
sterilization of the substrate through pressure cooking, sanitization of growing environment,
and containment of the composite.

Formwork formworks are used depending on the architectural applications of the project.
The method of using Mycelium-based materials. It initially started by using myco-materials
Application as packaging but was advanced and is currently being used architecturally as insulation,

envelope, and structural support.

Formwork
Components

The materials used to support the living growth process of Mycelium in comparison to only
providing structural support for the non-living Mycelium composites. Most of the living
Mycelium projects use some sort of fiber-like material to direct the growth of Mycelium.

Architectural Method

The varying approaches to achieve architecturally viable projects. Most commonly known
to be used as blocks and panels that follow the brick-and-mortar approach but are slowly
emerging into monolithic casting and bio-material assemblies.

Hardware & Software

The advancement of hardware and software to assist the living growth of Mycelium. In
comparison to the oven used in the non-living approach, the use of 3D printers, and digital
modelling are slowly becoming integrated with the growing of Mycelium-based materials.
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One of the pioneering and more known fungal-based projects that
engage construction at the material, manufacturing, and waste stages
of a building’s life cycle is the Hy-Fi Tower (see figure 2.3).%¢ Standing
at 12 metres high, Hy-Fi is an organic compostable mycelium-based
structure designed by David Benjamin and The Living and engineered
by firm Arup in 2014.%5” Shown in figure 2.4, the installation consists
of approximately 10,000 mycelium-based bricks was showcased by
the New York Museum of Modern Art at the MoMA PS1 exhibition,
and is the largest and perhaps the most widely publicized mycelium
structure.®® At the core of the project’'s material stage, local waste
of corn stalks was chosen as the composite’s substrate and was
packed into impermeable polypropylene moulds.®® After mycelium
colonization during its incubation phase, the bricks were oven-
dried, producing strong, but inert bricks. The MCB bricks sourced by
Ecovative were stacked using traditional mortar and supplemented
with structural timber structure as support with a few internal
metals for additional shear force connection.®°After three months,
all MCB bricks were composted and distributed to local gardens as
agricultural feedstock.®'
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Monolito Micelio, also known as Monolithic Mycelium, represents
an experimental utilization of mycelium as a primary building
material practicing the method of in-situ casting. The monolithic
structure shown in figure 2.5, is the third prototype designed by a
group of graduate research students at the Georgia Tech School
of Architecture, led by Assistant Professor Jonathan Dessi-Olive.®?
Grown in early 2018, the structure is a large-scale 2.5 metric cube
pavilion made from one-ton colony of mycelium-stabilized hemp
provided by Ecovative.®® The arch structure was only given under five
days to grow and let mycelium colonize its substrate. The shaped
interior formwork which originated from splitting funicular columns
and assembling them into a symmetrical, four-legged vault shell
inscribed in a cube was later lost after mycelium concealment (see
figure 2.6).%* The nylon geotextile used as external formwork and
protection from contamination was removed days later to allow the
arch to air dry for several weeks.®® The experiment was prompted to
the observe the monotony of brick/block-based myco-fabrication
methods. The pavilion successfully demonstrated that mycelium-
based materials could inherit fabrication logics from convention
practices such as cast-in-place concrete, board formwork, and
flexible formwork techniques.®® Questions may still exist about long-
term durability and performance of mycelium-based projects in the
construction industry, yet the vault demonstrated the importance of
geometry and the possibility of growing mycelium-based structures
in-situ in an unsterile environment.
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Designed as a cylindrical space to shelter communal events, artist
and designer Pascal Leboucq, in collaboration with Erik Klarenbeek's
Known Design Studio, designed the Growing Pavilion for the Dutch
Design Week 2019 event. The pavilion showcases biodegradable
materials that consist of mycelium, wood, hemp, cattail, and cotton.®’
Shown infigure 2.7, the main feature of the structure is the organically
formed mycelium-based panels that make up its fagade. The panels
are produced with a mixture of hemp and aspen wood, inoculated
with the fungal strain of Ganoderma. The substrate was sourced
locally from the residual flows of local farmers in the Netherland.®®
The panels, manufactured by Ecovative, were mounted directly to
the supporting formwork of timber frame loadbearing structures
and displays the non-structural implementation of mycelium-based
composites as facade cladding, exhibiting their sculptural faces that
contribute to the pavilion's aesthetic appeal.®® Other biomaterials
were also used in combination with the mycelium-based composites
to serve as a platform for demonstrating the capabilities of bio-based
components.’”®The interior space implemented draping made entirely
out of organic cotton and the flooring material was made out of bio-
laminate. During its time at the exhibition, musical performances
were held inside to promote mycelium sound absorption capabilities
to visitors before the structure was taken down and recycled locally.”
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The Shell Mycelium Pavilion is a collaborative mycelial project
between BEETLES 3.3 and Yassin Areddia Designs in India, as
an innovative testament to the development of mycelium-based
architecture and design.”?As seen in figure 2.8, the project combined
the prefabricated modules of mycelium-based panels as well as the
in-situ casting for assembly and growth of mycelium in an open and
non-sterile environment.” The structure utilizes a triangular timer
framework as its main structural geometry with steel connectors
to form a wooden grid shell structure.”® The cavities within the
timber structure grid shown in figure 2.9, were filled with mycelium-
inoculated substrates of coconut husk fibers and woodchips. Over
time, the inoculated mixture dries, killing the organism and forming
a protective shell overpowering the main framework of the timber
structure.”® A notable aspect of the project is its aim to explore the
potential of mycelium-based construction to create a lightweight and
dismantlable structure suitable for temporary events. In addition, the
project promotes the possibility of mycelium to flourish on-site, in an
exposed environment, and naturally drying the components through
sunlight exposure.”
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Ajoint effort between Karlsruhe Institute of Technology, Swiss Federal
Institute of Technology Zurich, Future Cities Laboratory Singapore,
and Mycotech, MycoTree represents a pioneering work that explores
the potential of mycelium-based composites as a load-bearing
structure.”” MycoTree is a self-supporting structure exhibited at the
Seoul Biennale for Architecture and Urbanism as part of the interior
projects. The project utilizes mycelium composites in conjunction
with parametric design and digital manufacturing to create an
innovative mycelium structural design.”® The design stems from
the implementation of 3D Graphic Statics, a structural form-finding
method that generates compression-only funicular structures.”
The MycoTree, shown in figure 2.10, structural column stands at
three-metre-high supported by MBC blocks, tensioned by a 4m x 4m
bamboo grid system that acts as its tensioning elements. Additional
bamboo composite plates connected with dowels provided increased
reinforcement to the blocks, showcasing a technique that integrates
both organic and conventional materials in structural design.t° The
new approach of the project underscores the structural capacity of
mycelium when placed in compression-only configurations taking
inspiration from the early dominating works of domes, towers, and
vaults of mycelium projects.®!

N
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The advancement of mycelium-based composites in the construction
industry is quite evident from the projects discussed above. Despite
the promising benefits provided by the constant evolution of
mycelium-based architecture and design, various projects remain to
encounter challenges that underscore the lack of diversity in current
building approaches (see figure 2.11). The Hy-Fi Tower, for example,
is undeniably architecturally viable but lacks biological utility in its
design process. The role of fungi in the project was confined to mainly
brick production rather than being the driver of the structure’'s form
and assembly method. The project expressed an existing method
of conventional construction that lacked utilization of mycelium's
specific biological processes, later explored in the living category.?
Monolito Micelio, on the other hand, encountered degradation
caused by constant precipitation and temperature swings. In addition
to the rigidity of its internal reinforcing system, the design team
noticed the negative influence of people’s curiosity, causing them to
tinker with the unfinished structure.®® Similarly, the Shell Mycelium
Pavilion faced numerous issues with weather resistance, causing the
structure to dry out prematurely, revealing the limitations of mycelium
architecture on open-air applications.®*

In response to the challenges mentioned, the field of mycelium
architecture continues to seek innovation and shift towards a more
holistic approach. As demonstrated in Shell Mycelium and Growing
Pavilion projects, methods such as digital fabrication or unbounded
growth of mycelium-based composites offer promising avenues
that could further enhance mycelium’s material performance. A
novel approach in mycelium architecture that is slowly gaining
popularity as per recently published works is the transition to the
living mycelium approach.®® Despite the clear sustainability, cost-
effectiveness, and structural benefits offered by conventional
mycelium construction approach, the natural property of the material
is often neglected. By preserving the living nature of mycelium, an
innovative method emerges that embodies sustainable principles
greater than the traditional practices of dried mycelium materials.
The living approach could potentially lead to adaptable and dynamic
structures that evolve and respond to their surroundings, ushering
in a symbiotic relationship between the built environment and the
natural ecosystems.®
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2.3 The Living

Mycelium Alive

As a reflection of section 1.1: Mycelium Marvels: The Living,
transitioning to the living mycelium approach represents a departure
from the more commonly practiced methods of dried mycelium-
based composite construction. Certain individuals including Sean
Campbell and Elise Elsacker, have been challenging the industry to
push forward the true potential of utilizing the outstanding biological
properties of mycelium. They believe that with the advancement
of digital tools and technology, the design language of the built
environment has become diverse.®” They claim that despite all the
benefits that the projects mentioned above have offered, the true
potential of mycelium as a building material alternative lies in its
capacity for self-organized, responsive growth. Instead of viewing
mycelium as a grow-kill material only, future research in the context
of mycelium construction can focus on the unique temporality of the
material as a quality, not as a definitive decay, but as a component of
regeneration and reintegration in the cycle (see figure 2.12).
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The growing interest in mycelium within the architectural and art
communities is not only a reflection of the material's unique structural
properties but its deep cultural and theoretical resonance as well.
Mycelium exhibits the constant processes of growth and decay, which
embodies the concept of living architecture and art in a fascinating
manner. Thus, the organism has been the subject of study, as artists
and designers seek to translate the unfamiliarity of the material to
make people acquainted with the unknown.® The interestin fungiisn't
merely about exploring the origins of life or networks of the natural
world, as might have been in earlier artistic inquiries. Instead, these
artists are drawn to fungi because of their symbolism and relevance
to current global concerns. Particularly in their ecological role,
mushrooms are associated with regeneration and decomposition. By
having varying approaches to displaying fungi's cycle of life, artists are
using them as a metaphor to address issues such as environmental
degradation, climate change, and potential ecosystem collapse.®® For
example, Alexandra Steiner, a painter and biologist, produces a series
of paintings of mycelium's iridescent forms and patterns as a way of
sharing a deeper knowledge of the habits of mycelia (see figure 2.13).
Through these paintings, the "invisible" is visible and accessible to
the viewers.*°
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Another notable project that exemplifies the integration of cultural
and ecological principles above is Mycelium Mockup by AFJD Studio,
an installation made from living mycelium-based bricks that suggests
a future where edible buildings can be grown from locally available
resources. The project is inspired by soft systems, a concept in
which predictable, linear systems with independent parts evolve
into nonlinear systems, where complexity comes from the changing
relationships between elements. The installation overcomes the
biological mould limitations by allowing growth after assembly, not
only binding the blocks together but also producing fruiting bodies,
later harvested and served to the visitors for a heightened experience
of the material (see figure 2.14).%

The responses to living mycelium architecture, or living architecture
in general can be complex and varied, as a result of curiosity, appre-
hension, and fascination. Responsive living mycelium architecture
as a building material can evoke a sense of connection with nature.
The spatial experience offered by mycelium in which the building is
alive, capable of growth, and self-healing can be extremely appeal-
ing, fostering a sense of well-being and mindfulness in its occupants.

However, there are a few psychological challenges associated with
fungi. It is undeniable that many are still accustomed to the stabili-
ty, predictability, and permanence of traditional non-living building
materials such as concrete, steel, and glass. The idea of a build-
ing alive, that undergoes constant changes over time, may provoke
feelings of uncertainty and discomfort. Particularly for mycelium,
concerns about maintenance, durability, and hygiene may arise.
The unfamiliarity of living materials as compared to the inert ones
may be disorienting, leading some to view them with skepticism.

The perception of living mycelium architecture remains shaped by
the balance between excitement about its innovative, environmen-
tally friendly potential and the inherent uncertainties that come with
challenging the conventional notions of today's construction and ar-
chitecture practices.

a1
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Mycelium Alive: Integration

How can living mycelium serve as design rules of the future mycelial
architecture? How can the robustness of the complex hyphae
networks of mycelium be the influencing drivers of the works in the
field?°2 It seems that the manufacturing of volume materials such
as mycelium as shaped formwork process restricts the potential
of the organism to offer free-forming components.®®* As shown in
figure 2.15, the shift to the living approach allows for more efficient
and less carbon emitting processes by removing two of the highest
contributors of carbon emissions, which are the moulding and drying
stages. The growing interestin living materials as design components
is motivated by the desire to create sustainable materials without
further adding to the environmental waste crisis.®* The goal of the
research towards the shift to the living mycelium approach is not
restricted to producing new functional fungal architecture, instead,
to demonstrate the strengths of its natural properties and outlining
the technical benefits that the living organism may offer as means of
architectural assemblies.®
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A significant finding from this exercise is the notable interest in the 2016
ycoTree

biological utilization of mycelium composite as a living component in
design. As shown in Figure 2.17, it is encouraging to see that more
recent projects are clear indications that there is a current design
paradigm shift of designers transitioning to experimental works of
mycelium to further develop and explore its unseen potential as a
living material.

A few of the projects listed in the diagram can be seen to suggest new
hybrid techniques of mycelial construction that could contribute to the
broader canon of fungal fabrication integrated with today’s available
tools. Evident in the comparative diagrams provided in Figure 2.18

and 2.19, both the non-living and living approaches provide valuable E?O"VZM
contributions to the construction industry in their respective ways.
The diagrams show a noticeable difference in the amount of time that
mycelium is in its living state. Additionally, the non-living projects are
often displayed and exhibited after the mycelium has been dried, while
the living projects showcase the biological capacities of mycelium
during its growing phase.
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Fig. 2.18. A diagram of "non
living" projects showing
less periods of mycelium

in its living state and

often exhibited with dried
mycelium.

HY-FI
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SHELL MYCELIUM

GROWING PAVILION

MONOLITO MICELIO
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Fig. 2.19. A diagrar
"living" projects showing
longer growing phases
and being displayed while
mycelium is alive.

51

MYCERA

BIOKNIT

MYCELIUM TECTONICS

\

7 - -
/Y

/ \
WS W\ %
A WP\,
{ Y 4‘ “!
(1 ‘l

" x\\
IR in |
L“\‘\\\\‘.\ \\\ i

="

52

MYCELIUM ROPE




However, shifting from the likes of mould fabrication and monolithic
structures, the living mycelium approach introduces a new set of
unique innovative building methods influenced by the behaviour of
the living organism. Through their works, there has been significant
success in the effective integration of the tools of synthetic biology
into architecture. The interdisciplinary approach of synthetic biology
offers new advantageous ways of combining living systems with the
robustness of traditional tools or materials to produce genuinely
sustainable and environmentally responsive architecture.®® This
approach includes the integration of biological processes, computer-
aided design methods with biotechnological modifications and
analyzing tools to utilize natural functions that could modify or
improve the functional properties of manufactured mycelium-based
composites.®”

Another emerging solution to address the drawbacks presented in
current mycelial approach is the application of surface growth on
textiles, in which mycelium is utilized in a way that it dries and joins
with the supporting textile framework completely. The specialized
approach of material collaboration explores the interaction between
textiles and living organisms as a relatively new discipline that studies
the interaction between two distinct materials and their ability to
work as one.?® The developing field of mycelium construction also
demonstrates the strengths of multi-scalar assembly functions of
living mycelium as a means of architectural assembly without the need
for joinery materials. Due to its ability to expand its hyphae branches
into complex, linear patterns, to create solid, bonded surfaces,
designers are attempting to translate this biological mechanism into
much larger-scale construction applications.®®

Inadditiontothe contributions of today’s technological advancements
to the development of living mycelium-based works, another benefit
of switching to this living approach provides a solution to one of
the primary problems that the traditional construction methods of
fungal architecture faced: its wasteful formwork. Regardless of the
minor active energy inputs needed to cultivate fungi, the projects’
reliance on plastic and non-biodegradable molds has presented an
ethical dilemma. Monolito Micelio, for example, faced the issue of
plastic-lined plywood and nylon fabric used as formwork, resulting
in non-recyclable waste.'® Another methodology featured in the
living category of mycelium construction is the benefits of 3D
printing integration to mycelium-based composites. The 3D printing
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technique allows the fabrication of intricate forms and reduces waste
from mold and large formworks. According to Mohseni, extrusion is
one of the least energy-intensive manufacturing techniques, making
it a promising alternative for low-cost and low-energy manufacturing
of fungal materials.®"

To further expand on the benefits offered by the living approach
mentioned above, the paper delves into five specific strategies
to analyze the potential, challenges, and knowledge gaps of such
approaches in a much-detailed manner. This includes Myco-welding
of conventional mycelium-based blocks (La Parete Fungina), Fibre
reinforcement and welding of 3D-printed components (Mycera), Bio-
collaboration of mycelium-based composite and bacterial cellulose
(BioKnit), Bio-tectonic of living mycelium (Mycelium Tectonics),
and Senso-aesthetics of mycelium’s natural processes (Mycelium
Rope). Moreover, the paper explores three key areas of focus to
assess the potential and implications of living mycelium architectural
approaches. First, biological utilization examines how the natural
processes of mycelium are integrated and utilized into the design of
each case study. Second, integral and lost formwork analyzes how
initial formwork becomes a vital part of the final design iteration
that enhances the characteristics of living mycelium. Third, material
understanding and visual acceptance explore how the technical
knowledge and aesthetic integration of living mycelium influence the
perception and effectiveness of mycelium-based designs.

A set of parameters will be used to facilitate a consistent comparative
analysis of the living projects mentioned above. Initially, Table 1
highlighted most of the factors that influence the viability of mycelium-
based works. However, upon further research, Table 2 highlights
specific parametres more relevant towards the "living".

54



PARAMETRES

DEFINITIONS

Fungal Species

The specific strand of fungi used to grow Mycelium that influences the properties of
Mycelium on varying substrates. Specific strands produce fluffier Mycelium suitable for
insulation purposes while others produce denser root fibers for higher structural properties.

PARAMETRES

DEFINITIONS

Substrate Mixture

The type of organic materials used as a base for the growth of Mycelium. Substrates are
usually bounded by the hyphae of fungi to provide hardening characteristics to Mycelium-
based materials. The organic waste used often provides nutrients for the fungi to grow.

Incubation Period

The number of days it takes for Mycelium colonization. Different fungi strains require different
periods to fully colonize a substrate, so incubation is important to consider depending on the
project timeline.

Inoculation Method

It is the process of mixing the fungal strain within the base or substrate in which the
Mycelium is expected to grow. Initially, the method was to always mix the strain with the
substrate, but the living-growth approach introduced 3D inoculation and injection.

Growth Process

The process of growing Mycelium. The non-living projects typically grow Mycelium in molds
but the shift to living Mycelium saw processes such as growth-directed fiber, binding growth,
and more.

Growth Conditions

The condition of where Mycelium is allowed to grow. The selected projects display different
types of growing conditions from indoor, controlled, sanitized, to outdoor, exposed, and
uncontrolled. Light exposure is also another critical factor to avoid fruiting to occur.

The type of structural support in which the inoculated substrate is placed. Different types of

Formwork formworks are used depending on the architectural applications of the project.
The method of using Mycelium-based materials. It initially started by using myco-materials
Application as packaging but was advanced and is currently being used architecturally as insulation,

envelope, and structural support.

Sterilization Method

The killing of microorganisms to avoid contamination. Some common practices are
sterilization of the substrate through pressure cooking, sanitization of growing environment,
and containment of the composite.

Formwork
Components

The materials used to support the living growth process of Mycelium in comparison to only
providing structural support for the non-living Mycelium composites. Most of the living
Mycelium projects use some sort of fiber-like material to direct the growth of Mycelium.

Hardware & Software

The advancement of hardware and software to assist the living growth of Mycelium. In
comparison to the oven used in the non-living approach, the use of 3D printers, and digital
modelling are slowly becoming integrated with the growing of Mycelium-based materials.
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3.1 Myco-welding of Conventional
Mycelium-Based Blocks:
La Parete Fungina

Introduction: Myco-Welding

Recently, there has been increased attention to strategies for
harnessing the capabilities of organisms in materials engineering.
These include the creation of living biosensors, engineered drug-
releasing organisms, and living function materials as potential means
of sustainable material production with enhanced functionalities.
One approach relevant to mycelium fabrication is the production
of hybrid-living materials composed of live organisms grown on
organic or synthetic scaffolds, which enable the harnessing of the
organisms’ material deposition and regenerative properties while
providing control over factors such as form and substrate.'®? Unlike
conventional modern construction methods and materials, natural
living systems exhibit functions that include adaptation, self-repair,
and self-organization.®®

Derived from these functions, a fabrication technique referred to as
myco-welding, or bio-welding in the field of mycelium architecture,
has been gaining popularity. As shown in Figure 3.1.1, this specific
technique involves assembling structures from modular units and
growing them into monolithic wholes.'® Myco-welding addresses
some of the limitations faced in mycelium fabrication, which typically
involves wasteful formwork to produce small individual units or
single monolithic forms with restricted growth and transportation
issues. The technique allows for the use of easily transported units
to be fused into a final form in situ.'® Evident in the previous projects
explored such as Hy-Fi and Shell Mycelium, the mycelium-based
composite blocks are usually supported by external factors such as
wood or steel scaffold systems. Additionally, these blocks are adhered
together with the use of conventional mortar. Due to mycelium’s
capabilities to infiltrate and bind various materials together through
its hyphae networks, the organism is successful where rigid, natural
bonds are required.

In preliminary experiments, mycelium demonstrated its ability to
bridge up to 8 mm of gaps between organic substrates.'®® To utilize
this and other distinctive mycelium properties, researchers have
developed the system of myco-welding to benefit from its binding
capabilities without the need for external binders or connections.'’
Myco-welding is initiated by the hyphal bonding process of mycelium,
in which its branches intertwine and fuse together to form dense,
interconnected solid connection networks. Hyphal bonding has been
relevant in the field of mycelial architecture as it is the primary action
that converts the loose substrate components into a single, solid
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“Robust Myco-Composites:
A Biocomposite Platform
for Versatile Hybrid-Living
Materials,” Materials
Horizons 11, no. 7 (April
2,2024): 5, https://doi.
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“Modular Mycelia.” 4
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Fig. 3.1.1. Azoomed in
photograph of hyphal
bonding or “myco-welding”
of two units.
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block. Myco-welding, on the other hand, follows the same concept
of hyphal bonding but instead, binds prefabricated mycelium-based
blocks rather than the base substrates. The process of myco-welding,
which utilizes the penetration and binding capacity of mycelium,
plays a crucial role in this context and has been employed in some of
the projects published in mycelial literature.®®

The project Modular Mycelia by Campbell et al. shown in figure
3.1.2, is a notable example of how hyphal bonding can be utilized
as a means of assembly. The project investigates the multi-scalar
assembly system of modular mycelium-based spherical units offered
by the myco-welding process, while outlining the challenges of
translating the approach in a much larger-scale application such as
contamination and growth requirements.'®® Furthermore, the goal of
the project is not to produce functional architecture made entirely
from fungi but rather to demonstrate the potential of a multi-scalar
assembly system with mycelium asits binding element.''°Additionally,
the pioneering projects of David Benjamin and The Living named,
Voxel Bio-Welding and Jammed Bio-Welding, highlights the myco-
welding process as a dominant fabrication technique for large-scale
applications (see figure 3.1.3 & 3.1.4). On both occasions, the projects
involved inoculation and incubation of tiny mycelium-based blocks
supported by a temporary formwork system. The structural support
was later removed to showcase the free-standing prototypes due to
the binding action of the mycelium.!"

Although lacking in the structural characteristics if applied in
larger-scale architectural projects, the approach evident in the
projects mentioned provides insight into the potential of mycelium
as a binding element of smaller, lighter architectural components.
Amongst the related works in the field of mycelial architecture, the
prototype, La Parete Fungina stands out as an exemplary project
as it not only demonstrates the myco-welding technique explored
above, but also expands upon the conventional fabrication methods
applied in previous works. The project shares the same processes as
some of the works mentioned above, driven by the process of myco-
welding, however, the prototype La Parete Fungina addresses two of
the main challenges faced by the smaller scale experiments: a larger-
scale application and a waste-efficient reusable formwork structural
system.
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Fig. 3.1.2. A photograph of
Modular Mycelia’s modular
units myco-welded together.

Fig. 3.1.3 (left). A zoomed
in photograph of Voxel Bio-
Welding.

Fig. 3.1.4 (right). A
photograph of Jammed Bio-
Welding
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Overview: La Parete Fungina

La Parete Fungina was a demonstration of wall assembly systems that
built upon the conventional methods of mycelium-based fabrication.
The project tested the efficiency and effectiveness of myco-welding
forits capacity to create complex formed wall structures from building
units grown in reusable formwork systems.'2Shown in figure 3.1.5,
the project resulted in two undulating units that were approximately
1.2 metre tall with a design inspired by a serpentine geometry.'®
La Parete Fungina, a mycelium-based structure grown by graduate
architecture students from the University of Virginia led by Jonathan
Dessi-Olive, features undulating stripes of fungal blocks stacked on
top of each other to facilitate and enable myco-welding (see figure
3.1.6).""* "5 The experimental structure grown for biomaterial building
exposition tested not only biological welding but also fabric forming
techniques for growing large mycelium-based blocks and assembling
them into efficiently formed wall structures.'® Although the project
aims to address the challenges of growing large-scale building
components, it also touches upon the issues of materials ethics of
energy and waste in the field of biomaterial production.'”

Additionally, the project aims to demonstrate prototypes for reusable
formworks systems capable of producing large myco-material
building components in semi-controlled environmental conditions,
taking inspiration from the traditional pre-cast concrete methods. By
using myco-welding as a primary fabrication strategy, the project also
intended to reduce the demand for long labour hours and minimize
the risk of contamination in large colonies of mycelium-inoculated
materials.'® Furthermore, the project focuses on addressing two
main issues often associated with the application of mycelium in
architectural works: large-scale cultivation of mycelium into precise
forms, and developing intuitive, reusable formworks that reduce
waste byproducts in the growth and fabrication phases.!'®
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MYCO-WELDING

Myco-welding is the process of binding multiple elements
together by allowing living mycelium'’s networks to expand
and interlock with other hyphal networks nearby,
intertwining and forming a strong, cohesive bond.

This process allows the construction of the wall prototype
in-situ without the need for external binding agents such
as traditional mortar.

In the case of La Parete Fungina, the
single block units referred to as chunks
are stacked together while mycelium is
still in its living state, and undergoes A\ 4
myco-welding as the networks from
each blocks interlock with each other,
turning the singular units into a
cohesive whole.

As mycelium continues to colonize its
base, it closes off the gaps that are
visible in the wall prototype
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Design and Process

La Parete Fungina consists of two wall units, each constructed from
the seventeen V-shaped mycelium-based slabs myco-welded into
three whole assembled components referred to as chunks.'?°The bio-
welded mycelium-based componentsresultedina 1.2-metre-high wall
structure that was exhibited outside, that demonstrated resilience,
withstanding outdoor conditions such as snow and wind."?' The UVA's
academical village's brick “serpentine-like” walls, a UNESCO World
Heritage Site designed by Thomas Jefferson, served as the primary
inspiration behind the geometry of the prototype that symbolizes the
enclosure of the gardens behind each residence pavilion (see figure
3.1.7). Additionally, the project sought to emphasize the inherent
properties of mycelium through their flexibility, stability, and material
efficiency to promote environmental and human justice.'?? It is also
important to note that scalability, the ability of mycelium to grow
and expand consistently across different sizes and configurations, is
the primary action that facilitates the process of myco-welding the
blocks into the desired chunks. The project demonstrates that these
scalable processes can be incorporated into an assembly system
to manufacture individual elements, showcasing the potential of
mycelium to form cohesive and expansive architectural structures as
shown in figure 3.1.8.'%
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Fungal Species. For La Parete Fungina, a pallet of 65 bags containing
5 kgs each of living mycelium-inoculated substrates was provided by
the mycelium manufacturer, Ecovative for the institution. The mixture
of wet living materials contained a hemp substrate inoculated with
the fungal strain of Phylum Basidiomycota, whose fruiting bodies
resembled the brackets of reishi.'?
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Base/Formwork Components. To minimize waste, figure 3.1.9
shows the formworks for the prototype were designed as reusable
slip-moulds. This strategy addresses the ethical issue of using plastic
or other non-cellulosic materials in the production of the mycelial
blocks (see figure 3.1.10).'%° Although made from recyclable wood
and designed to be reused, the formwork would only be beneficial
if there are multiple production of the wall prototypes. Otherwise,
the reusable formwork would not serve any purpose and may still be
considered as “waste” by many.

Mycelium
Biowelded Chunk

Wood
Connecting Stakes

Wood Anchoring
Stakes

Gravel Leveling Base

Individual
Wooden
Slip Mold

Frames
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Assembly Technique and Labour. The assembly techniques and
processes employed in the project were designed to maximize
efficiency but also collaborative to allow full involvement of the
students in the cultivation and structure assembly (see figure
3.1.11).26 To start the process of myco-welding the myco-blocks on
site, the prefabricated blocks with living mycelium were stacked to
form the “chunks” of five to six layers thick, with loose inoculated
substrate, acting as the welding element, applied in between each
slab to level the assembly. The slabs were gelatinous and fragile
while being stacked due to not being dried to allow for living
mycelium colonization and required careful handling under sanitary
conditions that needed at least two students at a time.'?” Another
strategy that was featured in the project is its utilization of a friction-
based connection system that enables easy disassembly after the
completion of the exposition.'?®
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Myco-welded Chunks

Mycelium-based Composite Blocks

STANDALONE

As the project employs strategies such as myco-welding
and friction-based assembly system, the prototype
required almost no supporting structure and is capable of
standing on it own.

Typically, mycelium-based projects are faced with issues of
wasteful formwork at the end of their life cycles, in this
case, all components, including the binding agent, are

compostable.
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The design team of Modular Mycelia claimed that in comparison
to their project’'s spherical units shown in figure 3.1.12, the wall
design of La Parete Fungina benefits more from the process of myco-
welding when stacked vertically, resulting in a more stable and solid
structure while relying less on rigid formwork.'?® Furthermore, myco-
welding presented several advantages that aligned with the number
of students involved and how much time they could allocate for the
project. Considering the time frame provided for the workshop, the
two-phase growth process of myco-welding reduced the need for
continuous labour hours, which are usually required for typical large
in-situ monolithic casting techniques.'®

Growth Conditions. The inoculated slabs were kept in a clean,
temperature-controlled, dark, and humid environment for roughly two
weeks to ensure a healthy growth condition during the myco-welding
process to grow them into monolithic-like masses.'!

Contamination. Contamination prevention was a significant
challenge in La Parete Fungina due to working with larger volumes
of inoculated substrates compared to the smaller-scale bricks and
blocks used in previous related works of myco-fabrication.'®2 Unlike
projects that worked with smaller scale units, Modular Mycelia for
example, where contaminated composites can easily be removed
from the colony, larger assemblies may complicate contamination
management. Maintaining optimal environmental conditions such as
moisture, temperature, and nutrition becomes more difficult as the
volume of the composites increases.'®®* To address such challenges,
the slabs were covered in food-safe plastic film and covered with
black plastic covering as a means of providing layers of contamination
control.'3
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Reflection: Bio-welding as part of “The Living”

The project, La Parete Fungina, builds upon previous related works of
building-scale structural parts and pavilions, expanding specifically
on the concept of myco-welding. Through fully utilizing the hyphal
bonding process in myco-welding, the project presented hybrid
myco-fabrication techniques that minimized waste byproducts and
addressed the challenge of cultivating large colonies of living MBCs
into precise forms.3®

Biological Utilization: Myco-welding

La Parete Fungina is recognized as one of the pioneering works of
the living mycelium projects as it demonstrates a strong emphasis on
the hyphal bonding of mycelium as its main assembly technique, also
known as myco-welding. This biological strategy can be incorporated
with well-established discrete elements, monolithic strategies, and
3D printing."*® While the structure primarily consists of conventional
moulded mycelium-based bricks, the project remains remarkable
for its efforts to advance the utilization of mycelium’s living binding
capabilities, fusing not only the loose substrates as demonstrated in
mycelial projects, but prefabricated mycelium-based blocks. One of
the key findings from the projects is the observation of the thick layer
overgrowth formed during the prolonged colonization of mycelium
networks. The overgrowth acted as a hydrophobic defense layer for
the fungal colony, both while alive and after drying, indicating that the
strategy of myco-welding is an ideal choice for outdoor exhibitions.'”

Compared to the more well-known project, the Hy-Fi, the strategies
presented in the project involved assembling prototype structures
that demonstrate the biological binding system of mycelium-based
composites, instead of using traditional mortar. While the energy
required to grow MBCs is lower than traditional practices, the
prevalent use of waste formworks raises environmental concerns.
Their reliance on carbon-emitting vehicles to transport fungal mixture
for mycelium fabrication also highlights the need for a regional
production model as a way of reducing transportation distances.'3®
Thus, La Parete Fungina demonstrates the welding characteristics of
living mycelium that allow for growth using standard units without the
challenges of transportation and contamination control. As a result,
the approach reduces the labour demands and lower uncertainties
during on-site assembly. In addition to being more sustainable than
conventional mortar, the natural systems of living mycelium could
provide self-healing and self-regenerating binding systems that could
reduce the requirements for maintenance and human labour.

74



Integral & Lost Formwork: Standalone

It is important to point out that most previous nonliving mycelium
projects were designed to give the impression of achieving substantial
structuralintegrity from mycelium composites alone. However, though
they may look similar, they do not function comparably to traditional
structural bricks or panels. Typically, these projects are cladded by
non-structural mycelium bricks and blocks supported by concealed
structural wood or steel formwork. In contrast, La Parete Fungina
utilized the lightweight properties of mycelium-based composites
by casting large, block elements in reusable wood and fabric mould
system.

The project remains notable for its minimal use of base formwork in
comparison to other mycelium-based projects consisting of bricks
and blocks, as it relies on only two wooden anchors to stabilize the
structure and relies on myco-welding to fully solidify the prototype.
The lightweight mycelium-based composite blocks are also suitable
for myco-welding as living mycelium lacks in structural integrity,
also benefiting from the friction-based assembly system employed
in the project. Furthermore, the project leveraged the myco-welding
capabilities of living mycelium, minimizing the requirement for
external binding agents in its construction. This process could open
the discussion of the integration of living mycelium within non-
structural components such as screening and fagade systems that
are non-load-bearing architectural elements.

Material Understanding & Visual Acceptance: Collaborative

The project established a scholarly discourse that raised public
awareness of new biomaterial construction strategies, specifically,
the unique biological capabilities of living mycelium. The projects
La Parete Fungina and L'Orso Fungino demonstrated the capabilities
of mycelium-based materials to adapt to different fabrication
methodologies. The myco-welded chunks were highly informative due
to their long growing time, demonstrating changes in colours and the
formation of fruiting bodies. During its display period, the structure
withstood wind and snow without collapsing or compromising the
structure, showing the resilience and durability of the mycelium-
based composites.'3°

Furthermore, the students had the opportunity to exercise their
creativity and gain hands-on experience working with full-scale
projects (see figure 3.1.13). In contrast to the form-making approach
of the conventional mycelium fabrication approach, the craft of
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growing mycelium-based structures was developed collaboratively
with the students and evolved throughout the entirety of the project.'
By fostering a highly engaging experience with living mycelium
throughout the project, a reciprocal exchange of resources and
information was achieved, further developing the research of mycelial
architecture. Dessi-Olive claimed that future bio-fabrication work
should constantly integrate fungal growth, computational design,
and digital fabrication to explore the constructive possibilities of
mycelium-based materials. Therefore, engaging in more interactive
and collaborative projects that explore living mycelium could
significantly contribute to the development of the material in the
architecture and construction industry.
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COLLABORATIVE

The collaborative experience offered by the workshop
fosters for a stronger relationship between the students
and the organism. The activity also provided the students a
learning experience, allowing the participants to have a
deeper understanding of mycelium’s natural behaviours
that can be used in developing the research further.

In addition, the students were exposed to the natural
imperfections of mycelium’s biological aesthetic and
embraced its visual appeal without the need for finishing
touches.

17
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3.2 Mycelium as Fibre Reinforcement
andWeldingof3D-PrintedComponents:
Mycera

Introduction: Additive Manufacturing

Additive manufacturing processes that involve fabricating layered
objects sequentially, have recently gained significant attention as a
fabrication method. 3D printing, arguably the most applied technique
included in the category, has been extensively discussed in bio-
fabrication literature. However, only few projects have explored the
incorporation of biomaterials in 3D printing methods.™' In mycelium
fabrication development, three-dimensional printing offers an
alternative to conventional moulding techniques, producing unique
shapes without the need for custom moulds (see figure 3.2.1)."2The
purpose of this research is to generate insights into the challenges,
methods, and properties associated with the extrusion-based
methods of biomaterials, either printed or grown on the surfaces,
with the incorporation of living mycelium.
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According to Soh et al, extrusion is one of the least energy-intensive
manufacturing techniques that provides low-cost and energy
production of mycelium-based composites.'*®In recent years, several
3D-printed mycelium composites have emerged in the literature,
exploring the potential of mycelium as fibre reinforcement in
additive manufacturing. Shown in figure 3.2.2, a notable conceptual
experimentation of clay and mycelium with varying substrates such
as coffee grounds and sawdust for possible 3D printing base mixture
was explored in the project, Claycelium. The work led by a team from
Institute for Advanced Architecture of Catalonia in Barcelona paves
the grounds in combining potential mycelium-based materials and
clay in the additive manufacturing sector.’
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Another project, The Living Column shown in figure 3.2.3 by Matthias
Leschok investigates the biocompatibility of 3D printed Polyvinyl
alcohol or PVA with mycelium-based composites. Previously
investigated as a formwork for concrete, researchers in additive
mycelium fabrication see great potential in the material as a formwork
for mycelium-based composites as it can act as a nutrient source and
is also dissolvable, allowing consolidation.'® A few more examples
of additive manufacturing of mycelium composites at large-scales
include Tree Column by Blast Studio and Proto-Mycokion, both
utilizing biopolymers as a nutrient source for mycelium to fabricate
3D-printed composites.'#®

The two projects also utilized the strategy of reaction-diffusion
form-finding to assemble stacked printed objects with living fungal
organisms.'” A significant project that builds upon studies and
incorporates the techniques such as the extrusion of mycelium
composites, material mixtures of clay and mycelium, development
of bio-hybrid architectural systems, and 3D printed composites from
mycelium is Mycera. In addition to the multi-disciplinary approach
employed in the project, the micro-scale level of research allows
Mycera to fully understand the reinforcing capabilities of living
mycelium within 3D-printed components.
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Overview: Mycera

Developed by the Shape Lab, a research group led by researchers,
Julian Jauk, Lukas Gosch, Hana Vasatko, Ingolf Christian, Anita Klaus,
and Milena Stavric at the Institute of Architecture and Media at the
Graz University of Technology, Mycera, is an interdisciplinary design
experiment that explores the biological compatibility of organic
mycelium and inorganic clay materials (see figure 3.2.4). The key
objective of the projectis to make use of mycelium’s complex networks
as a natural fibre reinforcement to increase the structural integrity
of unfired, 3D-printed clay elements and allow for the biological
process of bio-welding the fired elements.'® Mycera extends beyond
the existing research by evaluating and reflecting on the structural
findings of bio-based and digitally fabricated materials and observing
their material distribution on a microscopic scale. By utilizing the
biological welding and reinforcing functions of mycelium in its living
state, the project aims to incorporate natural growth processes as an
additional parameter in architectural design.'®

The project is a unique three-dimensional form of bonded elements
made of clay that represents an bio-fabrication technique in mycelium
research for sustainable architectural applications.’™ The project
aims to promote an interdisciplinary approach influenced by the latest
developments in mycology, bio-based materials, clay, and 3D-printing,
with a focus on the extraction and utilization of highly accessible
and widespread materials, clay and mycelium.’™" Shown in figure
3.2.5, the interdisciplinary research approach practiced in Mycera
combines digital manufacturing that allows for controlled material
distribution, with mycelium growth facilitating the microscopic fibre
connections.'®?
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Design and Process

The study primarily focuses on the product the research team referred
to as “Combined Structure.” Two distinct 3D-printed components
inoculated in two different methods make up the Combined Structure
(see figure 3.2.6). The first element, called “nodes,” are 3D-printed
mycelium-based composites that handle tension and shear forces,
while the “bar” elements are components crafted from fired clay (see
figure 3.2.7). The bar elements, made from fired clay, primarily bear
pressure load, while the node elements that consist of unfired clay
and a larger percentage of mycelium content are more capable of
bearing tensile and torsion loads.'®®
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153. Jauk et al., “MyCera.
Application of Mycelial
Growth within Digitally
Manufactured Clay
Structures.” 2

Fig. 3.2.6. (next page)
The growth process of
Combined Structure.

Fig. 3.2.7. (left) Photographs
of 3D printed bars and
nodes.

154. Mohseni et al., “Three-
Dimensional Printing of
Living Mycelium-Based
Composites.” 6

155. Jauk et al., “MyCera.
Application of Mycelial
Growth within Digitally
Manufactured Clay
Structures.” 2

Fig. 3.2.8. Images of the
initial samples conducted
before fabricating Combined
Structure.

The design team primarily investigated a unique, two-phase multi-
material manufacturing method to fabricate the mycelium-based
composites with enhanced porosity and intricacy, introducing a
different approach from the more popularized mold-and-baked brick
mycelium-based composites. The method provides solutions for
existing 3D printing limitations by incorporating a secondary material
to act as a structural support to create the complicated structure for
the experiment. The core is completely extruded, so the aim of the
research is to find a new fabrication setup to shape and support the
structure with the use of complex mycelial networks.'®*Shownin figure
3.2.8, multiple material mixtures were created, as well as samples of
different geometries that specifically respond to different properties
based on the respective material and fabrication processes. The
project was conducted in four phases: material experimentation,
hardware and software setup, testing and measurement, and the
fabrication of the Combined Structure.'®
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COLONIZE

The illustration of the colonization and growth process of
the prototype Combined Structure demonstrates the
growth of mycelium from two elements inoculated in
different methods.

The prototype also saw higher mycelium density in areas
where the two methods of inoculation meet. The hollow
core of bars are filled with inoculated substrates while the
solid nodes are inoculated with liquid spawn on the
surface, resulting in higher mycelium colonization in the
connecting points

High-densed
Mycelium Colonization
Areas

Hollow-core Bars

Solid Nodes
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Fungal Species. In this project, two mycelium strains were
initially considered, Ganoderma Lucidum and Pleurotus Ostreatus.
Several early experiments indicated that Ganoderma Lucidum more
frequently faced contamination problems, while the latter has proven
to be a more suitable option for lesser contamination occurrence.
Furthermore, it is more effective in digesting varieties of substrates,
with a faster growth rate and rapid colonization rate, especially in
its second growth phase. The researchers inoculated the material
mixtures with ten percent of the selected mycelial strain to balance
the acceleration of fungal growth without compromising the quality
of the outcome.s®

Substrate Mixture. The substrate mixture, a key component for
mycelial growth and structural integrity of the project, consisted of
87.5% clay and 22.5% sawdust.'®” The next step would be finding the
optimal material viscosity for the 3D printer. The main objective in this
phase was to find the optimum ratio of organic and inorganic parts
which have the following properties: 1) ensures enough nutrition
for homogenous mycelial growth, 2) ensures that the mixture meets
the required and specific elasticity and viscosity for 3d printing
fabrication. The mixture was refined to keep the water amount as low
as possible to reduce drying time and shrinkage issues.'®®

Formwork Components. The structural formwork into which
mycelium grows was entirely made of 3D-printed components. It is
important that the formwork components are non-toxic and must
withstand sterilization, often with chemicals such as bleach and
alcohol.’™® The initial step in the 3D-printing fabrication process was
to sieve the sawdust to ensure that a particle size not more than
two millimeters is obtained to avoid nozzle blockage of the printer.
Developing an extrudable paste that has form stabilization qualities
is an important step in 3D-printing fabrication. Altering the water
content as well as using modifiers are some options commonly used
to change the mixture's viscosity.'® Both clay and sawdust were
pulverized and blended with water by a mixing machine, although
wood-based composites have also been gaining attention as a
successful base for extrusion.®
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Hardware and Software. The geometry of the Combined Structure
was defined by a design software plugin that was abstracted to an axis
diagram in which the axes were rebuilt with cylindrical objects and
nodes. The final design of the structure before mycelium colonization
is a reflection on the possibilities of combining material qualities with
digital fabrication.'®2 The visual scripting interface Grasshopper for
Rhinoceros 3D was the primary tool used to generate the G-Codes
for the project, which contains information regarding extrusion rate
and toolpath directly within the environment used for designing the
prototypes (see figure 3.2.9).'%¢ Recent works shown in figure 3.2.10
also showcase other 3D printing methods of organic composites such
as inkjet printing of liquid droplets, lamination of sheets, laser beam
processes, and fused deposition modelling on heated filaments.'®*
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Inoculation Method. A common practice in the clay and mycelium
fabrication follows three main stages of mycelium cultivation:
inoculation, growth and ceasing.'®® For Mycera, the next step after
printing is to wrap the elements in a tear-resistant aluminum foil and
autoclave at 120 degrees Celsius for approximately 120 minutes
as a method of sterilization. Once the materials were printed and
sterilized, inoculation was carried out in two different methods. A
liquid mycelium spawn was dispersed on the surface of the solid
node objects for surface colonization, whereas the hollow ones were
filled with inoculated substrate to fill the cores.'®®

Assembly Technique and Labour. The Combined Structure features
the interlocking process of mycelial networks, also known as myco-
welding explored in the previous chapter, to assemble the nodes and
the bars during its growth process. The mycelium fibers of the living
mycelium dispersed and filled formed connections by expanding
its hyphal network and bio-welded adjacent elements together.'®’
Shown in figure 3.2.11, the mycelium colonization that occurred from
dispersing liquid spawn on the bar surfaces expands its networks
and integrate with the fibres from the colonization that occurred
in the inoculated substrate mixture filled within the hollow core of
the nodes. The mycelial connections were able to tolerate uneven
contact between surfaces and fill visible gaps, similar to how mortar
functions in traditional construction methods (see figure 3.2.12).768
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Product Testing. Lastly, extensive testing was conducted to evaluate
the mechanical properties of the mycelium-composite Combined
Structure. Two distinct tests were carried out: 1) the tensile strength
test along the extrusion axis and 2) the binding force test between the
printed layers. Some test findings showed a significant increase in
average maximum tensile strength values of 66.62% for the samples
with mycelial growth compared to those without (see figure 3.2.13).7%°
The findings confirmed the hypothesis by showing an increase of
maximum tensile strength values along the connections between the
single layers by 32.34%.'7°

The samples with wall thicknesses ranging from 2.5-9.5 mm showed
successful mycelial growth through 3D-printed clay walls. The study
suggested that mycelial colonization is possible even at low porosity
structures. Further investigation documented by a microscope
revealed a clear differentiation between the fiber-like organic
particles, hyphae, and inorganic clay particles, suggesting that
mycelium is capable of partially penetrating inorganic components
in its search for nutrients, forming a tube-like porosity through
growth.”” The high increase of tensile strength resulted from the
growth process that took place after printing, as seen in the gathered
microscopic imaging of hyphal penetration through clay, a specific
type of intelligent fiber distribution that could not have been achieved
with a non-growing material (see figure 3.2.14).'72
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PENETRATE

As discussed in the previous diagram, this diagram
illustrates the section detail of two inoculation methods

leading to higher density areas of mycelium colonization.

In addition, mycelium showed its capability to penetrate

through the tiny gaps present in the 3D printed elements.

Growth on areas where surface
inoculation and substrate
inoculation meet

Mycelium penetrating the gaps
of the 3D printed elements
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Reflection: Fibre Reinforcement as part of “The Living”

The project offers insights into integrating the natural growth process
of mycelium with the advanced digital fabrication techniques to
address the current global waste management and carbon emissions.
The following are a few takeaways that highlight the significance of
the living mycelium in the project.

Biological Utilization: Penetrate

One key learning from the project Mycera is that living mycelium
not only enhances the structural performance of 3D-printed clay but
also facilitates a unique natural fabrication process of myco-welding
that allows various components to bond seamlessly. Identical to
the previous project La Parete Fungina’s utilization of mycelium’s
ability to bio-weld the node and bar elements together, the project
benefited from the growing complex networks of living mycelium.
The assembly of these composites in a living state allowed the fibers
from the surface of the mycelium wall to expand and integrate with
the colonized substrate from the adjacent hollow bar components.
Furthermore, this observation challenges the conventional practice
that the growth and colonization of the fungal networks are restricted
to substrates in closely packed forms. The welding process that
occurred in Mycera demonstrates the complex network behaviour
of living mycelium that facilitated the expansion and merging of
two spawn sources from different locations. After accomplishing
sufficient research, the proposed materials could be a substitute for
cement-based binders.'”?

Integral & Lost Formwork: Reinforcement

The concept of biohybrid collaboration in the Mycera highlights the
interdisciplinary approach of methods and ideas derived from the
intersecting fields of architecture, mycology, biomaterials, clay, and
3D printing. The project primarily focused on not only advancing
the research on mycelium and clay but also creating unique
architectural systems integrating the two, showcasing the potential
of the collaborative approach between organic and inorganic.
The incorporation of living mycelium into 3D-printed unfired clay
elements revealed an unrecognized capability for mycelium to
penetrate the porous walls of the clay structures. This method
resulted in a significant enhancement of the structural integrity of
the clay components by providing additional fibre reinforcement.
Furthermore, 3D-printing fabrication of mycelium-based composites
presents the potential to form shapes for enhanced air circulation to
support mycelium growth within the geometry. The experiments from
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Mycera and related previous works revealed the potential of using
mycelium to prevent cracking during biomaterial extrusion.'”*

Additionally, one of the main objectives of the research is to explore
the potential of mycelium as a structural element in architectural
applications. The tests confirmed the hypothesis of the research
group as they revealed remarkable results in maximum tensile
strength for samples with mycelial growth, further validating the
effectiveness of the organism in enhancing structural performance.
It is undeniable that mycelium’s lack of structural properties has
hindered its widespread adoption in contemporary construction and
architectural practices. Thus, these findings suggest that mycelium
could be capable of providing valuable structural reinforcement.
Although it may not replace primary structural elements, its role in
enhancing structural properties could significantly advance the field
of mycelium architecture.

Material Understanding & Visual Acceptance: Myco-Extrusion

The projectinspires further exploration into the collaborative systems
offered by living organisms by incorporating various biomaterials
and bio-fabrication methods (see figure 3.2.15). While most projects
might hesitate to explore multiple unfamiliar elements, these teams
and researchers welcome the risk of failure as a necessary step
to advance the research of living mycelium, revealing a multitude
of new and unexplored findings. Furthermore, the project aims to
fully understand how the natural processes offered by mycelium
can be harnessed to enhance sustainable architecture by focusing
on the microscopic level of study. Through this scale, the project
effectively demonstrates how specific biological living processes can
influence traditional fabrication techniques. The project continues to
inspire future research and development of environmentally friendly
construction approaches by showcasing how natural and synthetic
materials collaborate.
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MYCO-EXTRUSION

The project inspires further exploration for employing
hybrid techniques as showcased in the project. The use of
additive manufacturing, 3D printing to be specific,
introduced multiple unique findings, showing the adaptive

nature of mycelium and its compatibility with other
materials.




3.3 Bio-collaboration of Mycelium-Based
Composites and Bacterial Cellulose:
BioKnit

Introduction: Biohybrid Knitting

Biohybrid material systems, also known as bio hybridization, is the
method of combining biological organisms alongside synthetic
materials such as polymers or ceramics to create composite
structures.'” Precedents such as Mycera, the case study analyzed
from the previous chapter, is a good example of incorporating
multiple material systems, clay and living mycelium to be specific,
and investigate their compatibility. As researchers seek biohybrid
strategies of incorporating both biological and non-biological
components toward sustainable construction approaches, the
development of mycelium-based systems are becoming increasingly
apparent.’””The use of knitted fabric, in mycelium fabrication, as seen
in previous knitted works of Yogiaman and Scott et al., is growing due
to its high bio-compatibility with microorganisms, scalability, and
its ability to create lightweight and complex structures (see figure
3.3.1).""7 This specific biohybrid approach integrates mycelium-
inoculated substrate mixtures into the hollow cores of tubular knitted
textiles that allows for creation of unified architectural structures.'”®
The ability of mycelium to grow through the small openings in the
textile's surface is a function that only living organisms can offer.!”®
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Fig. 3.3.2 A photograph of
the lost knitted formwork of
mycelium colonization

The knitting process ofyarn, oftenincorporated with biomaterials such
as mycelium, bacterial cellulose, and bioresin, is modified to produce
various textures and structures, which directly influence performance
aspects of a structure in terms of tensile strength and extensibility.'®
81 Shown in figure 3.3.2, the overall knit system serves as permanent
formwork, as well as an assimilative textile surface for mycelial growth,
presenting an opportunity to rethink traditional building construction
approaches from assembly to growth.'® Industrial knitting of textiles
is ideal for biohybrid use as it allows for the incorporation of variable
properties within a continuous material. The sophistication of the
knitting technology also enables the fabrication of shaped panels, 3D
tubes, or preforms that combine both. Additionally, the adjustability of
fabric parametres during design and fabrication results in improved
mechanical performances, combining the tensile strength of knitted
fabric with the compressive strength of mycelium composites.'®
Another benefit offered by the knitting approach is its ability to adopt
curved forms under multi-directional forces, suitable for developing
intricate shapes. This enables the production of zero-waste knitted
scaffolds designed in complex 2D and 3D forms, a challenge often
faced by the traditional approach of brick-and-panel mycelium-based
fabrication.'8
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There are a few notable precedents that exemplifies the unique 185. Yogiaman et al.,

biohybrid approach of combining flexible, shaped knitted formwork ;K”“tengi,O;g/'ate“a'
with the complex living networks of mycelium. One of them is Knitted IR
Mycelium Composite Structure, by Yogiaman et al.,, a V-shaped 186. Ibid. 59

knitted textile filled with mycelium-inoculated mixture aimed to
augment the final material properties while providing formal freedom
to the designers (see figure 3.3.3)."® As shown in figure 3.3.4, The
Living Room by Dr. Jane Scott demonstrates how mycelium textile
fabrication can make use of waste materials from local industries
to grow large structures with minimal environmental impact (see
figure 3.3.4). The project by Scott and her team transitioned to 100
percent waste material fabrication, using knitted wool as a base for
mycelium growth. The study allowed Scott and her team to identify
the potential of knitted textile as a sacrificial mould, a base formwork
that integrates with mycelium and becomes part of the final structure
in mycelium fabrication, enhancing the mechanical properties of the
composite by providing an external surface for mycelial colonization

i . : 186 )
and increasing air access for denser fungal growth.'® To provide a Fig. 3.3.3 A photograph

better understanding of the opportunities and challenges offered by of Yogiaman'’s Knitted
the biohybrid collaboration of textiles and living mycelium, the project Mycelium Composite
BioKnit will be analyzed as it illustrates the principles presented Structure.

above in a larger-scale application.

VOK
AT
TESe

Fig. 3.3.4. The Living Room,
another project by Scott and
her team.
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Overview: BioKnit

The BioKnit prototype, standing 1.8 meters tall and 2 meters in
diameter, represents the largest branching dome mycelium-based
composite structure utilizing textiles and knitted formwork, enabling
the structure to be grown as a single piece shown in figure 3.3.5.%7
A team of researchers and designers from Newcastle University and
Northumbria University, the Living Textiles Research group at the
Hub for Biotechnology in the Built Environment (HBBE), explored the
intersection of biohybrid systems and architecture with a primary
focus on the development and application of 3D knitted fabrics
with the incorporation of mycelium and bacterial cellulose. Led by
Dr. Jane Scott, the team’s BioKnit prototype integrates mycelium
composites into structural applications. The prototype showcases a
creative approach in bringing biotechnology, digital fabrication, and
computationtogetherto produce a monolithic free-standing biohybrid
structure that consists of living mycelium, bacterial cellulose, and
fabric textiles.'®

BioKnit demonstrates how the fabric as a flexible formwork for
mycelium can achieve tall, freestanding, large-scale structures.®®
As seen in figure 3.3.7, the research emphasizes the versatility of 3D
knitting to produce complex shapes and its biological compatibility
with biomaterials such as mycelium and bacterial cellulose. By
testing multiple prototypes, BioKnit investigates the potential to
form biohybrid materials that could address challenges that current
architectural bio-fabrication faces.2%°
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Design and Process

While current research focuses on optimizing the growth and
performance of individual organisms for design and construction
applications, BioKnit stands out from the projects above as it explores
the compatibility of multiple biological or non-biological material
systems.'®" A few questions that the study aims to investigate are: 1)
how two organisms growth and influence each other, 2) what is the
potential of a knit scaffold as a technique to assemble multiple living
materials through growth, and lastly 3) how can the challenge of
contamination due to varying growth requirements be addressed?'%?

The structure, composed of seven 3D knitted modules filled with
inoculated substrate mixture, was assembled by hand into a single
preform, a preliminary shaped framework assembled before the
final outcome, which facilitated the growth of mycelium into a stable
architectural form (see figure 3.3.7)."°* The knitted fabric made from
wool and linen, acts as a scaffold that guides, enhances, and restricts
the organisms that grow or attach to it. Mycelium in its composite
form, acts as a bulk material that provides the necessary compressive
strength. Additionally, the overall design of the prototype focuses on
the collaborative growing methods between mycelium and bacterial
cellulose within a knitted textile framework.'* The bacterial cellulose,
used as a surface treatment and self-adhering skin, adds another layer
of complexity and functionality to the structure, supporting 2-metre-
long bacterial cellulose pre-grown panels.’®® Another aspect of the
project is its exploration of the benefits of mycrocrete, a specialized
mycelium paste designed for textile formwork projects in large-
scale applications, specifically applied using an injection system.'®®
With the recent exploration of woven structures such as 3D Kagome
weaving processes and fabric formwork, the team proceeded to 3D
knitting which could modify structures within one fabric.'’
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Fungal Species. As opposed to other projects doing tests with
various fungal strains, the BioKnit prototype only worked with
Ganoderma Lucidum from start to finish from a local source in the
United Kingdom, Urban Farm-It."%®

Substrate Mixture. A primary aim of the tests was to determine the
properties of the proposed mycrocrete mixture within a permanent
textile formwork. As shown in figure 3.3.8, material testing of
mycrocrete without textile or mycelium inoculation was conducted for
comparison to elucidate the impact of textile formwork and mycelium
on the mechanical properties of the chosen BioKnit materials.'®® The
proposed mycocrete paste consists of beechwood sawdust soaked
in water, pre-inoculated with 2% of mycelium spawn, before adding
in the additives of paper powder, paper fibre clumps, water, glycerin,
and xanthan gum.2%

140mm
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Base/Formwork Components. The transformative process of knit
programming for the project is a key conceptual tool for developing
biohybrid systems where biomaterials evolve through multiple states
of flexibility and rigidity, wet and dry, living and non-living.?°' To grow
the prototype, three major components were required; the mycrocrete
paste, the assembled knit formwork, and an external framework that
served as a growing chamber and integrated hanging system (see
figure 3.3.9). The knitted modules were sewn together on-site with
polyester thread, leaving gaps for inoculated substrate injection, to
ensure consistent, tightly packed mycelium substrate throughout the
structure (see figure 3.3.10).2%2

Hardware/Software. The team faced an initial design challenge to
create a structural system that could contain and form the mycelium
substrate despite the extensibility of knitted fabric. Computational
modelling integrated with knit programming allowed the exploration
of parametrically defined geometries and created branching preforms
using Grasshopper and Kangaroo2 plugins. The tools allowed for
variation in material properties, physics simulations, and refinement
of the knit structure prior to fabrication.?%
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SELF-SUPPORTING

The prototype is hanged upside down to allow gravity to
push mycelium downwards as its grows into its catenary
dome geometry, increasing its compressive strength.

After 22 days, once mycelium has
overgrown its base knitted formwork, it is
turned 180 degrees to allow the structure
to stand freely, without the need of
external supporting structures.



Assembly Technique and Labour. The system devised for filling
the tubes involved a manually filled injection gun with a 17 mm
nozzle. The gun, filled with mycocrete paste, was inserted into the
tubular fabric at several filling points. The fabric was gathered up
around the nozzle and filled at a consistent rate, with the gun being
pulled back to allow the fabric to expand with the mycocrete paste.
After the filling was done, the seams were hand-sewn to close each
filling point.2°* The curvature of the vault shown in figure 3.3.11, is
achieved by exploiting the textile's behaviour in tension by hanging
the assembled structure in a soft state, forming a catenary hammock
prior to consolidation through mycelium growth.2°® As a secondary
process, the panels grown from bacterial cellulose shown in figure
3.3.12 of approximately 200 cm x 50 cm, were applied to the BioKnit
structure to form a skin over two knitted modules. Once applied and
dehydrated over five days, the panels adhered to the textile where
it also contained mycelial colonization but resisted adhesion to the
surface of the fabric alone.?%®
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Growth Process. Once fabrication was completed, the growth
chamber was wrapped in thermal foil to maintain humidity and the
required temperature for ten days. During its growth, the mycelial
hypha colonized through the substrate mixture and penetrated
through its knitted fabric support, consuming the nutrients provided
and binding the materials all in one single structure (see figure
3.3.13 and 3.3.14).2” For optimal mycelium growth, the environmental
conditions include a temperature of 21-28 degrees Celsius, with
relative humidity of 50-60 degrees in complete darkness.?%

Post Treatment. After two weeks, the foil was removed and the
structure was left to air dry for 22 days, achieving a stiff and solid
structural property.?2®® The final fabrication step involved rotating
the structure 180 degrees to form the catenary vault. Despite the
concerns that the structure would not be able to withstand the
bending forces, the combination of mycelium’s compressive strength
and tensile strength of the fabric ensured its stability.
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KNITTED SCAFFOLD

The self-supporting prototype demonstrates how
mycelium is capable of colonizing and overgrowing its
base formwork from the inoculated, injected mycocrete
mixture, resulting in an integral, lost, knitted scaffold.

Raising concerns in previous mycelium-based projects, the
project BioKnit, resulted in a zero-waste formwork
structure as the growth of mycelium becomes one with its
base. The diagram illustrates mycelium penetrating
through the holes of its knitted textiles, concealing the
woven material as it continues to grow.




Reflection: Bio Hybridization as part of “The Living”

The BioKnit prototype could be viewed as an embodiment of a textile's
lightweight flexibility, resulting in a self-supporting structure through
the rigidity of mycelium composite and the structural efficiency
of catenary geometry. Unlike the traditional methods that involve
growing mycelium components in moulds and assembling them into
larger structures, BioKnit demonstrated the challenges and benefits
of cultivating a continuous mycelium structure.

Biological Utilization: Myco-Textile Colonization

Compared to current bio-fabrication research that focuses on
optimizing individual growth and organism performance, BioKnit
demonstrates a new approach to utilizing other components to co-
exist and enhance the biological capabilities of mycelium. Through
experimenting with living mycelium, the team discovered unique
findings that revealed collaborative symbiotic systems, which would
not have been possible with conventional dried mycelium. For
instance, the research unveiled the presence of mushrooms from
mycelium that increased bacterial cellulose formation around those
areas, suggesting an enhanced nutrition supply. Furthermore, the
successful mycelial growth on the textile surface and colonization
of the bacterial cellulose prove that these organisms can establish a
symbiotic relationship that could be applied in today’s architecture
and construction industry.

BioKnit also addresses the challenges of using soft, extensible knitted
fabrics incorporated with mycelium-based paste and demonstrates
the effective collaboration between mycelium, textiles, and bacterial
cellulose. BioKnit displays the potential of using textile knit scaffolding
to assemble multiple living composites through the self-growth
capability of mycelium to colonize its base and transform the materials
into a coherent whole. Additionally, the tools and techniques applied
in the project allowed for efficient tuning and structure refinement of
material properties, a factor that is often not utilized enough in most
nonliving projects. Despite the project’s success structurally, several
challenges remain, particularly concerning contamination during its
growth phase. The increased humidity and presence of sugar from
the bacterial cellulose resulted in favourable conditions for unwanted
organisms to grow, highlighting the need for optimized environmental
conditions and systems for humidity and ventilation control.2" To
further advance the project, the team is developing strategies to
ensure the resilience of the material and the structure outside a
controlled environment for viable in-situ construction applications.
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Integral & Lost Formwork: Knitted Scaffold

As previously mentioned, a key aspect of the project is its use of
knitted textile scaffolds that serve as structural formwork for the
inoculated mycelium substrate, or mycocrete. To address the wasteful
formwork associated with myco-fabrication of nonliving mycelium-
based composite projects, BioKnit incorporates the knitted scaffold
as an integral component of the structure. The textile scaffold shapes
and supports the premature mycocrete paste and allows mycelium to
overgrow and conceal the formwork during its colonization process.
As a result, one of the most significant findings from the project is
the prototype’s structurally improved performance. The prototype
features a unique catenary geometry dome that exhibits the sufficient
compressive strength of mycelium-knit composites to support a free-
standing, slender vault.

Based on the reflections from BioKnit and previous knitted projects,
there is an assumption that the increased density of nutrient-rich
textiles results in an increase of hyphae growth, strengthening the
bond between the body of the composite and the knitted skin for an
increase in overall structural performance. The fungal colonization
on the bacterial cellulose and textile skins also showed enhanced
structural reports compared to the parts without mycelium growth.?!!
Mechanicaltestingshowedadramaticincreaseintensile,compressive,
and flexural strength that utilized the biohybrid collaboration of the
materials in comparison to conventional sawdust substrates without
textile formwork.?'2 Moreover, the approach could be a reference to
how future construction can exploit textile's lightweight formability
and the structural efficiency of catenary geometry.2'3

Material Understanding & Visual Acceptance: Imperfections

The BioKnit prototype highlights the unique biohybrid interaction
between mycelium and bacterial cellulose (BC), demonstrating
that the organisms could effectively grow together (see figure
3.3.15). However, the growth of BC was influenced by the growth
requirements of mycelium, leading to uneven growth. The presence
of fruiting bodies growing from the mycelium increased BC formation
around that area, suggesting a localized increase in nutrition supply
for the cellulose.?' After having a better understanding of the material
behaviours, Scott responded by growing the materials separately and
applied the BC panels to the structure only after the mycelium dried.
The panels adhered well to the mycelium/textile composite but not
to fabric alone, indicating that the process succeeded by having two
organisms collaborate.2'
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Moreover, the HBBE design team seeks to answer is whether multi-
microbial systems can produce durable structures made from
biomaterials whilst transforming the look and feel of materials for
architecture. Although the visual appearance of the collaborative
prototype involving textiles, mycelium, and bacterial cellulose was
not the primary focus, it is evident that the team chose not to conceal
the natural imperfections of mycelium and bacterial cellulose.
Furthermore, no finishing touches were applied to the final product,
showcasing the organic and natural aesthetics of the organisms’
patterns and textures. Additionally, in comparison to previous
conventional projects of nonliving mycelium works that aim to visually
present their project as free-standing and self-supporting through
hidden formworks, BioKnit harnessed the colonizing processes of
living mycelium to incorporate its organic formwork to be an integral
component of the monolithic, free-standing structure.
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BIOHYBRIDITY

The project highlights the unique biohybrid interaction
from biomaterials, mycelium and bacterial cellulose. The
compatibility of both growing materials was seen to be
successful after numerous findings of higher mycelium
growth in areas where both materials meet. There are also
limitations in the current state of the project as bacterial
cellulose wouldn't adhere directly to the mycelial surface.

The project also showcased the natural aesthetics offered
by both bacterial cellulose and mycelium, advocating for
both visual acceptance and natural imperfections of
biomaterials

Mycelium-overgrown knitted formwork

Bacterial Cellulose
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3.4TheBio-TectonicofLiving Mycelium:
Mycelium Tectonics

Introduction: Bio-Tectonic

The perception of the environment has dramatically changed over
the last 20 years, leading to new and deeper sensitivities. The
study of Earth, for example, has significantly increased people’s
awareness of climatic and tectonic dynamics, and the fragile
balance of natural processes on the planet.2'® With technological
advancements and the inventions of tools such as the electron
microscope, material understanding has shifted from assumptions
regarding the monolithic nature of the material to recognizing them
as micro-fibrous assemblages.?'” Moreover, new representation and
simulation techniques are constantly being developed to establish
a better understanding of self-organization and growth processes of
the organisms, and their corresponding influential external factors.?'®
As shown in figure 3.4.1, parametric models which have become
increasingly apparent in contemporary architecture are characterized
by linear relationships between parameters and geometric
transformations. Despite the evolution, parameters limit the model
to a set of fixed boundaries embedded in the initial conditions of the
system, preventing the exploration of innovative possibilities found
in natural growth and development processes.?'®In contrast, shifting
from the conventional designing approach challenges the behavioral
systems and hierarchies embedded in the today’s design processes.
By doing so, these non-linear design strategies have radical
implications for the development of architectural form, structure, and
tectonics.??°

Tectonics, in its architectural context, is the principle of material
honesty - material usage in ways that respect their innate
properties.??' It is the attempt to link construction, structural, and
functional order to the realm of art, which may include symbolic,
decorative and aesthetic elements. However, to fully understand
tectonics in architecture and construction, it is necessary to view
it as a relationship between the mechanisms and processes, the
art of building assembly (see figure 3.4.2).222 Biological systems, in
this context, offer insight into the concept of relationships between
structures and aesthetics, functionality, and form.223
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A radical interdisciplinary approach is essential where technology
is seen as interconnected ecological systems rather than isolated.
By embedding technology deeply into architectural practice, a
stronger relationship between functional and decorative features
can be established.??* In search of this kind of work in the field, Tom
Wiscombe and his team designed prototypes like the Batwing shown
in figure 3.4.3, that challenge standardized fixtures by integrating
structural, mechanical, lighting, and enclosure systems into a single,
operating structure. The systems incorporated in the model were
fused in a manner that they become spatial and atmospheric.??®

A project that exemplifies modelling biological behaviors influenced
by theirrespective environmentsisthe work carried out by Przemyslaw
Prusinkiewicz at the University of Calgary by using algorithms to
simulate plant growth, leading to environmentally adaptive designs.?2®
Moreover, there has been increased attention in the mathematical
modelling of hyphal branching that seek to explore the collective
attributes of mycelium, rather than individual hyphae growth.??” For
example, the Neighbour-Sensing model (figure 3.4.4) by Meskauskaus
et al. predicts three-dimensional fungal growth patterns as well as
simulation of complex fruiting body shapes. Other works within this
specific approach of biological modelling include Regalado et al.
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combined nutrient depletion models with reaction-diffusion systems
to simulate mycelial structures that respond to nutrient changes.??®
Ermentrout and Edelstein-Keshet built cellular automaton models
that incorporate growth, branching, death, and nutrient uptake.??®
These models not only assists in improving visualization processes of
mycelium but also emphasizes the potential contribution of the tools’
specific configurations and characteristics of the to rethink design
approach by following self-organization principles.?®*® Inspired by the
methodologieslaid outbysimilar projects mentioned above, Mycelium
Tectonics integrates multiple systems that blend architecture with
technology and biology, making it a compelling project to explore
within the context of modelling biological exploration.

Shice thinkess
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Overview: Mycelium Tectonics

Conducted as a thesis project by Gianluca Tabellini at the University
of Bologna, Mycelium Tectonics is a multidisciplinary research
project that connects spatial organization with internal mechanisms
facilitated by the living hyphal networks of mycelium (see figure
3.4.5).2%' The work primarily focuses on fungi's self-organization
and intelligence to describe a new kind of tectonics.?®2 The project
illustrates how architectural design can integrate technological
advancements and biological processes to innovate both in form and
function, by modelling architectural topology through the growing of
mycelium on three-dimensional hemp-fiber scaffolds.?33

Since tectonics relates the processes of constructing matter with
the resulting morphology, Tabellini was intrigued by guiding the
mycelium to “process” a designed space, allowing the material to
shape and adapt within those predetermined parameters.2®* The
Living Fiber shown in figure 3.4.6, a composite system fabricated in
the thesis Mycelium Tectonics, consists of multiple plexiglass plates
supporting the heterogeneous, three-dimensional substrate of hemp
fibers that will act as a primary base for growing mycelium. The
cylindrical prototype measures 18 cm in diameter and approximately
35 cm in height.23®
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Design and Process

The cylindrical prototype that bounds the space where the operations
occur draws inspiration from the vertical systems of the Greek
columns, famous for their structural and decorative features (see
figure 3.4.7). However, the tectonics explored in this project aims to
rethink architectural hierarchies from a differentiation perspective
rather than treating ornaments as subordinate to structure. Inspired
by the principles laid out by Frei Otto, his experiments expressed
tectonics through the spatial organization of wool, combining
structural and aesthetic elements in a single continuous system.23
Furthermore, the strategies implemented during the simulation and
growth process have been emphasized throughout the research. The
Living Fiber prototypes were initially digitally simulated, then tested
using small glass dishes shown in figure 3.4.8 and analyzed to build
physical models for controlled mycelium growth.23”
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Formwork Components. The hypothesis of using a hemp-based
fibre-composite system emerged from the advantages of working with
a material that not only supplies the necessary nutrients for mycelial
growth but also offers an initial three-dimensional structure.?® The
formwork system is an arrangement of hierarchized hemp families
with differing volumes and densities. As shown in figure 3.4.9, the
order starts with the hemp cable category, which consists of frayed
hemp bundled to approximately 10 mm in diameter. Although the
fibres tend to align in one direction, the high indeterminacy results
in a heterogeneous system at a micro-scale. Followed by the hemp
wall, the second order takes advantage of the versatility of the frayed
hemp by arranging the materials in varying lengths to form surfaces
that depend on the behaviour and flexural characteristics of the
material. Lastly, the hemp mix combines the bundle system at the top
and bottom of the model. This element acts as a binding component
whose density will vary depending on the interactions of all three
hemp categories.?%®

1° layer 2° layer 3’layer

KT

= BOTTOM - TOP =BOTTOM - TOP
=TOP - TOP
=BOTTOM - BOTTOM
= HEMP CABLE > HEMP CABLE > HEMP CABLE
> HEMP WALL > HEMPWALL
= S5TRUTTURALE
> HIGH DENSITY
> MIDDLE DENSITY = MIDDLE DENSITY
> LOW DENSITY > LOW DENSITY
> ORNAMENTALE > ORMAMENTALE = ORNAMENTALE
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Hardware and Software. Processing was the primary software
used for the experimentation and digital exploration of new systems
that relate objects through codified rules and behaviors. The study
conducted in Mycelium Tectonics involved an understanding of
agent and flocking systems in architecture through growth and
morphogenesis simulations. Through digital programming, each
hypha can be viewed as a single agent capable of branching and
exploring available space depending on the availability of nutrients
and the presence of neighboring agents.?4

In terms of the hardware used for the prototypes, three different
preliminary tests were conducted by arranging hemp bundles
vertically with laser-cut wooden plates for more precise control of
fiber arrangement (see figure 3.4.11).24 The first model is a result of
various configurations influenced by the results from the smaller-
scale experiments with a high emphasis on the prototype’s aesthetic
values.?2*?\While for the final Living Fiber prototype, two coupled discs
were used to secure the hemp wall placed at the top, punctured with
holes to allow multiple rope hemp to pass through (see figure 3.4.10).
As shown in figure 3.4.12, water-soaked cotton was inserted at these
openings to ensure humidity during the mycelium growth process.
As the primary support of all the components, four threaded bars
with nuts formed the structure, with the base consisting of a 4 mm
triple-layer poplar, also provided with circular and rectangular holes
for hemp passage and humidity transfer.2®
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MACHINIC

Although the prototype was self-supporting later on, the
project demonstrated the influence of external factors in
the growth and behaviour of mycelium. Mycelium
Tectonics took advantage of the advancement in tools to
ensure proper growth and avoid contamination during its
growth period.

Discs for cotton handling
supported with nuts and bolts

Coupled Discs
with a grid system openings
for hemp strands to pass through

Coupled Discs
with a grid system openings
for hemp strands to pass through

Another layer of disc
to hold the supporting
from twisting

Hemp Layer 3

Hemp Layer 1

Hemp Layer 2



Growth Process. Five grains of wheat inoculated by Pleurotus
ostreatus are spread on the fibres in a sterile environment under a
laminar flow hood to initiate the growth process.?** Once the hemp
system and the cotton balls are secured in the cylindrical model, the
prototype is wrapped in plastic to maintain the suitable moisture level
required for mycelium growth (see figure 3.4.13).245The growth occurs
in complete darkness at a constant temperature of 22.5 degrees
Celsius over twelve days.?*® It was also observed that the mycelium
network growth and connections consistently occurred in the model’s
central part, where the hemp fibres were densest and intertwined the
most, resulting in a distinctive material composition.2*” As shown in
figure 3.4.14, the colonization of mycelium networks through the hemp
fibres, the hanging strands transform into self-supporting structural
elements, and the supporting rods get removed (see figure 3.4.15).248
Moreover, the addition of multiple supporting hemp systems results
in a diverse aesthetic outcome, as the organization of the material
varies based on the starting and ending points of the fibers(see figure
3.4.16).24°
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Fig. 3.4.13 (left) The
prototype wrapped in plastic
to ensure proper mycelium
growth.

Fig. 3.4.14 (right)
Microscopic image of
mycelium network bridging
the gaps and interlocking
with one another.

Fig. 3.4.15 (next page)

A step by step diagram
showing the growth
process of the Living Fibre
prototype.

Fig. 3.4.16 A zoomed in
photograph showing the
various density points after
mycelium growth.
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BIO-TECTONIC

The project embraces the art in the process of the
prototype’s growth, referred to as tectonic in the project.
The Living Fibre prototype was observed as it started with
a fibrous system of hemp fibres, to a self-standing column
of mycelium-colonized hemp structure. The supporting
components were completely removed by the end of the
project period.

<

Moisture Cotton Balls



Reflection: Bio-Tectonic as part of “The Living”

The dynamic boundaries of living systems define where and how
natural selection operates, framing it as an interactive process rather
than a mechanical sorting of individual units. These boundaries
enable living systems to respond to environmental heterogeneity,
which they interact with and generate.?® Similarly, in computational
design, generative algorithms and self-organizing procedures play
crucial roles in the exploration of complexity. These algorithms mirror
the adaptive characteristics of living systems, offering designers
tools to produce responsive designs to varying conditions. However,
their relevance remains strictly dependent on the designer’s ability to
interpret and implement architectural intent.?®’

Biological Utilization: Bio-Tectonic

The prototypes exemplify complex interactions where functionality
emerges from self-organization rather than individual components.
The project provides a deeper understanding of mycelium’'s
tectonic capabilities, focusing on its unique biological properties of
differentiation and adaptation rather than the conventional approach
of seeking a homogenous material for predefined forms. The
incorporation of living components in construction marks a shift from
traditional practices that rely on the physical and chemical properties
of nonliving materials. Mycelium’'s self-organization ability provides
insights into the potential of internal mycelial systems in architectural
design that adapt to their environment without external regulation.
Additionally, Tabellini draws attention to the advancements in
technology that have shifted today’'s material perspective. Modern
simulation techniques, applied in the project, allow for a deeper
exploration of biomaterials’' self-organization and growth processes
influenced by external stimuli. With the simulation of some natural
behaviours, designers have framed tectonics in a digital context that
opens up the possibility of generating forms that are coherent with
the structural and cultural forces at play.

Integral & Lost Formwork: Machinic

Another strategy explored in the project is its leveraging of unique
mycelium and fibro-composite systems’ properties. Expanding on
biological utilization, innovations in connections advance beyond
the machinic logic of assembly but rather embrace the biological
functions of growth and repair, eliminating the requirements for
hardware for a more seamless aesthetic. The Living Fiber prototypes
utilize a hemp fibre-based composite formwork that serves as a three-
dimensional substrate for mycelium growth. Contrary to the traditional
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purpose of substrates in mycelium-based composite fabrication, the
fibro system offers not only an initial structural framework with basic
mechanical properties but is also a nutrient source that facilitates the
living organism’s growth and colonization.

The exposed layout of the model enables a demonstration of
mycelium’s structural properties and informs a better understanding
of its structural capabilities and gaps. The project visually expressed
how gravity and external loads from supporting plates resulted in the
buckling of the structure. During its growth period, the rigidity of the
structure was tested by turning the prototype horizontally. While the
hemp sagged under gravity and the load from one of the plates, the
fibrous connections increased in structural strength as mycelium
continuously grew, allowing the structure to withstand vertical
forces.?%?

Material Understanding & Visual Acceptance: Chaos

The experiments resulted in a chaotic and unpredictable architecture,
shifting away from discreet elements, but characterized by vagueness
and singularities where system.?® In this sense, decoration becomes
structural, and the structure becomes ornamental, as Living Fiber
displays a brutal yet fascinating aesthetic, especially in the transition
between the chaotic and more rigorous parts (see figure 3.4.17).25
The exploration of its visual characteristics centers on the self-
organization and swarm intelligence of living mycelium. Moving
beyond the repetitive and restricted formation of traditional mycelium-
based composites, the bottom-up approach of the project highlights
the unique properties of variation and differentiation, leading to a
tectonicandaestheticorganizationthatemergesfrom natural systems.
The project advocates for a radical interdisciplinary approach. The
concepts laid out in the project ought to rethink technology in terms
of ecologies rather than optimizing each component individually. By
aiming to embed technology deeply into architectural surfaces, this
interaction not only enhances functionality but inspires new ways of
thinking utilizing materials and tools in architecture.
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CHAOS

The project was a good example of showcasing and
advocating for the chaotic nature and behaviour of
biological materials. The Living Fibre prototype displays a
brutal yet aesthetically pleasing structure that embraces
the natural processes of mycelium in its living state.

Additionally, the project demonstrates the importance of
external components as key factors in influencing the
growth of mycelium.




3.5 The Senso-Aesthetics of
Mycelium’s Natural Processes:
Mycelium Rope

Introduction: Senso-Aesthetics

In recent years, mycelium has increasingly been a subject of artistic
research in the fields of Bio-Art, Science Art, and Post Media art,
under the category of Hybrid Arts (see figure 3.5.1). The organism
has become a crucial component in various artistic experiments and
ongoing art interventions.?®® An example of this is the audio-visual
installation Myconnect by Mirjan Svagelj and Anil Podgornik shown
in figure 3.5.2, offering an experiential perspective on the connection
between humans and fungi. The space offers an experiential
perspective in which individuals engage in a biofeedback audio loop
that illustrates the concept of companion-species.?5¢

Despite this growing interest in the arts, within architecture its
uptake has been slower. A survey conducted by Bonenberg et al.
showed that only 56 percent of architects are aware of mycelium-
based composites as a decorative material and even fewer recognize
their usage as a structural or semi-structural material.2’’ The finding
suggests a gap in the appreciation of mycelium’s capabilities to not
only offer functional benefits but also enhance the visual aesthetics
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of architectural design. However, this study might also suggest
that mycelium isn't offering any practical purposes to be applied in
architecturalworks. Anassumptionbyafewresearchersanddesigners
arose that the inherent variability in the visual characteristics of the
composites presents a challenge for their adoption in architecture, as
the materials exhibit non-uniform textures that change over time.?%8 [t
is also important to consider that while human sensory experience
uses all senses, visual perception often overshadows and takes
precedence among the others.?%°

Bonenberg et al. explored public perceptions of decorative mycelium-
based products through a survey of individuals in the architecture
field. While the participants found the composites fascinating and
sustainable, their fungal origin and unusual appearance raised
some concerns (see figure 3.5.3).2° The result of the study involving
professional architects and interior designers indicated that while
they are willing to utilize the properties of mycelium in architectural
works, they are less inclined to use them for their own projects and
have concerns about the material’s nature.?®!
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In addition, due to the public’s visual perception of fungi as inherently
harmful organisms, concerns regarding the health effects of fungi
pose another challenge in the upscaling of the composites despite
being proven safer than conventional materials such as particleboards
or fibreboards.?®2 Researchers in interdisciplinary fields such as art
and microbiology have expanded the understanding of what art
means, leading to the development of new forms and methodologies
in practices that engage with other living organisms. The art has
shifted from being purely representational to becoming performative,
interactive, and multidisciplinary. Living organisms act as mediums
for experimental art that actively seeks to bridge the human with other
scientific life forms.253 An example of a project that exemplifies artistic
experimentation that addresses the challenges of visual acceptance
of mycelium-based composites within the architecture industry
and bridges the gap between humans and biological organisms is
Mycelium Rope.
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Overview: Mycelium Rope

Mycelium Rope, led by a London-based experimental architect and
designer, Katya Bryskina, investigates interspecies collaboration
to rethink the generation of soft megastructures through symbiotic
collaboration between humans and microorganisms. As shown in
figure 3.5.4, Bryskina’'s design lets mycelium evolve freely within a
controlled incubator environment and is the artistic artifact itself. The
work focuses on generating a suitable growth environment for bio-
organismstothrive, inthis case,emphasizing the dynamicinteractions
between myceliumandaknitted formwork.Incomparisonto previously
explored project, BioKnit, where inoculated substrates are embedded
into the hollow cores of knitted textiles, Mycelium Rope allows for a
more unrestricted mycelium overgrowth and colonization. Bryskina
sees the incubator and the evolving mycelial structure within it not
just as passive displays but as active participants in the creation of
art that allows the audience to observe the evolution of the selected
organisms.2®*The project not only challenges the traditional methods
of mycelium composites grown in moulds but also invites the viewers
to witness the unique biological aesthetics living mycelium has to
offer. The series of curated experiments exhibited in Moskov displays
the ambition to produce new types of complex morphologies, such
as intricate three-dimensional structures and interwoven patterns, as
well as weaving techniques to cultivate unique mycelial forms and
growth performance.?®
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Design and Process

A key design aspect of the experiment Mycelium Rope that
differentiates it from previous mycelial artistic explorations is its goal
to merge the sophisticated, age-old practice of knitting methods with
the unique biological processes of mycelium to preserve the creativity
inherent in human craft while embracing the imperfect aesthetics
of natural components (see figure 3.5.5). As automation challenges
human biological nature, it becomes harder to accept nature's
imperfections. The experiment intends to find the balance between
the artificial and natural by combining traditional craftsmanship with
bio-fabrication to retain a higher level of creativity found in human
craft and acknowledge natural aesthetics.2%®
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As shown in figure 3.5.6, the design of the experimental project draws
inspiration from soft systems constructing dynamic environments
examples, such as spider nets, silkworms weaving, and mycelium
networks.2%” Bryskina started the project by testing the structural
performance of mycelium. While she found the structural performance
to be lacking, the focus of the project shifted to the material’s creative
possibilities and its ability to form personal, expressive designs. The
project exposes the knitted fabric backbone in the incubator to allow
viewers to observe the stages of mycelium growth as it overtakes and
conceals its knitted support, offering a deeper appreciation of the
organic process and material’s unique properties (see figure 3.5.7).28
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BRIDGING

One of the most interesting finding from the project is the
ability of mycelium to bridge gaps of up to 8mm as seen in
the illustration.

Mycelium seeking for other

networks in proximity

Clear (exposed) incubators

Bridging gaps upto 8 mm in
open air with no support

The column prototype also demonstrated how
mycelium takes advantage of its base formwork as
nutrient pathways, showing higher density in places
where water and nutrients are present, slowly
lowering as it moves up and receives less resources.




In addition, the experiment aims to trace the natural patterns of
mycelium, to fully understand the organism and its functions with the
goal of translating them into real life applications. She believes that
understanding the properties of mycelium to partake in the whole
process of a project, rather than its fragments, opens the possibilities
of varying design strategies.?®®In Mycelium Rope, mycelium acts as a
bonding agent that penetrates through the fibers of the knitted fabric
and closes the gaps within the knitted fabric structure (see figure
3.5.8). By manipulating parameters such as light, air, and nutrients,
unique structures can be cultivated. Moreover, there is freedom
in choosing the collaborators as different types of fungi species,
nutritional substrates, and methods of interactions as seen from
other bio-fabricated projects.?”°

As shown in figure 3.5.9, the project consists of two different stages,
The Dark and the Final Phase. The Dark Phase publicly exhibits the
active process of mycelium growth and formation, where visitors
are given the agency to influence the growth process by light
manipulation, creating a sensory experience between the visitors
and the project. In the Final Phase, the growth process is stopped
by drying the mycelium-colonized framework that has been created,
visualizing the deeper connection between nature and its viewers.?"!
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Fungal Species. The initial step in the project involves the selection
and sourcing of the fungal species as the leading component of this
collaborative experiment.?’2 Two fungal species were considered for
the LIFORM series: Ganoderma Lingzhi and Pleurotus Ostreatus.
The latter was then chosen for the remainder of the project due to its
rapid colonization rate and local availability, better meeting the needs
of the experiment.?’3

Formwork Components. The design of the knitted formwork was
primarily based on computational and mathematical principles,
merged with the traditional handcrafting techniques. A crucial factor
influencing the gap between ropes was the calculation of how far
mycelium fibres can stretch without a supporting base or structure.?’
Although the weaved structure suggests directed and controlled
mycelial growth, the knitting technique can be shaped into various
forms, patterns, and combinations, which demonstrates the versatility
of the traditional craft approach. As shown in figure 3.5.10, Bryskina
designed three iterations of the project’s knitted formwork base. The
column-shaped formwork was specifically designed to observe how
high mycelium can transfer water upwards, revealing that it could
only reach thirty centimetres before colonization stops due to excess
moisture. A second design aimed to observe how far mycelium could
bridge freely in the air without a supporting formwork or structure.
Lastly, the third iteration combined the two findings, designed
approximately twenty-five centimeters in height, with specific rope
distances to ensure proper colonization. Once the formworks were
fabricated, liquid spawns cultivated in rye grains were dispersed on
the surface to start the process of mycelium colonization.2’®
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Hardware and Software. Automation plays a significant role in the
research, particularly in the integration of analog and computational
processes. The balance between human craft and machines
underscores the project’s exploration of how recent technological
advancements can augment natural processes. The automative
weaving addresses the challenges of scalability and consistency
often faced in bio-fabrication. However, it also acknowledges the
intrinsic value of human imperfections, striving to harmonize artificial
and natural aesthetics.?’®

Another vital component of the project is its use of bio-fabrication
incubators designed to provide controlled environments to support
mycelium growth. The incubators shown in figure 3.5.11 bring
together the crafting techniques, technology, and living organisms
that enable novel symbiotic interactions. By having the incubators
clear and transparent, it allows the processes of mycelium to grow in
air, forming in entirely new ways to be visible to its audience.?””
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Growth Process. The main assembly technique executed in the
project is the natural hyphal bonding of mycelium that allowed the
organism to enswathe the weaved fibre structure gradually (see figure
3.5.12).278 The growth process of mycelium, that ran for a duration of
almost 4 weeks, is manipulated through the controlled environmental
factors, significantly influencing the growth speed, direction, and
structural characteristics of mycelium. The interspecies collaboration
is constantly monitored and adjusted to achieve a more desirable and
directed outcome.?’®

A series of photographs from the living growth process of the project
demonstrate multiple strategies of how mycelium overtakes its base
elements. The project observed rapid colonization of mycelium
networks into the knitted structure, while the parts where nutrient
collection occurred formed fluff-like balls to efficiently collect
nutrients and thickened the base structural network, showing a
resilient and adaptive natural process (see figure 3.5.13).28° As the
experiment went on, Bryskina constantly evaluated the entire process
from its initial, growing, and drying phases, substrate composition,
and structural outcomes (see figure 3.5.14). This approach allows
her and the team to continuously reflect and discuss possible
refinements of techniques and the exploration of new potentials in
bio-fabrication.?®
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WEAVED GUIDANCE

Similar in some ways with BioKnit, but rather than filling
the hollow cores of knitted textiles, Mycelium Rope
employed surface inoculated with liquid spawn that allow
mycelium to overgrow and conceal its initial textile base.

The project allows mycelium to grow in an influenced
manner and introduce unique findings such as nutrient
transfer and “air-growth”.

External Components:
Humidity Control




Reflection: Senso-Aesthetics as part of “The Living”

For Bryskina, the future is designing new ecosystems and potentially
being the start of an innovative environment.?®2 She suggested
that designers must constantly reevaluate their relationship with
nature and its processes to develop bio-fabrication practices in the
industry. By doing so, Bryskina was able to evaluate and reflect on
the challenges and knowledge gaps that previous mycelial projects
encountered and address them for her project, Mycelium Rope.?®®

Biological Utilization: Influenced Growth

The experiment displayed the diverse strategies of mycelium
interactions, such as rapid colonization of formwork, resilient
morphological adaptation, and even unexpected fruiting under
nutrient stress. For Bryskina, this natural progression from simple
networks to complex interactions truly captured the essence
of biomimicry and its potential for sustainable, nature-inspired
architecture.?®* Typically working with a predefined or imposed form
to appear similar to conventional building materials, Mycelium Rope
shifts away from the form-making principles of traditional mycelium-
based composites but rather, utilizes the natural processes of living
mycelium to determine its own structural and aesthetic forms. The
incubators present a whole new discussion on incorporating external
components to mycelium-based projects aside from being used
strictly for moulding purposes. These influential components in
and out of the incubator played vital roles that involved guiding the
organism’s development using specific nutrients and conditions to
create intricate and unique mycelial forms.

Integral & Lost Formwork: Weaving Guidance

The complex network of mycelium within a controlled environment
acts as a bonding agent that penetrates the fibers and closes the
gaps with new and complex patterns. As mentioned in Mycera, this
is not a relatively new process and has been the primary method
of bonding organic substrates to fabricate and produce most
mycelium-based composites. However, the process was exploited
even further in Mycelium Rope, which moved past binding closely
packed substrates in moulds but rather bridged the gaps to form
new surfaces and connect networks of up to 8 mm, transforming a
two-dimensional image into a three-dimensional geometry. As living
mycelium produces these new formations inside the incubator, the
project also visualizes the intelligent characteristics of mycelium’s
resilient network that adapts based on their nutrient requirements
and specific role within the connections.
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Material Understanding & Visual Acceptance: Symbiotic Visualization

The series of installations by Bryskina not only showcase the unique
characteristics of mycelium but also advocate for the use of the
organism in bio-fabrication in its living state. The initiative highlights
the distinct capabilities of mycelium, emphasizing its growth
processes and binding functions. Mycelium Rope resonated deeply
with the viewers, who appreciated observing the organic growth of
the organism and its ability to create intricate fungal networks without
human intervention (see figure 3.5.15). Most were intrigued by the
visualization of a natural process that usually occurs underground
in a different morphology that showcased its unique biological
functions.?®®* The art in this context involves the incorporation of
mycelium in creating a harmonious ecosystem in an incubator.
The incubators act as viewing screens for humans to witness the
complex yet fascinating beauty of natural aesthetics, specifically the
colonization of the living mycelium.

It is recognizable that the project and similar works in the living
category are not primarily focused on creating fully operational
or structurally sound structures. Instead, they aim to publicly
demonstrate and present the natural biological processes of living
mycelium. One of the project’s key objectives is to inspire viewers
by displaying harmonious environments where human and natural
processes can collaborate. Furthermore, Bryskina is constantly
seeking different types of collaborators for her projects in hopes of
revealing unique methods of interaction. She believes that to push
the boundaries of bio-fabrication, there should be constant changes
in the collaborators and conditions of growth. Similar to Mycelium
Tectonics, Bryskina's installations and a few projects within the living
category are noticeably integrating more modern technological
advancements to enhance the biological features offered by living
mycelium. Specifically, the project aims to form spaces that balance
analog and computation, natural and artificial, where nature and
its processes can be part of a collaborative system that lets its
intelligence fully unfold. Lastly, the project promotes a special
relationship between humans and natural systems to engage in an
interspecies learning process, constantly pushing boundaries and
adjusting to each other.

166



SYMBIOTIC VISUALIZATION

Katya Bryskina's concept of mycelium being the art itself
allows the incubators to resonate deeply with its viewers,
allowing an exposed, up-close observation of mycelium’s
growth.

The addition of external factors that were accessible for
the public to tweak, such as lighting control, humidity level,
and even sound, resulted in a deeper relationship between
the humans and the art.
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Chapter 4: Outlook
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4.1 Conclusion

The Living Mycelium

The thesis aims to reveal the transformative potential of preserving
mycelium in its living state to translate their innovative methodologies
to mainstream architecture applications. Building upon the principles
laid out by the “grow-kill” or as referred to as “nonliving” in the paper,
the research highlights the unique biological processes of “living”
mycelium architecture that includes self-repair, self-growth, self-
organization, and environmental responsiveness. The thesis delves
into the multifaceted applications of mycelium that involve the
explored unique strategies and their respective projects. By analyzing
these unique strategies, the research shared commonalities that
emphasized three main topics: biological utilization, integral and lost
formwork, and material understanding and visual acceptance.

Biological Utilization

Biological utilization examines how the natural biological properties
of mycelium are harnessed, specifically illustrating the organism’s
unique capabilities such as self-growth, self-repair, and self-
organization. The following case studies exemplify the diverse
applications of mycelium in architectural construction. La Parete
Fungina and Mycera both focus on the myco-welding process, where
mycelium’s hyphal bonding is utilized to bind substrates and units
into cohesive structures. BioKnit introduces a different approach by
showcasing the compatibility of mycelium with other biomaterials
such as bacterial cellulose. Mycelium Tectonics explores the concept
of bio-tectonics, fabricating prototypes that display the responsive
characteristics of mycelium to its environment. Lastly, Mycelium Rope
investigates the influenced growth of living mycelium, demonstrating
how external factors play a role in the organism’s growth.

Myco-welding: As demonstrated in the project La Parete Fungina,
myco-welding, orthe binding capability of mycelium’s hyphal networks
to combine modular units into one single structure. The hyphal
bonding technique harnessed the organism’s ability to self-growth
and self-repair, presenting a sustainable alternative to traditional
mortar. The process addresses challenges faced in transportation and
contamination control during construction as it allows the assembly
of standard modular units in situ. Furthermore, the strategy offers a
practical solution in reducing demands for labour and uncertainties
during on-site assembly

Penetrate: Comparable to La Parete Fungina, Mycera also showcased

the significant advantages of the myco-welding process. However, the
project pushes the technique further and demonstrates a multiplanar
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assembly system that myco-welded the bars and nodes components,
penetrating and seeping through the gaps of 3D-printed elements.
The connections from the outside wall and hollow core areas show
the complexity of mycelium’s colonizing characteristics

Myco-textile Colonization: Although sharing a similar approach to
Mycera and La Parete Fungina, BioKnit emphasizes the potential of
utilizing the living processes of mycelium alongside other biomaterials
such as bacterial cellulose. By tinkering with mycelium and BC, the
project unveiled special symbiotic relationships that could only be
achieved by incorporating living organisms. Additionally, the project
demonstrates the potential of textile knitted scaffolding to assemble
multiple living composites facilitated by the self-growth process of
living mycelium, colonizing the knitted base and transforming it into
a coherent whole

Bio-tectonic: The project Mycelium Tectonics emphasizes the concept
of tectonics, in which materials are used in ways that respect their
innate. The project offered a model that explores the dynamic and
adaptive behaviours of living mycelium systems. By harnessing the
true biological characteristics of living mycelium, the project was able
to construct a prototype that responds to its environment, suggesting
a shift from traditional practice to construction approaches that
incorporate living systems

Influenced Growth: Shifting away from the assumption that external
components are primarily used for moulding purposes only, the
incubators displayed in Mycelium Rope present a whole new
discussion on incorporating external factors. The project harnesses
the innate capabilities of mycelium to facilitate self-growth while
introducing slightly engineered elements in growing chambers
that influence the growth of the living organism. The chambers
demonstrate the potential of influential factors that could be vital in
guiding living systems to create intricate and unique mycelial forms.

Integral & Lost Formwork

The integral and lost formwork look into the methods of how base
frameworks become one with mycelium as integral structural elements
for these case studies. La Parete Fungina leverages hyphal bonding
and lightweight mycelium-based blocks to create self-supporting units
without external binding agents and reduced base formwork to minimize
waste. Mycera takes a technology-aided design approach by combining
mycelium with 3D-printed clay systems to explore mycelium’s reinforcing
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properties. BioKnit employs a knitted textile system, acting both as a
mould and integral support for a free-standing structure. Mycelium
Tectonics introduces a composite formwork of hemp-fibre scaffolds,
merging structural support with nutrient transfer networks. Lastly,
Mycelium Rope challenges traditional formwork by demonstrating
mycelium'’s capabilities of growing on unsupported areas, bridging gaps
between the knitted formwork.

Standalone: Utilizing the myco-welding strategy along with the
lightweight properties of mycelium-based composites, La Parete
Fungina was able to produce a self-supporting unit with no external
binding agents and very minimal recyclable supports. The project also
employs reusable formwork systems for moulding the composite chunks,
facilitating the production of large fungal blocks while minimizing waste
often considered an issue in the nonliving fabrication process.

Reinforcement: Mycera highlights a bio-hybrid collaboration with the
inclusion of biomaterials, clay, and 3D-printed systems. Revealing an
unrecognized capability for the mycelium to penetrate porous walls
of clay structures, the method results in an increase in the structural
integrity of the clay components due to the additional fibre reinforcement
provided by mycelium. The findings discovered in the experiment bypass
existing structural and fabrication restrictions in mycelium, clay, and
3D-printing processes.

Knitted Scaffold: A key aspect of the project, BioKnit, is its use of knitted
textile formwork that serves as a soft formwork for the inoculated
mycelium substrate, referred to as mycocrete in the project. This
strategy of incorporating the formwork as integral structural support
of the prototype addresses the waste issues of the nonliving projects
without the need for external support.

Machinic: Mycelium Tectonics applies a unique composite formwork
system that supports mycelial growth on modified three-dimensional
hemp-fibre scaffolds. The project expands on the advancements of
readily available tools, resulting in a fibrous formwork that provides
structural support and acts as a nutrient source that facilitates the
organism’s growth and development.

Weaving Guidance: The structural framework of Mycelium Rope
challenges the traditional concept of formwork by creating a knitted
base that guides the overgrowth and colonization of mycelium without
any restrictions. Following the same idea as presented in other projects,
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the biological process of mycelium facilitates the bonding of the organic
fibres that support it. However, the project further exploits the process
that results in bridging gaps, transforming two-dimensional images into
three-dimensional geometries.

Material Understanding & Visual Acceptance

Material understanding and visual acceptance emphasize the role of
collaboration and the influence of mycelium’s natural aesthetic on the
public’'sacceptance of the material. The following projects collectively
demonstrate how collaboration and a deeper understanding of
mycelium can push the boundaries of mycelial architecture. La
Parete Fungina demonstrates an interactive collaborative experience
that fosters an exchange of knowledge that plays a role in advancing
researchon mycelium. Mycerahighlightsthe need forinterdisciplinary
collaboration, particularly between bio-fabrication and 3D printing to
create adaptable material systems. BioKnit explores and embraces
the natural imperfections of mycelium and bacterial cellulose as a key
element of its design. Mycelium Tectonics also embraces the chaotic
and unpredictable nature of living mycelium as seen in its prototypes.
Lastly, Mycelium Rope serves as a visualization of the intersection
between architecture, art, and science, exposing the natural growth
process of mycelium to the public eye.

Interactive & Collaborative: The students and faculty involved in
the design exhibition of the prototype La Parete Fungina showed
appreciation for the collaborative experience offered by the project.
The highly engaging workshop achieved an exchange of resources
and information that was beneficial in developing the research of
living mycelium.

Myco-extrusion: Mycera emphasizes the need for interdisciplinary
collaboration, in this case between mycology, bio-based fabrication,
and 3D printed advancements, to develop unique and innovative
material systems. Furthermore, the project advances the exploration
within these collaborative systems with the incorporation of living
organisms to enhance structures’ adaptability and resilience.

Imperfections: BioKnit, presents the potential of collaboration in
architecture and design to produce not only durable structures
but also aesthetically pleasing visuals of natural components. The
project serves as an inspiration to embrace the natural impurities
of biomaterials, as it is evident that no concealment and touch-ups
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were applied to the final prototype, exhibiting the organic and natural
aesthetics of each organism’s patterns and textures.

Chaos: Though it may appear chaotic, the prototypes produced in
Mycelium Tectonics exhibit a brutal yet fascinating aesthetic. The
models display an unpredictable architecture that drifts away from
the discreet element assembly but is rather defined by the features
that emerge from its evolving system. Furthermore, the project lays
out a concept to rethink technology in terms of ecologies and utilize
digital simulation techniques to open new possibilities for integrating
living systems into mainstream construction applications.

Symbiotic Visualization: Mycelium Rope is a testament to the potential
of a unique intersection between art, science, and architecture.
Serving as both a canvas and the art itself, the incubators expose
the complex beauty of mycelium’s natural aesthetics and processes
while challenging the notions of traditional building materials and
methods. Moreover, the project serves as an inspiration that displays
a harmonious environment where humans and natural processes can
collaborate by preserving the beauty of human craft combined with
advanced digital fabrication techniques.
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4.2 Reflection

Outlook

The paper highlights the most frequently utilized biological advantage
of living mycelium which is its hyphal-bonding process, referred to as
“myco-welding” in this paper. When used as a binding material for
loose substrates or components, mycelium exhibits properties that
could potentially replace traditional mortar. In projects like La Parete
Fungina and Mycera, the organism’s self-growth capabilities allow
the penetration of small gaps and interconnect with other mycelial
networks in proximity, effectively bonding elements together. This
process allows for a more labour-efficient approach that requires
fewer resources as compared to traditional mortar. Moreover, as
showcased by Modular Mycelia, mycelium adapts well to multi-scalar
assembly systems, binding units of varying sizes to create intricate
forms and geometries. This finding offers insights into the potential
of living mycelium as a bonding agent for adaptive and responsive
modular screening facade systems. Additionally, the unique findings
in Mycelium Rope indicate that mycelium can bridge gaps between
knitted units, which could provide both insulation and aesthetic
appeal in fungal screening systems. Although Mycera primarily
employed mycelium for myco-welding, there is also potential in 3D
printing with pre-inoculated mixtures, which would allow mycelium
to grow within the microscopic gaps of the printed elements as they
dry and cure.

Another advantage of using living mycelium in architecture and
construction is its form-flexibility, as illustrated in projects such as
Mycelium Rope, Mycelium Tectonics, and BioKnit. These projects
demonstrate mycelium’s ability to adapt to complex shapes, allowing
the creation of intricate and even self-supporting structures. The
form-adaptive properties of mycelium offer a sustainable alternative
to traditional cast-in-place methods, allowing for the production of
unique geometries without the high carbon emissions associated
with concrete. This capability is particularly beneficial when
incorporated with digital simulations of mycelial growth, aligning
with the growing trend of parametric computer-aided design in
contemporary construction practices.

However, the paper also puts emphasis on the limitations of using
living mycelium in architecture, which may hinder its broader
application in mainstream construction. Structurally, mycelium alone
cannot replace conventional load-bearing materials like concrete or
steel. Without adequate support or formwork, mycelium lacks the
rigid structural support to provide compressive and tensile strengths
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comparable to those of traditional structural materials. Additionally,
mycelium can be brittle when dried, making it prone to cracking
or breaking under stress. As an organic material, mycelium-based
composites are prone to degradation over time, as evidenced by the
Monolito Micelio prototype,which eventually collapsed. Nevertheless,
as shown in Mycera and BioKnit, mycelium remains promising as a
reinforcing element, potentially enhancing the structural integrity of
materials such as clay and knitted textiles.

While mycelium, living or nonliving, remains a marginal and niche
material seeking a wider adoption in mainstream applications, its
potential in design and construction presented in this thesis remains
strong. Like many other research fields, continuous exploration is
essential to develop a stronger material understanding and to push
the boundaries of what is possible. The more engagement with living
organisms and systems, the greater the potential for innovative and
sustainable design and building approaches to emerge.
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Appendix

Katya Bryskina <ekaterinabryskina@agn - N

To @ Nixon Garcia Mon 3:45 AM

KB
®

Wonderful, thank you! Wanderful! Thank you so much! Thank you! You too!

Hi Nixon,

Great to hear from you and that your paper is progressing.
Yes, you can use the images with references.

Have a great day.

David Benjamin <davidben
To @ Nixon Garcia Sat 08-3
Cc @ deb2024@columbia.edu

DB
L

Hi Mixon,
Thanks for reaching out about this.
| am happy to grant permission for you to use these images.

Good luck with your thesis and please share a copy when you are ready. | would love to
read it.

David

Hey Nixon - Totally fine with me to use it, without a licensing fee as it's for your
dissertation. As it was for a client though, you'll need to get consent from them. |

think Dirk Hebal would be the best person to seek it from and I'm sure his current
contact can be found through whatever it is you're working on that’s gotten to you
the photos of this project
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Armand Agraviador <a.agr:
To @ Nixon Garcia
Cc W@ Jane Scott; ® Ben Bridgens

AA
L

Hi Nixon,
It"s wonderful that you are including our project in your thesis. Hope it all goes well with
the writing. And thank you for reaching out to check.

For any image credits, these two photos were taken by Ben Bridgens, copied in. I'm sure
they are ok for you to use.

This first project had several people involved so best to credit Jane Scott who led
it, and the Hub for Biotechnology in the Built Environment (HBBE). The full team list is in
the link above for referencing.

Let us know if you have any questions.
Best wishes,

Armand

. - . — . T T
Kris Graves <krisgraves@gmail.com=

KG
L

Hello Nixon,

go for it!
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To @ Mixon Garcia Tue 11:07 AM

Julian Jauk <julian.jauk@gmail.com:
To @ Mixon Garcia Fri 08-30

You replied to this message on 2024-08-30 3:02 PM.
Hi Nixon,
glad to hear from you again. Feels free to use our pictures but please make sure to credit
them properly (Link to webpage, author: Shapelab {or lost all authors of our paper of my
era if you prefer)).

Many thanks for writing! All the best with your paper.

Greetings,
Julian

m David Correa
: To @ Mixon Garcia
®

If there are problems with how this message is displayed, click here to view it in a web browser.

Wanderful, thank you! Wanderful! Thank you so much! Thank you so much!

Hi Nixon,

Thank you for asking, you do have my permission to use those images in your thesis.

Best,

David
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= —_ - T waw
Oscar Vinck <oscar@vinck.com =

OV. To @ Nixon Garcia Mon 516 AM

Hi Nixon,

Thank you for reaching out. No problem to use the pictures for your thesis. Good luck with
that.

Al the best,

Oscar Vinck
Eindhoven, the Netherlands

- L. . oL T -
Gianluca Tabellini <gianluca.tabellini@

(JT. To @ Nixon Garcia Wed 2:14 PN

If there are problems with how this message is displayed, click here to view it in a web browser.

Start your reply all with: | Will da, thanks! Will do. Will do, and thank youl

Hello Nixon,

When properly referenced to me (or to mycelium tectonics project) , all the images can
be used.

I'm happy to hear you are close to the end.
If you can share the work with me when it's done, I'd love to read it.

Regards,
Gilanluca
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