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MYCELIUM MATTERS

This research sets out to improve the sustainability of building
materials. Therefore, it turns towards biology as a source of
inspiration for the next generation of biomaterials. The
kingdom of the fungi represents a fascinating and
evolutionary ancient biological group of eukaryotic
microorganisms. Filamentous fungi are ubiquitous in
soil habitats, in which they grow as long filaments,
called hyphae, forming a complex network of
mycelium by degrading any type of organic
plant-based material. The white-rot fungi even
developed the ability to degrade harsh lignin
polymers in wood structures and therefore
have great promise for the fabrication of
biomaterials. In recent years, the exciting
characteristics of filamentous fungi did
not go unnoticed in the context of
biodegradable materials, providing a
low-cost and environmentally
sustainable solution compared to the
production and life cycle of
petroleum-based materials. These
composite materials are realised by
growing the fungi into lignocellulosic
fibres, thereby valorising organic
waste streams and generating dense
materials with a construction
material application. This
interdisciplinary study explores the
principal factors affecting mycelium
materials’ biological and material
properties and enlarges the potential
of new fabrication technologies for
architectural applications with fungal
organisms.
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Abstract
Environmental pollution and scarcity of natural resources have led to an
increased interest in developing more sustainable materials. The traditional
construction industry, which is mostly based on the extraction of fossil fuels
and raw materials, has therefore been called into question. Biological
materials that are created by growing mycelium-forming fungal
microorganisms on natural fibres can form a solution. In this process,
organic waste streams – such as agricultural waste – are valorised, while
biodegradable material is created at the end of its life cycle; a process fitting
with the spirit of a circular economy. Despite this promise, these materials’
characteristics have remained mostly unexplored. More scientific insights
into growing and fabrication processes are required before incorporating
these biomaterials into our daily lives. Therefore, this dissertation’s main
goal is to explore the principal factors affecting the biological and material
properties of mycelium materials and to broaden the potential of new
fabrication technologies for architectural applications using fungal
organisms. Ultimately, the research provides novel insights and a
comprehensive overview of several crucial aspects that come into play
during the production of fungi-based lignocellulosic composites. A method
for selecting fungal species that incorporates biological, chemical and
mechanical performance criteria has been developed. The interaction
between fungi and their feedstock and the material properties of different
types of feedstocks are investigated. Then, the optimisation of mechanical
properties with different types of additives is studied. A novel fabrication
process to produce large-scale architectural formwork is developed. Finally,
various digital additive fabrications and design strategies that improve the
colonisation of the fungi in a given geometry are explored. This hybrid
investigation across disciplines is guided by the motivation to explore the
growth and fabrication possibilities of mycelium materials from a
bioengineering, material engineering, computational fabrication and
architectural perspective.
v

Samenvatting
Milieuvervuiling en schaarste aan natuurlijke grondstoffen hebben de
afgelopen jaren geleid tot een grotere belangstelling voor de ontwikkeling
van duurzamere materialen. De traditionele bouwsector, die veelal
gebaseerd is op de winning van fossiele brandstoffen en grondstoffen,
wordt daarom tegenwoordig in twijfel getrokken. Biologische materialen,
daarentegen, die ontstaan door het groeien van myceliumvormende microorganismen op natuurlijke vezels kunnen een oplossing vormen. Hierbij
worden organische afvalstromen - zoals landbouwafval - gevaloriseerd,
terwijl een biologisch afbreekbaar materiaal ontstaat aan het einde van zijn
levenscyclus; een proces dat past binnen de geest van een circulaire
economie. Ondanks deze belofte zijn de eigenschappen van deze materialen
grotendeels onontgonnen gebleven. Meer wetenschappelijke inzichten in
groei- en fabricageprocessen zijn vereist voordat deze biomaterialen in ons
dagelijks leven kunnen worden opgenomen. Daarom is het hoofddoel van
dit proefschrift om de belangrijkste factoren te onderzoeken die de
biologische en materiaaleigenschappen van myceliummaterialen
beïnvloeden en om het potentieel te verbreden van nieuwe
fabricagetechnologieën, zoals robotgestuurd draadsnijden en 3D printen,
voor architectonische toepassingen. Uiteindelijk levert het onderzoek
nieuwe inzichten en een uitgebreid overzicht op van verschillende cruciale
aspecten die een rol spelen bij de productie van schimmels gebaseerde
lignocellulose composieten. Er wordt een methode ontwikkeld voor het
selecteren van schimmelsoorten op basis van biologische, chemische en
mechanische prestatiecriteria. De interactie tussen schimmels en natuurlijke
vezels, en de materiaaleigenschappen van verschillende soorten vezels
worden onderzocht. Vervolgens wordt de optimalisatie van mechanische
eigenschappen met verschillende soorten additieven bestudeerd. Er wordt
een nieuw fabricageproces ontwikkeld om grootschalige architecturale
schuim bekistingen te produceren. Ten slotte worden verschillende digitale
additieve fabricages en ontwerpstrategieën onderzocht. Dit hybride

vi

onderzoek tussen disciplines wordt geleid door de motivatie om de groeien fabricagemogelijkheden van myceliummaterialen te verkennen vanuit een
bio-ingenieurs,
materiaalkundig,
computationele
fabricage
en
architectonisch perspectief.

vii

viii

Acknowledgements
During my explorations, I learned to embrace complexity, the unknown, the
mysterious behaviour of living organisms. A kind of craving to unravel
interrelationships between engineering, material sciences and biology guided
me through this work, although at first, I didn’t have a scientific background
in each of these disciplines. To consider the opportunities and challenges of
all those fields coming together, I learned to face the dynamic nature of this
research, which wouldn’t have been possible without the guidance and
support of the following people.
First of all, I am thankful for receiving a fellowship strategic basic research
and a long research stay from the Research Foundation – Flanders
(FWO).
Lars and Evelien, thank you for your almost blind faith in me. Until just
before the start of the PhD, I could not have imagined receiving this
opportunity. I have immeasurable admiration for how you have dealt with
this completely new topic. My words fail to explain what your coaching and
support means to me. At the same time, I am proud to have been the “glue”
(or should I say, the hyphae) in a collaboration between two research groups
that did not previously exist. I hope that the spores may continue to spread
for a long time. Thanks to you, a world has opened up for me, which is more
valuable and deeper than just this PhD.
A word of gratitude for the jury members who helped to lift this work to
a higher quality by sharing their expertise during the private defence.
I probably never would have gotten to this topic without Winnie. And yes,
before we even realised it, we were involved in fungal experiments in the
dark basement of the biolab ReaGent. It took us along a tough track of ups
and downs. Your craziness, drive and willpower are a great source of
inspiration. You taught me how to work and talk like a bio-engineer. The
vocabulary, lab techniques, hands-on experiments... how could I know?

ix

Look where we are now, so many years later: thanks to you, I am an “expert”
schimmelschepper (pronounced with your West Flemish accent).
It was such a visionary idea to set up Glimps.bio together with Jasper as the
driving force. I am often completely perplexed by how well you get it all
done. You are such a special person who elegantly juggles leadership,
empathy, intelligence and persistence. There is probably no one better suited
than you to understand how stressful it was at times for me to combine both
business and academic work. Thank you for your patience! Glimps.bio can
only have its impact thanks to these heroes: the employees Ravi, Viktor,
Dimitri, Niek, Ellen; the board of directors Hendrik, Stefaan,
Francesca, Dries, Caroline; the various interns; 36 shareholders; the
advisors; the loyal participants in the workshops and events; the community.
What would the world be without you? Nothing.
The many experiments conducted for this work were made possible thanks
to my students at the VUB: Brecht, Daan, Manzi, Frederic, Simon,
Paola, Aurélie, Berend, Bastien, Ichelle, Nico, Noam, Lennert, Li Li,
Vendula, Thibaut. You chose one of the most challenging thesis subjects
and I am so grateful for the efforts you made in this research. It was a
pleasure to have you as sparring partners. You probably guided me as much
as I guided you. Simon en Aurélie, it is so brilliant that you are now pursuing
a PhD on the fungi subject. Nice to see how you grow. Succes!
Of course, there is also a word of thanks for the entire MICR lab.
Apologies that I often messed up the lab with my sawdust and strange
experiments, but thanks anyway for including me as the odd one out.
My colleagues at ARCH, it was a magnificent experience to work in your
proximity. It made my survival as a wannabe engineer easier. I really enjoyed
the atmosphere in the group.
From other departments at the VUB I’d like to also thank Joost, Jorge,
Svetlana. Your help and guidance had a significant impact on my work.
Joost, thank you for letting me ping-pong about ideas. I look up to you,
literally and figuratively.

x

I also want to thank my copy-editor, Marieke, who like a perfectionist
checked this dissertation for commas and errors.
Thank you to all the people from CITA, what an experience in Copenhagen!
Mette, Paul, Phil, Adrien, Emil, Jakob, Ayoub, Yuliya, Mesrop,
Simona, Andrea, Claudia, you are all amazing and you had a profound
impact on me. In Copenhagen, also Jon, Hanne, Andreas, Kristian,
Ebbe, Anton, Asbjorn, many thanks for involving me in the Circular
Construction Challenge. My hosts, Jeanne, the two Christians, Anne
Marie, for giving me a warm home during the dark Scandinavian winter
months.
Philip, thank you for your unconditional support, for the lunches and
coffee breaks, for the listening ear, for the advice. Thank you for being in
my life. Iris, our close friendship is so dear to me. You understand
everything, even if it doesn't work. Hey, beautiful person, I don't want to
lose you, ok. Jasper and Francis and the others climbing partners. Many
thanks to all the friends that endured my nagging about mycelium, Stijn to
be more than an ordinary colleague, Max, Frederic, Mareile, Thomas,
Joris, Camille, Louis, Dries and others.
Chloë, mijn boelieke. Ik hou van jou! Dat weet je. Dank je om er telkens te zijn. Mijn
mental coach. Waar haal jij toch telkens die wijsheid vandaan? Je bent een pareltje.
Papa, onze rots in de branding. Dankjewel om in mij te geloven en te steunen in dit
parcours. Dankjewel voor jouw levenswijsheid en humaan wereldbeeld. Dankjewel voor
alle gesprekken die me hebben gevormd tot wie ik nu ben. Dankjewel voor jouw oneindig
altruïsme. Je bent kost wat kost een doorzetter, dat inspireert me.
Ik heb je lief, Geert. Ik ben vereerd mijn leven met jou te mogen delen. Je bent m’n alles,
ons samenzijn is m’n alles. Ik kijk zo ongelofelijk uit naar onze toekomst samen. Dank
je voor de liefdevolle steun.
Finally, the actor of this play, Mycelium. Thank you for teaching me about
your mysterious behaviour and for being my silent companion during this
research. You should receive a Nobel Prize, but instead, next time I’ll give
you more nutrients to express my gratitude.

xi

xii

Table of contents
PROLOGUE ......................................................................................................................1
Terrestrial Entanglement................................................................................................................ 5
1.1

Setting the tone .....................................................................................................................5

1.2

Disrupted ecologies ............................................................................................................6

1.3

Living material ethics.......................................................................................................8

References ................................................................................................................................................... 11

INTRODUCTION......................................................................................................15
Chapter 1 Introduction ..................................................................................................................... 19
1.1

Research motivations .....................................................................................................19

1.2

Focus of this research .................................................................................................. 22

1.3

Research questions ......................................................................................................... 26

1.4

Research methods.............................................................................................................27

1.5

Roadmap .................................................................................................................................. 28

1.6

Expectations and non-expectations ................................................................33

1.7

A note on collaborations ........................................................................................... 34

MYCOMATTER CATALOGUE ..................................................................37
Chapter 2 Mycofabrication: State of the Art ......................................................... 41
2.1

Growing interest in bio-fabrication ................................................................ 43

2.2

Chain of innovation in mycofabrication .....................................................47
2.2.1
2.2.2
2.2.3
2.2.4
2.2.5

2.3

Speculative research and demonstrator projects ...................................... 48
Production and product development .................................................................49
Fundamental and applied research ...................................................................... 52
Retail ................................................................................................................................................. 53
Patents versus open-source ............................................................................................ 53

A general protocol for the production of mycelium-based
materials ................................................................................................................................... 56
2.3.1
2.3.2

Substrate sterilisation method ....................................................................................63
Inoculation method ............................................................................................................... 64

xiii

2.3.3
2.3.4
2.3.5
2.3.6
2.3.7

2.4

Packing method ....................................................................................................................... 67
Growth conditions .................................................................................................................. 68
Growth time.................................................................................................................................69
Drying method ......................................................................................................................... 70
Post-processing .......................................................................................................................... 71

The contribution of all components ................................................................ 72

References ................................................................................................................................................ 74
Reflections and insights 1. Knowledge gaps ........................................................... 82
Chapter 3 Fungal Species and Strains Selection ............................................... 87
3.1

Introduction ............................................................................................................................ 88

3.2

State of the art: Why does the choice of the fungal species
matter? ........................................................................................................................................ 89
3.2.1
3.2.2
3.2.3
3.2.4

Phylogenetic diversity ......................................................................................................... 89
Hyphal growth, branching and fusion ................................................................. 93
Cell wall composition .......................................................................................................... 94
Lifestyle and capacity to degrade lignocellulose ...................................... 98

3.3

Research goals .................................................................................................................... 99

3.4

Materials and methods ............................................................................................ 100
3.4.1
3.4.2
3.4.3
3.4.4
3.4.5
3.4.6
3.4.7
3.4.8
3.4.9

3.5

Results and discussions: Characterisation of fungal species
and strain for their selection as binder in mycelium
composites............................................................................................................................. 109
3.5.1
3.5.2
3.5.3
3.5.4
3.5.5
3.5.6

3.6

Fungal species ........................................................................................................................100
Substrate preparation and inoculation .............................................................101
Mycelium growth and surface colonisation measurements ........... 104
Biomass quantification.................................................................................................... 104
Scanning Electron Microscopy ................................................................................ 104
Fourier Transform Infrared Spectroscopy ..................................................... 105
Dry density and moisture content ........................................................................ 106
Determination of compressive behaviour ...................................................... 106
Statistical analysis ...............................................................................................................107

Mycelium growth and surface colonisation rate ..................................... 109
Growth performance correlation ............................................................................. 115
Measuring the maturation process........................................................................ 117
Morphological analysis of hyphae ....................................................................... 120
Spectral response of feedstock degradation by different fungal
species............................................................................................................................................. 122
Mechanical testing in compression ....................................................................... 127

Conclusions ............................................................................................................................ 129

Acknowledgements......................................................................................................................... 129
xiv

References .............................................................................................................................................. 130
Chapter 4 Lignocellulosic Feedstocks .......................................................................... 139
4.1
4.2

Introduction .......................................................................................................................... 140
Why does the type of feedstock matter? ............................................... 140
4.2.1
4.2.2
4.2.3
4.2.4

Biomass waste ........................................................................................................................ 140
Nature of the lignocellulosic feedstock ............................................................. 142
Impact of the feedstock on fungal biology and material
properties ..................................................................................................................................... 144
Chemical treatment of natural fibres................................................................. 145

4.3

Research goals ................................................................................................................... 147

4.4

Materials and method ................................................................................................ 147
4.4.1
4.4.2
4.4.3
4.4.4
4.4.5
4.4.6
4.4.7
4.4.8
4.4.9
4.4.10
4.4.11
4.4.12
4.4.13
4.4.14
4.4.15
4.4.16

4.5

Results and discussions: Characterisation of lignocellulosic
substrates for mycelium materials .................................................................167
4.5.1
4.5.2
4.5.3
4.5.4
4.5.5
4.5.6
4.5.7
4.5.8

4.6

Fungal species ......................................................................................................................... 148
Natural fibres .......................................................................................................................... 148
Substrate inoculation for surface colonisation studies ........................ 149
Composite fabrication for compression and physical tests............. 152
Alkaline pre-treatment of fibres .............................................................................. 154
Pre-treatment of the fibres with plasticisers ................................................. 154
Post-treatment of the composite plasticisers ............................................... 155
Dry density and moisture content ......................................................................... 159
Mycelium growth and surface colonisation measurements ............ 159
Fourier Transform Infrared Spectroscopy ...................................................... 159
Determination of compressive behaviour ....................................................... 159
Determination of bending behaviour ................................................................ 160
Determination of tensile strength parallel to the surface ................. 161
Thermal conductivity ......................................................................................................... 163
Rate of water absorption .............................................................................................. 165
Statistical analysis................................................................................................................ 165

Visual inspection of the growth on selected fibres ................................. 167
Surface colonisation ........................................................................................................... 172
Spectroscopic analysis of the chemical changes ...................................... 177
Compressive properties of mycelium composites with different
fibre types and sizes........................................................................................................... 183
Bending and tensile properties of mycelium composites with
fibres pre-treated with sodium bicarbonate................................................. 187
Tensile properties of mycelium composites with plasticised fibres
............................................................................................................................................................. 190
Thermal conductivity ......................................................................................................... 193
Water absorption rate..................................................................................................... 195

Conclusions ............................................................................................................................198

xv

Acknowledgements........................................................................................................................ 201
References ............................................................................................................................................ 202
Reflections and insights 2. Identification of determinant
parameters to select fungi and fibres....................................................................... 207
Chapter 5 Effect of Nanoclay on the Biological, Chemical and
Mechanical Properties of Mycelium-based Composites .......................... 213
5.1

Introduction: Inorganic nanoparticles ......................................................... 214

5.2

Research goals .................................................................................................................. 216

5.3

Materials and methods ............................................................................................. 218
5.3.1
5.3.2
5.3.3
5.3.4
5.3.5
5.3.6
5.3.7
5.3.8
5.3.9
5.3.10
5.3.11
5.3.12

Fungal species ......................................................................................................................... 218
Preparation of nanoclay-coated substrate .................................................... 218
Substrate inoculation for growth studies ........................................................ 219
Particleboard fabrication for bending and tensile testing .............. 219
Specimens for compressive testing ....................................................................... 221
Surface colonisation rate measurements ....................................................... 226
Scanning Electron Microscopy ................................................................................ 226
Fourier Transform Infrared Spectroscopy ..................................................... 226
Dry density ................................................................................................................................ 226
Determination of bending behaviour ................................................................ 226
Determination of tensile behaviour parallel to the surface........... 226
Determination of tensile behaviour perpendicular to the surface
............................................................................................................................................................. 227
5.3.13 Determination of compressive behaviour ...................................................... 227
5.3.14 Statistical analysis .............................................................................................................. 227

5.4

Results: Characterisation of nanoclay-reinforced mycelium
composites.............................................................................................................................229
5.4.1
5.4.2
5.4.3
5.4.4
5.4.5
5.4.6
5.4.7

5.5

Mycelium surface colonisation ................................................................................. 229
Morphological analysis of hyphae and nanoclay.................................. 230
Spectral response to nanoclay concentrations.......................................... 234
Flexural properties of particleboards ................................................................236
Tensile properties parallel to the surface ..................................................... 240
Tensile properties perpendicular to the surface ...................................... 242
Compressive properties .................................................................................................. 242

Discussion: Overview of nanoclay-mycelium materials’
properties compared with the literature................................................. 245
5.5.1
5.5.2
5.5.3

Nanoclay-mycelium materials meet the requirements of
softboards for the flexure index..............................................................................245
Heat-pressing is a major factor in increasing tensile properties
.............................................................................................................................................................246
Nanoclay-mycelium composites have a low internal bond............ 247
xvi

5.6

Conclusions .......................................................................................................................... 249

Acknowledgements ....................................................................................................................... 250
References ............................................................................................................................................. 250
Chapter 6 Bacterial Cellulose and Mycelium Hybrid Composites
............................................................................................................................................................................... 257
6.1

Introduction: Bacterial cellulose ...................................................................... 258

6.2

Research goals .................................................................................................................260

6.3

Materials and method .............................................................................................. 262
6.3.1
6.3.2
6.3.3
6.3.4
6.3.5
6.3.6
6.3.7

6.4

Fungal species ........................................................................................................................262
Bacterial strain isolation ................................................................................................262
Production of the BC starter culture ..................................................................263
Fabrication of the BC sheets ....................................................................................263
Preparation of hybrid BC-mycelium hemp substrate ..........................266
Particleboard fabrication .............................................................................................266
Methods of characterisation ..................................................................................... 267

Results: Mechanical characterisation of bacterial cellulosereinforced mycelium composites .................................................................... 269
6.4.1
6.4.2
6.4.3

Flexural properties of particleboards ................................................................269
Tensile properties parallel to the surface ....................................................... 271
Tensile properties perpendicular to the surface ...................................... 276

6.5

Discussion: Hydrogen bonds between cellulose nanofibres
may contribute to the enhanced properties ........................................278

6.6

Conclusions ...........................................................................................................................278

Acknowledgements ....................................................................................................................... 279
References ............................................................................................................................................. 280

MANUFACTURING WITH THE LIVING ................................... 285
Chapter 7 Growing Living and Multi-Functional Mycelium
Composites for Large-Scale Formwork Applications Using Robotic
Abrasive Wire-Cutting ..................................................................................................................291
7.1

Introduction ......................................................................................................................... 292
7.1.1
7.1.2

Robotics in architecture .................................................................................................293
Robotic fabrication methods .....................................................................................294

7.2

Research goals ................................................................................................................. 297

7.3

Materials and methods ........................................................................................... 298

xvii

7.3.1
7.3.2
7.3.3
7.3.4
7.3.5
7.3.6
7.3.7
7.3.8
7.3.9
7.3.10
7.3.11

7.4

Results: On-site wire-cutting of large mycelium-based
formwork................................................................................................................................ 302
7.4.1
7.4.2
7.4.3
7.4.4
7.4.5
7.4.6
7.4.7

7.5

Understanding the impact of mixing and densifying the substrate
............................................................................................................................................................ 302
Selection of the feedstock and fungal species ......................................... 306
Novel workflow for the fabrication of large, layered blocks ....... 309
On-site robotic wire-cutting fabrication set-up ........................................ 310
Fabrication of multi-functional formwork ........................................................ 311
Bio-welding components ................................................................................................ 313
Characterisation of the living components.................................................... 316

Discussions and future work................................................................................. 318
7.5.1
7.5.2
7.5.3
7.5.4

7.6

Fungal strains .........................................................................................................................298
Natural fibres .........................................................................................................................298
Substrate preparation for surface colonisation measurements .298
Fabrication of mycelium composites: Mixing and densifying ......299
Fabrication of mycelium composites: Feedstock types .................... 300
Surface colonisation rate measurements ..................................................... 300
Determination of bending behaviour .............................................................. 300
Design-to-fabrication simulation.......................................................................... 300
Robotic production............................................................................................................. 301
Determination of compressive behaviour ...................................................... 301
Morphological characterisation with Scanning Electron
Microscopy ................................................................................................................................ 301

Advantages ............................................................................................................................... 318
Limitations and improvements ................................................................................. 318
Hybridisation of living and non-living matter ............................................. 319
Scalability .................................................................................................................................. 320

Conclusions .......................................................................................................................... 320

Acknowledgements......................................................................................................................... 321
References ............................................................................................................................................. 322
Chapter 8 Extrusion-based Additive Robotic Manufacturing with
Living Mycelium Materials ..................................................................................................... 329
8.1

Introduction ........................................................................................................................ 330

8.2

Research goals ................................................................................................................. 332

8.3

Materials and methods ............................................................................................ 334
8.3.1
8.3.2
8.3.3
8.3.4
8.3.5

Robotic fabrication system and hardware ...................................................334
Computational workflow...............................................................................................336
Preparation of extrudable fungal material ..................................................338
Composite fabrication for compression tests .............................................339
Sterile printing process ................................................................................................... 342

xviii

8.3.6
8.3.7
8.3.8

8.4

Results and discussions: Factors affecting the printability of
living biomatter ............................................................................................................... 349
8.4.1
8.4.2
8.4.3
8.4.4
8.4.5
8.4.6

8.5

Rheological measurements .........................................................................................348
Mycelium growth and surface colonization measurements ...........348
Microscopic measurements .........................................................................................348

Development of different extrusion systems for sterile printing 349
Empirical determination of the printing parameters .......................... 357
Workflow for printing viscous and fibrous matter ................................ 370
Rheological characterisation ..................................................................................... 373
Mycelium growth on the viscous substrates................................................. 375
Living material deposition........................................................................................... 379

Conclusions .......................................................................................................................... 384

Acknowledgements ....................................................................................................................... 385
References ............................................................................................................................................. 386
Chapter 9 Prototype Design: Growth Across 3D-Printed Scaffold
Morphologies........................................................................................................................................... 391
9.1

Introduction ......................................................................................................................... 392

9.2

Research goals ................................................................................................................. 394

9.3

Materials and methods ........................................................................................... 396
9.3.1
9.3.2
9.3.3

9.4

Results and discussions: Growth on a biohybrid structure....402
9.4.1
9.4.2

9.5

Robotic set-up........................................................................................................................ 396
Material preparation of lignocellulosic scaffolding ..............................398
Generative growth algorithm ...................................................................................398
Exploration of printing strategies ........................................................................ 402
Growth of discrete mycelial inoculum on a biohybrid structure408

Conclusions ............................................................................................................................413

Acknowledgements .........................................................................................................................413
References ...............................................................................................................................................413
Reflections and insights 3. In terms of large scale, there might be
a problem .................................................................................................................................................... 415
Reflections and insights 4. Advanced technologies ......................................416
Reflections and insights 5. The life and death of mycelium
materials ...................................................................................................................................................... 417

EPILOGUE .................................................................................................................. 419
xix

Chapter 10 Conclusions .............................................................................................................. 423
10.1

Contributions ...................................................................................................................... 423
10.1.1
10.1.2

Principal components affecting the biological, chemical and
material properties of mycelium materials ...................................................425
Fabrication processes of mycelium materials ............................................426

10.2

Current limitations ........................................................................................................429

10.3

Recommendations for future work ................................................................ 431
10.3.1
10.3.2
10.3.3
10.3.4
10.3.5

Fungal organism ................................................................................................................... 431
Structural material properties and feedstocks ..........................................433
Computational fabrication .........................................................................................434
Design and architecture ................................................................................................434
Industrialisation .....................................................................................................................434

References ............................................................................................................................................. 437
Publications and valorisations ........................................................................................... 438

xx

xxi

PROLOGUE

1

2

3

4

Terrestrial Entanglement

Terrestrial Entanglement

Ecological thinking [...] requires a kind of vision across boundaries. The epidermis of
the skin is ecologically like a pond surface or a forest soil, not a shell so much as a
delicate interpenetration. It reveals the self ennobled and extended rather than threatened
as part of the landscape and the ecosystem, because the beauty and complexity of nature
are continuous with ourselves.
Paul Shepard, “Ecology and Man – A Viewpoint”, 1969, in: The
Subversive Science.

1.1

Setting the tone

What if the complex adaptive behaviour of biological systems could be
translated into ecological materiality? How would the unique temporality of
these materials be deployed, not as definitive decay but as a process of
regeneration, reintegration into the cycle? These are questions about living
material agencies that form the narrative embodiment of my work. As the
story of this thesis takes shape, hybrid forms of philosophical expressions
assemble and coagulate with other modes of more technological knowledge.
Reflecting on the many eco-ethical forces provides us with holistic
conceptualisations beyond the purely scientific framework. What follows in
this prologue is, therefore, a conceptual ecological and ethical outline that
living matter can be situated in from a material ecocritical perspective.
My starting point is to understand whether and how biological materiality,
such as mycelium materials, could provide new perspectives on the way we
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work, exploit and interact with living matter when producing building
materials. The scope of this debate appears to be very wide, because it
introduces a relatively new interdisciplinary field at the intersection of
design, architecture, material sciences, engineering and biology. In fact, all
these aspects also involve social and political constructions and ethical
attitudes. There are, in other words, many points from which we can start
exploring fungal materiality. Then, to actually hit the road, it is first
important to create a cartography, a mental map so to speak, of the
landscapes to explore, and secondly to collect the gear to survive in the
wilderness of experimentations. In this prologue, I want to write about the
first and take the freedom to visualise the different geopolitical-ethical scales
to climb. The next chapters introduce the core topics of my thesis: an
overview of the tools to use for embracing the biological randomness. My
work can be fully understood without the following piece of text, and it
might, at first sight, seem strange to begin by digging into ecology and
philosophy. However, from my understanding of authors such as Bruno
Latour, Karen Barad, Donna Haraway, Jane Bennett, Will Steffen and Johan
Rockström, any new development – including the development of biological
materials – that doesn’t take the disruption of ecologies and the related
ethics into account, might risk contributing to crossing a threshold that can
trigger even worse non-linear and abrupt environmental changes on a
planetary scale (Steffen et al., 2015). Therefore, I briefly shed some light on
these two topics – disrupted ecologies and living materials ethics – before
diving into the pond of knowledge about mycelium materials.
1.2

Disrupted ecologies

Several research institutes have defined the dynamic living skin of the earth
as the Critical Zone (CZ) (Brantley et al., 2017). It refers to the layers from
the top of the vegetative canopy through the soil, to the mother rocks.
Within this thin and porous layer, all life exists. By activating or catalysing
physical and chemical reactions, life modifies the cycles of matter (Arènes
et al., 2018). Monitoring these complex biogeochemical reactions has
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revealed how anthropogenic forces are transforming the subsurface
responses in water, regolith structure, minerals and biotic activity to
considerable depths (Brantley et al., 2017). The soil – earth, humus – we
thought to be uniform and infinite actually turns out to be reactive, moving
and liquid, composed of particles that constantly modify their structure and
appearance. Consequently, these changes in the co-evolving stratum
influence the plants, animals and climate. Although the earth offers a fixed
and finite amount of resources, humans extract them from the environment
in a harmful way that causes depletion of the ground surface (IPCC, 2019).
On top of that, humankind puts those resources back into the environment
mostly in the form of waste, resulting in an accumulation of toxicity in the
earth’s living skin. This process not only exploits the depths of the earth,
but also disrupts the strata of time by simultaneously infiltrating the
atmosphere and the biosphere, provoking accelerations of biogeochemical
processes. It shapes the earth as if it were a machine and will, over time,
provoke the stratification of plastic and concrete. In other words, humans
have become sedimenting agents (Iovino, 2017). While the stratum is
already readable in the ice cores, novel “technofossils” (Zalasiewicz et al.,
2014b) derived from urbanisation and capitalisation continue to accumulate.
The resulting fragility and exponential reactivity of the CZ have led many
scientists, with Paul Crutzen being one of the first, to define this geological
episode as the Anthropocene (Crutzen, 2006). Some propose to name it the
“Capitalocene” (Haraway, 2015), because they claim that the consequences
of the techno-stratification are physically shaped by dynamics of violence
and inequality in environmental justice.
Iovino S. claims: “It is a space occupied by continuous cities swallowed by
their own metabolism; it is a territory covered in rubble or shrouds of
concrete; a land often described by the maps of extractivist frenzy in which
the earth, like a huge chunk of cheese, is not only swathed by an asphaltand-concrete crust, but also full of empty holes.” (Iovino, 2017)

While the notion of the Anthropocene is not new (it dates back to 1780!)
(Buffon, 1780), multidisciplinary research has only recently been trying to
describe the complex dynamics of the highly heterogeneous physical,
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chemical and biological processes that sustain life. Many disciplines – such
as geology, ecology, soil sciences, climate sciences, geochemistry and social
sciences – collaborate in understanding the CZ as an integral entity (Brantley
et al., 2017). According to Waters et al., the rapid growth of the human
population, its closely linked increased consumption of resources and
accelerated technological development represent the three driving forces for
many of the anthropogenic signatures that are considered indicative of the
Anthropocene (Waters et al., 2016). Moreover, the bioturbation caused by
humans, are considered to be an order of magnitude greater than any nonhuman precedent (Zalasiewicz et al., 2014a). As such, the extraction of
materials from underground leads to rapid and profound transformations in
the subsurface responses, and in the structure and functioning of the earth
system.
I propose to articulate a vision from the perspective of living materiality,
which can produce new trajectories in the way we build with the living. By
engaging affinities and entanglements with multiple disciplines and scales,
we might discover biohybrid matter’s sophisticated capacities to eliminate
future technofossils. As much as I hope this thesis leads to the acceleration
of the debate about how to radically rethink materiality, we will get the earth
we deserve.
1.3

Living material ethics

This research is also a quest to understand whether mycelium materials and
their profound terrestrial entanglement1 could provide solutions to our
environmental and social issues. The following “material ethics narrative”
highlights the role of often invisible material flows that express interesting

Almost all of the earth’s terrestrial fixed carbon is balanced in forests in which
fungi play a central role in nutrient cycling processes. The terrestrial entanglement
of fungi and the reasons why they might be an interesting building material will be
further developed in Chapter 3

1
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visions of a possible ecological model of tentacular interconnections
between matter, life and social systems.
From a material-ethical perspective, three points are important to start the
story with. First, we have to overcome the division between cultural
structures and material systems, and more specifically, prevail over the
alienation from living matter. This position boils down to claims that can
also be found in the work of contemporary authors, such as Bruno Latour’s
Facing Gaia: Eight Lectures on the New Climatic Regime (2017), Down to Earth:
Politics in the New Climatic Regime (2018),“We don’t seem to live on the same planet”
—A Fictional Planetarium (2019); Donna Haraway’s When Species Meet (2008);
Karen Barad’s Posthumanist Performativity: Toward an Understanding of How
Matter Comes to Matter. Signs (2003) and Meeting the Universe Halfway: Quantum
Physics and the Entanglement of Matter and Meaning (2007); Anna Tsing’s The
Mushroom at the End of the World: On the Possibility of Life in Capitalist Ruins
(2015); and Jane Bennett’s Vibrant Matter: A Political Ecology of Things (2010).2
Our consciousness of how we materially inhabit spaces in co-emergence
with non-human agents can be enriched by designing with dimensions of
time, growth and decay. If we build with living matter, it will no longer be
something “outside” us, but under our feet, around our bodies. It is
heterogenous, dynamic, and volatile, and therefore, “in the face of every
analysis, [there] remains something of a mystery” (Iovino, 2012).
Second, we need a reconfiguration of the boundaries between the human
self, the environment and all material substances. We have to recognise the
link between the terrestrial and our subsistence. Notably, two major studies
of Earth System Science are important: the nine “Planetary Boundaries”
(Rockström et al., 2009) and the graphs of the “Great Acceleration” (Steffen
et al., 2015). For our subsistence, the entire earth system has to be functional
in order to maintain biological diversity. The human self relates to a
terrestrial entanglement of fungi-like networks between politics, culture,
science, nature, economics etc. Can living matter serve as regenerating

2

The richness of voices in this debate is not limited to those listed here.
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agents in the relationship between humans and the landscape we inhabit?
Haraway’s and Bruno Latour’s “nature-cultures” is of central significance.
Moreover, Hubert Zapf and Peter Finke suggest that the ecology of matter
and the ecology of ideas are dynamically interrelated (Zapf, 2010). In other
words, the ecology of matter is both a state of things and a state of mind.
Which brings us to the last point. It is almost impossible to not see mycelium
materials as makers of stories, as they emerge from the materialisation of
meaningfulness. Just when a new environmental awareness establishes itself
around the world, a simultaneous shift of meaningful narratives emerges in
the material scene, one that starts from a close-loop responsive biological materiality
(Armstrong, 2015). New trajectories come to light from stories about
nature-culture, ecological-biogeochemical processes, humans–non-humans.
The stories oblige us to constantly reinvent our narratives and knowledge
about their significance and depth. With this in mind, questions such as
‘‘What language do the things of the world speak?’’ or “Does nature need a
human interpreter to translate its stories?” are answered by philosopher
Michel Serres in The Natural Contract (1992), but are also relevant to this
thesis. How should we engage in a dialogue with living mycelial organisms,
the main actors of this research? Serres states that “[nature] speaks to us in
terms of force, bonds, and interactions.” As Oppermann outlines, “if
matter, interconnected with our lives, is a display of matter’s incipient
eloquence, it does in a way speak through ‘interactions’ with human
agencies” (Oppermann, 2016).
On the other hand, if living matter becomes raw material for engineering,
the desire to accomplish biology as a technology has to be considered.
Through which realm should living matter be imagined when it is extracted
from its natural context and placed into the context of manufacturing? We
might as well move into the Fourth Industrial Revolution of producing
living technologies (Lee, 2019), with potentially equal environmental
challenges and resource depletion issues. Will the biofabrication revolution
progress by introducing even more engineering methods? When biology
becomes a technology, it will logically be made more predictable and
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functional by developing standardised methods of production. This places
the complexity and diversity of living matter under threat. Or will the
biofabrication revolution fail? Because either “biological systems are too
complex to reliably engineer” or “the engineering of biology remains a
research problem because we have never invented and implemented
foundational technologies that would make it an engineering problem”, or
both (Endy, 2005), resulting in a situation in which the engineers merely
“find out that the bacteria [and mycelia] are just laughing at them”
(Breithaupt, 2006).
References
Arènes, A., Latour, B., Gaillardet, J., 2018. Giving depth to the surface: An exercise in the
Gaia-graphy of critical zones. The Anthropocene Review 5, 120–135.
Armstrong, R., 2015. An experimental approach towards Architectural Ecologies. Systema:
connecting matter, life, culture and technology 3, 91–113.
Brantley, S.L., McDowell, W.H., Dietrich, W.E., White, T.S., Kumar, P., Anderson, S.P.,
Chorover, J., Lohse, K.A., Bales, R.C., Richter, D.D., Grant, G., Gaillardet, J., 2017.
Designing a network of critical zone observatories to explore the living skin of the
terrestrial Earth. Earth Surface Dynamics 5, 841–860.
Breithaupt, H., 2006. The engineer’s approach to biology. EMBO Rep 7, 21–23.
Buffon, G.L.L., 1780. Les époques de la nature. De l’imprimerie royale.
Crutzen, P.J., 2006. The “Anthropocene.” In: Ehlers, E., Krafft, T. (Eds.), Earth System
Science in the Anthropocene. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 13–
18.
Endy, D., 2005. Foundations for engineering biology. Nature 438, 449–453.
Haraway, D., 2015. Anthropocene, Capitalocene, Plantationocene, Chthulucene: Making
Kin. Environmental Humanities 6, 159–165.
Iovino, S., 2012. Steps to a Material Ecocriticism. The Recent Literature About the “New
Materialisms” and Its Implications for Ecocritical Theory. New Materialisms 3, 12.
Iovino, S., 2017. Sedimenting stories: Italo Calvino and the extraordinary strata of the
Anthropocene. Neohelicon 44, 315–330.
IPCC, 2019. Summary for Policymakers. In: Climate Change and Land: an IPCC special
report on climate change, desertification, land degradation, sustainable land
management, food security, and greenhouse gas fluxes in terrestrial ecosystems (In
press.).
Lee, S., 2019. . Why “biofabrication” is the next industrial revolution | TED Talk. URL
https://www.ted.com/talks/suzanne_lee_why_biofabrication_is_the_next_industri
al_revolution/transcript?language=en (accessed 4.2.20).

11

Terrestrial Entanglement

Oppermann, S., 2016. Material Ecocriticism. In: GENDER/NATURE, Macmillan
Interdisciplinary Handbooks. MacMillan-Gale Cengage Learning, pp. 89–102.
Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F.S.I., Lambin, E., Lenton, T.M.,
Scheffer, M., Folke, C., Schellnhuber, H.J., Nykvist, B., de Wit, C.A., Hughes, T., van
der Leeuw, S., Rodhe, H., Sörlin, S., Snyder, P.K., Costanza, R., Svedin, U.,
Falkenmark, M., Karlberg, L., Corell, R.W., Fabry, V.J., Hansen, J., Walker, B.,
Liverman, D., Richardson, K., Crutzen, P., Foley, J., 2009. Planetary Boundaries:
Exploring the Safe Operating Space for Humanity. E&S 14, art32.
Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., Ludwig, C., 2015. The trajectory of the
Anthropocene: The Great Acceleration. The Anthropocene Review 2, 81–98.
Waters, C.N., Zalasiewicz, J., Summerhayes, C., Barnosky, A.D., Poirier, C., Gałuszka, A.,
Cearreta, A., Edgeworth, M., Ellis, E.C., Ellis, M., Jeandel, C., Leinfelder, R., McNeill,
J.R., Richter, D. deB, Steffen, W., Syvitski, J., Vidas, D., Wagreich, M., Williams, M.,
Zhisheng, A., Grinevald, J., Odada, E., Oreskes, N., Wolfe, A.P., 2016. The
Anthropocene is functionally and stratigraphically distinct from the Holocene.
Science 351.
Zalasiewicz, J., Waters, C.N., Williams, M., 2014a. Human bioturbation, and the subterranean
landscape of the Anthropocene. Anthropocene 6, 3–9.
Zalasiewicz, J., Williams, M., Waters, C.N., Barnosky, A.D., Haff, P., 2014b. The technofossil
record of humans. The Anthropocene Review 1, 34–43.
Zapf, H., 2010. Ecocriticism, Cultural Ecology, and Literary Studies. Ecozon@ 1.

12

13

14

INTRODUCTION

15

16

17

18

Introduction

Chapter 1

1.1

Introduction

Research motivations

Facing environmental damages due to the extraction of resources and the
discarding of materials at the end of life, multiple sectors have started a
transition towards closed-loop and bio-based strategies. The construction
sector in Europe accounts for about half of all our extracted materials and
energy consumption and for about a third of our water consumption and
waste generation (IPCC, 2019). Instead of extracting raw resources that will
generate future waste, biological materials can be grown based on
agricultural plant-based residues. Bio-composite materials consist of natural
fibres which are bounded together by natural binders. Thanks to their low
weight and renewable character, natural fibres have been used in many
applications and industries throughout the past two decades. Indeed, natural
fibres can replace synthetic and glass fibres in composite materials that are
used in the automotive, aircraft, paper, textile and construction industries.
Currently, the bio-composites field is largely focused on the use of industrial
natural fibres, including primarily wooden fibres, but also jute, flax, cotton,
etc., while residual natural fibres resulting from agricultural activities are still
undervalued, despite their huge advantages and potentials. These
agricultural plant residue fibres, which mostly remain as a leftover on the
open fields after the cereal has been removed for food production, are
plenty and locally available. For example, straw is often unofficially burned
by farmers worldwide to quickly clear the open fields, unlike other plants,
which can in some cases be used as biomass for energy and biogas (GarcíaCondado et al., 2019).
Currently, the binders used for bio-composites are mostly biodegradable
fossil-based derived thermoplastic polymers (Faruk et al., 2012). While fossil
energy is a limited resource causing environmental damage, bioresins
derived from vegetable oils (e.g. rapeseed, soya, sunflower) with a low
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environmental impact offer an alternative to existing fossil-based resins.
Nevertheless, using human food stocks as vegetable oils for the production
of bioresin is not a sustainable solution regarding food security.
As a response to these disadvantages and in order to provide a circular and
cost-effective approach, the present research aims at replacing bioresins
with locally available, abundant and sustainable biological binders, such as
mycelium. Mycelium-based composites are produced by growing mycelium,
the vegetative part of filamentous fungi, on solid organic substrates (Figure
1-1 on page 21). Fungi are eukaryotic microorganisms that are ubiquitous.
They display an enormous diversity in morphology and lifestyle. Many
fungal species play a central role in terrestrial ecosystems by degrading
(ligno)cellulosic biomass and recycling carbon (Hawksworth and Lücking,
2017). Given their metabolic and physiological characteristics, they have a
large biotechnological potential and are likely to provide resilient, efficient
and cost-effective solutions to current environmental challenges
(Chambergo and Valencia, 2016). When growing mycelium on solid organic
substrates, a lightweight composite is obtained consisting of natural
reinforcement fibres present in the feedstock (e.g. jute, flax or straw) on the
one hand and a three-dimensional interwoven network of filamentous
mycelial cells on the other (Figure 1-2 on page 21). The organism itself is
an essential constituent of these composite materials, not only because of
its cellular components harbouring unique properties but also because of its
behaviour during the growth process. It thereby mediates self-assembly by
acting as a “natural glue” and avoiding the requirement for fossil-derived
thermoplastic polymer binders. After substrate colonisation, the material is
heated to kill the organism and eliminate the moisture. The entire
production process is considered to be environmentally friendly thanks to
the valorisation of waste streams, thereby preventing the destruction of
ecosystems through the mining of resources.
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Figure 1-1. Production of substrates for edible mushrooms grown on wood (picture taken during a visit
of CNC Exotic Mushrooms).

Figure 1-2. Different objects, such as lamps, chairs and panels, made from mycelium materials (picture
taken during a visit of Grown.bio).
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In contrast to current assembly manufacturing strategies, biological
materials are dynamic and reactive interfaces. The configuration and
properties of the materials change according to circumstances, and are
capable of improving in energy-rich environments while minimising losses
in inhospitable environments. The mycelium-based materials studied in this
research respond to environmental heterogeneity during the growth and
fabrication process. The development of mycelium materials can change the
architectural culture from one that “uses” materials to one that “grows”
materials. Despite the terrestrial importance of fungal systems, remarkably
little knowledge or applications have been translated into materials. By
gaining a deeper insight into their principles – such as self-organisation,
adaptation, decay and resilience – we can translate the way fungi fabricate
their tissues into human-made material applications. Capturing the
biological adaptiveness of mycelial processes can be useful to develop selfgrowing materials.
This chapter introduces the goal, perspectives, objectives, questions,
structure and methods that lie at the heart of this dissertation.
1.2

Focus of this research

The exciting potential of mycelium composites as an emerging new
technology is on our society’s doorstep, yet more scientific insights about
the fabrication processes are required before these biomaterials can be
incorporated into our daily lives. The material properties and applicability
of mycelium composites depend on many factors, such as the type of
fungus, the feedstock, the environmental factors during the growth of the
organism, the addition of reinforcement particles, the geometry of the
composite, the (digital) fabrication method and the type of drying and posttreatment technique. It is clear that strong interrelationships exist between
the multitude of parameters and that it is a challenging task to interpret,
evaluate and compare the results of different studies, also because the role
of many factors is still not fully understood. Therefore, a comprehensive
body of scientific knowledge is needed that contributes to the development
22
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of new biological materials. This work departs from a fascination with the
entanglement of the fabrication variables and the biological functions of
living biohybrid matter and is deeply grounded in a tentacular, explorative
and interdisciplinary approach.
The main goal is to explore the principal factors affecting the
biological and material properties of mycelium materials and broaden
the potential of new fabrication technologies for architectural
applications with fungal organisms.
This hybrid investigation across disciplines contributes to the growing field
of manufacturing processes with mycelium. To integrate paradigms from
diverse fields into a new unified field, the research rationale is composed of
three dominant perspectives (Figure 1-3 on page 24):
•

Bioengineering Sciences, taking principles from fungal biology and its
ecology to the generation of materials;

•

Material Sciences and Engineering, offering the scientific exactitude and
methodological foundations required for a material-based
characterisation;

•

Computational Fabrication, providing generative fabrication processes
to achieve customisable geometries as a driver of controlled
environmental and nutritional conditions for the living organisms.

As this is, to my knowledge, one of the first research projects to deal with
the topic of (digital) fabrication variables for fungal materials, it aims at
providing a broad overview of the possibilities and features. The work has
to be understood as a holistic and essential step that explores fruitful
trajectories. It will lay a foundation for more specific research in each of the
discussed topics. This is a rather extensive study that deliberately chooses a
mycelium-like colonisation attitude.
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Figure 1-3. Labs from the different disciplines. a. Bioengineering Sciences. b. Material Sciences and
Engineering. c. Computational Fabrication (© Photographer Anyuta Wiazemsky).
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Ultimately, the research proposes novel insights and a comprehensive
overview of several aspects that are crucial during the production of fungibased lignocellulosic composites, including the following objectives:
•

Objective 1: To develop a fungal species selection method that
incorporates biological, chemical and mechanical performance
criteria;

•

Objective 2: To understand the interaction between fungi and their
feedstock and develop a method for feedstock selection, namely the
type and processing of lignocellulosic biomass (agricultural byproducts) and a method for pre-and post-treating the feedstock;

•

Objective 3: To mechanically optimise mycelium composites with
different types of additives, namely the inorganic and organic
hybridisation of the materials with nanoclay and bacterial cellulose;

•

Objective 4: To develop a fabrication process for the production of
large-scale architectural formwork, and at the same time explore the
biological welding and living properties of mycelium components
after the robotic implementation;

•

Objective 5: To explore the potential of various digital additive
fabrication and design strategies that accommodate the
colonisation of the fungi in a given geometry.

The work can be of interest to readers and scholars from specific fields, as
it informs them about cross-cutting subjects from other fields, aiming at
truly transdisciplinary contributions. It attempts to discover, understand and
propose a new spectrum of material possibilities in collaboration with fungal
microorganisms. Foremost, this research finds comfort in describing fungal
and material phenomena, and it takes an illicit pleasure in tickling organisms
in all kinds of ways3 to reveal their behaviour.

Disclaimer: all living organisms (humans and non-humans) were treated with
much love and care.
3
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1.3

Research questions

As the aim is to disentangle the different process parameters related to the
fabrication of mycelium composites, the research questions are categorised
into two main parts: (1) a material catalogue making a thorough study of as
many components and processing variables as possible, and (2) a fabrication
catalogue of digital manufacturing options with mycelium materials.
Research question 1: Which parameters affect the production process of
mycelium materials? How do impactful components and process parameters
influence the material behaviour, from a biological, chemical and mechanical
perspective?
Mycelium materials are particular in terms of composition and fabrication.
Current conventional material processes assume homogeneity and
controllability, whereas here, the biological behaviour of the fungal
organism, the influence of fibre degradation on the properties, the
biocompatibility with additives are hardly understood, and often result in a
heterogenous material. Indeed, the biological organism is treated as an
engineerable material. An approach that could be particularly interesting is
to negotiate the variations of the material properties for particular fungal
species, feedstocks and additives.
Research question 2: To what extend can the implementation of digital tools
facilitate large-scale applications in the construction sector? How can digital
fabrication processes accommodate biological material requirements and vice
versa? How can we design and fabricate elements informed by the biological
processes, with properties defined in function of the materiality and the geometry?
Robotic fabrication approaches have recently been introduced as tools that
can determine architectural form-finding, material organisation and
structure. Yet, the relationship between biological organisms, geometry and
digital fabrication has never before been researched. Therefore, a synergetic
approach to using digital tools for material deposition and geometrical formfinding is introduced in the realm of biological materiality. The goal is to
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effectively link robotic fabrication techniques to mycelium materials
properties in order to propose a descriptive guide for the experimental work.
1.4

Research methods

As will be discussed in detail in Chapter 2, studies from other researchers
have provided an important understanding of the impact of every process
parameter on the final characteristics of the materials. However, very little
attention was given to assessing all variables individually, which led to many
gaps in the manufacturing and methodological description. A great deal of
input factors are present during the production of mycelium materials, such
as fungal and feedstock diversity, chemical composition and processing
technologies, which have an impact on the final characteristics. In reality,
the factors affecting the material properties are all interconnected. To better
understand the complexity of the changing behaviour of myceliated matter,
a transdisciplinary research approach was required.
The integration of approaches from disciplines such as biology, chemistry,
material sciences and electro-mechanics is useful, as it reveals the many
properties of mycelium materials. It is quite unique in the field of
architecture. The research method is experimental in nature: species,
feedstocks, additives and processes are generated, iterated and tested in
parallel. The resulting material characteristics and small-scale prototypes
allow for the evaluation of the research objectives.
Chapter 2 sets out to explore the relationships between the different
parameters of the production process of mycelium materials. The
performances and applications are reviewed and considered as guidelines
for new production methods. Knowledge gaps are identified to support
performance-oriented developments.
Chapters 3 to 6 introduce the technical foundations of mycelium materials
as a universal method to investigate the heterogeneity of biological materials
informed by phylogenetic, environmental and nutritional constraints. The
impact of the different variables during the production process is evaluated
27
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using their biological, morphological, chemical, mechanical and physical
properties. This is done comprehensively, rather than quantitatively, with
the aim of achieving an approach that favours high levels of tuneable
material properties. Overall, material considerations and impactful
parameters during the production process are prioritised over application
endeavours. A general understanding of the relative contribution of each
variable can ultimately lead to the interpretation of the properties and the
optimisation of the production process in order to enable diversification,
depending on the desired material outcome.
Furthermore, Chapters 7 to 9 deliver some first explorations of various
robotic fabrication methods for living materials, with possible architectural
applications. Given that conventional moulding methods present crucial
constraints at the architectural scale in terms of optimal viability of the
organism and design freedom, two methodological set-ups are applied. First,
the scalability of mycelium composites is assessed with abrasive wirecutting, favouring a cost-efficient way to create custom-made formwork
from large blocks. Second, the disentanglement of interdependent process
variables during additive manufacturing are mapped, ranging from biocompatibility with the living organism to the robotic fabrication system and
hardware, the determination of the 3D-printing parameters, the sterile
printing process, and the rheological and biological behaviour of the living
material deposition.
In general, this research is guided by the motivation to explore the growth
and fabrication possibilities of mycelium materials at the microbiological,
material and architectural scale.
1.5

Roadmap

This dissertation is structured into ten chapters and two main parts (Figure
1-4 on page 32). Part one elaborates a comprehensive mycomatter catalogue
of living materials suitable for applications in architecture, including their
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characteristics such as strength, elasticity, water repellence and other
mechanical and thermal properties.
The following chapter, Chapter 2, provides a background and state of the
art, laying the technical foundations. It starts with a brief history of fungal
materiality and the development of fabrication processes by providing an
overview of the state of art. Here, I sketch the development of mycelium
materials by both the chain of innovation and the production protocol.
Demonstrator projects, product development, fundamental and applied
research, retail and patents versus open-source trends are reviewed. A
general protocol for the production of mycelium-materials is compiled from
open-source manuals, research papers and patents. Every procedural
variation found in the literature is analysed in detail in order to form the
methodological framework of this dissertation. I derived the structure of the
following chapters from the production process of mycelium materials in
the underlying categories.
Combined, Chapters 3 through 6 make up the core chapters of the research
and represent the body of knowledge.
Chapter 3 explains that the morphological, biochemical and
physicochemical characteristics of filamentous hyphae, the network they
build and the way they interact with the provided lignocellulosic substrate
vary significantly among species, depending on their phylogeny, ecology and
lifestyle. The chapter therefore includes an introduction to the phylogenetic
diversity of fungi, the process of hyphal growth, branching and fusion, the
cell wall composition, lifestyle and the capacity to degrade lignocellulose. A
study is performed to test the feasibility of different characterisation
methods to distinguish the influence of the fungal species and strains on the
material properties.
Chapter 4 explores the importance of the feedstock and then investigates
the production process, the mechanical, physical and chemical properties of
mycelium-based composites made with five different type of fibres and
fibre-processing procedures combined with the white rot fungus Trametes
versicolor.
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A key aspect of improving the mechanical and physical properties of
mycelium materials is the implementation of organic or inorganic
reinforcements. The focus of the following chapters is on the incorporation
of nanoparticles and the development of intricate gradients in the material’s
arrangement.
Chapter 5 sheds light on the achievability of producing nanoclay hybrids
and on their characteristics. The effects of nanoclay on the biological,
chemical and mechanical properties of mycelium materials are studied.
Chapter 6 undertakes a longitudinal analysis of bacterial-mycelium hybrid
materials. It demonstrates the feasibility of an in situ self-assembly
fabrication approach with two living organisms. A series of particleboards
were created and characterised, aimed at improving the mechanical
properties of mycelium materials.
Part two explores the possibilities of manufacturing with the living by
providing proof-of-concepts, documented with experimental prototypes
and scale models of grown architectural elements. While the first part mainly
focusses on material properties, the second part mostly focusses on the
achievability of several design and fabrication strategies. Chapters 7 to 9 are
the core chapters on the experimental work associated with new fabrication
approaches.
Chapter 7 presents four key developments towards a biological and digital
fabrication framework for (1) growing large mycelium-material blocks from
pre-grown panels stacked as layers on top of each other, (2) on-site robotic
wire-cutting, (3) using mycelium materials as multi-functional formwork and
(4) implementing bio-welding of fungal organisms.
Chapter 8 explores how additive manufacturing could improve the
colonisation of mycelium in terms of material distribution. To this end,
different extrusion systems are developed to investigate the relationship
between manufacturing processes and material requirements. Various
viscous hydrogels are made and combined with an inoculated substrate to
eventually 3D-print geometries.
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Chapter 9 revolves around how the growth of mycelium could be optimised
by altering its spatial configurations. Several three-dimensional bio-scaffolds
are 3D-printed before inoculation of mycelium, allowing air circulation and
nutrient access all over the surface. This fabrication process increases the
ability of the organism to grow in the core of the material.
Finally, Chapter 10 summarises the results and contributions. It also refers
to the different valorisation strategies that were carried out over the last
years. The limitations and implications of the research are identified, as well
as opportunities for future research.
Some chapters or parts of chapters were already published in journals or
conference proceedings, as specified at the start of every chapter.
Consequently, the unpublished chapters were (when relevant) also
structured as scientific articles and can thus be read and appreciated
independently. The chapters consist of an introduction to the specific state
of the art, a methodological contribution, and a detailed description of the
experimental results followed by a discussion and conclusion. All published
papers were reworked, subdivided or extended when needed.
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Figure 1-4. Roadmap of the dissertation comprising a prologue, a background chapter (Chapter 2), four
chapters devoted to the principal factors affecting the biological and material properties of mycelium
materials (Chapter 3, 4, 5, 6), three chapters devoted to new fabrication technologies for architectural
applications (Chapter 7, 8, 9) and a concluding chapter (Chapter 10).
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1.6

Expectations and non-expectations

Being situated at the intersection of very different scientific disciplines, the
development of my work touches on many biological, mechanical, physical
and structural topics, but without going into one of these specific fields in
depth. To consider the opportunities and challenges of all those fields
coming together, I had to face the non-linear and dynamic nature of this
research. Along the way, by taking the first steps towards the
disentanglement of all factors affecting mycelium materials, I used and
developed an experimental approach.
Most of the scientific articles concerning mycelium materials were published
in parallel with the experimental work or during the writing of this
dissertation. Even the breakthrough of the leading European companies in
the sector of mycelium materials, such as Mogu.bio and Grown.bio,
happened during the course of this work. The novelty of the subject thus
highlights the importance of creating a scientific overview of the many
parameters involved in the realisation of mycelium materials and their
influence, but at the same time points to all the uncertainties with regard to
the development of unprecedented experimental work. Constructed
without many previous reference points and without a clear system, the
approach was fluid and at some moments appeared like a cognitive
cacophony.
The results from the various tests and explorations illustrate the impact of
the chosen variables and therefore do not necessarily represent standardised
behaviours. The proof-of-concepts explore design and fabrication strategies
that merge the principles of living materials with digital fabrication tools,
without necessarily addressing in detail the challenges of multiplication of
these processes. The nature of the research is neither fully fundamental nor
totally applied. It is about climbing those scales, between nano and macro,
living and non-living.
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1.7

A note on collaborations

In this note, I would like to acknowledge my collaborators, who helped me
perform the experimental and design work. Each individual and
organisation is specifically mentioned at the end of every chapter. Many
experiments were conducted together with my master student, who worked
under my mentorship on the topic of fungal materials as part of their thesis.
I supervised 12 master students and 3 bachelor students in architectural
engineering, civil engineering, industrial engineering (electro-mechanics),
chemistry and bio-engineering, who worked on several impactful topics of
my ongoing research. Their contributions and perspectives enriched this
work and my skills. To acknowledge these collaborations, I use “we” when
discussing the experiments.
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Chapter 2

Mycofabrication: State of the Art

Mycelium-based materials have properties that are promising for a wide
range of applications, including their use as construction materials. Despite
this promise, the fabrication and applicability of these materials remain
largely unexplored. Moreover, individual studies use a wide range of
different experimental approaches and non-standardised procedures. This
chapter introduces the growing interesting in bio-fabricated materials. Next,
it describes the development of mycelium materials both by the chain of
innovation and by production protocol. Demonstrator projects, product
development, fundamental and applied research, retail and patents versus
open-source trends are reviewed. Finally, an in-depth evaluation of existing
data on the composition of mycelium-based materials and process variables
is carried out, with the aim of providing a comprehensive framework for the
production process. The framework illustrates the many input factors
during production that have an impact on the final characteristics of the
material and the unique potential to deploy more tuneable levels in the
fabrication process that can serve to prototype a diversity of new,
unprecedented applications.

Sections 2.2 to 2.4 are reworked from the journal paper Elsacker, E., Vandelook, S., Van
Wylick, A., Ruytinx, J., De Laet, L., Peeters, E., 2020. A comprehensive framework
for the production of mycelium-based lignocellulosic composites. Science of The
Total Environment 725, 138431. https://doi.org/10/ggrs3x
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Figure 2-1. Microscopic image of a fungus-like filamentous microfossils preserved in silica cements
(Bonneville et al., 2020).
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2.1

Growing interest in bio-fabrication

Over the last ~4.5 billion years, living systems have developed excellent
capacities to adapt to environmental changes and devastation (Figure 2-1
on page 42) (Bonneville et al., 2020). Their remarkable properties range
from self-assembly, to precise morphological control, self-healing, sensing
and responding to environmental stimuli, to hierarchical properties. A lot of
efforts are being made to understand the mechanisms of living biological
systems. These are deployed in various fields, such as bioremediation,
bioenergy production, microorganism encapsulation, release of functional
molecules, biohybrid walls, soft robotics etc. Techniques using rapid
fabrication exist in tissue engineering, implantable biomaterials and the
bioprinting of cells into scaffolds. One of the most common approaches to
designing biohybrid material integrates synthetic elements, such as hydrogel
polymers, with living microorganisms as functional “smart” components.
An artificial leaf directly transforms the energy of sunlight into a chemical
fuel that can be stored and used as an energy source later (Figure 2-2a on
page 46) (Amao et al., 2012; Andrei et al., 2020). Some microorganisms, such
as Bacillus subtilis spores, can allow polymers to swell and respond to stimuli
(Figure 2-2b on page 46). It can thus be used as actuators to bend and
release a thin sheet substrate (Yao et al., 2015a). This technique has several
advantages: it is electronicity-free, is biocompatible, lacks wires and tubes,
delivers silent actuation, holds potential biological synthesis, is capable of
self- reproduction and presents flexibility in terms of deposition as a liquid
form (Yao et al., 2015b). “Living surfaces” have been fabricated with the
fungi Penicillium roqueforti to create self-cleaning surfaces (Figure 2-2c on
page 46) (Gerber et al., 2012). Another promising example is
polyhydroxyalkanoate (PHA), a type of polyester, which is produced via
bacterial fermentation and used to produce recyclable and biodegradable
plastic (Verlinden et al., 2007). Living microorganisms can also be combined
with nanomaterials to form bionic composites: composite materials that
combine advantages of both the living and non-living. These materials are
called “Living Carbon Composites”, grown by fermentation of Saccharomyces
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cerevisiae yeast, and are used in electrochemical and electronic devices (Pugno
and Valentini, 2019). Furthermore, diatoms are particularly interesting, since
they utilise silicon for metabolic processes to create mineralised structures
(Coradin et al., 2007). On the other hand, solutions that enable concrete to
self-heal rely on the ability of living microbes, including Sporosarcina pasteurii
and Bacillus cohnii, embedded within concrete structures (Figure 2-2d on
page 46). These bacteria naturally secrete enzymes to fill microcracks with
calcium carbonate and prevent the cracks from getting larger, thereby
extending structures’ longevity (Jonkers, 2011; Jonkers et al., 2010; Wiktor
and Jonkers, 2011). Similarly, calcium carbonate produced by bacteria can
be applied for the fabrication of bricks used in the construction sector (Raut
et al., 2014). The company bioMASON creates bricks from sand and
aggregate inoculated with an inoculum of Bacillus pasteurii to foster
bacterially mediated biomineralisation (Figure 2-2e on page 46)
(“bioMASON,” 2012). Many more examples exist, such as the symbiotic
biomaterial made of bacteria Acetobacter aceti and the photosynthetic
microalgae Chlamydomonas reinhardtii (Das et al., 2015). A. aceti produces
cellulose mats at the air–water interface when grown in liquid cultures. On
the other hand, C. reinhardtii produce oxygen. Both microorganisms were
grown together to create cellulose-based composite materials produced by
Acetobacter and entrapped by microalgae cells that produce oxygen, which
allow the bacteria to uniformly form cellulose inside the liquid (Das et al.,
2015). Bacterial cellulose obtained from Acetobacter xylinum has also found
many applications, such as electroactive paper for advanced displays (Shah
and Malcolm Brown, 2005), energy storage devices (Zhang et al., 2015),
diaphragm membranes for audio speakers (Uryu and Kurihara, 1993), tissue
engineering (Svensson et al., 2005), textile (Figure 2-2f on page 46) (Chan
et al., 2018) etc.
Most of the above examples are biological materials developed at the labscale and still require real-world applications that are cost-effective and
sustainable at the large scale. Notably, many of the advantages rely on
genetically engineered cells incorporated in the materials, which not only
generates ethical questions but also practical, regulatory ones. The promise
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to realise a paradigm shift towards bio-fabrication – with materials grown
by microorganisms and in which unsustainable materials and processes are
replaced by biodegradable, self-assembling, sustainable, low-cost and mildenergy materials – is thrilling, and opens up a whole new domain of
questions and possibilities.
Apart from exploring the exhilarating perspectives provided by bacteria,
yeast and algae, this dissertation will revolve around fungi. There are
probably no better words to describe the incredible capacities of fungi than
those of Merlin Sheldrake in the introduction “What is it like to be a
fungus?” of his recently published “Entangled Life”:
Fungi are everywhere but they are easy to miss. They are inside you and
around you. They sustain you and all that you depend on. [...], fungi are
changing the way that life happens, as they have done for more than a
billion years. They are eating rock, making soil, digesting pollutants,
nourishing and killing plants, surviving in space, inducing vision,
producing food, making medicines, manipulating animal behaviour, and
influencing the composition of the Earth’s atmosphere. Fungi provide the
key to understanding the planet on which we live, and the way that we
think, feel, and behave. Yet they live their lives largely hidden from view,
and over ninety percent of their species remain undocumented. The more
we learn about fungi, the less makes sense without them. [...] We are only
just beginning to understand the intricacies and sophistications of fungal
lives. (Sheldrake, 2020)

Some fungal technologies can help us respond to ongoing environmental
issues. Antimicrobial extracts of several polypore mushrooms (Fomes
fomentarius and Ganoderma resinaceum) can reduce RNA virus titres in
honeybees (Stamets et al., 2018). In addition, these findings can provide a
research tool for the further exploration of the complex interactions
between mites, viruses and honeybee health. Sand samples contaminated
with oil spill were successfully bioremediated by fungi Aspergillus niger, which
is a promising method for cleaning up aquatic ecosystems after oil spills
(Nasrawi, 2012). Research also showed that melanised fungal species, found
on Chernobyl’s reactor, enhance growth thanks to radiation (Dadachova
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and Casadevall, 2008) and could therefore become a promising new source
of radiation-resistant biomaterial. A full inventory of the accomplishments
of fungi would take up all pages of this dissertation, although only a fraction
of the fungal kingdom is described.

Figure 2-2. a. Artificial leaf (Andrei et al., 2020). b. Composite biofilm bends when relative humidity
changes (An et al., 2018; Yao et al., 2015b) c. Self-cleaning living surfaces (“Cleaning with sunlight,”
2012) d. Self-healing concrete (Jonkers et al., 2010) e. Brick grown from bacteria (“bioMASON,” 2012)
f. BioBomber jacket from bacterial cellulose (Fairs, 2014).
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2.2

Chain of innovation in mycofabrication

Before diving into the requirements for producing mycelium materials, the
following section establishes the context and the evolution of approaches in
which mycelium materials emerged. The goal is to show the reader the
chronological development in innovation and introduce, through a wide
variety of applications, the benefits of biological material to architectural and
product design. The versatility and high potential of the material have led to
a broad spectrum of novel applications and services. The projects outlined
below demonstrate eminent efforts of designers, researchers and
entrepreneurs to introduce materials with a positive impact on the
environment. Most projects are still demonstrator or proof-of-concept
applications, but at least all of them try to create societal awareness for the
transition to a circular economy. By developing these prototypes, creative
solutions for a bio-based future are made more tangible (Figure 2-3 on page
51).
The discussed projects are divided into four categories, representing the
chain of innovation. I will first review speculative research projects (see
Section 2.2.1), largely developed by artists and designers. They include
explorations that are mostly shaped by their local context. While results are
not always scientifically reproduceable, they embody a valuable set of reappropriations of matter as the designers learn to deal with the complex
biological processes. Furthermore, more collaborative and non-competitive
engagements are fostered in speculative research, compared to the other
parts of the chain. As a consequence, fertile spaces between disciplines and
constant fluxes of information are formed. Simultaneously, companies also
started to investigate mycelium materials (see Section 2.2.2). Contrary to the
rather open speculative research, this happened mostly through the
deposition of patents, trade secrets and intellectual property, since their goal
is to establish a production line by doing product development. Normally,
fundamental research and applied research (see Section 2.2.3) occur before
product development, but this was not really the case for mycelium
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materials. Academic research kicked off a few years after the first patents.
Finally, there is currently a gap between the vision of using mycelium
materials in architectural applications and the actual retail of bulk materials
(see Section 2.2.4). To date, almost ten years after the first granted patents,
there is still no existing full-scale architectural example.
2.2.1

Speculative research and demonstrator projects

The experiments by Philip Ross, one of the first artists to explore the
potential of mycelium as a material for design, show mycelium material’s
ability to grow components together or to incorporate other elements, such
as wooden beams (Ross, 2014). Usage of the material as a building block
has shown encouraging results: this was demonstrated by using mycelium
bricks in the construction of the annual pavilion Hy-Fi of The Living for
MoMA Ps1 (The Living, 2014). Designer Pascal Leboucq created The
Growing Pavilion as an ode to the beauty and power of bio-based materials
(Leboucq, 2019). The American architects’ office Redhouse went one step
further by using construction waste, such as wooden panels or window
frames, which was crushed into flakes. In Indonesia, the company Mycotech
has also produced a prototype called “MycoTree,” together with Block
Research Group (Heisel et al., 2017). This is a spatial construction made
from load-bearing mycelium components with a mix of sugarcane and waste
of cassava roots (average compressive stress of 0.61 MPa at 5%
deformation). Compared with other load-bearing materials such as brick
masonry (average compressive strength 5.7 MPa) or concrete (average
compressive strength 22.5 MPa), mycelium-based materials cannot
compete. As part of Milan Design Week 2019, Carlo Ratti Associati
presented an installation called “the circular garden,” which was composed
of a sequence of arches (Ratti, 2019).
Various artists and designers created all kinds of objects, such as myceliumbased textiles used in fashion by Aniela Hoitink (Hoitink, 2016), 3D-printed
furniture by Eric Klarenbeek (Klarenbeek, 2013), grown lamps by Jonas
Edvard (Edvard, 2013) and Sebastian Cox, shoes by Kristel Peeters and
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vases by Maurizio Montalti (Officina Corpuscoli, 2009). The group of
architects Blast.studio managed to 3D-print a column from mycelium-based
materials. Similarly, the collective called ‘biobabes’ designed objects by 3Dprinting biodegradable PLA to act as a temporary scaffold for mycelium
growth. Terreform ONE and Genspace developed a series of benches
created from Mycoform (Terreform ONE and Genspace, 2016).
A range of start-up initiatives are popping up worldwide. The South Korean
start-up Mycel produces various materials, such as leather-based products.
In the Netherlands, the company Mylium is also developing mycelium
leather. Fungalogic is a Dutch start-up focused on creating building
materials out of agricultural waste streams using fungi. Materials grown from
mycelium that can be used for packaging, acoustic panels and interior
applications are developed by the Mexican companies Polybion and
RadialBio. Furthermore, designers collectives such as Mediamatic, Bluecity
Lab, Criticalconcrete and Glimps.bio have also made a huge effort in
demonstrating the possibilities of mycelium materials.
2.2.2

Production and product development

Currently, the composites are commercially developed as packaging
materials, insulating panels and acoustic tiles by the North American
Ecovative Design (Ecovative, 2007) associated with the Dutch Grown.bio
(Grown.bio, 2016), the North American Mycoworks (Mycoworks, 2013),
the Indonesian Mycotech Lab (Mycotech Lab, 2015) and the Italian MOGU
(Mogu.bio, 2015). MOGU, for example, offers a range of commercial
mycelium-based products on the European market, suitable for interior
design applications (Mogu.bio, 2015). Acoustic panels are made with a
Noise-Reduction-Coefficient of 0.4–0.53 (Mogu.bio, 2019a) as a unique
alternative to commercial acoustical ceiling tiles (NRC 0.644) (Pelletier et al.,
2017). Moreover, mycelium-based acoustic products also perform well as
thermal insulation panels (0.05 W/mK), constituting a possible substitute
for polystyrene (0.03–0.04 W/mK) and polyurethane (0.006–0.18 W/mK)
foam. The engineering office Arup is developing sound-absorbing surfaces
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for interior fittings in collaboration with start-up company MOGU (Arup,
2019). MOGU’s mycelium-based floor tiles made from a bio-based coating
comply with the CE standard EN 14041 for Resilient Floor coverings
(Mogu.bio, 2019b) and with the requirements of slip resistance, thermal
resistance, emission of dangerous substances into indoor climates and
electrical behaviour. All the above companies created spin-offs for leatherbased mycelium products, such as Bolt Threads (Bolt Threads, 2018),
Madewithreishi, Myclea and Pura. Some also invest R&D resources in food
products, such as “meat replacers.”
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Figure 2-3. Overview of applications with mycelium materials ranging from pavilions to user objects.
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2.2.3

Fundamental and applied research

At the start of my PhD in January 2017, just a handful of scientific
publications (He et al., 2014; Holt et al., 2012; López Nava et al., 2016;
Pelletier et al., 2013; Ziegler et al., 2016) on mycelium materials were
available in peer-reviewed journals. The number of articles on this topic
increased, according to my findings, by nine in 2017 (Attias et al., 2017;
Bajwa et al., 2017; Haneef et al., 2017; Heisel et al., 2017; Islam et al., 2017;
Jiang et al., 2017; Jones et al., 2017; Pelletier et al., 2017; Yang et al., 2017),
six in 2018 (Abhijith et al., 2018; Appels et al., 2018b, 2018a; Islam et al.,
2018; Jones, 2011; Jones et al., 2018), ten in 2019 (Bruscato et al., 2019;
Cerimi et al., 2019; Elsacker et al., 2019; Girometta et al., 2019; M. Jones et
al., 2019; Mitchell Peter Jones et al., 2019; Mitchell P. Jones et al., 2019;
Nawawi et al., 2019; Pelletier et al., 2019; Sun et al., 2019), and three in 2020
(Attias et al., 2020; Joshi et al., 2020; Perez et al., 2020) – at the moment of
writing. The amount of academic publications sextupled in only four years,
which demonstrates the scientific interest in investigating this subject. A
search in the Web of Science Core Collection on the topic resulted in a total
of 17 publications between 2013 and 2020 (Figure 2-4 on page 55). Despite
the limited amount of journal papers, recent research has demonstrated the
potential of mycelium materials for several applications. A few studies point
to the properties of packaging material (Abhijith et al., 2018; Holt et al.,
2012). Regarding insulation applications, research has assessed thermal
conductivity properties, and results are able to compete with conventional
commercial thermal insulation (Asdrubali et al., 2015; Elsacker et al., 2019;
Holt et al., 2012; Xing et al., 2018; Yang et al., 2017), see Chapter 4.
Moreover, it turns out that mycelium materials are excellent acoustic
absorbers (Pelletier et al., 2019, 2017). Also, mycelium materials provide fire
retardancy properties (Haneef et al., 2017; Jones et al., 2017, 2018).
Mycelium composites can be used as low-density cores bonded in sandwich
structures (Jiang et al., 2017, n.d.; Wong et al., 2019), as well as panelling,
flooring and furnishings (Appels et al., 2018a), coating or textile (Janesch et
al., 2020). Finally, one of their limitations is their typically hydroscopic
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behaviour (Appels et al., 2018b, 2018a; Elsacker et al., 2019; Holt et al., 2012;
López Nava et al., 2016; Sun et al., 2019), see Chapter 4.
Apart from the research mentioned above, there are new research groups
that have recently begun to investigate mycelium materials, such as the Hub
for Biotechnology in the Built Environment (HBBE) at Newcastle
University and Northumbria University, and the FUNGAR consortium
comprised of CITA, Unconventional Computing Laboratory (UCG) at
UWE Bristol, Utrecht University and MOGU. Furthermore, educational
research is performed at the University of the Arts London with the master
program Material Futures. Similarly, the Biophile studio and the master
program Bio-Integrated Design (Bio-ID) at The Bartlett School of
Architecture, UCL, includes student projects about fungal architecture.
2.2.4

Retail

The current mushroom industry shows high potential for transitioning
towards the production and retail of bulk mycelium-based materials.
Recently, the company CNC Exotic Mushrooms announced a partnership
with Ecovative to further implement mycelium materials in the European
market. Grimm and Wösten state that mycelium materials can be part of the
production process of edible mushrooms (Grimm and Wösten, 2018).
Indeed, the mushroom industry offers the infrastructure and knowledge on
the material, whereas the design companies active in the field of mycelium
materials can provide the industry with future perspectives while taking
advantage of its facilities. Currently, the producers of mycelium materials,
MOGU and Mycotech, are simultaneously its retailers.
2.2.5

Patents versus open-source

Mycelium materials are a gratifying subject for stimulating transdisciplinary
collaborations between scientists and citizens on sustainable and futureoriented innovative solutions, because the components are easily and locally
accessible. Worldwide, organisations are developing workshops and
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educational materials for children, disadvantaged groups, teachers, citizens
and designers with do-it-yourself (DIY) mycelium materials (Biotop
Community Lab, 2018; ReaGent, 2018). Several globally active communities
of citizen experts discuss and share their experiments, for example in
BioFabForum and Fungal Materials and Biofabrication. Such digital
platforms are open-source databases that enable experts and hobbyists to
share inspiration, best practices and manuals. The domestication of this
technology empowers many transdisciplinary collaborations to find
sustainable, ethical and affordable material solutions for many wasted
resources. It nourishes a decentralised manufacturing approach, as a
substitute for the complex and moral issues associated with patents and IP
control. Moreover, the richness of an open and distributed approach can be
of economic, social and environmental benefit for localities and industry
through the rapid diffusion and adoption of the technology (Raworth,
2017). Here, the regenerative potential of circular production is the creation
of various unique local solutions with global, open knowledge commons.
A patent survey covering the last decade (2009–2018) by (Cerimi et al., 2019)
provides an overview of various trends and development applications in
which fungal mycelium is used as new and sustainable biomaterial. An
overview of the number of granted patents based on a keyword search in
the European database Espacenet and Google Patents, screened for
relevance to the topic, is shown in Figure 2-5 on page 55.
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Figure 2-4. Total publications in Web of Science by year on the topics “mycelium material,” “mycelium
materials,” “mycelium composites,” “mycelium-based composite,” “mycelium-based composites,”
“mycelium-based biocomposites.”

Figure 2-5. Number of granted patents based on a keyword search in the European database Espacenet
and Google Patents, screened for relevance to the topic.
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2.3

A general protocol for the production of mycelium-based
materials

Besides parameters such as the genetic nature of the used strain and the
characteristics of the feedstock type that will be discussed in detail in
Chapters 3 and 4, there are many variable parameters underlying the
production process (Figure 2-6 on page 58). These are dependent on
specific laboratory conditions, and they are not always well-described
because of pending IP or incompleteness. Examples are temperature during
growth, drying methods or post-processing procedures. Although the
available data on these parameters are currently limited and fragmented, we
hereby aim to connect results from different studies, enabling us to build
upon the body of existing knowledge. The general protocol, compiled from
open-source manuals (BioFabForum, 2019; Fungal Materials &
Biofabrication, 2017), research papers (Ahmadi, 2016; Appels et al., 2018a;
Arifin and Yusuf, 2013; Elsacker et al., 2019; Haneef et al., 2017; He et al.,
2014; Holt et al., 2012; Islam et al., 2017; Jiang et al., 2013, 2017; Lelivelt et
al., 2015; Moser et al., 2017; Travaglini et al., n.d.; Yang et al., 2017) and
patents (Bayer and McIntyre, 2016; Kalisz and Rocco, 2012; Ross, 2016)
(Figure 2-6 on page 58), is as follows:
(1) The mycelium is initially grown on agar plates, in grain substrate, in
a liquid nutrient solution or in the pre-grown homogenised
substrate;
(2) The substrate is autoclaved or pasteurised to eliminate any type of
already present microorganisms on the substrate, thereby
preventing contamination during the growth and incubation
process;
(3) A specific amount of the mycelium tissue is added to the substrate.
If the substrate was not humidified before autoclaving (step 2) an
amount of sterile water is added. To improve growth, a sterile
solution of nutrients can also be added;
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(4) The inoculated substrate is hand-packed in a sterilised mould which
has the desired shape. The mould is sealed with a filtered airpermeable cover to maintain a micro-climate;
(5) The mycelium grows through the substrate in a controlled
environment. The material can be grown in two phases: first in a
mould to bind the fibres, and second outside the mould to solidify
the outer skin of the material for a period;
(6) The grown material is heat-treated at a specific temperature for
several hours to end the growth process and dehydrate the material;
(7) A coating or post-processing can be applied to the material to
improve its properties.
Many procedural variations on this general protocol exist, for which only
fragmented information is available (Table 2-1 on page 59).
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Figure 2-6. Process flow chart showing the applied fabrication method of mycelium-based composites.
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Table 2-1. Overview of the variety in protocols developed by different researchers, ordered
alphabetically by fungal species.
Fungal
species

Feedstock

Sterilisation
method

Inoculation
and
packing
method

Growth
conditions
and time

Drying
method

Application

Ref

Coriolus (T.)
versicolor and
Pleurotus
ostreatus

Hemp hurd,
wood chips,
hemp mat,
hemp ﬁbres,
non-woven
mats

Boiling water
for
100 minutes
or 0.3%
hydrogenperoxide

10 or 20%
pre-grown
spawn
cultivated on
rye

Dark
conditions.
90 to 100%
RH. Fresh
air and CO2
high, room
temperature
for 30 days

Oven at
125°C and
dried for 2h

Foam

(Lelivelt et
al., 2015)

Ganoderma
lucidum

Sawdust
wood

Not
speciﬁed

In polymer
bag

25-3 ̊C,
5.0 pH, and
low light
levels for 14
days

Heat
processing
above 70°C,
5% moisture
content

G. lucidum

Quercus
kelloggii
(Red Oak)
wood,
macerated
into 5.0–15.0
mm chips

Not
speciﬁed

Inoculated
into moulds

Pending IP
prevents full
disclosure of
the nutrient
solution and
growth
conditions

220°C for
120 minutes.
10-20%
moisture
content, via
convective
heating

Foams/The
core of
sandwich
structures

(Travaglini et
al., n.d.)

G. lucidum
and P.
ostreatus

Cellulose
and
cellulosePDB

Autoclaved
at 120°C for
15 minutes

Agar plug

25–30°C and
70–80% RH
for 20 days

Oven for 2h
at 60°C

Fibrous ﬁlm

(Haneef et
al., 2017)

Ganoderma sp.

Cotton
carpel sized
to be within
the range of
0.1 to 51
mm.

Sterilised at
115°C for
28 minutes

Liquid
inoculum
and grain
inoculum in
plastic
mould and
hand-packed

21°C for 5
days

60°C
convection
oven for 8h

Moulded
packaging
material

(Holt et al.,
2012)

Irpex lacteus

Macerated
sawdust pulp
of Alaska
birch of
5 mm or
smaller in
size, millet
grain, wheat

Pasteurisatio
n

Loose
packing,
naturally
deposited
without
compaction
and dense
packing with

Not
speciﬁed for
14-42 days

Dryer at
60°C for 24h

Foam

(Yang et al.,
2017)
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Fungal
species

Feedstock

Sterilisation
method

bran, a
natural ﬁbre,
and calcium
sulphate.

Inoculation
and
packing
method

Growth
conditions
and time

Drying
method

Application

Ref

approximatel
y twice the
original
volume of
materials
packed

Not
speciﬁed,
developed
by Ecovative
Design, LLC
(Green
Island, NY)

Biotex Jute,
Biotex Flax,
BioMid
cellulous
plain weave

Sterilised by
10%
hydrogen
peroxide
solution

Pre-grown
inoculum – a
kenaf/hemp
mix and a
corn
stover/hemp
mix (both
50/50% by
weight).
Thermoform
ing in plastic
mould

24°C for 4
days

Dried in a
convection
oven at 82°C
for 12h and
93°C for 8h.
Thermally
pressed and
dried for
20 minutes
at 250°C to
the speciﬁed
thicknesses

The core of
sandwich
structures

(Jiang et al.,
2017)

Not
speciﬁed,
developed
by Ecovative
Design, LLC
(Green
Island, NY)

Woven jute
textile and
natural ﬁbres
as
reinforceme
nt,
agricultural
waste
material (e.g.
Kenaf pith)
as core

Not
speciﬁed

Filled with
inoculated
core
material. A
wooden
male mould
and
thermoform
ed plastic
female
mould

Not
speciﬁed for
5–7 days

Microwave
heating, IR
(infrared)
oven
heating,
heated
tooling
(conduction)
, IR lamp
heating, a
combination
of a heated
tool and IR
lamp
heating, and,
ﬁnally, air
drying.

The core of
sandwich
structures

(Jiang et al.,
2013)

Not
speciﬁed.
developed
by Ecovative
Design, LLC

Rice husk
50% and
wheat grain
50%; rice
husk 70%
and wheat

121°C for
15–
20 minutes

Polypropyle
ne container

Not
speciﬁed

Drying
machine at
50°C for 46h

Foam

(Ariﬁn and
Yusuf, 2013)
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Fungal
species

Feedstock

Sterilisation
method

Inoculation
and
packing
method

Growth
conditions
and time

Drying
method

Application

Ref

(Green
Island, NY)

grain 30%;
rice husk
30% and
wheat grain
70%

Not
speciﬁed,
developed
by Ecovative
Design, LLC
(Green
Island, NY)

Not
speciﬁed,
developed
by Ecovative
Design, LLC
(Green
Island, NY)

Not
speciﬁed

Agar plug

Not
speciﬁed

Dried at
“elevated
temperature”
for “several
hours”

Tiles

(Islam et al.,
2017)

Oyster sp.

Cotton seed
hulls

Not
speciﬁed

Crushed
mycelium.
Pressed by
hand into a
self-made
glass mould

Dark and
humid room,
then the
plastic wrap
was removed
for
ventilation
to supply
oxygen for
5–7 days

Dried in the
oven

Building
boards

(He et al.,
2014)

P. ostreatus
and F.
fomentarius

Beech,
European
oak pear and
spruce
processed
into wood
chips of 0.2–
5.0 mm and
0.75–3.5 mm
and ratios of
sand or
gravel
aggregates

Autoclaving

Malt extract
peptone agar
plugs

25°C–28°C
for 14–28
days

Baked at
95°C until it
weighs
≤ 50% of its
original
weight

Construction
material

(Moser et al.,
2017)

Pleurotus
djamor

A standard
Northern
Bleached
Softwood
Kraft pulp
sheets

Not
speciﬁed

Organic rye
grain spawn

20–25°C,
pH 5–8,
80% RH,
darkness, for
5–25 days

Oven at
55°C for 2h

Foam

(Ahmadi,
2016)
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Fungal
species

Feedstock

Sterilisation
method

Inoculation
and
packing
method

Growth
conditions
and time

Drying
method

Application

Ref

Trametes
ochracea and
P. ostreatus

Beech
sawdust and
rapeseed
straw,
supplemente
d with bran.
Non-woven
low-quality
cotton ﬁbre

Not
speciﬁed

Pre-grown
substrate.
Plastic
thermoformed
moulds,
handpressed to
distribute the
substrate as
uniformly as
possible and
covered with
perforated
cellophane
foil

25°C in the
dark for 14
days. Plates
were
demoulded
and kept at
the same
conditions
for 10 more
days.
Humidity of
55–70%, for
24 days

Heat
(150°C) or
cold (20°C)
pressing for
20 minutes
at F < 30 kN.
Cooled at
room
temperature,
whereas
non-pressed
or coldpressed
materials
were dried at
environment
al conditions
for 24–48h

Particleboar
ds/foam

(Appels et
al., 2018a)

T. versicolor

Flax, ﬂax
dust, ﬂax
long-treated
ﬁbres, ﬂax
long
untreated
ﬁbres, ﬂax
waste, wheat
straw dust,
wheat straw,
hemp ﬁbres
and pine
softwood
shavings

Autoclaved
at 121°C for
20 minutes

10% grain
spawn. The
20 wt% of
ﬁbres,
70 wt% of
sterile
demineralise
d H2O and
10 wt% of
mycelium
spawn were
mixed
together and
put in the
PVC moulds

At 28°C for
8 days. After
8 days, the
samples
were
demoulded
in the
laminar ﬂow
and
incubated in
a microbox
for another
minimum of
8 days
without
mould, for
16 days in
total

70°C for 5–
10h

Thermal
insulation

(Elsacker et
al., 2019), see
Chapter 4
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2.3.1

Substrate sterilisation method

Several methods are employed for the sterilisation of the substrate, thereby
rendering the substrate inert. This can happen (1) by temperature, such as
autoclaving and pasteurisation or (2) treatment with chemical or microbial
agents.
First, autoclaving the substrate can be performed at different temperatures,
between 115 and 121°C (Appels et al., 2018a; Arifin and Yusuf, 2013;
Elsacker et al., 2019; Haneef et al., 2017; Holt et al., 2012) and for varying
durations, between 15 and 28 minutes. Pasteurisation is not always
described (Yang et al., 2017) but comes down to incubating the substrate in
boiling water at ~100°C for approximately 100 minutes (Lelivelt et al.,
2015). By applying this method, harmless or possibly helpful organisms to
mycelium growth are preserved. Little information exists about the
sterilisation method’s effect on the material properties. Schirp et al. found
that sterilised, inoculated straw was less thermally stable than unsterilised,
inoculated straw (Schirp et al., 2006). The heat-treatment procedure may
also play a role in the defibrillation of the natural fibres, possibly resulting
in an increased elasticity of the fibres (Fan et al., 2011). Heat may also
facilitate the breakdown of plant cell walls and soften the chemical
components, like lignin and hemicellulose, due to their different melting
points (Fan et al., 2011). By applying high temperatures, the lignin is
plasticised and fibre separation occurs (Widsten and Kandelbauer, 2008).
Accordingly, the surface of the separated fibres is rich in lignin (Widsten et
al., 2004).
Second, the substrate can also be sterilised through the addition of a 0.3%
(Lelivelt et al., 2015) or 10% (Jiang et al., 2017) hydrogen peroxide solution.
The mould and the equipment can be sterilised by rubbing an alcohol-based
solution (70% ethanol) (Elsacker et al., 2019; Jiang et al., 2017). This
procedure might decrease the growth rate of mycelium-forming fungi.
Finally, unwanted microbial development can be avoided by co-cultivation
of bacterial (Streptomyces alboniger, Streptomyces natalensis and Bacillus subtilis)
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and/or fungal species (Ganoderma sp.) (Schaak and Lucht, 2016). The
excretion of antimicrobial compounds will reduce the competition between
unwanted microbes and the selected fungal species (Schaak and Lucht,
2016). Alternatively, fungal strains could be genetically modified to
overexpress antimicrobials in situ (Schaak and Lucht, 2016).
In several studies, fungal growth was analysed after using different substrate
sterilisation methods, such as hot water treatment for 30 minutes,
autoclaving at 15 lbs pressure for 20 minutes, treatment with formaldehyde
solution (50 mL/L water) and treatment with bavistin (2 g/L water). It was
found that substrates sterilised by autoclaving took less time for spawn run
(Atila, 2016; Kalita, 2015).
2.3.2

Inoculation method

Different approaches can be used to inoculate the substrate with mycelium.
When grown on malt extract peptone agar plates, one or more agar plugs
(10 mm x 10 mm) from a fully colonised plate are cut and inoculated directly
in the substrate (Haneef et al., 2017; Islam et al., 2017; Moser et al., 2017).
The mycelium can also be grown on grain spawn (Ahmadi, 2016; Elsacker
et al., 2019; Holt et al., 2012; Lelivelt et al., 2015) (see Chapter 3) before
inoculation, and this is subsequently used to inoculate the substrate with
mycelium (10% to 20% of the substrate’s weight) (Lelivelt et al., 2015)
(Figure 2-7a on page 66). For a homogeneous distribution of the fungal
spores and easy use during the inoculation process, a <20% volume/volume
(Schaak and Lucht, 2016) liquid inoculum can be applied to the blends
(Appels et al., 2018b; Holt et al., 2012). Alternatively, a pre-grown
homogenised substrate constituted of the fungal biomass can be distributed
evenly within the substrate. During the inoculation process, the pre-grown
substrate is mixed, and the mycelial biomass is pulled apart into smaller
pieces (He et al., 2014; Jiang et al., 2013, 2017). This process stimulates the
hyphae to grow and become more robust.
Previous research findings have highlighted the difference between grainbased inoculation and liquid-based inoculation and thereby identified an
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effect on the dimensional stability after drying. A grain-based inoculum,
combined with a substrate with relatively small particle sizes (0.1–12 mm),
has a small surface area contraction (0.64%), whereas a liquid-based
inoculum with larger substrate particle sizes (28–51 mm) exhibits more
substantial surface contraction (2.4%) (Holt et al., 2012). The more variable
an inoculum/substrate combination is, the more unpredictable the
dimensional tolerances are. In addition, the flexural Young’s modulus is
remarkably higher (0.67 MPa) for a liquid inoculum than for a grain-based
inoculation (0.25 MPa) (Holt et al., 2012).
Remarkably, liquid inoculation also results in a higher compressive strength
(0.07 MPa) as compared to grain inoculation (0.002 MPa) (Holt et al., 2012).
This difference might be the result of the easier distribution of the fungal
spores within the centre of the substrate, knowing that fungal fusion of
filaments and enzyme expression occur in the centre of colonies rather than
at the peripheries (Glass, 2004; Yang et al., 2017).
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Figure 2-7. Laboratory conditions for growing mycelium materials. a. Inoculation method of sterilised
fibres with mycelium on grain spawn in a laminar flow. b. Drying method by convection heating. c.
Growth chamber with specific environmental conditions. d. Loosely packed material with a mix of
natural fibres and mycelium spawn. e. Fully grown sample after a second growth phase out of the mould,
which allowed a homogeneous colonisation on the sides that were previously in contact with the mould
(Reprint of d. and e. with permission ©Søren Jensen Consulting Engineers).
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2.3.3

Packing method

The air content influences the materials because high air content causes a
low thermal conductivity (Elsacker et al., 2019; Jahangiri et al., 2014; Lelivelt
et al., 2015) (see Chapter 4). In addition, void spaces between the fibres also
lead to a high porosity (Ahmadi, 2016). It is interesting to observe that the
dry density of loosely packed materials with non-degraded natural fibres is
considerably lower than that of those without natural fibres (Figure 2-7d
on page 66) (Yang et al., 2017). As the hyphae grow, the fractional volume
of the mycelium increases, which leads to a densely packed material
(Ahmadi, 2016).
Pre-compressing the materials during manufacturing influences their
mechanical response in terms of compressive stiffness, resulting in a
Young’s modulus that is 2.4 times higher for pre-compressed loose hemp,
4.3 times higher for pre-compressed loose flax and 4.6 times higher for precompressed loose flax waste, compared with the non-compressed
equivalent (Elsacker et al., 2019) (see Chapter 4). The porosity and high
content of air also explain the increase in stress and stiffness after reloading
the materials in compression tests (Lelivelt et al., 2015), because the air is
pushed out during the first loading, resulting in a more compact material.
The stress-strain curve exhibits strain-softening behaviour for densely
packed samples and strain-hardening behaviour when loosely packed (Yang
et al., 2017). Dense samples exhibit higher stiffness than loose samples, and
in general, Young’s moduli are higher than shear moduli.
Hyphae grow aerobic and when encountering a PVC mould vertically along
the surface to reach for oxygen, forming an engulfing hyphal protective layer
in contact with air. Therefore, a second growth phase out of the mould
enables a homogeneous colonisation on the sides that were previously in
contact with the mould (Figure 2-7e on page 66) (Elsacker et al., 2019) (see
Chapter 4). This results in a barrier that prevents the produced heat during
the growth from dissipating in the central parts of the material (Lelivelt et
al., 2015). It is unclear whether the accumulation of heat in the centre of the
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materials decelerates the formation of hyphae. On the other hand, the
mycelial outer layer results in low water absorption (24–30%) (Elsacker et
al., 2019) (see Chapter 4) compared to heat- and cold-pressed mycelium
composites (180% and 350%) (Girometta et al., 2019; Ziegler et al., 2016).
The fibres’ orientation and the surface direction of the sandwich panels
influence the dimensional reduction. The length and width have a higher
reduction (4–5%) compared to the thickness reduction (0.06%) because of
the chosen packing method (Jiang et al., 2016). Young’s and shear moduli
in the horizontal direction are much higher than those in the vertical
direction (20 to 60%), so a strong elastic modulus anisotropy is induced by
the horizontal layers or fabric formed during packing, and a tough layer is
formed on the circumferential surface of the materials (Yang et al., 2017).
2.3.4

Growth conditions

The optimal growth conditions are reached under specific environmental
conditions, which differ for every fungal species/strain on a different
substrate (Figure 2-7c on page 66). The incubation temperatures vary
between 21 and 30°C (Ahmadi, 2016; Haneef et al., 2017; Holt et al., 2012;
Jiang et al., 2017; Lelivelt et al., 2015; Moser et al., 2017), depending on the
species. An overview of the different temperatures, related to the species
and feedstock, is given in Table 2-1 on page 59. Few studies specify the
exact moisture level of the substrate, yet proprietary knowledge indicates a
hydration level of approximately 66% (Ross, 2016). The total weight after
hydration is composed of 2/3 water and 1/3 substrate. The relative
humidity content typically ranges between 70 and 100% (Ahmadi, 2016;
Haneef et al., 2017; Lelivelt et al., 2015; Yadav and Tripathi, 1991) (see
Chapter 4). The pH level ranges between 5 and 8 (Ahmadi, 2016; Travaglini
et al., 2016). The incubation is mostly performed in the dark, in a controlled
environment in which gas exchange and air circulation are possible.
High material densities are obtained under a low CO2 concentration and in
the absence of light, or at a high CO2 concentration in the presence of light
(Appels et al., 2018b). Mycelium requires O2 to grow and produces CO2. A
68

Mycofabrication: State of the Art

low CO2 content is an indication for a basidiomycete that an outside surface
is reached, triggering the formation of fruiting bodies. Therefore, the CO2
content should be kept high (Lelivelt et al., 2015). The Young’s modulus
doubles as a result of increased CO2 levels in the light, while the opposite
effect is observed in the dark. Similar outcomes are noted with tensile
strength (Appels et al., 2018b).
2.3.5

Growth time

The incubation time depends on the size of the material, and is usually
determined in situ due to poor predictability. Growth periods can range
from 5–7 (He et al., 2014; Holt et al., 2012; Jiang et al., 2013, 2017), 14
(Travaglini et al., 2016; Yang et al., 2017), 20 (Haneef et al., 2017), 25
(Ahmadi, 2016), 30 (Lelivelt et al., 2015) to 42 days (Moser et al., 2017; Yang
et al., 2017). An overview of the growth period, related to the species and
feedstock, is given in Table 2-1 on page 59.
Materials which have grown during a longer period are less porous and
therefore result in a decrease of hydraulic permeability (e.g. 0.40 m2 after 5
days as compared to 0.20 m2 after 25 days) (Ahmadi, 2016). Similarly, the
increased period of mycelium growth improves thermal stability. The best
result in thermal decomposition was obtained after 25 days of mycelial
growth, which delayed the onset of thermal decomposition upon exposure
to higher temperatures such as 360°C (Ahmadi, 2016). More extensive
incubation times, such as 42 days, result in a negative impact on the elastic
and shear moduli (Yang et al., 2017). This can be explained by the further
degradation of the substrate by the fungi, which is otherwise essential, as it
contributes to the elastic stiffness. In contrast, such a long incubation time
has a positive impact on the compressive strength, with the largest absolute
value increase from 350 to 570 kPa, or over 60%, for the pre-incubated and
densely packed samples in filtered bags (Yang et al., 2017). As the mycelium
continues to grow, the spaces between the fibres are filled, the substrate is
bonded more strongly together and the density is enlarged. The prolonged
incubation time positively influences the Poisson’s ratio, varying between
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0.25 and 0.5, with less scattering. The Poisson’s ratio in the horizontal
direction is larger than the ratio in the vertical direction (Yang et al., 2017).
2.3.6

Drying method

There are numerous ways, durations and temperatures to dehydrate and
denature the materials (Table 2-1 on page 59), such as microwave heating
(Jiang et al., 2013), infrared (IR) oven heating (Jiang et al., 2013), IR lamp
heating (Jiang et al., 2013), a combination of a heated tool and IR lamp
heating (Jiang et al., 2013), oven baking at 60°C–125°C for 2h (Ahmadi,
2016; Haneef et al., 2017; Lelivelt et al., 2015; Moser et al., 2017; Travaglini
et al., 2016), convection heating (Figure 2-7b on page 66) (using solar
dryers) at 60°C for 8h (Holt et al., 2012), at 82°C for 12h (Jiang et al., 2017)
or at 220°C for 2h (Travaglini et al., 2016), thermal pressing at 250°C for
20 minutes (Jiang et al., 2017) (see Chapter 5 and 6), the use of a drying
machine at 50°C for 46h (Arifin and Yusuf, 2013) or at 60°C for 24h (Jiang
et al., 2013) and finally, air drying (Jiang et al., 2013).
The dried samples are not 100% dry due to the labs’ conditions, which
contain humid air. The moisture content of the dried materials is between
0.6% and 20%. In order to extract most of the moisture, the samples should
be dried in an oven with air circulation. As expected, the drying process
influences the thermal conductivity of the materials. As living materials
consist of a high moisture content, the thermal conductivity is higher with
more varied amounts of moisture compared to thoroughly dry materials in
which moisture is replaced by air (Yang et al., 2017) (see Chapter 7). Finally,
when the mycelium growth stops through thermal treatment, its filaments
are no longer supported by the internal hydrostatic pressure, and for this
reason they appear to be flattened (Haneef et al., 2017). Therefore, elastic
moduli of live samples are smaller compared to the dried samples (Yang et
al., 2017).
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2.3.7

Post-processing

Several post-processing methods exist for mycelium materials, including
regrowth, the application of natural resins and coatings. Depending on the
function of the material, different types of coatings can be used. To render
the bio-based composite weatherproof, natural oils and shellac (a natural
polymer) represent two options to seal the pores of the material (Critical
Concrete, 2018). For example, the bricks of the Hy-Fi tower by David
Benjamin were subjected to a natural oil penetration (“Mycotecture?,”
2019), and Philip Ross uses both linseed oil and shellac to preserve and
protect his fungi-based furniture. He sanitises the material by means of
essential oils prior to the addition of the coating (Scott, 2012). In another
study, edible films were applied made of carrageenan, chitosan and xanthan
gum to create a physical barrier to water with antimicrobial properties
(López Nava et al., 2016). No significant positive impact was witnessed. If
however the aim is to maintain the porous identity of the material to, for
example, allow a wall to breathe, other solutions are proposed by Maurizio
Montalti. Nanoparticles, such as nanocellulose, would be able to penetrate
the pores and simultaneously keep the structure open (Critical Concrete,
2018). Besides the constructional point of view, other industries provide
different possibilities. A moisture barrier strategy based on water-insoluble
proteins is being developed by the leather industry. These proteins include
corn zein, wheat gluten, and fish myofibrillar protein, which are extracted
from agricultural by-products (Deeg et al., 2017). Apart from weatherproof
applications, natural resins can also be used to increase the material’s
mechanical properties. Both strength and stiffness are improved by infusing
a bioresin into the reinforcement skins of the mycelium composite when
used as a sandwich structure (Jiang et al., 2017, 2014). Vacuum infusing
processing is therefore an adequate and widely used method (Jiang et al.,
2014). However, a wax should be added to the material’s core’s edges to
prevent excessive resin absorption; a significant impregnation will result in
unfavourable characteristics for a sandwich structure (Jiang et al., 2014).
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2.4

The contribution of all components

It has been demonstrated that the properties of the resulting composite
material depend on a plethora of biological, (physico)chemical and process
engineering factors (Appels et al., 2018a; Haneef et al., 2017). A wealth of
biological information on fungal species is available, but this is always
connected to the production of chemicals or enzymes for applications in
biofuels, medicine and food. Similarly, an abundance of knowledge exists
about lignocellulosic and polymer composites. The available literature and
knowledge are very fragmented. The methodologies of the published studies
are typically different, and no standardised and comparative overview of the
production parameters and mechanical properties of mycelium composites
exists. Moreover, in terms of the purpose of using mycelium composites as
a construction material, there are no studies that work towards the
assessment of norms, not even an overview that can serve as a basis. Such
studies are essential to the implementation of the material for large-scale
applications. The hybrid investigation across disciplines developed within
this thesis aims at contributing to the growing field of bio-composite
manufacturing processes and new applications.
Overall, Figure 2-8 on page 73 illustrates the unique potential of the
framework to deploy more tuneable levels in the fabrication process of
mycelium-based materials; specifically to work towards a standardised
production at the building scale. It unites the factors, production methods
and emerging applications of these promising natural composites.
Depending on the application sought, it gives an indication of which factors
to optimise. The featured physical, mechanical and chemical characteristics
serve to prototype a diversity of new, unprecedented applications of
biohybrid matter.
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Figure 2-8. Illustrative framework of the main factors affecting the production methods of myceliumbased materials and the resulting impact on the characterisation, based on literature. The framework
encompasses the factors from I) Components II) Processing variables and III) Applications. a. Influence
of the fungal species. b. Impact of the lignocellulosic feedstock on the properties. c. Substrate
sterilisation method. d. Inoculation method. e. Packing method. f. Growth conditions. g. Growth time.
h. Drying method. i. Post-processing. j. Impact of the properties on the applications.
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Reflections and insights 1. Knowledge gaps

This part highlights knowledge gaps identified in the literature that are
related to the fabrication of mycelium materials.
1. Relationships between production parameters
From the previous chapter, it can be deduced that many factors during the
production process are interconnected and have an effect on the material
properties. Still, insufficient knowledge exists about the significance of these
parameters. Variable property tinkering, coupled with the heterogenous
biological behaviour of mycelium, are characteristic for new fabrication
methodologies with living microorganisms. This would ultimately lead to a
comprehensive report that presents different ways of growing, packing,
drying and post-processing, not only as a guide for mycelial materials but
also for other biological ones.
2. Fungal diversity
Current research has focussed on a limited amount of fungal species, for
reasons that are discussed in Chapter 3. Methods for selecting the optimal
fungal species for applications as a composite material are limited and are
usually based on the surface colonisation rate, while chemical and
mechanical factors also apply.
3. Biochemical content of the feedstock
Fungal nutritional preferences have to be compatible with the type and
processing of the feedstock, which in turn influence the material properties.
Fungi decompose the lignocellulosic content of natural fibres but have not,
to date of the start of our research, been studied in the context of material
applications, nor modified to optimise the properties of mycelium
composites. Moreover, pre- and post-treatment techniques of the fibres are
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insufficiently researched, but could potentially expand the material
properties.
4. Hybridisation of the material
A very limited amount of research is devoted to the additions of
nanoparticles to reinforce the fibres of mycelium composites. Such studies
may contribute to tuning desired material characteristics.
5. Computer-aided fabrication
The implementation of digital fabrication technologies, such as 3D-printing
and robotic wire-cutting, might expand the possibilities for modifying
functional properties and creating geometrically complex forms. These tools
may help the fungal organism grow over deposited substrate. Yet, no
previous studies have explored the integration of mycelium materials and
digital fabrication.

In the next chapters, I provide an integrative overview of the aspects that
make up the production of fungi-based lignocellulosic composites,
including
(1) the matrix selection, namely the fungal species or community
and the morphology of the mycelial network (Chapter 3);
(2) the interaction between fungi and their feedstock, and the
feedstock selection, namely the type of lignocellulosic biomass
(Chapter 4);
(3) the hybridisation of the materials with inorganic and organic
nanoparticles (Chapter 5 and Chapter 6); and in part two
(4) the development of different digital fabrication processes
(Chapter 7, Chapter 8, Chapter 9).
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Chapter 3 Fungal
Selection

Species

and

Strains

In this chapter, we investigate the role of phylogenetic factors of fungal
species and strains in the process of mycelium material production. First,
we review scientific literature on the impact of the phylogeny, hyphal
growth, cell wall composition and degradation capacity of fungal species and
strains. Then, a selection of fungal species and strains are assessed on an
individual basis with different characterisation techniques to establish their
suitability for composite manufacturing applications. The characterisation is
done with surface colonisation measurements on different types of medium,
enzymatic activity measurements, biomass quantification, Scanning
Electron Microscopy of the hyphal structure, Fourier Transform Infrared
Spectroscopy of the degradation capacity and mechanical testing. The study
provides an application-dependent screening of fungal species and strains.

Section 3.2 is based on: Elsacker, E., Vandelook, S., Van Wylick, A., Ruytinx, J., De Laet, L.,
Peeters, E., 2020. A comprehensive framework for the production of mycelium-based
lignocellulosic composites. Science of The Total Environment 725, 138431.
https://doi.org/10/ggrs3x

87

Fungal Species and Strains Selection

3.1

Introduction

Existing research on mycelium composites has mostly focussed on
filamentous fungal species belonging to the group of white-rot fungi (Jones
et al., 2018). This can probably be attributed to their ability to display a
relatively good substrate colonisation rate and of feeding on a large variety
of lignified plant biomass, such as sawdust and straw, therefore making them
ideal candidates for growing mycelium materials (see Chapter 2). Based on
the observation that growth properties, hyphal extension, cell wall
composition and metabolic characteristics vary on a species but also on a
strain level, it is difficult to discern phylogenetic trends. Considering the
magnitude of diversity of fungal species, an informed selection of species
and strains appropriate to use for the production of mycelium-based
composite materials is even more challenging.
To compete with the production process of synthetic materials, the
production of mycelium materials has to be realised within a relatively short
time, meaning that fungal species and strain are selected for the highest
colonisation rate. The growth performance and the hyphal characteristics
vary significantly according to the type of species (Jones et al., 2018). So far,
only a few studies have focussed on the species selection methods (Jones et
al., 2018). However, the representativeness of those methods is
questionable, since the fungal species are grown on malt extract agar or
liquid media instead of on lignocellulosic fibres. This is representative of the
feedstock used for the production of mycelium materials but is also more
recalcitrant. Moreover, the hyphal extension rate and biomass density are
not the only factors affecting the properties of mycelium materials. The type
and concentration of nutrients, enzymatic activity, morphological
characteristics of the hyphal tissue and mechanical properties also have to
be assessed individually to determine their suitability to be used for
mycelium composites.
This study investigates the impact of different characterisation methods to
select fungal species and strains. We assessed the surface colonisation rate,
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maturation process, enzymatic activity, biomass production, hyphal
morphology by microscopic inspection, chemical degradation and
mechanical properties of different fungal species and strains to establish
their suitability as a building material.
3.2

3.2.1

State of the art: Why does the choice of the fungal species
matter?
Phylogenetic diversity

Given that fungal hyphae are an integral part of a mycelium composite
material, their biological characteristics influence both the production
process and material characteristics (Figure 3-1 on page 92). To date, 36
fungal species have been used or are mentioned in patents (Cerimi et al.,
2019) for mycelium-material applications (Table 3-1 on page 91). This
group of species is restricted to the Basidiomycota phylum and include
Trametes versicolor (Jones et al., 2017; Lelivelt et al., 2015), Fomes fomentarius
(Moser et al., 2017), Ganoderma lucidum (Haneef et al., 2017; Holt et al., 2012;
Travaglini et al., 2016, n.d.), Irpex lacteus (Yang et al., 2017), Pleurotus djamor
(Ahmadi, 2016), Pleurotus ostreatus (Haneef et al., 2017; He et al., 2014;
Lelivelt et al., 2015; Moser et al., 2017) and Schizophyllum commune (Appels et
al., 2018a) (Figure 3-2 on page 92). These examples all have a saprotrophic
lifestyle, and Basidiomycetes categorised as primary decomposers are able
to grow on a large variety of lignocellulosic biomass, even on low-quality
organic waste streams like sawdust and straw. Therefore, they are ideal
candidates for growing mycelium materials (Grimm and Wösten, 2018).
Another remarkable trait is their ability to grow almost infinitely large
networks of hyphae, which is only limited by the availability of their growth
substrate.
Nevertheless, fungal diversity is estimated to consist of between 2.2 and 3.8
million species (Hawksworth and Lücking, 2017), with contrasting lifestyles
ranging from wood decay over mycorrhizal mutualism to plants and animals
(Martin et al., 2011). Given this phylogenetic diversity (Stajich, 2017), it
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could be envisaged that there is an unexplored wealth of species with the
potential to build mycelium materials of superior quality. Besides
investigating the diversity of natural strains, genetic engineering can be
another approach to improving application. As an example, a genetically
modified strain of S. commune resulted in a sterile strain by targeting
molecular mechanisms involved in fruiting body formation. This resulted in
deleting the unwanted ability of fruiting body and spore formation and
additionally, this mutant strain displayed a growth speed that was 3 times
higher than that of wild-type strains (Pelkmans et al., 2017).
Morphological, biochemical and physicochemical characteristics of
filamentous hyphae, the network they build and the way they interact with
the provided lignocellulosic substrate (feedstock) vary significantly among
species, depending on their phylogeny and on ecological interactions with
biotic and abiotic environmental factors that influence lifestyle (Jones et al.,
2018). In the next sections, we delineate how fungal characteristics such as
growth, cell wall composition and potential to colonise and degrade
lignocellulosic feedstock differ among species, and we discuss current
insights into their relationship with material properties. A better
understanding of this relationship is needed to identify promising species
and guide the selection of the most suited species in function of the desired
material outcome.
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Table 3-1. List of species with recorded use for the application of growing mycelium composite
materials. All species belong the phylum of the Basidiomycota and the order of the Agaricomycetes
based on MycoCosm (Grigoriev et al., 2014). The ecology is based on literature.
Order

Species

Ecology

Reference

Agaricales

Agaricus arvensis
Agrocybe aegerita
Agrocybe brasiliensis
Coprinus comatus
Flammulina velutipes
Hypholoma capnoides
Hypholoma sublaterium
Lentinula edodes
P. djamor
Pleurotus eryngii
P. ostreatus
Pleurotus sp.
S. commune
Trametes elegans
Trametes gibbosa
Trametes hirsute
Inonotus obliquus
Phellinus gilvus
Trichaptum biforme
F. fomentarius
Ganoderma applanatum
G. lucidum
Ganoderma oregonense
Ganoderma tsugae
Grifola frondosa
I. lacteus
Polyporus alveolaris
Laccocephalum mylittae
Cerioporus squamosus (Polyporous spuamosus)
Phanerochaete sp.
Fomitopsis betulina (Piptoporous betulinus)
Trametes pubescens
T. versicolor
Hericium erinaceus
Stereum ostrea
Stereum hirsutum

White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
White rot
Brown rot
White rot
White rot
White rot
White rot
White rot

(Bayer and McIntyre, 2016)
(Kalisz and Rocco, 2012)
(Bayer and McIntyre, 2016)
(Kalisz and Rocco, 2012)
(Bayer and McIntyre, 2016)
(Bayer and McIntyre, 2016)
(Yang et al., 2017)
(Bayer and McIntyre, 2016)
(Ross et al., 2018)
(Kalisz and Rocco, 2012)
(Bayer and McIntyre, 2016)
(Ross et al., 2018)
(Ross et al., 2018)
(Winiski et al., 2016)
(Winiski et al., 2016)
(Winiski et al., 2016)
(Kalisz and Rocco, 2012)
(Bayer and McIntyre, 2016)
(Winiski et al., 2016)
(Ross et al., 2018)
(Bayer and McIntyre, 2016)
(Ross et al., 2018)
(Ross et al., 2018)
(Ross et al., 2018)
(Winiski et al., 2016)
(Bayer and McIntyre, 2016)
(Winiski et al., 2016)
(Ross et al., 2018)
(Kalisz and Rocco, 2012)
(Winiski et al., 2016)
(Bayer and McIntyre, 2016)
(Ross et al., 2018)
(Ross et al., 2018)
(Bayer and McIntyre, 2016)
(Winiski et al., 2016)
(Winiski et al., 2016)

Hymenochaetales

Polyporales

Russulales
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Figure 3-1. Schematic representation of the mycelium materials at different scales.

Figure 3-2. Phylogenetic representation at the order level of the diversity of filamentous fungi species
used in the application of growing mycelium materials, based on MycoCosm (Grigoriev et al., 2014). The
box on the right side displays the number of species belonging to the respective order that have been
mentioned in scientific articles or patents. Figure adapted from (Nordberg et al., 2014).
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3.2.2

Hyphal growth, branching and fusion

Hyphal growth is a highly polarised process called tip extension (Heath,
1995). As hyphae continue to grow, branches are repeatedly formed at an
angle of between 42 and 47 degrees (Vidal Diez de Ulzurrun, 2017; VidalDiez de Ulzurrun et al., 2017) to the long axis of the initial hypha. Multiple
branching events lead to an interwoven network of hyphal filaments,
referred to as mycelium (Gooday, 1977; Howard, 1981; Papagianni, 2004).
Mycelium grows in and around discrete particles, thereby binding those
particles together into a solid composite. This mechanism results in efficient
substrate colonisation and surface-to-volume maximalisation, allowing for a
very efficient nutrient uptake due to the large surface area, similar to gut
microvilli in animals.
When the colony continues to stretch out, hyphal fusions (anastomose) may
occur, producing the lattice-like structure of mycelium tissues (Heaton et al.,
2010). The hyphae subsequently adapt during their development and in
response to their environment. Moreover, mycelium can respond to local
damage by reinforcing, regrowing and reconnecting neighbouring branches,
which is of interest in the production process of mycelium materials. The
strengthening of the branches and the alternation of pathways improve not
only the transport capacity of the channels but also their resistance to
damage. Indeed, if the finest hyphae are continuously trimmed, more local
branching is stimulated, resulting in an accentuated formation of
connections (Gross, 2009). Consequently, damaging or cracking the
mycelial network during the growth stimulates the formation of a more
robust and denser network and the regression of other regions in order to
recycle redundant material (Falconer et al., 2005; Fricker et al., 2007; Heaton
et al., 2010).
Overall, the processes of tip extension and radial branching into an
interconnected lattice-like network are regulated by a range of
environmental conditions which are specific to the concerned species, its
ecology and lifestyle. Indeed, different species show a different hyphal and
mycelial morphology when grown on the same medium. For example, P.
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ostreatus hyphae are characterised by larger diameters and more compressed
filaments than those of G. lucidum when cultured in a medium containing
cellulose and potato dextrose (Haneef et al., 2017). Jones et al. (Jones et al.,
2018) assessed the mycelial growth rate and density of 18 randomly selected
species with contrasting ecological lifestyles within the Basidiomycota. The
white-rot species Polyporus brumalis and P. djamor showed the highest mycelial
growth rate and density, respectively. However, overall lifestyle or
phylogenetic position did not correlate with growth performance, which
seemed to vary rather arbitrarily (Jones et al., 2018).
3.2.3

Cell wall composition

Fungal cells form tube-like structures with a complex chemical composition
in which cell walls are characterised by layers consisting of extensively crosslinked glucan and chitin components, in addition to proteins such as
hydrophobins and mannoproteins (Bowman and Free, 2006; Gow et al.,
2017). Chitin is a homopolymer of b-(1.4)-linked N-acetylglucosamine, and
although it constitutes only a minor part of the entire cell envelope, it greatly
contributes to its structural integrity and to that of the organism as a whole
(Gow et al., 2017). The Young’s modulus and tensile strength of pure chitin
films vary between 1.2 and 3.7 GPa and 38.3 and 77.2 MPa, respectively,
depending on the method of preparation (Ofem et al., 2017). Consequently,
the presence of chitin-containing fungal cell walls in mycelial composite
materials – even at minor fractions – is crucial for the material’s structural
and mechanical properties. As fungal cell walls exhibit a large degree of
phenotypical diversity and plasticity (Gow et al., 2017), this contributes to
the material’s engineerability.
Limited studies have been performed on how material characteristics
change with the used fungal species or strain (Figure 3-3 on page 96).
However, they point to an important correlation between (phylo)genetic
nature and mechanical properties, which can be attributed to cell wall
composition, among other things. For instance, a higher compressive
strength and stiffness is found with T. versicolor materials compared to P.
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ostreatus (Lelivelt et al., 2015) (Figure 3-3 on page 96). P. ostreatus-based
materials are stiffer (2-fold, E: 28 MPa) than G. lucidum-based (E: 12 MPa)
ones. This can be explained by a higher polysaccharides’ content in the P.
ostreatus-based material (Haneef et al., 2017).
G. lucidum, on the other hand, presents a larger elongation at fracture (3-fold,
ε: 33%) and higher values in strength (σ: 0.8 MPa) compared to P. ostreatus
(ε: 9% and σ: 0.7 MPa), because it consists of a larger amount of proteic and
lipid constituents associated with the infrared absorption spectra of the
mycelia, which may act as plasticisers. G. lucidum-based materials also display
a broader Young’s modulus distribution (Haneef et al., 2017). The tensile
properties of non-pressed T. versicolor (σ: 0.04 MPa, E: 4 MPa) compared to
P. ostreatus (σ: 0.01 MPa, E: 2 MPa) grown on rapeseed straw contradict the
properties of heat-pressed T. versicolor (σ: 0.15 MPa, E: 59 MPa) compared
to P. ostreatus (σ: 0.24 MPa, E: 97 MPa) (Appels et al., 2018a). The formation
of materials with the highest tensile strength can be attributed to S. commune
(Appels et al., 2018b) (Figure 3-4 on page 97). The Young’s modulus (E:
913 MPa) and tensile strength (σ: 9.5 MPa) of S. commune wild type are up to
76 and 9-fold stronger compared to G. lucidum and respectively 33 and 9fold for P. ostreatus. However, elongation at rupture was up to 23-fold higher
for G. lucidum and 6-fold higher for P. ostreatus (Appels et al., 2018b; Haneef
et al., 2017).
Although most studies were performed with wild-type strains, strains that
are genetically modified in a targeted manner could also hold much promise
for use in mycelium-based materials. For example, the genetic modification
of S. commune by deletion of the hydrophobin gene sc3 impacts water
absorbance, the Young’s modulus (3-fold, E: 2727 MPa), and tensile
strength (4-fold, σ: 40.4 MPa) as compared to the wild type (Appels et al.,
2018b) (Figure 3-4 on page 97).
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Figure 3-3. Compressive strength (MPa) of mycelium materials (data not normalised to density).
Ganoderma sp. on processed cotton plant (Holt et al., 2012), Pleurotus sp. on crop residues of Triticum with
edible coating (López Nava et al., 2016), Unknown species on fibre cotton down woven mat, on hemp
pith woven mat, on hemp pith and non-mat, T. versicolor on hemp hurds, chopped hemp, pre-compressed
hemp hurds, flax hurds, chopped flax, flax treated tow, flax untreated tow, pre-compressed flax hurds,
flax waste hurds, pre-compressed flax waste hurds, pine soft wood shavings (Elsacker et al., 2019) (see
Chapter 4).
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Figure 3-4. Tensile strength (MPa) of mycelium materials (data not normalised to density). a. P. ostreatus
on cellulose (Haneef et al., 2017). b. P. ostreatus on cellulose-PDB (Haneef et al., 2017). c. P. ostreatus on
rapeseed straw non-pressed (Appels et al., 2018a). d. P. ostreatus on rapeseed straw cold-pressed (Appels
et al., 2018a). e. P. ostreatus on rapeseed straw heat-pressed (Appels et al., 2018a). f. P. ostreatus on cotton
cold-pressed (Appels et al., 2018a). g. P. ostreatus on cotton heat-pressed (Appels et al., 2018a). h. wildtype S. commune (dark 400 ppm CO2) (F. V. W. Appels et al., 2018). i. wild-type S. commune (dark
70,000 ppm low CO2) (Appels et al., 2018b). j. wild-type S. commune (light 400 ppm CO2) (Appels et al.,
2018b). k. wild-type S. commune (light 70,000 ppm CO2) (Appels et al., 2018b). l. ∆sc3 S. commune (dark
400 ppm CO2) (Appels et al., 2018b). m. ∆sc3 S. commune (dark 70,000 ppm CO2) (Appels et al., 2018b).
n. ∆sc3 S. commune (light 400 ppm CO2) (Appels et al., 2018b). o. ∆sc3 S. commune (light 70,000 ppm
CO2) (Appels et al., 2018b). p. G. lucidum on cellulose (Haneef et al., 2017). q. G. lucidum on cellulosePDB (Haneef et al., 2017). r. G. lucidum on red oak (Travaglini et al., 2016). s. T. versicolor on rapeseed
straw non-pressed (Appels et al., 2018a). t. T. versicolor on beech sawdust non-pressed (Appels et al.,
2018a). u. T. versicolor on rapeseed straw heat-pressed (Appels et al., 2018a).
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3.2.4

Lifestyle and capacity to degrade lignocellulose

Typically, lignocellulosic waste streams are used as feedstock or substrate to
be colonised by filamentous fungi during the production of mycelial
materials (see Chapter 4). Ideally, fungal mycelium grows into these fibres
and on wood blocks by degrading lignocellulose, thereby effectively gluing
the substrate and yielding a cohesive material. By secreting redox-active
enzymes such as laccases and peroxidases, the ability to degrade
lignocellulose allows the fungus to scavenge highly sequestered nutrient
sources present in lignified plant biomass. The chemical structure of lignin
changes during the enzymatic oxidation. Lignin-based radicals are crosslinked after the oxidation process and can subsequently form an adhesive
through the increased bonding between the fibres (Widsten and
Kandelbauer, 2008).
Wood delignification using fungal ligninolytic enzymes, aiming to improve
the mechanical properties of the fibreboards, was already developed in 1949
by Luthardt W. at the Technical University of Dresden (Unbehaun et al.,
2000). Results show that the bending strength of enzymatically pre-treated
fibreboards increased by approximately 50%, while the perpendicular tensile
strength of the materials doubled and the thickness swell halved (Unbehaun
et al., 2000). The properties of fibreboards prepared from enzymatically
activated wood fibres were shown to depend strongly on the fabrication
method, including the pre-heating temperature, incubation conditions and
pressing conditions (Widsten and Kandelbauer, 2008).
Many fungal species, including those with a mycorrhizal, endophytic or
pathogenic lifestyle show the potential to degrade plant cell wall material
(lignocellulose) in a search for essential but limited nutrients such as
nitrogen (Lindahl and Tunlid, 2015; Martino et al., 2018; Mycorrhizal
Genomics Initiative Consortium et al., 2015). However, the most effective
degraders of lignin are those that are specialised in using wood as a carbon
and energy source, i.e. wood-decaying saprotrophs. There are three main
groups of wood-decaying fungi: white-, brown- and soft-rot fungi, which
reflect the effectiveness and pattern specificity of wood decay that is directly
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related to the array of secreted ligninolytic enzymes (Kameshwar and Qin,
2016). The group of the white rots is characterised by the singular ability of
complete lignin degradation, together with excellent decay of wood
polysaccharides. Another characteristic of white-rot wood decay is, as the
name already suggests, a visual indication of white colonizing fungal
biomass. Concerning brown-rot species, it has been observed that they lack
functional peroxidases that play a central role in ligninolytic wood decay,
although they evolved from white rots. They therefore lost this ability by
shifting towards a non-ligninolytic type of wood decomposition in which
lignin polymers are modified to give access to cellulose and hemicellulose
(Floudas et al., 2012). Soft-rot fungi are less efficient lignin degraders
compared to white rot, but they tend to possess better cellulolytic,
hemicellulolytic and pectinolytic abilities (Kameshwar and Qin, 2017). Their
presence on decomposing wood can often be assessed as a greyish
decolouration.
Most filamentous fungal species used for the application of growing
mycelium composites belong to the group of white-rot fungi (Table 3-1 on
page 91). This can probably be attributed to their ability to display a relatively
good substrate colonisation rate, to feed on a large variety of lignified plant
biomass and to detoxify substrates containing toxic aromatic compounds
such as terpenes. Nevertheless, this does not exclude the potential of brownand soft-rot species as suitable candidates for the application of myceliumbased materials. Indeed, given that only a small fraction of fungal
biodiversity has been tested thus far, many more species and strains might
have suitable characteristics for use in the application.
3.3

Research goals

Given the observation that growth properties, hyphal extension, cell wall
composition and metabolic characteristics vary on a species but also on a
strain level, it is difficult to discern phylogenetic trends, and it is advised to
assess fungal species and strains on an individual basis to establish their
suitability for composite manufacturing applications. Given that little
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knowledge exists on the methods available to assess and select fungal species
and strains for mycelium-material fabrication, this work aims to study the
suitability of different characterisation techniques.
In this chapter, the identification of fungal species and strains is carried out
with an analysis of growth factors, such as the mycelium colonisation rate
and biomass production. For one species, different characteristics at the
level of strains are observed. The characterisation of species is also carried
out by a microscopic inspection. Furthermore, chemical changes in the
substrate of different species are compared. Finally, mechanical
compression test are performed to characterise structural differences
between several species.
3.4

Materials and methods

The following section provides a description of the experimental methods
that were used to characterise different fungal species and strains. The
experiments are organised by first the biological, then the chemical and
finally the mechanical tests.
3.4.1

Fungal species

Four different species were used in this study (Table 3-2 on page 103): T.
versicolor (M9912), and Ganoderma resinaceum (M9726), S. commune (M9994) and
Pleurotus salmoneo-stramineus (M2708), purchased from Mycelia bvba
(Veldeken 38A, 9850 Nevele, Belgium). The species were conserved on a
grain mixture at 4°C in a breathing Microsac bag (Sac O2 nv, Nevele,
Belgium).
Five different strains of T. versicolor were used in this comparative study
(Table 3-2 on page 103). In addition to M9912, purchased from Mycelia
bvba, M30, M38 and M46 were purchased from the Belgian Co-ordinated
Collections of Micro-organisms (BCCM). SV1 was isolated on a dead tree
trunk in Schaveys Park Linkebeek, Belgium. All strains were maintained on
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malt agar petri plates and stored at 4°C. SV1 was identified by extracting
DNA from the fruiting body by using liquid nitrogen and a pestle and
mortar. A Promega genomic DNA isolation kit for plants was used for pure
DNA isolation. Using PCR and primers specific for the nuclear large
subunit ribosomal DNA (LSU rDNA), a DNA fragment was amplified.
Taxonomically, identification was done using BLAST® from the NCBI
website. This procedure is described in Vandelook's masterthesis
(Vandelook et al., 2018).
3.4.2

Substrate preparation and inoculation

Studies were performed on the following fibre types: 5–25 mm hemp hurds
(Aniserco S.A, Groot-Bijgaarden, Belgium) and 0.75–3 mm beechwood
sawdust HBK 750-2000 ( J. Rettenmaier & Söhne, Rosenberg, Germany).
Hemp with 300% of its weight in ddH2O and beechwood with 100% of its
weight in ddH2O were autoclaved at 121°C for 20 minutes. Malt agar was
prepared as per instructions and autoclaved at 121°C for 15 minutes.
Cultivation was performed on three different types of substrate:
(1) a solid substrate was made with 3% malt agar (30 g/L malt in
ddH2O containing 1% agar);
(2) 1% agar solution was poured over 2 g of hemp or beechwood fibres
aseptically into 90 mm petri dishes and allowed to solidify;
(3) 15 g of humid hemp fibres in a petri dish.
Inoculation of these substrates occurred in three different ways respectively
(Figure 3-5 on page 103):
(1) plates were inoculated with a homogenous hyphal cell suspension
obtained by mechanical disruption of hyphal pellets with a glass
tube tissue homogeniser (Figure 3-7 on page 108);
(2) via transfer of a mycelial agar plug (4 mm diameter) to the centre
of a petri dish for the agar-based substrates, and;
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(3) for hemp substrate a 4–5 mm fragment of grain spawn was used as
inoculum. The petri dishes were inverted and incubated at 26°C in
darkness for 9 days. Each experiment was conducted in triplicate.
Liquid cultures consisted of Trametes Defined Medium (TDM) as described
by (Borràs et al., 2008), with minor variations of the main carbon source
between glucose and xylose. Streptomycin (25 μg/mL) was added to
prevent bacterial contamination. The liquid media was then autoclaved as
described above. Inoculation of liquid cultures consisted of 2 x 1 cm2 malt
agar plug in a 250 mL glass Erlenmeyer. Cultures were grown in a shaking
incubator at 130 rpm at 26°C in the dark.
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Table 3-2. Selected species and strains, associated with country of origin.
Strain reference

Species

Country of
origin

Source

M9726
M9994
M2708
M9912
M30 (MUCL 30896)
M38 (MUCL 38412)
M46 (MUCL 46740)
SV1

G. resinaceum
S. commune
P. salmoneo-stramineus
T. versicolor
T. versicolor
T. versicolor
T. versicolor
T. versicolor

Unknown
Belgium
Unknown
Belgium
Canada
Czech Republic
South Korea
Belgium

Mycelia
Mycelia
Mycelia
Mycelia
BCCM
BCCM
BCCM
Wild-type isolation

Figure 3-5. Inoculation methods for solid media a. Inoculation with a homogenous hyphal cell
suspension obtained by mechanical disruption of hyphal pellets with a glass tube tissue homogeniser. b.
Inoculation via transfer of a mycelial agar plug to the centre of a petri dish for the agar-based substrate.
c. Inoculation by a 4–5 mm fragment of grain spawn.

Figure 3-6. Sample preparation for the evaluation of the microstructural geometry of the mycelium with
Scanning Electron Microscopy (SEM).
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3.4.3

Mycelium growth and surface colonisation measurements

Daily growth was monitored every 6 to 12h, after an initial growth of 24–
72h, using a CanoScan 9000F Mark II (Canon), with a pixel density of
300 dpi.
Analysis of the mycelium extension rate was done by measuring the surface
area covered by the mycelium. The scanned images were imported in Fiji
(Schindelin et al., 2012), the contrast and brightness were adjusted and the
outline of the mycelium was traced by using the freeform or circle tool. The
pixel-to-surface measurement tool in ImageJ was employed to convert this
pixel tracing in quantitative results.
3.4.4

Biomass quantification

Biomass quantification from liquid cultures was performed after 9 days by
dry weight measurement. The same cultures used to test enzymatic activity
were dried. Cultures containing the liquid media and the mycelium were
vacuum filtered through Wattman® 113 paper. Mycelia was washed of the
filter paper using ddH2O and collected in a 50 mL tube. Samples were dried
at 60°C until complete evaporation of water, and constant weight was
obtained for 24h.
3.4.5

Scanning Electron Microscopy

To evaluate the microstructural geometry of the mycelium, Scanning
Electron Microscopy (SEM) characterisation was carried out using a JEOL
JSM-IT300 microscope in low vacuum which allowed pressure in the
chamber of up to 20 Pa, using a 5 kV accelerating voltage (Figure 3-6 on
page 103). The specimens were mounted on aluminium stubs with doublesided tape. Images were taken with the Backscattered Electron Detector
(BED) or Secondary Electron Detector (SED) at zoom of x500, x1000 and
x2000.
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In order to obtain a more complete description of the hyphal structure, the
mean filament thickness was measured from the SEM images. The average
values were used to characterise the species. First, a representative image
was selected and cropped in the image-processing software Fiji (Schindelin
et al., 2012) if hemp fibres were present. Then, the image was converted to
an 8-bit image with automatic generated thresholds (default settings). Local
thickness (Dougherty and Kunzelmann, 2007) was calculated by performing
a distance transformation that produced a distance map. In other words,
spheres were generated at the point that fit inside the filament fragment. For
each point, neighbouring points were scanned. If the neighbouring point
did not “own” any more points than the scan point, then the neighbouring
point was deleted. Finally, a histogram was obtained which quantified the
relative frequency corresponding to each filament thickness. The mean
value is an estimation of the hyphal diameter.
3.4.6

Fourier Transform Infrared Spectroscopy

A chemical characterisation was performed for three different species: T.
versicolor (M9912), G. resinaceum (M9726) and S. commune (M9994). For the
Fourier Transform Infrared (FTIR) spectroscopy, all IR spectra were
acquired on a Nicolet 6700 FT-IR spectrometer from Thermo Fischer
Scientific. The FTIR instrument is equipped with an IR source, DGTS KBr
detector and KBr beam splitters and windows. FTIR spectra are recorded
in single bounce Attenuated Total Refractance (ATR) mode using the Smart
iTR accessory, equipped with a diamond plate (42° angle of incidence). The
spectra were recorded with automatic atmospheric correction for the
background. All samples were measured at a spectral resolution of 4 cm-1,
with 64 scans per sample. For every species, three biological replicate
specimens were analysed and five recordings of each sample were
performed to ensure the reproducibility of obtained spectra. The processing
of the spectra, such as calculating the average, the peak height and area, was
done using Spectragryph v1.2.8 software. The spectra were cut between
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4000 and 600 cm-1 bands, followed by the construction of a linear baseline.
Finally, the peaks were normalised for peak maxima.
3.4.7

Dry density and moisture content

The density was calculated following ISO 9427 – Wood-based panels –
Determination of density (ISO 9427, 2003) by taking the ratio of the oven-dry
mass over the volume. The moisture content was calculated with the
formula (ISO 9427, 2003):
M=

("! #"" )∗&''
"!

[%]

(3-1)

where M is moisture content [%], ww is wet weight [g], wd is oven-dry weight
[g].
3.4.8

Determination of compressive behaviour

Compressive stiffness was determined following ISO 29469 – Thermal
insulating products for building applications – Determination of compression behaviour
(ISO 29469, 2008) on an Instron 5900R load bench with a 100 kN capacity
and a 10 kN load cell at ambient conditions (25°C and ~ 50% RH) . The
10 kN load cell was used in order to obtain the most accurate results, since
low ultimate loads values were expected. The tests were displacement
controlled with a rate of 5 mm/min. The contact surface was not perfect
due to the rough surfaces of the samples. The test was stopped when a fixed
strain was reached in the specimen, varying between 70% and 80%. The
load-displacement curve was converted to a stress-strain curve, using the
following formulas to calculate the compressive stress σ and the strain ε
(ISO 29469, 2008):
(

σ = ) [MPa]

(3-2)

and
ε=

*+
+,

[-]
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where F is compressive force [N], A is original cross-section of the specimen
[mm²], ΔL is displacement of the loading surfaces [mm] and Lo is original
height of the test piece [mm].
The mechanical compressive stiffness or Young's modulus was obtained
from the first slope of the stress-strain curve with the tangent modulus.
3.4.9

Statistical analysis

The data were statistically analysed in Microsoft Excel and graphed with
GraphPad Prism (version 8.1.2). Data were checked for normality (p ≥ 0.05)
using a Kolmogorov-Smirnov test. A one-way analysis of variance
(ANOVA) was used for normal data, and significant differences were
considered at p ≤ 0.05. The multiple comparisons test for normal data was
generated based on Tukey’s family error rate. For non-parametric data, the
Kruskal-Wallis test was conducted, and significant differences were
considered at p ≤ 0.05. The Dunn’s multiple comparison test was used for
the non-parametric data.
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Figure 3-7. Inoculation of liquid cultures and method for the characterisation of the ligninolytic enzyme
activity.
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3.5

Results and discussions: Characterisation of fungal
species and strain for their selection as binder in mycelium
composites

The majority of the results presented in the following section are mainly
aimed at testing the above methods. The techniques were used to evaluate
the selection of a fungal species from a biological, material and applicationoriented perspective. Therefore, the process by which the experiments were
conducted is considered the most significant aspect of this work, which
promotes a shift from a mono-functional characterisation approach to an
interdisciplinary one.
3.5.1

Mycelium growth and surface colonisation rate

To initiate the investigation of the role of phylogenetic factors in the process
of mycelium-material production, differences in growth behaviour were first
studied at the lowest taxonomic level, namely strain level. To this end,
growth rates were assessed for the five individual T. versicolor strains on 3%
malt agar (Figure 3-8 on page 112). The initial selection was based on
availability from BCCM culture collections and a commercial source. Later,
more species were discovered and systematically added to the results.
The fastest growing strain was the wild-type SV1, followed by M9912. It
was calculated that SV1 grows 30.07% faster than M9912. Next, M38 and
M46 displayed very similar growth characteristics, with the mean difference
between both strains being only 1.44%. The slowest growing strain was
M30. Indeed, a significant difference was observed between SV1 and M30
(ANOVA, adjusted P value: 0.0035), resulting in a mean difference of
72.86%.
When observing the colonisation rates of fungi, different factors have to be
considered. In this case, the strains have different genetic backgrounds,
depending on their geographic origin. In addition, the duration and way in
which they are kept in artificial conditions is different for each strain. It is
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interesting to observe that the three strains that were obtained from the
BCCM, which were all cryopreserved in 10% glycerol at -130°C, displayed
slower growth rates in this experiment. A trend is observed in which the
non-cryopreserved strains (M99 and SV1) perform better than the
cryopreserved strains (M30, M38, M46). Therefore, we hypothesise that
cryopreservation is responsible for a diminished fitness of the fungi.
The nutritional composition of the used medium also influences the uptake
rate and growth, depending on the metabolic capabilities of the strains and
their regulation. In this first experiment, maltose was the main carbon and
energy source, thereby mainly supporting the glycolytic pathway for
disaccharide catabolism (Vandelook et al., 2018). Different results might be
obtained if the primary nutritional source is changed.
The above-described results with malt agar only reflect artificial growth
conditions. In its natural habitat, T. versicolor relies on a set of hydrolytic
enzymes to break down polymers such as lignin, and hemicellulose to
extract its primary carbon source. Therefore, a second set of experiments
was performed on vegetal substrate combined with agar in order to reveal
growth behaviour in more natural conditions. Surface colonisation was
measured on hemp and beechwood mixed with agar, as well as on malt agar.
Here, the two species G. resinaceum (M9726) and T. versicolor (M9912) were
subjected to the experiment (Figure 3-9 on page 112). These species were
selected because of their commercial availability at an industrial scale.
Originally, they are cultured for food or medical purposes.
For the three different medium conditions (hemp agar, beechwood agar and
malt agar), it was observed that T. versicolor grows faster than G. resinaceum.
On malt agar, T. versicolor outperforms it by 11.55%. On beechwood agar,
the difference in growth rate between the two species was less obvious,
5.88%, and on hemp agar 5.34%. The largest difference was found between
T. versicolor on malt agar and G. resinaceum on hemp agar, where the first
outperformed the latter by 23.44%. Both species performed well on malt
agar and beechwood agar.
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While agar allows for an even distribution of the colonised surface, the
lignocellulosic fibres mixed within agar are more difficult for the hyphae to
access. Therefore, four different species – T. versicolor (M9912), G. resinaceum
(M9726), S. commune (M9994) and P. salmoneo-stramineus (M2708) – were
inoculated on hemp hurds without agar (Figure 3-10 on page 113). The
best-performing species were G. resinaceum and P. salmoneo-stramineus. The
growth rate of S. commune was higher than that of T. versicolor, but on the
scanned images (Figure 3-12 on page 114), the hyphae of S. commune
appeared to produce a thinner covering biofilm. In Section 3.5.3, the
morphological structure of the hyphae are further characterised.
This growth rate study shows that species grown on a lignocellulosic
substrate colonise it on average at a faster rate than species and strains grown
on an agar-based synthetic medium (Figure 3-11 on page 113). From the
species grown on hemp fibres, G. resinaceum performs the best with regard
to the colonisation rate: in only 6 days, it is able to fully colonise a petri dish
(Table 3-3 on page 114). From the species grown on a mixed fibre-agar
substrate, T. versicolor performs the best on malt agar, with a full colonisation
in only 5 days (Table 3-3). Finally, from the T. versicolor strains selected for
this study, the wild-type SV1 performed the best, with a full colonisation in
only 4 days (Table 3-3).
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Figure 3-8. Radial mycelium extension measured as surface colonised (%) over 9 days for T. versicolor
strains on a malt-agar substrate.

Figure 3-9. Radial mycelium extension measured as surface colonised (%) over 9 days for T. versicolor
(M9912) and G. resinaceum (M9726) on a mix of fibres and agar substrate.
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Figure 3-10. Radial mycelium extension measured as surface colonised (%) over 9 days for T. versicolor
(M9912), G. resinaceum (M9726) S. commune (M9994) and P. salmoneo-stramineus (M2708) on a hemp
substrate.

Figure 3-11. Mean surface colonisation of different T. versicolor strains on a malt-agar substrate, T.
versicolor (M9912) and G. resinaceum (M9726) on a mix of fibres and agar substrate, T. versicolor (M9912)
and G. resinaceum (M9726) S. commune (M9994), P. salmoneo-stramineus (M2708) on a hemp substrate.
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Table 3-3. Amount of days to colonise the substrate by 100%.
Fugal species

Fungal
strain

Feedstock

Inoculation

Colonisation
time [days]

T. versicolor
T. versicolor
T. versicolor
T. versicolor
T. versicolor
T. versicolor
G. resinaceum
T. versicolor
G. resinaceum
T. versicolor
G. resinaceum
G. resinaceum
T. versicolor
S. commune
P. salmoneo-stramineus

M30
M38
M46
M9912
SV1
M9912
M9726
M9912
M9726
M9912
M9726
M9726
M9912
M9994
M2708

Malt agar
Malt agar
Malt agar
Malt agar
Malt agar
Malt agar
Malt agar
Hemp agar
Hemp agar
Beechwood agar
Beechwood agar
Hemp
Hemp
Hemp
Hemp

Homogenous hyphal cell suspension
Homogenous hyphal cell suspension
Homogenous hyphal cell suspension
Homogenous hyphal cell suspension
Homogenous hyphal cell suspension
Mycelial agar plug
Mycelial agar plug
Mycelial agar plug
Mycelial agar plug
Mycelial agar plug
Mycelial agar plug
Grain spawn
Grain spawn
Grain spawn
Grain spawn

13
9
9
8
4
5
6
7
7.5
6
5.5
6
7
7
7

Figure 3-12. Colonisation for 7 days of T. versicolor (M9912), G. resinaceum (M9726) S. commune (M9994)
and P. salmoneo-stramineus (M2708) on a hemp substrate.
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3.5.2

Growth performance correlation

Comparing the growth measurements on an agar medium with the dry
weight measurements on a liquid medium is an effective method for
assessing the performance of the strains. This method makes it possible to
identify a trend and place the results in perspective, because the growth
medium is similar.
To easily quantify the amount of biomass, different T. versicolor strains were
cultivated in shaking submerged cultures. Although liquid cultures are a
highly artificial medium, measuring the weight of biomass on solid
substrates is more complex due to the combination of mycelium with fibres.
The values recorded for the dry weight measurements of different T.
versicolor strains (Figure 3-13 on page 116) range between 91.6 mg for M46
and 214.3 mg for M38. Interestingly, the growth rate of M38 was 20% lower
than that of M9912 (Figure 3-8 on page 112), but its dry weight was 12%
higher. The mean dry weight of M9912 was 202.7 mg and 160.7 mg for SV1.
A comparison between growth and dry weight presented in Figure 3-14 on
page 116 reveals that M9912 and SV1 are capable of achieving both the
highest growth rate and biomass production. For all strains, the surface
colonisation percentages on day 7 are representative for the growth rate.
It was not possible to investigate the dry weight of the mycelium grown on
natural fibres, because there is no effective way to separate the fibre from
fungal biomass. These findings must be interpreted as a first indication of
the growth performances, but would need further precise measurements to
reveal more subtle variations between the strains. For example, a study of
the genetic factors and their gene expression levels would be a next step in
the characterisation of the strains and species, which is beyond the scope of
this study. The presented findings suggest that species and strain selection
is very versatile, and therefore needs to be placed in perspective by including
the surface colonisation, its dry weight and its capacity to produce the
proper degrading enzymes. This statement also supports the research of

115

Fungal Species and Strains Selection

(Jones et al., 2018), who assessed the growth performance of various species
by growth and dry weight measurements. However, associations should also
be made with the ability of certain species and strains to secrete enzymes.

Figure 3-13. Dry weight measurements of different T. versicolor strains after 9 days of cultivation in
shaking submerged cultures (10 g/L glucose). All measurements are expressed as the mean of 3
biological replicates with standard deviation.

Figure 3-14. Performance overview of the surface colonisation after 7 days compared with the final dry
weight of different T. versicolor strains. All measurements are expressed as the mean of 3 biological
replicates with standard deviation.
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3.5.3

Measuring the maturation process

Although surface colonisation percentages are an effective way of assessing
the growth rate, they do not say much about the metabolism of mycelium
over a longer growth period. When mycelium has fully colonised a petri
dish, it does not stop growing. Instead, its growth rate slows down and the
colour of the tissue changes. Little is known about the maturation process
of G. resinaceum. Yet, this species in particular showed repeatedly colourful
differentiation after 10 days (Figure 3-15 on page 118). With the goal of
establishing a method to quantify the growth development of the organism
even after obtaining a fully colonised petri dish, the implementation of
colour analysis (Cambaza et al., 2018) was tested using G. resinaceum as a case
study. The grey intensities and RGB colours were analysed through the
mean value of each colour channel using ImageJ software, designed to
measure the RGB and grey scale from pixels of scanned photos. The
mycelial area was also calculated to validate those measurements.
Despite the visible yellowish pigmentation of the material after 30 days
(Figure 3-16 on page 119), the intensities of the RGB channel do not reflect
the observable variations in colour. These experiments were performed in
petri-dishes, while colour appearance was more clear in samples grown in
moulds. Yet, it is very interesting to notice that a colour analysis of mycelium
is a feasible method for predicting growth, since the graphs of the colour
channel correlate with surface colonisation (Figure 3-17 on page 119).
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Figure 3-15. Panel grown with G. resinaceum showed colourful differentiation after growing for more
than 20 days.
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Figure 3-16. Growth of G. resinaceum grown on hemp fibres over 30 days.

Figure 3-17. The mean values of the red, green and blue channels and the grey value in correlation with
the surface colonisation percentage of G. resinaceum for 30 days.

119

Fungal Species and Strains Selection

3.5.4

Morphological analysis of hyphae

The morphology of mycelium is characterised by a network of randomly
arranged hyphae. In order to examine the microstructure of mycelium
materials, dried fragments of the composites formed with either of the three
species – G. reseinaceum, T. versicolor and S. commune – were analysed by SEM
(Figure 3-18 on page 121). Since morphological differences were not
expected at the lowest taxonomic level (strain level), the analysis was
conducted at the species level.
The three species penetrated and covered the hemp particles with a fibrous
and porous hyphal network. SEM reveals that G. resinaceum and T. versicolor
grow a high density of hyphae around hemp fibres. They display a more
compact microporous structure compared to S. commune. Clearly, the
presence of filaments around the fibres is eminent for those two species,
because the hemp fibres were nearly invisible on the SEM analysis (Figure
3-18a-c on page 121). In contrast, T. versicolor hyphae appeared more
scattered at the 10 μm scale (Figure 3-18c on page 121). Besides, S. commune
cells appeared as thin elongated and branching lattice with multiple
filaments. Accordingly, the morphology of this species shows a flat, threadlike structure, while T. versicolor rather has a tube-like structure and G.
resinaceum appeared to grow a flat hyphal, tissue-like structure.
To further evaluate each species for its adhesive properties with respect to
fibres, it was necessary to verify the local thickness of the hyphae (Figure
3-18d on page 121). Therefore, the mean diameter of the filaments was
measured (Figure 3-18e on page 121). This turned out to be higher for G.
resinaceum (1.74 ± 14 μm), followed by S. commune (1.59 ± 1.0 μm) and finally
T. versicolor (1.04 ± 0.7 μm). Additionally, the count of hyphal fragments
(Figure 3-18e on page 121) is higher for T. versicolor (757730), followed by
G. resinaceum (559118) and finally S. commune (245685). The count of
fragments can be related to the local scattering of hyphae, which is indeed
higher for T. versicolor than for S. commune.
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Figure 3-18. Morphological characterisation by SEM images of T. versicolor (M9912), G. resinaceum
(M9726) and S. commune (M9994) on a hemp substrate after 7 days. a. Micrographs at scale 100 μm. b.
Micrographs at scale 20 μm. c. Micrographs at scale 10 μm. d. Local thickness heat mapping. e.
Histogram and summary statistics of the diameter of hyphae.
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3.5.5

Spectral response of feedstock degradation by different
fungal species

When mycelium grows on lignocellulosic substrate, different types of
hydrolysing enzymes are secreted to break down the linkages in cell wall
components of substrates. During the growth of mycelium, chemical
changes occur in the composite. To understand the influence of the fungal
species on the chemical decomposition of its feedstock during growth, an
analysis was performed that focused on the appearance and disappearance
of specific chemical components. To this end, FTIR spectroscopy was used,
a technique that makes it possible to monitor the changes in substrate
decayed by white-rot fungi (Popescu et al., 2010).
Mycelium material samples were grown with G. resinaceum, T. versicolor and S.
commune, which reduced in weight by respectively 70.4 ± 0.63%, 71.1 ±
0.45%, and 68.6 ± 1.13% after the drying process. The IR spectra of the
three species grown on hemp for 9 days showed peaks in the “fingerprint”
region between 1800-600 cm-1 (Figure 3-19 on page 126). Detailed
information on the assignment of peaks is listed in Table 3-4 on page 125.
The spectra of mycelium are associated with polysaccharides (1200–
900 cm−1), lipids (3000–2800 cm−1, ∼1740 cm−1), proteins (amide I at 1700–
1600 cm−1, amide II and III at 1575–1300 cm−1), chitin (∼1375 cm−1) and
nucleic acids (1255–1245 cm−1) (Haneef et al., 2017; Pena et al., 2014).
Overall, the comparison between the peaks revealed little variation for the
different species, which indicates that only a few chemical bonds generated
by the fungal activity differ from each other. The appearance of new peaks
is clearer in Figure 3-20 on page 126, in which the spectra of the mycelium
composites are subtracted from undecayed hemp fibres. The peaks of the
composite (dotted line) subtracted from undecayed hemp fibres (solid line)
below the baseline show an appearance of new bands due to degradation by
the fungi, and the subtracted peaks above the baseline show the decrease in
intensity. The intensities are around zero when there is no change in the
chemical composition of the fibres during the mycelium interaction.
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The increase in relative intensity at 1731 cm-1 (Figure 3-19 and Figure 3-20
on page 126) is assigned to C=O stretch in unconjugated xylans, which
contributes to the cross-linking of cellulose and lignin, and is thus part of
the hemicelluloses. The intensities of absorption bands resulting from
hemicellulose increased more for G. resinaceum and T. versicolor than for S.
commune. For example, the values of ratios of peak intensities of
hemicellulose:lignin (I1731/I1507) are 1.51 for G. resinaceum, 1.31 for T. versicolor
and 1.18 for S. commune. This might indicate that G. resinaceum decays
hemicellulose somewhat faster than the other two species. Further
characterisation was done by calculating the area under the curves between
1780 cm-1 and 1700 cm-1. The area under the curve of T. versicolor is 2%
smaller and under S. commune 25% smaller than the area under the curve of
G. resinaceum.
The peak at 1645 cm-1 is assigned to the absorbed water associated with
lignin and cellulose (Figure 3-19 and Figure 3-20 on page 126). An increase
in intensity (under the baseline) appeared at 1645 cm-1 due to conjugated
carbonyl groups originating from lignin, whereas the aromatic skeletal
vibration band at 1594 cm-1 decreased in intensity (above the baseline). The
ratios of the band at 1645 cm-1 to 1030 cm-1 (C-C stretching of
polysaccharides) are 0.31 for G. resinaceum, 0.34 for T. versicolor and 0.25 for
S. commune. The area under the curve of G. resinaceum is 9% smaller and under
S. commune 24% smaller than the area under the curve of T. versicolor. The
curve of the subtracted S. commune spectra in the region of 1645 cm-1 is
around the baseline (Figure 3-20 on page 126), and therefore indicates no
difference between the decayed and undecayed fibres. Remarkably, at
1594 cm-1, a peak appeared for S. commune, whereas for T. versicolor and G.
resinaceum no peak was distinguished. This peak is assigned to C=C
stretching of aromatic ring (syringyl) in lignin.
Together, these results detect a relative increase in proteins (at 1645 cm-1)
and lipids (at 1737 cm-1) for G. resinaceum and T. versicolor compared to S.
commune. The height of the peaks indicates the relatively greater ability of
these two species to break down lignin and hemicellulose polymers. These
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findings seem to be consistent with the visual analysis of the growth in
Figure 3-12 on page 114, in which it was observed that S. commune grows a
thinner biofilm than G. resinaceum and T. versicolor. While preliminary, the
results suggest that S. commune has more difficulties to colonise
lignocellulosic fibres.
A key finding of this FTIR study is that the chosen species do not provide
sufficient variety in resolution to distinguish them from each other. The
biological diversity of the three species resulted only in small alterations of
the chemical composition. A possible explanation is that the fungi produce
enzymes whose composition changes with the type of substrate. The rich
information provided by the spectra proves to be a suitable tool to
characterise chemical changes in the fibres caused by the fungi. Further
studies on the biochemical composition of mycelium materials grown on
different types of fibres will be provided in the next chapter.
In summary, we can only speculate about the reason why little variation in
the species-specific spectral response was found. However, more research
on this topic needs to be undertaken before species can be selected based
on their ability to degrade substrates.
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Table 3-4. Peak assignment for the FTIR characterisation of M9726, M9912 and M9994 grown on
hemp (based on (Elsacker et al., 2019), see Chapter 4).
Wave
number
[cm-1]

Assignment

Peak
M9726
[cm-1]

Peak
M9912
[cm-1]

Peak
M9994
[cm-1]

Reference

3600–3000
2980–2835
2940–2840
1770–1710

O-H stretching hydrogen bonds
CH2, CH2OH in cellulose
CH2 symmetric stretching
C=O stretching in xylans
(hemicellulose)
Absorbed O-H associated with
lignin or cellulose, Amide I (βsheet)
C = C stretching of aromatic ring
(syringyl) in lignin

3501
2917
2837
1737

3501
2916
2837
1737

3501
2917
2837
1737

1645

1646

1645

-

-

1594

C=C stretching of aromatic ring
(guaiacyl) in lignin
C-H deformation in methyl
groups
C-H deformation in lignin and
carbohydrates, CH2 bending

1507

1507

1506

(Haneef et al., 2017; Mohebby, 2005)
(Schwanningera et al., 2004)
(Schwanningera et al., 2004)
(Mohebby, 2005; Pandey and Pitman,
2003)
(Haneef et al., 2017; Pandey and
Pitman, 2003; Schwanningera et al.,
2004)
(Haneef et al., 2017; Pandey and
Pitman, 2003; Schwanningera et al.,
2004)
(Mohebby, 2005; Pandey and Pitman,
2003; Schwanningera et al., 2004)
(Popescu et al., 2010)

1456,
1423

1456,
1423

1455,
1422

1375–1365

CH bending in cellulose and
hemicellulose, chitin

1375

1375

1375

1365–1335

OH plane deformation vibration
CH2 wagging in cellulose

1326

1326

1327

1234

1235

1235

1156

1157

1157

1031
897

1032
897

1032
897

1650–1640

1560–1520

1520–1500
1470–1410

1282–1277

1235–1225
1162–1125
1047–1004

CH deformation in cellulose
Syringyl ring, C-O stretching in
lignin and xylan, Nuclei acide
OH plane deformation
C-O-C vibration in cellulose and
hemicellulose
C-O stretching in cellulose
C-C stretching
Anomere C-group, Glucan ßanomer C-H bending, C-H
deformation in cellulose
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(Haneef et al., 2017; Mohebby, 2005;
Pandey and Pitman, 2003;
Schwanningera et al., 2004)
(Haneef et al., 2017; Mohebby, 2005;
Pandey and Pitman, 2003;
Schwanningera et al., 2004)
(Schwanningera et al., 2004)
(Mohebby, 2005; Pandey and Pitman,
2003; Schwanningera et al., 2004)
(Schwanningera et al., 2004)
(Haneef et al., 2017; Mohebby, 2005;
Pandey and Pitman, 2003)
(Schwanningera et al., 2004)
(Mohebby, 2005; Pandey and Pitman,
2003; Schwanningera et al., 2004)
(Mohebby, 2005; Pandey and Pitman,
2003; Schwanningera et al., 2004)
(Haneef et al., 2017)
(Haneef et al., 2017; Mohebby, 2005;
Pandey and Pitman, 2003;
Schwanningera et al., 2004)
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Figure 3-19. Mean FTIR spectra of T. versicolor (M9912), G. resinaceum (M9726) and S. commune (M9994)
on a hemp substrate after 7 days.

Figure 3-20. The subtracted peaks of dried composite (dotted line) from undecayed hemp fibres (solid
line) below the baseline show an appearance of new bands due to degradation by the fungi, while the
subtracted peaks above the baseline show the decrease in intensity. The intensities are around zero when
there is no change in the chemical composition of the fibres during the mycelium interaction.
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3.5.6

Mechanical testing in compression

Next, we set out to understand how the choice of fungal species impacts
mechanical properties in the compression of the obtained mycelium
composites. To this end, compression tests were performed that enabled
the determination of the density, compressive strength and stiffness
following ISO EN 826:2013 (Table 3-5 and Figure 3-21 on page 128). This
was done for materials grown with T. versicolor (M9912), S. commune (M9994),
P. salmoneo-stramineus (M2708) and G. resinaceum (M9726), of which cylinder
specimens (h: 38 mm, d: 100 mm) were subjected to the tests to understand
how the type of fungal species impacts the properties of the mycelium
composite.
There did not appear to be a significant difference between the compressive
behaviour of samples grown with T. versicolor, S. commune and P. salmoneostramineus. An increased compressive stress of 14% was visible for G.
resinaceum compared with T. versicolor. The low strength and stiffness can be
related to the porosity of the composites. The resistance to compression of
G. resinaceum might be related to the outer mycelium skin, as it was more
densely grown (Figure 3-22a on page 128). From the outside, no fibres
were visible, and the samples had a homogeneous appearance with a browngreyish outer layer. While the G. resinaceum and T. versicolor samples held
together well during the testing and handling, the samples made of S.
commune and P. salmoneo-stramineus crumbled. It can be concluded that the
type of species affects the bonding of the fibres and thus the mechanical
properties of the material. Based on these preliminary tests, we suggest that
G. resinaceum and T. versicolor are suitable species to create mycelium
composites. More detailed investigations into the mechanical behaviour of
mycelium materials, with more species and strains, should be conducted.
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Table 3-5. Overview of the material properties in compression of mycelium composites grown by four
different species. The standard deviation is performed with triplicate specimens (mean ± one standard
deviation).
Label

Dry density
[kg/m3]

Compressive
strength [MPa]

Corresponding
strain [%]

Young's
modulus [MPa]

M9726

135.27 ± 0.01

1.24 ± 0.12

56.42

1.75 ± 0.040

M2708

120.82 ± 0.06

1.21 ± 0.07

64.16

0.88 ± 0.045

M9912

126.02 ± 0.01

0.13 ± 0.1

68.08

0.81 ± 0.005

0.22 ± 0.14

63.28

0.96 ± 0.007

M9994

116.81 ± 0.01

Figure 3-21. Typical stress-strain curve of compression for mycelium composites grown over 7 days
with T. versicolor (M9912), G. resinaceum (M9726), S. commune (M9994) and P. salmoneo-stramineus (M2708)
on a hemp substrate. The standard deviation is performed with triplicate specimens (mean ± one
standard deviation).

Figure 3-22. Samples for compression tests grown with species a. G. resinaceum (M9726). b. T. versicolor
(M9912). c. S. commune (M9994). d. P. salmoneo-stramineus (M2708).
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3.6

Conclusions

This study has explored different characterisation methods for selecting
fungal species and strains for their suitability as a mycelium material. While
the surface colonisation rate and biomass production are straightforward
methods, the study of hyphal morphology is important to understand the
distribution and arrangement of filaments in and around fibres. However,
the chemical characterisation study has not provided sufficient variety in
resolution to be able to distinguish the different species from each other, as
the biological diversity of the three species has resulted in only small
alterations of the peaks. Yet, the rich information that stems from the
spectra proves to be a suitable tool for characterising chemical changes in
fibres caused by the fungi. To conclude, the type of filamentous structure
of G. resinaceum impacts the mechanical properties of the material the most,
since individual hemp fibres are kept together by a denser adherent
mycelium tissue. The core assumption of this work is that different
techniques are required to assess the suitability of a fungal species or strain.
The interdisciplinary approaches may provide mycelium-material scientists
or designers with a wider range of mycelium’s performance criteria than the
ones used until now, such as growth rate measurements. Beyond the fungal
species, it seems that the type of feedstock significantly influences the
growth behaviour of the organism and the material’s behaviour. The next
chapter will focus on the feedstocks, using some of the same
interdisciplinary characterisation methods of this chapter, in order to
propose a variety of resulting properties.
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Chapter 4

Lignocellulosic Feedstocks

This chapter investigates the production process and the mechanical,
physical and chemical properties of mycelium-based composites made with
different types of lignocellulosic reinforcement fibres combined with a
white-rot fungus, Trametes versicolor. This study reports on the dry density,
compressive stiffness, stress-strain curves, thermal conductivity, water
absorption rate and a FTIR analysis of mycelium-based composites by
making use of a fully disclosed protocol with T. versicolor and five different
types of fibres (hemp, flax, flax waste, softwood and straw) and fibre
processing (loose, chopped, dust, pre-compressed and tow). Additionally, in
some specimen, fibres were treated with sodium bicarbonate, resulting in an
enhanced flexural and tensile strength. The fibres of some other samples
were post-treated with glycerol to attain elastomer-like properties. Results
show that the mycelium composites’ thermal conductivity and water
absorption coefficient with flax, hemp and straw has overall good insulation
behaviour in all aspects compared to conventional materials such as rock
wool, glass wool and extruded polystyrene. The conducted tests reveal that
the mycelium-based composites’ mechanical performance depends more on
the type of fibre processing (loose, chopped, pre-compressed and tow) and
size than on the fibres’ chemical composition. The methodology used to
evaluate the suitability and selection of organic waste streams proved useful
for mycelium-material manufacturing applications.
This chapter is mostly based on journal paper Elsacker, E., Vandelook, S., Brancart, J.,
Peeters, E., De Laet, L., 2019. Mechanical, physical and chemical characterisation of
mycelium-based composites with different types of lignocellulosic substrates. PLoS
ONE 14, e0213954. https://doi.org/10/ggpwxd
Section 4.2 is adapted from journal paper Elsacker, E., Vandelook, S., Van Wylick, A.,
Ruytinx, J., De Laet, L., Peeters, E., 2020. A comprehensive framework for the
production of mycelium-based lignocellulosic composites. Science of The Total
Environment 725, 138431. https://doi.org/10/ggrs3x
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4.1

Introduction

The use and impact of different agricultural and woody feedstocks for the
fabrication of mycelium materials have hardly been characterised so far
(Jones et al., 2017b). The composite material is complicated due to the wide
variety of possible combinations of substrate type and fungal species.
Studies on the effects occurring between process variables and material
behaviour have been very limited. Moreover, every growth parameter
variation can result in changes in the material constitution and hence
mechanical properties (Girometta et al., 2019). Some studies have
demonstrated that mycelium composites’ mechanical properties are mostly
affected by their feedstock (Appels et al., 2018a; Haneef et al., 2017a; Ziegler
et al., 2016). However, the methodologies, mycelium species and feedstocks
of the published studies proceed in no comparable way.
Therefore, this work aims to further investigate the effects of different types
of agricultural by-product fibres and different types of fibre processing on
material properties. This study aims to determine the influence of fibres’
composition on growth performances of T. versicolor and establish a
methodology to evaluate the suitability of those fibres for the production of
mycelium-based building materials.
4.2
4.2.1

Why does the type of feedstock matter?
Biomass waste

Agro-waste is a residue (nonproduct) from growing and processing
agricultural products such as crops, fruits, vegetables, meat, dairy, fish and
poultry. These products have either a lower value than the cost of collection,
transport and processing or lack proper handling methods, leading to huge
losses (discarded or burned). The residues from crops may, for example, be
stem, stalks, seeds, weeds etc. or residues after processing such as husk,
roots, seeds, bagasse etc. In the agro-industry, waste is generated too, such
as fruit peels, pulp, cakes (oil), coir, nuts etc. Actually, along the entire length
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of all value chains, food is wasted, which results in a loss of approximately
one-third of all food produced globally (IPCC, 2019). An essential issue in
measuring food production is that only the edible components are taken
into account, not the non-edible biomass (Tripathi et al., 2019). That being
said, only a small amount of biomass waste becomes feedstock for industrial
applications (chemicals, resins and enzymes) and electricity generation
(biofuel). In Europe (EU28), the harvested production of crops was
499.3 Mt per year (considering the reference year 2018) (European
Commission, 2019), of which about 419 Mt per year (considering the
reference period 2011–2015) were residues (García-Condado et al., 2019),
including cereals (wheat, rye, barley, oats, grain maise, triticale, sorghum and
rice), oilseeds (rapeseed, sunflower and soya) and sugar and starch crops
(sugar beet and potato). Globally, residues account for 3.28 Gt of biomass
(Tripathi et al., 2019).
Another sector generating biomass waste is forestry, with a global
production of 4.6 Gt per year (Tripathi et al., 2019). According to the UN
Environmental Program, about 55% of the worldwide wood harvest is
burnt as fuel, while the remaining 45% is used as raw material in the timber
industry (United Nations Environment Programme, 2013). From that 45%,
a considerable portion also ends up as primary or secondary process
residues. In the timber industry, an estimated 80% of the original trees is
lost as waste, with only 20% ending up in the form of kiln-dried sawn wood.
Not only is the generation of waste substantial, but the associated global
emissions are also dramatically increasing due to more intensive agriculture,
deforestation and land use. A recent report from IPCC (IPCC, 2019)
estimates that 23% (12.0 +/- 3.0 GtCO2eq yr-1) of total anthropogenic
greenhouse gas emissions (2007–2016) originate from agriculture, forestry
and other land-use activities. Moreover, if the emissions associated with the
pre-and post-production of food are included, emissions are estimated to be
21–37% of total anthropogenic greenhouse gas emissions. The reports state
with high confidence that emissions from agricultural production are
projected to increase, driven by population and income growth and changes
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in consumption patterns. To add to the complexity of the topic, these
changes also have implications for water scarcity in drylands, land
degradation, food insecurity, carbon sequestration potential and
biodiversity.
It is also clear that, despite already increased awareness of the problems, a
radical change in production and consumption modes is needed by taking
global action in the near future, such as investing in sustainable food
production, improving sustainable forest management, managing soil
organic carbon, ecosystem conservation and land restoration, reducing
deforestation and degradation, and reducing loss and waste (IPCC, 2019).
In light of all these events, mycelium materials’ production as a response to
biomass waste production might seem like a drop in the ocean. Still, every
drop can potentially generate a wave (butterfly effect). Mycelium materials
are mostly composed of fungal biomass and lignocellulosic waste streams,
and therefore considered renewable and closed-loop composites.
4.2.2

Nature of the lignocellulosic feedstock

Most of the feedstocks used for the production of mycelium-based materials
contain lignocellulose (Figure 4-1 on page 143). Lignocellulose is the
primary structural component of many plants, crops and trees and consists
of cellulose, hemicellulose and lignin, with small amounts of ash, proteins
and pectin. The composition and proportions of these three compounds
vary and depend on the type of vegetation (Malherbe and Cloete, 2002;
Prasad et al., 2007; Sánchez, 2009). They also influence mechanical
performances (Pickering et al., 2016). Cellulose is one of the most abundant
organic molecules on earth (Sánchez, 2009), followed by hemicellulose, with
both macromolecules being constructed from different sugars in different
polymeric structures (Sánchez, 2009). Lignin, linked to both hemicellulose
and cellulose, is an aromatic polymer synthesised from phenylpropanoid
precursors. It is known to give the cellular wall of plants structural support
and resistance against microbial attack and oxidative stress (Sánchez, 2009).
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Figure 4-1. Structure of lignocellulosic biomass.
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4.2.3

Impact of the feedstock on fungal biology and material
properties

Feedstock characteristics influence the morphological properties of the
fungal organism. For example, hyphal structure is affected when changing
the feedstock (Haneef et al., 2017b). If grown on potato dextrose broth
(PDB), P. ostreatus hyphae collapse along their central part and show a lower
width of filaments than if grown on cellulose substrate, an observation
linked to a lower abundance of chitin synthesis (Haneef et al., 2017b). As a
result, material with a low chitin/polysaccharide ratio displays more water
uptake, a lower Young’s modulus and higher elongation (Haneef et al.,
2017b). Nutritional preferences depend on the used species or strain. For
example, when fed on a wood-based substrate, P. ostreatus leaves cellulose
almost intact and utilises hemicellulose as the primary energy and carbon
source (Chi et al., 2007). Although not always well-described, similar
principles regarding feedstock preferences and effects can be expected to
govern other fungal species.
The mechanical properties of the natural fibres used when growing mycelial
materials can be influenced by the processing of the fibres, their
lignocellulosic composition and environmental conditions during growth,
which all influence, in turn, the properties of the mycelium composites
themselves. Essential factors to consider when selecting the fibres are their
dimensions, defects, strength and structure (Faruk et al., 2012a). A
considerable amount of literature on lignocellulosic fibres and composites
already exists and is beyond the scope of this work; however, here, we will
focus on the fibres’ role in producing mycelium-based materials in
particular.
Substrates containing natural fibres that are not degraded during the
production of mycelial materials exhibit strain-hardening behaviour,
because the natural fibres serve to reinforce the material and prevent shear
failure (Yang et al., 2017a). The natural fibres minimise surface cracking
during shear measurements and improve Young’s modulus and compressive
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strength (Yang et al., 2017a). Another study indicates that the compressive
strength of materials containing natural fibres (wood chips) increases up to
300% when sand or gravel aggregates are mixed, compared to pure materials
(Moser et al., 2017a). Additives such as silica, clay, perlite, methylcellulose,
glycerine and agarose can be added to the fibres to retain moisture or
enhance the substrate’s viscosity (Ross, 2016).
The type of fibres also influences the mycelium composite’s flammability
(Jones et al., 2017a). The char formation is positively impacted when
supplemented with high silica amounts (present in rice husk). Lignin
contains stable cyclic rings which decompose in aromatic fragments, the
principal constituents of char (Jones et al., 2017a), while cellulose increases
combustion (Mouritz and Gibson, 2006).
4.2.4

Chemical treatment of natural fibres

It is well known that chemical modification of natural fibres enhances the
mechanical bond between the fibre and the matrix (Kalia et al., 2009).
However, most commonly used chemical treatments, such as alkalisation
and acetylation, are harmful to the environment. Most alkali pre-treatments
are based on the solubilisation of lignin, more specifically the cleavage of
ester linkages between hemicelluloses and lignin (Baruah et al., 2018).
Moreover, due to an alkali pre-treatment, cellulose tends to swell, which
leads to an increase of internal surface area (Behera et al., 2014).
A few studies examine the effects of alkali treatments on natural fibres. For
example, corn husk fibres were alkalised with 20% NaOH for 60 minutes at
95°C and further subjected to enzymatic treatment (Reddy and Yang, 2005).
The obtained fibres had moderate strength, high elongation, good pliability
and high moisture retention. Among hydroxides of sodium, potassium,
calcium and ammonium, the first was found to be the most effective in
enhancing mechanical properties (Kim et al., 2016). Another study (Fiore et
al., 2016) explored the influence of a simple and mild alkaline treatment
based on the use of an aqueous solution of sodium bicarbonate on the
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properties of sisal fibres and epoxy composites. The experiments resulted in
a notable improvement of mechanical properties for fibres treated with a
10% weight solution of sodium bicarbonate compared with untreated fibres.
Fibres treated for 24h improved by about 138.5% and 63.2% for tensile
strength and modulus, respectively. After 120h of treatment, tensile strength
and modulus showed an increase of 197.9% and 115.0%. The authors claim
that these results are strictly due to the removal of hemicellulose and partial
removal of lignin. The results of that work revealed that the cellulose fibrils
rearrange into a more compact structure, leading to a closer packing of the
chains of cellulose fibrils. Interestingly, the treatment removed not only
portions of hemicellulose and lignin, but also the waxy layer from the surface
of the fibre.
To increase flexibility and reduce the brittleness of biofilms, plasticisers –
such as glycerol and PEG, mono/di/oligosaccharides, lipids and lipid
derivatives – are often introduced in the material (Vieira et al., 2011). In a
recent study, liquid cultures of S. commune wild type were shaken at a high
speed, followed by harvesting, drying and either treating or not treating
them with glycerol (Appels et al., 2020). The researchers found that the
glycerol treatment changed the material properties from being similar to
those of natural materials to being similar to those of polymers and
elastomers. Moreover, the treatment impacted hydrophilicity, water
absorption and thickness expansion after water immersion. Glycerol is an
organic solvent mostly derived from the oleochemicals industry, especially
from biodiesel production, as a by-product (Sun et al., 2015). Since the food,
cosmetic and pharmaceutical industry require high-purity glycerol, which is
challenging and expensive to produce, the industry of glycerol waste is
facing an oversupply (Quispe et al., 2013) of crude glycerol, causing a
significant environmental problem because it cannot be discharged without
treatment.
Another type of plasticisers are deep eutectic solvents (DES). These are
ionic fluids comprising two or three components that are often interlinked
through hydrogen bonding and form a eutectic mixture (Baruah et al., 2018).
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A study suggested that DES with acidic hydrogen donors, ChCl:Formic
acid, enhanced the removal of lignin and hemicellulose (Xu et al., 2016).
Three natural types of DES, made up of choline chloride and glycerol
(ChCl:glycerol), ethylene glycol (ChCl:ethylene glycol) and malonic acid
(ChCl: malonic acid), were evaluated on rice husk as effective pre-treatments
(Gunny et al., 2015). In another recent study (Procentese et al., 2018),
different food wastes, such as apple residues, potato peels, coffee silver skin
and brewer’s spent grains were pre-treated with ChCl:glycerol and
ChCl:ethylene glycol. A maximum delignification of 62% was observed with
apple residues. Applications of this delignification process are found in the
production of fermentable sugar by enzymatic hydrolysis (Procentese et al.,
2018). After saccharification of lignocellulose, the remaining sugars can be
used as biofuels (ethanol, hydrogen, butanol etc.).
4.3

Research goals

The aim of this study is to evaluate the interaction between fungi and their
feedstock and develop a method for feedstock selection, namely the type
and processing of lignocellulosic biomass (agricultural by-products) and a
method for pre-and post-treating the feedstock. The goal is to map different
ways of treating the lignocellulosic feedstock to obtain various material
properties, from stiff to flexible. In this study we investigate the impact of
the production process of lignocellulosic fibres on the mycelium materials.
The fibres have various sizes, different provenance, and are pre-treated and
post-treated. With varying fibre conditions, the mycelium materials are
assessed for their mechanical, physical and chemical properties.
Consequently, this study uses surface colonisation measurements,
spectroscopic analysis, mechanical behaviour, thermal conductivity and
water absorption measurements to characterise the materials. Based on this
investigation, selection criteria to guide the design of mycelium materials
starting from a given feedstock are identified.
4.4

Materials and method
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The body of experiments presented in this section illustrates the various
aspects that can be considered when selecting a lignocellulosic feedstock.
Experiments were developed to test several parameters, each referring to a
specific aspect of the fibre – such as the type of fibre, its size and the way
of processing and pre- and post-treating the fibres. Some experiments were
conducted with a specific application focus (e.g. making the fibres flexible),
and therefore subjected to a specific test (testing tensile properties). The
following section introduces the fabrication processes through which to
achieve tuneable properties with mycelium materials.
4.4.1

Fungal species

The mycelium spawn T. versicolor (M9912-5LSR-2 O447A) was purchased
from Mycelia bvba (Nevele, Belgium). It was conserved on a grain mixture
at 4°C in a breathing Microsac bag (Sac O2 nv, Nevele, Belgium).
4.4.2

Natural fibres

The selected natural fibres for the growth studies are listed in Table 4-1 on
page 150 and were: flax waste, cotton, flax, beechwood, wheat straw,
pinewood and hemp. The flax waste and flax were obtained from Jopack
bvba (Rumbeke, Belgium). The hemp fibres, cotton and pine softwood
shavings were purchased from Aniserco S.A (Groot-Bijgaarden, Belgium).
The beechwood was purchased from J. Rettenmaier & Söhne (Rosenberg,
Germany). Wheat straw was purchased from Tyroler Glückspilze
(Innsbruck, Austria).
The natural fibres selected for the mechanical and physical tests are listed in
Figure 4-2 on page 151 and Table 4-2 on page 150 and were: flax, flax dust,
flax long-treated fibres, flax long untreated fibres, flax waste, wheat straw,
hemp and pine softwood. The wheat straw, flax dust, flax long-treated
fibres, and flax long untreated fibres were obtained from Jopack bvba
(Rumbeke, Belgium). The other provider for wheat straw resulted in
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different mycelial colonisation, hence the importance of keeping the same
provider.
4.4.3

Substrate inoculation for surface colonisation studies

The substrate for the growth studies was autoclaved for 20 minutes at
121°C. The boxes were left to cool down for 24h. Inoculation was
performed by applying a 4–5 mm fragment of grain spawn in the middle of
the petri dish containing 15 g of humid fibres. Each experiment was
conducted with triplicate dishes. The petri dishes were turned and incubated
at 26°C in darkness for 9 days.
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Table 4-1. Overview of the experimental design and composition for mycelium growth and surface
colonisation measurements.
Type of ﬁbre

Label

Fibre
[wt%]

H2O
[wt%]

Spawn
[wt%]

Weight before
drying [g]

Weight after
drying [g]

Flax waste

M9912-FWL-p

15

45

0.5

12.9 ± 0.6

3.2 ± 0.1

Cotton

M9912-C-p

45

45

0.5

13.1 ± 0.2

7.2 ± 0.5

Flax

M9912-FL-p

30

90

0.5

13.2 ± 0.5

4.0 ± 0.1

Beechwood small

M9912-BC-p

45

60

0.5

13.8 ± 0.3

6.5 ± 0.2

Beechwood medium

M9912-BL-p

45

60

0.5

13.8 ± 0.7

6.9 ± 0.2

Wheat straw

M9912-SL-p

15

45

0.5

8.6 ± 0.3

2.3 ± 0.2

Pinewood

M9912-WL-p

15

45

0.5

9.1 ± 0.4

2.7 ± 0.2

Hemp

M9912-HL-p

25

75

0.5

9.8 ± 0.1

2.2 ± 0.1

Table 4-2. Summary of the natural fibre types for mechanical and physical tests, processing, type of
mould and type of test, with the corresponding labels.
Type

Processing

Size
[mm]

Label

Type of mould

Type of test

Hemp

Loose (hurds)
Chopped

5–25
<5

HL
HC

Flax

Pre-compressed hurds
Loose (hurds)
Chopped

5–25
5–25
<5

PHL.
FL
FC

Flax waste

Treated tow
Untreated tow
Dust
Pre-compressed hurds
Loose (hurds)
Pre-compressed hurds
Loose (shavings)
Loose (hurds)
Chopped

100
100
0.5–1
5–25
5–25
5–25
5–25
5–25
<5

FTT
FUT
FD
PFL.
FWL.
PFWL.
WL
SL
SC.

Dust

0.5–1

SD

M1 (75 x 37.5 mm)
M1 (75 x 37.5 mm)
M3 (63 x 200 mm)
M4 (20 x 100 mm)
M2 (75 x 100 mm)
M1 (75 x 37.5 mm)
M1 (75 x 37.5 mm)
M3 (36 x 200 mm)
M4 (20 x 100 mm)
M1 (75 x 37.5 mm)
M1 (75 x 37.5 mm)
M1 (75 x 37.5 mm)
M2 (75 x 100 mm)
M1 (75 x 37.5 mm)
M5 (75 x 60 mm)
M1 (75 x 37.5 mm)
M1 (75 x 37.5 mm)
M3 (63 x 200 mm)
M4 (20 x 100 mm)
M1 (75 x 37.5 mm)

Compression
Compression
Thermal conductivity
Absorption of water
Compression
Compression
Compression
Thermal conductivity
Absorption of water
Compression
Compression
Compression
Compression
Compression
Compression
Compression
Compression
Thermal conductivity
Absorption of water
Compression

Pinewood
Wheat straw
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Figure 4-2. Composition of fibre types. a. loose flax waste (FWL), loose hemp (HL), loose wood (WL),
loose straw (SL). b. Composition of agricultural by-products. Compiled from literature (Faruk et al.,
2012b; Monteiro et al., 2011; Rowell, 1992).

Figure 4-3. Fabrication process of mycelium-based composites. a. Process flow chart showing the
applied fabrication method of mycelium-based composites. b. Preparation of samples in moulds for the
compression test in the laminar flow. c. Fully grown samples after 16 days. d. Pre-compressed PHL,
PFL, PFWL samples. e-f Demoulded FWL (above) and PFWL (under) samples after 8 days at 28°C; the
second growth phase is initiated in a sterile microbox with filters (Images taken by Aurélie Van Wylick).
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4.4.4

Composite fabrication for compression and physical tests

Fibre preparation. The treated fibres were very similar in appearance to
the untreated fibres but were slightly softer to the touch and ready for
spinning to yarn, while the untreated fibres had more residual small fibres.
The loose fibres (hurds) formed the inner part of the stem, which was a
leftover product when the bark fibre was removed. The chopped fibres were
processed in a blender (Emerio BL-108862) for 10 minutes to reach a fibre
size smaller than 5 mm. The fibres that we intended to chop were first
soaked in water for 24h, then rinsed abundantly and blended with fresh
water for 10 minutes. The fibres were sieved with a 5 mm strainer, squeezed
manually, spread on a plate and dried at 30°C for 120h. They were
autoclaved for 20 minutes at 121°C. The boxes were left to cool down for
24h.
Type of moulds. The different moulds for the compression test were
fabricated from a hollow PVC tube that was composed of two demountable
parts (Table 4-2 on page 150). A diameter-to-height ratio of 2:1 was selected
for compressive tests; the test samples had a diameter of 75 mm and a height
of 37.5 mm (M1). For pre-compressed samples, moulds with a diameter a
75 mm and height 100 mm (M2) were used. PVC moulds fabricated for the
thermal conductivity tests were based on ASTM D5334, NBN EN 1609 and
NBN EN 12667 and had a diameter of 63 mm and height of 200 mm (M3).
To define the rate of absorption of water by partial immersion, the norms
NBN EN ISO 15148 and ASTM C 1585-04 were applied, and PVC moulds
of 20 mm in diameter and 100 mm in height were used (M4).
Growth. 20 wt% (weight percentage) of fibres, 70 wt% of sterile
demineralised H2O and 10 wt% of mycelium spawn were mixed and put in
the PVC moulds (Figure 4-3a on page 151). The moulds were filled layer
by layer, compressing each layer with a spoon to obtain a compact and dense
sample, and covered with a transparent perforated cellophane foil (Figure
4-3b on page 151). For all groups, three replicates were made. Three extra
undried samples (HL, FWL, FL) were selected for visual inspection of the
cross-sections. These were cut open in the middle with a knife. In parallel
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to the fabrication of the composite in moulds, samples were also grown in
squared transparent petri dishes (120 x 120 x 17 mm) so we could follow
the growth via visual inspection day by day.
Incubation. The samples were incubated in a microbox with a depthfiltration system that allows for airflow at 28°C for 8 days (Figure 4-3b on
page 151). After 8 days, the samples were demoulded in the laminar flow
and incubated in a microbox for another minimum of 8 days without mould
in order to achieve a homogeneous colonisation on the sides that were in
contact with the PVC mould (Figure 4-3c on page 151).
The PHL, PFL and PFWL samples were pre-compressed after 8 days. The
samples were placed on a base plate that was fixed on a table. Every sample
was provided with a cover as surface barrier between the sample and the
screw clamp to distribute the compression force over the top surface. Two
screw clamps were required for every sample: one to compress and one to
keep the demountable parts of the mould closed on the sides (Figure 4-3d
on page 151). The samples were compressed from an initial height of 100
mm to 80 mm during the second growth phase of 8 days. The samples were
demoulded in the laminar flow and incubated in a microbox for another 3
days without mould (Figure 4-3e-f on page 151).
Drying process. All samples were dried in a convection oven at a
temperature of 70°C for 5 to 10h, until their weight stabilised (Yang et al.,
2017b). Every sample was weighed before and after drying, along with
measuring its diameter and height. The shrinkage percentage was calculated
by subtracting the dry volume weight from the wet volume weight and
dividing this shrinkage by the wet volume. Averages of all replicates are
presented in Table 4-4 on page 170. For two extra specimens (loose hemp
and flax), the weight loss was measured every 60 minutes for 6h to
determine the humidity decrease over time.
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4.4.5

Alkaline pre-treatment of fibres

Pre-treatment. Hemp fibres were submerged in a 10 wt% NaHCO3
solution for 120h. The fibres were then washed with distilled water and dried
at 30°C for 5 days in an incubator room. Unwashed samples grew very
slowly and were too brittle to handle.
The treatment followed the reaction, in analogy (but corrected) to the
equation proposed in (Fiore et al., 2016) that sodium bicarbonate dissolves
in water, with (aq) for “aqueous”:
NaHCO3 (aq) Þ Na+ (aq) + HCO3- (aq) (4-1)
Bicarbonate extracts protons from water:
HCO3- + H2O Þ H2CO3 + OH- (4-2)
Protons are extracted from the fibres:
Fibre – OH + OH- Þ Fibre –O- + H2O (4-3)
Which results in:
Fibre – OH + NaHCO3 Þ Fibre –O- + Na+ + H2CO3

( 4-4)

Material preparation and particleboard fabrication. The substrate was
inoculated with 10 wt% (20 g) T. versicolor spawn in a laminar flow hood and
placed in filter bags. The first incubation phase lasted 8 days at 26°C, after
which the substrate was packed in moulds and incubated for 8 more days.
Then, the material was taken out of the mould, wrapped in plastic breathable
foil and incubated for 2 days to enhance the growth of the outer skin. The
growth took a total of 18 days. The samples were heat-pressed with a manual
hydraulic press for 20 minutes at a temperature of 200°C.
4.4.6

Pre-treatment of the fibres with plasticisers

The DES, used in this study, was obtained from a hydrogen-bond acceptor
(choline chloride) and a hydrogen-bond donor (ethylene glycol). Being a
biodegradable, non-toxic and cheap organic salt, choline chloride (Sigma154

Lignocellulosic Feedstocks

Aldrich, >98%) was used in combination with ethylene glycol (Merck,
>99%) in a 1:2 molar ratio and stirred at 65°C until a clear liquid was formed.
Two different batches of three replicates were made for this experiment.
Hemp (6 g) was soaked in the viscous DES liquid (50 mL) (Figure 4-4a on
page 157) and in glycerol (50 mL) (Figure 4-4b on page 157) for 28h, after
which it was abundantly rinsed with deionised water. The fibres should have
been dried to know the amount of plasticiser taken up by the fibres, but this
step was neglected. Samples weighed 25 g (including DES and water from
rinsing) and 30 g (including glycerol and water from rinsing). Knowing that
hemp fibres take up about 300% of their own weight in water, it is estimated
that 7 g (117 wt%) DES and 12g (200 wt%) glycerol was absorbed by 6 g of
hemp fibres. Thus, the hemp fibres were directly autoclaved at 121°C for
20 minutes.
Material preparation and particleboard fabrication. After the cooldown phase, the batches were inoculated with 10 wt% T. versicolor spawn,
packed in a PVC mould (240 x 35 x 7 mm) and incubated for 5 days at 26°C.
The samples were unmoulded, but felt very fragile and contamination was
noticed on the sides. The samples were left to grow for 14 more days and
dried in a convection oven at 70°C for 5h. The goal was to heat-press some
of the samples to compact the polymers. Sadly, all samples were still brittle,
even after repeating the experiment two more times with different soaking
times.
4.4.7

Post-treatment of the composite plasticisers

The above experiments were repeated, but instead of pre-treating the fibres,
the fully grown mycelium composites were soaked in glycerol after pressing
and drying (Figure 4-4c on page 157).
Material preparation and particleboard fabrication. Three batches were
made, each containing 50 g of hemp fibres soaked in 150 mL of deionised
water and autoclaved at 121°C for 20 minutes. The substrate was inoculated
with 10 wt% (20 g) T. versicolor spawn in a laminar flow hood and placed in
filter bags. The first incubation phase lasted 5 days at 26°C, after which the
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substrate was packed in moulds and incubated for 5 more days (Figure 4-5a
on page 158). Then, the material was unmoulded, wrapped in plastic
breathable foil and incubated for 2 days to enhance the growth of the outer
skin (Figure 4-5b on page 158). The growth took a total of 12 days. The
samples were heat-pressed with a manual hydraulic press for 20 minutes at
a temperature of 100°C for batch 1, 150°C for batch 2 and 200°C for batch
3 (Figure 4-5c on page 158). The thickness of all samples was reduced from
20 mm to 5 mm. At a temperature of 100°C, only 42% of water was
removed from the samples (by compression and evaporation), while at a
temperature of 150°C, about 69% water was removed, and at 200°C as
much as 75%. However, the samples were not fully dried and were therefore
placed in a convection oven at 70°C for 5h. The weight further reduced until
all water had evaporated.
Post-treatment. Subsequently, the three batches were soaked in 100%
glycerol, for 24h, 48h and 120h, and respectively gained 58%, 42% and 65%
in weight, after rinsing and drying at 70°C for 5h, due to the absorption of
glycerol in the material (Figure 4-5d on page 158). After the treatment, all
glycerol was recovered and further utilised for other tests.
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Figure 4-4. Illustration and schematic structure of the pre- and post-treatment of lignocellulosic fibres
with choline chloride:ethylene glycol and glycerol.
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Figure 4-5. Fabrication of post-treated samples with glycerol. a. First incubation phase b. Second
incubation phase c. Heat-pressed materials d. Soaked in glycerol and cut to size for tension testing.
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4.4.8

Dry density and moisture content

The density was calculated in the same way as described in Section 3.4.7.
4.4.9

Mycelium growth and surface colonisation measurements

Daily growth was measured in the same way as described in Section 3.4.3.
4.4.10 Fourier Transform Infrared Spectroscopy

For the FTIR spectroscopy, all IR spectra were acquired on a Nicolet 6700
FT-IR spectrometer from Thermo Fischer Scientific. The FTIR instrument
was equipped with an IR source, DGTS KBr detector and KBr beam
splitters and windows. FTIR spectra were recorded in single bounce ATR
mode using the Smart iTR accessory, equipped with a diamond plate (42°
angle of incidence). The spectra were recorded with automatic atmospheric
correction for the background.
All samples were measured at a spectral resolution of 4 cm-1, with 64 scans
per sample. Four samples of each type were measured to ensure the
reproducibility of obtained spectra (Haneef et al., 2017a). Peak height, area
and subtraction were measured using Spectragryph v1.2.8 software. The
spectra were cut between 4000 and 700 cm-1 bands, then the baseline was
constructed by connecting the lowest data point on either side of the peak,
and finally the peaks were normalised by surface area. The maximum
absorbance intensities for lignin-associated bands obtained from the
software were divided against carbohydrate reference peaks in Excel.
4.4.11

Determination of compressive behaviour

Compressive properties were determined as described in Section 3.4.8.
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4.4.12

Determination of bending behaviour

Since no standard exists for testing mycelium materials, three-point static
flexural tests were performed according to specifications of norms that were
expected to result in similar properties. The characteristics of mycelium
materials are situated somewhere between foam and wood-based panels;
therefore, I refer to the following standards: ISO 16978 – Wood-based panels
– Determination of modulus of elasticity in bending and of bending strength (ISO 16978,
2003) and ISO 12344 – Thermal insulating products for building applications –
Determination of bending behaviour (ISO 12344, 2010). According to ISO 16978,
“the test pieces shall be rectangular, the width shall be 50 mm, the length
shall be 20 times the nominal thickness plus 50 mm (minimum 150 mm).”
On the other hand, ISO 12344 states that “specimens shall have a width of
150 mm and a length of 5 times the nominal thickness plus 50.” For the
mycelium samples, according to the first standard, the specimen dimensions
should have been 350 x 50 x 15 mm or 150 x 50 x 4 mm. Following the
second standard, the specimen dimensions should have been 125 x 150 x
15 mm or 70 x 150 x 4 mm. The test specimen dimensions were 170 x
50 mm. The distance between the supports was 150 mm for all tests. A
loading speed of 2.5 mm/min was applied. The samples were tested using
an Instron 5900R load bench with a load cell of 10 kN. The bending
strength ƒm, of each test piece, is calculated from the formula (ISO 16978,
2003):
ƒ- =

.(#$% /&
012 '

[MPa],

(4-5)

where Fmax is the maximum load [N/mm2], l1 is the distance between the
centres of the supports [mm], b is the width of the test piece [mm] and t is
the thickness of the test piece [mm].
The modulus of elasticity Em, is calculated from the formula (ISO 16978,
2003):
/ ( (( #(& )

'
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where l1, b and t are the dimensions as defined above, F2-F1 is the linear
portion of the load-deflection curve [N], F1 is 10 % and F2 is 40 % of the
maximum load. The term a2 - a1 represents the increment of deflection at
the mid-length of the test piece (corresponding to F2 – F1).
4.4.13

Determination of tensile strength parallel to the surface

Tensile strength parallel to the surface was measured according to ASTM
1037 – Standard Test Methods for Evaluating Properties of Wood-Base Fiber and
Particle Panel Materials (ASTM D1037, 2020). The specimen dimensions were
170 x 30 mm. A loading speed of 1 mm/min was applied. Five samples of
each treatment were tested using an Instron 5900R load bench with a load
cell with a maximal capacity of 10 kN (Figure 4-6 on page 162). The loaddisplacement curve was converted to a stress-strain curve, using the
following formulas to calculate the stress σ and the strain ε (ASTM D1037,
2020):
(

σ = ) [MPa],

(4-7)

and
ε=

*+
+,

[-],

(4-8)

where σ is stress [N/mm2], F is applied force [N], A is original cross-section
of the specimen [mm²], ΔL is elongation of the specimen of the loading
surfaces [mm] and Lo is original length of the test piece [mm].
The ultimate tensile strength and elastic modulus were calculated using the
following formulas (ASTM D1037, 2020):
σ6 =

(
)

[MPa],

(4-9)

and
𝐸=

7
8

[GPa],
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where σ6 is ultimate tensile strength [MPa], F is maximum load [N], A is
original cross-section of the specimen [mm²], and E is Young’s modulus
[GPa], σ is the uniaxial stress, ε is the strain.

Figure 4-6. Experimental set-up to test the tensile properties of mycelium composites.
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4.4.14

Thermal conductivity

The transient method (non-steady conditions needed) was used to measure
thermal conductivity according to ASTM D 5334 – 00 – Standard Test Method
for Determination of Thermal Conductivity of Soil and Soft Rock by Thermal Needle
Probe Procedure (ASTM D 5334–00, 2000) and ISO 12667 – Thermal
performance of building materials and products – Determination of thermal resistance by
means of guarded hot plate and heat flow meter methods – Products of high and medium
thermal resistance (ISO 12667, 2001). The thermal needle probe (TNP)
(produced by Huksefluxand with commercial reference TP02) complies
with the standard. A first guide hole (2 mm) was drilled in the centre of the
cylindric sample with the help of an extra needle with a smaller diameter
than the TNP (Figure 4-7 on page 164). There is one deviation from the
standard: a different electrical current in the circuit was applied. The
mycelium composite had lower thermal conductivity than water, hence
lower electrical current was used to mark a clear increase in temperature
during the test. The temperature changes depending on the current applied
during the test. The response of the probe’s temperature is monitored in
function of the time. Nonetheless, as expected, overall results of the
calculations did not present large differences. The higher the applied
current, the faster the temperature increased, and thus the lower thermal
conductivity was (Table 4-3 on page 164). Yet, this fast rise in temperature
is not recommended by the standard due to possible errors while doing
readings. Therefore, it was more reliable to take the average of the values
for thermal conductivity corresponding to a lower applied current. Thermal
conductivity is determined by:
λ=

9
3:(;' #;& )

<0

∗ ln / 0 (4-11)
<&

where Q is constant heat flow [W/m], T1, 2... is initial and final temperature
of the linear portion [°C], and t1, 2... is initial and final time of the linear
portion [s].
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Figure 4-7. Experimental set-up of the thermal conductivity tests (Image taken by Paola Viviana Pantoja
Arboleda).

Table 4-3. Summary of the current and thermal conductivity of chopped flax (FC), hemp (HC) and
straw (SC) mycelium composites.
Fibre type

Current in TNP [A]

Thermal conductivity [W/ (m*K)]

FC_B1

0.104

0.0582

FC_B2

0.071

0.0603

FC_B3

0.175

0.0550

HC_B1

0.106

0.0409

HC_B2

0.177

0.0417

HC_B3

0.088

0.0386

SC_B1

0.103

0.0420

SC_B2

0.135

0.0421

SC_B3

0.173

0.0417
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4.4.15

Rate of water absorption

The method for Hygrothermal performance of building materials and products –
Determination of water absorption coefficient by partial immersion (ISO 15148, 2003)
was applied to the mycelium composites. The tests were conducted at room
temperature (20°C) (Figure 4-8 and Figure 4-9 on page 166). Water
absorption was determined from the weight difference in relation to the
initial weight. The formula to determine water absorption is (ISO 15148,
2003):
=

m = >∗?)

(4-12)

where m is water absorption [mm], Mt is changed weight of the specimen
[g], a is the exposed cross-section area [mm2] and d is the density of the
water [g/mm3].
4.4.16

Statistical analysis

Statistical analysis was done in the same way as described in Section 3.4.9.
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Figure 4-8. Experimental set-up of the rate of water absorption tests (Image taken by Paola Viviana
Pantoja Arboleda).

Figure 4-9. Partial immersion of the samples in water (Image taken by Paola Viviana Pantoja Arboleda).
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4.5

Results and discussions: Characterisation of lignocellulosic
substrates for mycelium materials

Motivated by the aim to understand the impact of lignocellulosic feedstock
on the properties of mycelium materials, these experiments explored a
selection of feedstock conditions (loose, chopped, dust, tow, pre-treated,
plasticised) with different types of natural fibres. We studied those
properties with a multitude of techniques in order to provide a wide range
of possible outcomes with this kind of material. The growth of mycelium,
the chemical response of fibre degradation by the fungus and the mechanical
response of the mycelium composites are not only related to the
lignocellulosic feedstock itself but also to the fabrication method, which was
outlined above.
4.5.1

Visual inspection of the growth on selected fibres

Variations in the natural fibres were based on two different aspects: fibre
type and fibre condition (loose, chopped, dust, pre-compressed and tow).
The chosen substrates had a chemical composition (Figure 4-2b on page
151) which was bio-compatible with the selected white-rot fungus (Jones et
al., 2018). The influence of fibre condition on the growth of the fungus was
visually inspected as a first stage in the development of mycelium
composites (Figure 4-10 on page 169). These samples were prepared in
exactly the same way as the sample for the compression, thermal and water
absorption tests and packed in big squared petri dishes. The samples with
flax dust (FD), pine softwood (W) and straw (S) grew poorly after 10 days.
Slow growth and systematic contamination for all flax dust (FD) and straw
dust (SD) samples was observed. Therefore, no further tests were conducted
with this type of fibre. We observed a dense white fungal biomass layer that
was formed over the hemp (HL), flax (FL), flax waste (FWL) and flax tow
(FTT and FUT) specimens. To analyse the inner growth of the specimens,
undried samples of hemp, flax and flax waste were cut open (Figure 4-11
on page 170). Despite the spawn that was mixed throughout the whole
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substrate during inoculation, poor growth was observed inside the samples.
A possible explanation for the low colonisation inside the sample might be
related to growth conditions: absence of light and air and the accumulation
of heat produced by mycelium during growth (Lelivelt et al., 2015). The
outer surface grew, whereas internal growth did not continue.
The initial weight, dry weight, dry density, initial moisture content and
dimensional stability of all samples is shown in Table 4-4 on page 170. By
measuring the weight of two selected samples (loose hemp and flax) during
drying, their humidity decrease was determined over time (Figure 4-12a on
page 171). The highest decrease in weight took place during the first 2 hours
of drying, followed by more or less constant behaviour for the 3rd hour,
after which weight decreased again until stability was reached after 5h. The
weight of the loose hemp samples decreased more (69%) than that of the
loose flax samples (60%). After the drying process, the volume of all samples
decreased due to the evaporation of the water (Figure 4-12b on page 171).
There was no noticeable difference in shrinkage between the different kinds
of fibre processing: loose, chopped, pre-compressed and tow. The dry
density varied for all samples according to the used substrate and was the
lowest for loose flax, with 59.77 kg/m3, and the highest for treated tow flax,
with 187.29 kg/m3.
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Day 3

Day 5

Day 7

Day 10

Straw loose
(SL)

Wood (WL)

Flax waste
loose (FWL)

Flax dust
(FD)

Flax
untreated tow
(FUT)

Flax treated
tow (FTT)

Flax loose
(FL)

Hemp loose
(HL)

Day 1

Figure 4-10. Visual inspection of the growth evolution of a representative selection of the samples HL,
FL, FTT, FUT, FD, FWL, WL and SL.

169

Lignocellulosic Feedstocks

Table 4-4. Experimental design of composite fabrication. Type of fibre: H: hemp, F: flax, FW: flax
waste, W: wood, S: straw. Fibre processing: L: loose, C: chopped, P: pre-compressed, TT: treated tow,
UT: untreated tow, D: dust. Type of tests: (C): compression, (Tc): thermal conductivity, (Aw): absorption
of water. The standard deviation is performed with triplicate specimens (mean ± one standard deviation).
* Specimens failed to grow.
Label

Weight
after
drying [g]

Dry density
[kg/m3]

Initial moisture
content [%]

Diameter
[mm]

Height
[mm]

Average
shrinkage [%]

HL (C) - a

10.5 ± 0.5

88.6 ± 1.4h-k,o

72.8 ± 1.8n,s

69.7 ± 0.5

30.9 ± 1.4

9% ± 2.3d,i-k,o,p

HC (C) - b

12.0 ± 0.8

97.4 ±

3.2j,o

80.1 ±

0.7c,p,r

70.4 ± 0.9

31.7 ± 0.3

11% ± 1.0d,k,o

HC (Tc) - c

43.1 ± 0.0

98.9 ±

0.0f,i,j,o

66.4 ±

0.0f,g,i,k-o,s

54.6 ± 0.0

185.7 ± 0.0

10% ± 0.0d,j,k,o

HC (Aw) - d

1.6 ± 0.0

98.4 ± 4.6f,i,j,o

75.1 ± 1.7

15.4 ± 0.7

89.4 ± 0.4

17% ± 1.6e,f,h

PHL (C) - e

24.6 ±1.4

72.1 ± 0.2h-k,o,s

70.8 ± 1.6g,n,s

72.1 ± 1.1

83.5 ± 7.0

10% ± 2.8j,k,o

FL (C) - f

7.0 ± 1.3

59.8 ±

11.7h-k,o,s

79.5 ±

4.6p,r

70.7 ± 0.3

30.1 ± 0.2

10% ± 0.5j,k,o

FC (C) - g

21.2 ±1.2

65.8 ±

4.2h-k,o,s

81.2 ±

0.0j,p,r

74.0 ± 1.2

75.1 ± 5.2

13% ± 1.8k

FC (Tc) - h

56.7 ± 0.0

134.7 ± 0j,m,n,p,r

74.8 ± 0.0

53.8 ± 0.0

185.3 ± 0.0

11% ± 0.0k,o

FC (Aw) - i

2.5 ± 0.1

137.5 ± 2.9j,m,n,p,r

61.7 ± 0.4p,r

16.1 ± 0.4

90.0 ± 0.5

15% ± 0.7k

FTT (C) - j

18.6 ± 4.0

187.3 ±

70.4 ±

70.1 ± 0.3

25.7 ± 0.4

17% ± 0.7

FUT (C) - k

11.6 ± 1.3

132.2 ±10.1m,p,r

80.4 ± 3.5p,r

68.0 ±0.8

24.2 ± 1.4

20% ± 1.8m,o,p-s

FD (C) - l
PFL (C) - m

n/a *

n/a *

n/a *

n/a *

n/a *

n/a *

22.1 ± 0.7

68.5 ± 2.2o,s

76.1 ± 0.6

74.0 ± 1.2

75.1 ± 5.2

13% ± 1.8

FWL (C) - n

9.6 ± 1.2

96.5 ± 13.5o

82.0 ± 2.6p,r

67.3 ± 1.3

28.1 ± 1.5

15% ± 1.3

PFWL (C) - o

27.0 ± 1.1

159.5 ±

75.8 ± 3.6

73.6 ± 0.0

39.8 ± 0.0

18% ± 0.0

WL (C) - p

8.8 ± 1.0

87.4 ± 5.2

70.1 ± 1.2s

67.5 ± 1.8

28.1 ± 0.2

15% ± 1.3

SL (C) - q
SC (Tc) - r

n/a *

n/a *

n/a *

n/a *

n/a *

n/a *

37.9 ± 0.0

94.4 ± 0.0

68.9 ± 0.0s

53.6 ± 0.0

177.7 ± 0.0

13% ± 1.9

SC (Aw) - s

2.3 ± 0.3

122.1 ± 10.9

83.2 ± 2.0

15.7 ± 0.4

94.8 ± 0.4

13% ± 0.9

SD (C) - t

n/a *

n/a *

n/a *

n/a *

n/a *

n/a *

35.6k-n,p-s

6.6p-s

5.1s

Figure 4-11. Cross-section of the inner growth of undried HL, FWL and FL samples. a. Mycelium
chitinous layer. b. Air-void. c. Limited decayed fibre by mycelium.
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Figure 4-12. Drying curve, shrinkage percentage and moisture content after drying mycelium-based
materials. a. Drying curve for the loose hemp and flax samples at a temperature of 70°C. b. Average
shrinkage percentage of diameter and height (solid), and moisture content (pattern) per fibre type and
condition. The standard deviation is performed with triplicate specimens (mean ± one standard
deviation). Letters indicate significant differences based on Tukey’s family error rate at p ≤ 0.05 for
sample-specific ANOVA, for the moisture content and shrinkage.
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4.5.2

Surface colonisation

Visual inspection (Section 4.5.1) of mycelium mixed with the fibres makes
it difficult to measure the colonised area and growth rate of the organism.
Therefore, the difference in surface colonisation across feedstocks was
accessed with a new series of experiments, visualised in Figure 4-14 on page
174 and Figure 4-13 on page 173. In these experiments, a scan was made
every day, allowing to measure the surface colonisation. It was observed that
flax showed the greatest colonisation rate, followed by beechwood and
wheat straw. Flax waste and pinewood showed the lowest surface
colonisation rate. There is however no significant difference between any of
the fibres (ordinary one-way ANOVA p = 0.05). Flax, beechwood and wheat
straw all showed signs of inward growth after full colonisation (Figure 4-13,
day 8). Two particle sizes of beechwood were subjected to the test, and
visual inspection clearly displayed a difference in hyphal density: small
particles seem to result in less pronounced white mycelium than medium
particles. The hyphal density was also visibly lower on pinewood.
Water absorption capacity differs from fibre to fibre. In the above
experiment, water was added to the fibres until saturation. It was however
not clear how the amount of water influenced the growth of T. versicolor.
Therefore, two fibres were selected, hemp and beechwood, and prepared
with 50 wt%, 65 wt%, 75 wt% and 80 wt% of water (Figure 4-15 on page
175). The amount had a higher impact on beechwood fibres than on hemp.
On hemp, none of the results were significantly different (two-way
ANOVA), yet visually, T. versicolor grew fastest on hemp with 65 wt% of
water (Figure 4-16a on page 176). The standard deviation was higher for
samples with 80 wt% of water, indicating that the growth of some replicates
was influenced by the high amount of water. On beechwood, the growth
rate was clearly impacted negatively by more than 75 wt% of water Figure
4-16b on page 176). Samples with 80 wt% H2O showed almost no sign of
growth. In general, T. versicolor fully colonised a beechwood petri dish in 5
days, while 7 days were needed on hemp.
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Figure 4-13. Colonisation over 8 days for T. versicolor (M9912) on flax waste, cotton, flax, beechwood,
wheat straw, pinewood and hemp.
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Figure 4-14. a. Radial mycelium extension measured as surface colonised (%) and b. Mean colonisation
rate (mm2/day) over 8 days for T. versicolor (M9912) on flax waste, cotton, flax, beechwood, wheat straw,
pinewood and hemp. The standard deviation is performed with 3 specimens (mean ± one standard
deviation).
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Figure 4-15. Colonisation of T. versicolor (M9912) on hemp and beechwood with with 50 wt%, 65 wt%,
75 wt% and 80 wt% of water.
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Figure 4-16. Radial mycelium extension measured as surface colonised (%) of T. versicolor (M9912) on
hemp and beechwood with with 50 wt%, 65 wt%, 75 wt% and 80 wt% of water. The standard deviation
is performed with 3 specimens (mean ± one standard deviation).
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4.5.3

Spectroscopic analysis of the chemical changes

Since white-rot decay influences the chemical composition of the fibres, a
FTIR analysis was performed to understand this chemical composition of
different feedstock by analysing the appearance and disappearance of bands
(Figure 4-19 on page 182). Spectra of all decayed and undecayed fibres
presented in Table 4-2 on page 150 were recorded, but in this section, we
compare only flax (M9912-FL-p) and hemp fibres (M9912-HL-p), as the
results for those fibres showed to be the most advantageous for
construction applications. The peak position and intensities of the bands
with respect to the baseline are listed in Table 4-5 on page 180.
The FTIR spectra of flax-based composites were compared with undecayed
fibres, pure mycelium (without fibres) grown on flax, as well as the
subtraction peaks (Figure 4-17a on page 181). The FTIR spectrum shows
the absorbance (y-axis) of chemical functional groups plotted along the
wavelength (x-axis). The graph makes it possible to detect fibre-specific
variation in the spectral regions of the major biochemical constituents,
including carbohydrates, acids and proteins, when subjected to degradation
by a white-rot fungus. The subtracted peaks of dried composite from
undecayed fibres (black dash-dotted line) below the baseline show an
appearance of new bands due to degradation by T. versicolor, while the
subtracted peaks above the baseline show a decrease in intensity. The
intensities are around zero when there is no change in the chemical
composition of the fibres during the mycelium interaction.
The most significant wavenumbers for the polysaccharide, lipid and protein
compounds were interpreted. The degradation of the flax composites by T.
versicolor led to a small decrease in intensities of carbohydrates at 1733 cm-1
(weak), 1158 cm-1 (weak) and 897.2 cm-1 (medium). The increase in
carbohydrates was most pronounced at 1317 cm-1 (strong). The spectra also
revealed an increase in the relative intensities of lignin bands at 1551 cm-1
(medium), 1510 cm-1 (strong), 1456 cm-1 (medium) and 1262 cm-1 (weak).
The spectra also revealed a small peak at 1374 cm-1 (weak) assigned to chitin.
New bands for flax composite subtracted from undecayed fibres were
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created due to the interaction with mycelium (below the baseline) at
1551 cm-1 (lignin bands) and 1317 cm-1 (cellulose bands). The disappearance
of bands (above baseline) for flax composites subtracted from pure
mycelium (grey dash-dotted line) were clear at 1551 cm-1 (lignin bands) and
1084 cm-1 (cellulose bands).
The FTIR spectra of hemp-based composites were also compared to
undecayed fibres, pure mycelium (without fibres) grown on flax, as well as
the subtraction peaks (Figure 4-17b on page 181). The spectra for hemp
revealed a decrease of carbohydrates intensities at 1733 cm-1 (weak),
1143 cm-1 (weak), 1047 cm-1 (weak) and 896.8 cm-1 (medium). The
degradation of hemp also resulted in an increase of lignin intensities at
1544 cm-1 (strong) and 1231 cm-1 (weak), accompanied by a decrease at
1595 cm-1, 1508 cm-1 (medium) and 1456 cm-1 (weak). The appearance and
disappearance of bands for the subtracted peaks was less pronounced for
hemp fibres than for flax. New bands were formed due to the interaction
with mycelium at 1076 cm-1 and 1010 cm-1 (cellulose).
Figure 4-18 on page 182 compares the type of fibres based on the ratios of
the relative intensities. The ratio lignin/carbohydrate intensities (I1510/I986
and I1510/I1143) between hemp and flax dried composites does not differ
much. At first sight, this suggests that T. versicolor decayed lignin,
hemicellulose and cellulose in both fibres in the same way. The difference
in ratios is clearer for pure mycelium samples, which indicates a lower decay
of lignin than cellulose in hemp compared to flax. The decrease in the
lignin/carbohydrate ratio, for hemp and flax, is higher for the 1143 cm-1
band than for the 986 cm-1 band, indicating that T. versicolor has a small
preference for hemicellulose over cellulose. These results are consistent with
other studies (Pandey and Pitman, 2003).
The ratio of peak intensity of chitin/polysaccharide (1370 cm-1 to 1031 cm1) for hemp and flax was respectively 0.21 and 0.20 in pure mycelium, and
0.23 and 0.26 in the dried composites. Contrary to results reported by
Haneef (Haneef et al., 2017a), this study did not reveal significant
differences between both fibres in the synthesis of chitin polymers, resulting
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from the use of natural fibres in this study instead of a synthetic culture
medium.
The ratio of peak intensities between decayed and undecayed fibres
(I1510d/I1510ud) for pure mycelium, with a ratio of 0.57 for hemp and 0.97 for
flax, revealed a higher intensity of lignin band of decayed flax than of
undecayed flax. The depolymerisation of lignin by T. versicolor happened to
a greater extent in flax than in hemp. Previous studies have suggested that
the decomposition of lignin, attributed to phenol-oxidising enzymes (laccase
and peroxidase), affects adhesion and the composite’s strength. The
enzymes promote the cross-linking of lignin-based radicals and increases
stiffness (John and Thomas, 2008; Widsten and Kandelbauer, 2008).
Furthermore, a high amount of cellulose in fibres results in a higher Young’s
modulus and tensile strength (John and Thomas, 2008). Chopped flax fibres
indeed showed a higher compressive stiffness compared to chopped hemp,
but no consistency was found with the stiffness of loose fibres.
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Table 4-5. Peak assignment for the FTIR characterisation of T. versicolor grown on flax.
Wave number
(cm-1)

Peak
(cm-1)

Assignment

Reference

3600–3000
3000–2840

3280

(Haneef et al., 2017a; Mohebby, 2005)
(Pandey and Pitman, 2003; Schwanningera et al.,
2004)

2980–2835

2922,
2850
2960
2850
1733
1633

O-H stretching hydrogen bonds
C-H stretching in methyl and methylene
groups
CH2, CH2OH in cellulose

CH2 asymmetric stretching
CH2 symmetric stretching
C=O stretching in xylans (hemicellulose)
Absorbed O-H associated with lignin or
cellulose
C=C stretching of aromatic ring
(syringyl) in lignin
C=C stretching of aromatic ring
(guaiacyl) in lignin
C-H deformation in methyl groups
C-H deformation in lignin and
carbohydrates, CH2 bending
CH bending in cellulose and
hemicellulose, chitin
OH plane deformation vibration
CH2 wagging in cellulose

(Schwanningera et al., 2004)

2985–2947
2940–2840
1770–1710

1560–1520

1551

1520–1500

1510

1470–1410

1375–1365

1456,
1419
1370

1365–1335
1317
1282–1277
1262
1240
1235–1225
1205–1200

1162–1125

1143

1105
1060–1015
1047–1004
1031
896

CH deformation in cellulose
Guaiacyl ring breathing, C-O linkage in
guaiacyl aromatic methoxyl groups
Syringyl ring, C-O stretching in lignin
and xylan, Nuclei acide
OH plane deformation
OH plane deformation in cellulose, C-C
stretching, C-O stretching, C-H
deformation,
C-O-C vibration in cellulose and
hemicellulose
Aromatic C-H in-plane deformation
Aromatic C-H in-plane deformation,
C=O stretch
C-O valence vibration from C3-O3H
C-O stretching in cellulose
C-C stretching
Anomere C-group, Glucan ß-anomer CH bending, C-H deformation in cellulose
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(Mohebby, 2005; Pandey and Pitman, 2003)
(Pandey and Pitman, 2003; Schwanningera et al.,
2004)
(Pandey and Pitman, 2003; Schwanningera et al.,
2004)
(Mohebby, 2005; Pandey and Pitman, 2003;
Schwanningera et al., 2004)
(Popescu et al., 2010)
(Haneef et al., 2017a; Mohebby, 2005; Pandey and
Pitman, 2003; Schwanningera et al., 2004)
(Haneef et al., 2017a; Mohebby, 2005; Pandey and
Pitman, 2003; Schwanningera et al., 2004)
(Schwanningera et al., 2004)
(Mohebby, 2005; Pandey and Pitman, 2003;
Schwanningera et al., 2004)
(Schwanningera et al., 2004)
(Pandey and Pitman, 2003; Schwanningera et al.,
2004)
(Haneef et al., 2017a; Mohebby, 2005; Pandey and
Pitman, 2003)
(Schwanningera et al., 2004)
(Haneef et al., 2017a; Schwanningera et al., 2004)

(Mohebby, 2005; Pandey and Pitman, 2003;
Schwanningera et al., 2004)
(Schwanningera et al., 2004)
(Schwanningera et al., 2004)
(Schwanningera et al., 2004)
(Mohebby, 2005; Pandey and Pitman, 2003;
Schwanningera et al., 2004)
(Haneef et al., 2017a)
(Haneef et al., 2017a; Mohebby, 2005; Pandey and
Pitman, 2003; Schwanningera et al., 2004)
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Figure 4-17. FTIR spectra of flax- and hemp-based mycelium composites. a. FTIR spectra of undecayed
loose flax fibres, loose flax and mycelium composite, and pure mycelium grown on flax fibres. b. FTIR
spectra of undecayed loose hemp fibres, loose hemp and mycelium composite, and pure mycelium grown
on hemp fibres. The subtracted peaks of dried composite from undecayed fibres (black dash-dotted line)
below the baseline show an appearance of new bands due to the degradation by T. versicolor, while the
subtracted peaks above the baseline show a decrease in intensity. The intensities are around zero when
there is no change in the chemical composition of the fibres during the mycelium interaction.
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Figure 4-18. Ratios of the relative intensities. Aromatic skeletal vibration in lignin I1510 against undecayed
I1510ud fibres, carbohydrate bands I986 (assigned to CH-deformation in cellulose) and I1143 (assigned to CO-C vibration in cellulose and hemicellulose), C-H bending mode of chitin I1370 and the C-C stretching
of polysaccharides I1031 of pure mycelium without fibres (pattern), and hemp and flax composite (solid).

Figure 4-19. Samples were dried, grinded and conserved in a small tube for the FTIR tests.
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4.5.4

Compressive properties of mycelium composites with different
fibre types and sizes

As no standard testing procedure exists for mycelium-based composites,
different geometries of moulds were tested in a first iteration, based on the
literature (Imhof and Gruber, 2015; Islam et al., 2017; Lelivelt et al., 2015;
Moser et al., 2017b). Eventually, a diameter-to-height ratio of 2:1 was
selected for compressive tests (Figure 4-23 on page 186). The large contact
area with the loading bench resulted in a more distributed stress induction,
while the limited height prevented failure by buckling.
The modulus of elasticity was calculated to reveal the resistance of the
material in compression and thus its stiffness (Figure 4-20 and Figure 4-21
on page 185). The mechanical compressive stiffness was obtained from the
slope of the stress-strain curve with the tangent modulus (Figure 4-22 on
page 186). The values corresponded to the preceding growth observations:
the samples with a dense white fungal biomass and homogeneous
colonisation resulted in the highest compressive stiffness. Within the group
of loose fibres, the combination of mycelium and hemp achieved the highest
compressive stiffness (0.51 MPa), followed by flax waste (0.31 MPa). The
lowest stiffness was achieved by the wood samples (0.14 MPa). We can also
observe an increase in compressive stiffness for chopped hemp (0.77 MPa)
and chopped flax (1.18 MPa) compared to loose hemp (0.51 MPa) and loose
flax (0.28 MPa), indicating that a smaller fibre size influences compressive
stiffness. The compressive stiffness was considerably larger for chopped
flax, compared to any other fibre type and condition. Chopped flax fibre
substrates resulted in mycelium composites with slightly higher densities
compared to the flax samples with a loose substrate. For loose hemp and
chopped hemp, the density remained approximately equal, which might
explain the small change in stiffness. For chopped flax fibres, the increased
composite’s compactness influenced its stiffness. Flax fibres had the highest
stiffness in a chopped condition and the lowest in a loose condition, whereas
the results for hemp-based substrates were less divergent. The compressive
Young’s modulus for flax treated tow and flax untreated tow resulted in
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0.35 MPa and 0.45 MPa, which can be related to the higher density of the
composite.
Additional pre-compressed samples of loose hemp, flax and flax waste were
grown to optimise compressive stiffness. Pre-compression of the samples
took place during manufacturing, before demoulding and before drying. The
aim was to improve the compactness of loose fibres and thus compressive
properties of the composites. The action of pre-compressing samples
influences their mechanical response in terms of compressive stiffness,
resulting in a Young’s modulus of 1.19 MPa for pre-compressed loose
hemp, 1.32 MPa for pre-compressed loose flax and 1.14 MPa for precompressed loose flax waste.
Generally, the conducted tests revealed that the mechanical performances
of the mycelium-based composites were influenced more by fibre condition,
size and processing than by the chemical composition of the fibre.
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Figure 4-20. Compressive Young’s modulus of mycelium composites during uniaxial compression with
different types of fibres (hemp, flax, wood and flax waste) and different fibre processing (loose, chopped,
tow treated, tow untreated and pre-compressed). The standard deviation is performed with triplicate
specimens (mean ± one standard deviation). Letters indicate significant differences based on Tukey’s
family error rate at p ≤ 0.05 for sample-specific ANOVA.

Figure 4-21. Overview of the Young’s modulus [MPa] versus density [kg/m3]. The standard deviation
is performed with triplicate specimens (mean ± one standard deviation). Letters indicate significant
differences based on Tukey’s family error rate at p ≤ 0.05 for sample-specific ANOVA.
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Figure 4-22. Typical compressive stress-strain curve for mycelium composite composed of different
fibre types, sizes and processing: hemp loose (HL), hemp chopped (HC), flax loose (FL), flax chopped
(FC), flax treated tow (FTT), flax untreated tow (FUT), flax waste loose (FWL), pinewood lose (WL),
pre-compressed hemp loose (PHL), pre-compressed flax loose (PFL) and pre-compressed flax waste
loose (PFWL).

Figure 4-23. Example of a sample before compressive testing.
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4.5.5

Bending and tensile properties of mycelium composites with
fibres pre-treated with sodium bicarbonate

Next, we examined the effects of alkali treatments of natural fibres on the
mechanical properties of mycelium composites. After the treatment, as
identified by other authors (Alsaeed et al., 2013; Fiore et al., 2016), new
hydrogen bonds are formed between the cellulose chains due to the (partial)
removal of hemicellulose by sodium bicarbonate (NaHCO3). When the
fibrils rearrange, the fibre tends to be more compact, which is beneficial to
enhancing mechanical properties.
Indeed, it was observed that the flexural strength of samples treated with
NaHCO3 increased by 145%, while the flexural modulus stayed unvaried
against the control sample that was not treated with NaHCO3 (Table 4-6
and Figure 4-24 on page 188). For tensile testing, the composite showed a
ductile behaviour, i.e. it became plastically deformed without fracturing
(Figure 4-25 on page 189). Tensile strength of NaHCO3-treated composites
(0.89 ± 0.07 MPa) differed significantly from that of the control sample
(0.25 ± 0.08 MPa) with an increase of 64.24% (Figure 4-26 on page 189).
The improvement of bending and tensile strength can be related to the
removal of the waxy layer with sodium bicarbonate, which might in turn
improve the ability of mycelium to penetrate the fibres. Without treatment,
it is expected that the hydrophilic surface of natural fibres leads to a weak
interface with the hydrophobic matrix of mycelium. The results of this work
suggest that fibre/matrix adhesion is improved with a NaHCO3 treatment.
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Table 4-6. Overview of the material properties in three-point bending of NaHCO3-treated mycelium
composite. The standard deviation is performed with 5 specimens (mean ± one standard deviation).
Label

Dry density [kg/m3]

Flexural strength [MPa]

Flexural modulus [GPa]

M9912-HNaHCO3

307.64 ± 6.32

2.60 ± 0.23

0.03 ± 0.01

Control

337.90 ± 7.98

1.79 ± 0.09

0.03 ± 0.001

Figure 4-24. Flexural strength–density chart for NaHCO3-treated mycelium composite, plotted on
Ashby chart for engineering materials (Ashby, 2013).
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Table 4-7. Overview of the material properties of tensile testing of NaHCO3-treated mycelium
composite. The standard deviation is performed with 5 specimens (mean ± one standard deviation).
Label

Dry density [kg/m3]

Tensile strength [MPa]

Tensile modulus [GPa]

M9912-HNaHCO3

330.47 ± 73.99

0.89 ± 0.07

0.25 ± 0.05

Control

375.07 ± 55.04

0.25 ± 0.08

0.05 ± 0.01

Figure 4-25. Typical tensile stress-strain curve for NaHCO3-treated mycelium composite. The standard
deviation is performed with 5 specimens (mean ± one standard deviation).

Figure 4-26. Tensile strength–density chart for NaHCO3-treated mycelium composite, plotted on
Ashby chart for engineering materials (Ashby, 2013). The standard deviation is performed with 5
specimens (mean ± one standard deviation).
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4.5.6

Tensile properties of mycelium composites with plasticised
fibres

Fibre pre-treatments with a plasticiser might enable the polymers in
lignocellulose to open up and separate, which could make each of the
polymers more accessible to the enzymatic activity of fungi. The curiosity
which led us to investigate the flexibility of mycelium composites emerged
from serendipitous experimentation, illustrated in Figure 4-27 on page 191.
A mycelium mat was grown on the surface of a lignocellulosic substrate that
was too humid (Figure 4-27a-c on page 191). The mat could be scraped off
the substrate easily, resulting in a pure and flexible mycelium leather-like
sheet. In another experiment (Figure 4-27d-f on page 191), a thin mycelium
composite was compressed and contained flexible properties in its humid
state. After drying, the composite became brittle, and was therefore soaked
in glycerine to recuperate its flexible properties.
The hypothesis that the pre-treatment of fibres with deep eutectic solvents
and glycerol makes the polymers in lignocellulose more accessible to the
enzymatic activity of fungi could not be validated due to contamination by
other organisms, no growth by T. versicolor and/or disintegration of the
composite during handling (see Section 4.4.6). These results are most
probably related to the too high dissolving of the fibres’ polymers by the
DES and glycerol.
When post-treating the mycelium composites with glycerol, some insights
were gained about the tensile properties of plasticised mycelium composites
(Table 4-8 on page 191). However, there is no correlation between weight
increase and the chosen immersion times, suggesting that those times do
not influence the amount of glycerol absorbed by the material. The posttreatment resulted in ductile behaviour of the composites (Figure 4-28 on
page 192). The shortest immersion time (B1, 24h) resulted in the lowest
elastic modulus (0.01 ± 0.001 GPa). Batch 2 on the other hand, which was
soaked for 48h, revealed a much higher elastic modulus (0.07 ± 0.01 GPa)
and tensile strength (0.44 MPa). This result could be related to the fact that
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samples from batch 2 absorbed less glycerol and had the lowest density
(weight increase of 42%, compared to 58% and 65% for batches 1 and 3,
respectively), but more research is needed to validate this hypothesis.
Samples from batch 3 attained almost elastomer-like properties, pointing in
the direction of the goal of these experiments (Figure 4-29 on page 192).

Figure 4-27. Two explorations intending to plasticise mycelium grown on a solid substrate (a–c) and
mycelium composites (d–f). a. Pure mycelium grown on solid substrate. b. Mycelium extracted from its
lignocellulosic substrate. c. After harvest, it is flexible due to the pressence of water. d. Thin-pressed
mycelium-hemp composite is flexible before drying. e. Immersion of mycelium composite in glycerol f.
The same sample remains flexible.

Table 4-8. Overview of the material properties in tension of mycelium composite post-treated with
glycerol. The standard deviation is performed with triplicate specimens (mean ± one standard deviation).
Label

Dry density
[kg/m3]

Ultimate
strength [MPa]

Elastic
modulus [GPa]

Strain at
failure [%]

M9912-H(post)gly -B1

513.26 ± 2.75

0.07 ± 0.01

0.01 ± 0.002

8.3 ± 0.8

M9912-H(post)gly -B2

456.75 ± 5.14

0.44 ± 0.06

0.07 ± 0.014

4.6 ± 1.2

M9912-H(post)gly -B3

692.04 ± 1.80

0.25 ± 0.02

0.03 ± 0.002

4.9 ± 0.8
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Figure 4-28. Typical tensile stress-strain curve for mycelium composite post-treated with glycerol. The
standard deviation is performed with 3 specimens (mean ± one standard deviation).

Figure 4-29. Elastic modulus–density chart of mycelium composite post-treated with glycerol, plotted
on Ashby chart for engineering materials (Ashby, 2013). The standard deviation is performed with 3
specimens (mean ± one standard deviation).
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4.5.7

Thermal conductivity

To find out whether the mycelium composites could be used as an
alternative biological insulation material, thermal conductivity was measured
for chopped hemp, flax and straw fibres (Figure 4-31 on page 194). Since
the standard ISO EN 12667 prescribes a small particle size, the tests were
conducted only on the chopped fibre condition.
The value of thermal conductivity (Table 4-5 on page 180) for flax waste
measures 0.0578 W/ (m*K), which is higher than the thermal conductivity
of hemp and straw, respectively 0.0404 W/ (m*K) and 0.0419 W/ (m*K).
The higher thermal conductivity for flax can be attributed to the higher
density of the samples (134.71 kg/m3). A lower density results in lower
thermal conductivity due to the presence of dry air inside the material. The
density of hemp-based and straw-based samples is 26% and 30% lower,
respectively, than that of flax-based samples. As a result, mycelium
composites with those materials as chopped substrates are considered better
thermal insulators. The values of thermal conductivity for hemp and straw
are within the same range as those of conventional insulating materials
(Figure 4-30 on page 194) such as rock wool, extruded polystyrene,
expanded polystyrene, glass wool, polyurethane (PUR), recycled cotton and
PET. The results of this study also showed better thermal insulation
properties of the investigated samples than results of recent experiments on
mycelium-based biofoams: (Yang et al., 2017b) with values between 0.05
and 0.07 W/ (m*K), and (Xing et al., 2018) with values between 0.078 and
0.081 W/ (m*K). This can be attributed to a different production protocol
of the samples. In the first study (Yang et al., 2017b), the species I. lacteus
was grown on sawdust pulp of Alaska birch. The composites had a density
between 180 and 380 kg/m3. In the second study (Xing et al., 2018), the
species Oxyporus latermarginatus, Megasporoporia minor and Ganoderma resinaceum
were inoculated in wheat straw, producing composites with densities
between 51 and 62 kg/m3. The results proved that mycelium composites
can become an alternative biological insulation material.
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Table 4-9. Summary of thermal conductivity, density of mycelium-based composites and conventional
insulation materials. The standard deviation is performed with triplicate specimens (mean ± one standard
deviation). Letters indicate significant differences based on Tukey’s family error rate at p ≤ 0.05 for
sample-specific ANOVA.
Insulating Material

Thermal conductivity [W/(m*K)]

Density [kg/m3]

Source

Mycelium-ﬂax composite - a

0.0578 ± 0.002bc

135

This work

Mycelium-hemp composite - b

0.0404 ± 0.001a

99

This work

Mycelium-straw composite - c

0.0419 ± 0.0002b

94

This work

Stone wool
Glass wool
Extruded polystyrene
Expanded polystyrene
Recycled cotton
Recycled PET

0.033–0.045
0.033–0.045
0.025–0.035
0.029–0.041
0.039–0.044
0.034–0.039

30–180
13–100
20–80
18–50
25–45
15–60

(Papadopoulos, 2005)
(Papadopoulos, 2005)
(Papadopoulos, 2005)
(Papadopoulos, 2005)
(Asdrubali et al., 2015)
(Asdrubali et al., 2015)

Figure 4-30. Thermal-conductivity-versus-density chart of mycelium composites against commercial
insulation materials. Data from Table 4-9 on this page is visualised as the mean values of density and
thermal conductivity.

Figure 4-31. a. Growth of samples for thermal conductivity tests. b. Three type of fibres. c. Test setup with probe inserted in material (Images taken by Paola Viviana Pantoja Arboleda).
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4.5.8

Water absorption rate

The water absorption rate is an important factor in the application of
mycelium composites as particleboards or insulation elements, as it will
determine the material’s durability. Figure 4-32 on page 197 shows water
absorption in relation to the time the specimen was submerged. During the
first 30 minutes, the samples had an initial similar absorption rate (flax:
0.01 mm/s1/2, hemp: 0.012 mm/s1/2 and straw: 0.016 mm/s1/2). Only after
30 to 40 minutes, did a linear trend appear for chopped straw and hemp,
which respectively lasted for 7 to 10h, after which the water absorption rate
reduced. Consequently, the samples containing straw and hemp absorbed
water in a shorter period and reached their limit of absorption more quickly
than chopped flax. During the first 5h of the test, the water absorption rate
of straw and hemp were similar. After 5h, straw began to absorb more water
than hemp. For the flax samples, non-linear behaviour appeared during the
24h of the test, and the water absorption rate increased after 10h. Previously
reported values by Ziegler et al. (2016) also displayed a non-linear nature of
the water absorption curve (Ziegler et al., 2016) with woven hemp mats.
This behaviour was assigned to the hydrophobic nature of mycelium
(“hydrophobines” (Appels et al., 2018b; Wessels, 1996) and the hydrophilic
nature of the fibres (Ziegler et al., 2016). The density of the samples can
influence the diffusion coefficient of water. The low density of hemp might
have affected internal water transport. Moreover, as previously discussed,
the growth on hemp samples resulted in a denser outer hydrophobic
mycelial layer compared to flax and straw, explaining the lower water
absorption rate of hemp.
The velocity at which chopped hemp (0.0073 mm/s1/2) samples absorbed
water was lower than that of chopped flax (0.0113 mm/s1/2) and straw
(0.0147 mm/s1/2) (Table 4-10 on page 197). After 24h, flax composites
absorbed the highest amount of water (30.28%) compared to hemp
(24.45%) and straw (26.78%). The hemp materials had not yet reached a
steady state after 24h and had the lowest absorption coefficient. Mycelium

195

Lignocellulosic Feedstocks

composites made with chopped hemp are considered interesting for
construction purposes because of their low water absorption coefficient and
low absorption rate in 24h (Figure 4-33 on page 197). All mycelium
composites had lower coefficients than clay bricks (0.019 mm/s1/2), mortar
(0.011 mm/s1/2) and glass fibres (0.049 mm/s1/2). In other research, water
absorption properties after 24h were reported to be much higher than the
absorption properties of the samples investigated in this study: between 180
and 350% (Sun et al., 2019; Ziegler et al., 2016). This might be explained by
the fact that the samples of both studies were heat- or cold-pressed, resulting
in a shattered, damaged outer mycelial layer, whereas the samples of this
study were grown with a fully grown and dense mycelial outer layer.
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Table 4-10. Summary of the water absorption rate of chopped flax (FC), hemp (HC) and straw (SC).
The standard deviation is performed with triplicate specimens (mean ± one standard deviation).
Fibre type

Average water absorption rate
[mm/s1/2]

Water absorbed after 24h [%]

Density [kg/m3]

Chopped hemp

0.0073 ± 0.0006

24.45

98.4 ± 4.6

Chopped ﬂax

0.0113 ± 0.002

30.28

137.5 ± 2.9

Chopped straw

0.0147 ± 0.002

26.78

122.1 ± 10.9

Figure 4-32. Plot of the water absorption of chopped flax (FC), hemp (HC) and straw (SC). The
standard deviation is performed with triplicate specimens (mean ± one standard deviation). No
significant differences were found based on Tukey’s family error rate at p ≤ 0.05 for sample-specific
ANOVA. (Image taken by Paola Viviana Pantoja Arboleda).

Figure 4-33. Comparison of the thermal and water absorption properties of different types of fibres
(hemp, flax and straw). The standard deviation is performed with triplicate specimens (mean ± one
standard deviation).
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4.6

Conclusions

The findings of this research constitute an important contribution to the
field of biological mycelium materials, as they present a comprehensive
overview of the production processes and the mechanical, physical and
chemical properties of mycelium-based composites. The work establishes a
methodology to evaluate the suitability and selection of organic waste
streams for the manufacturing of mycelium materials. In this study, we have
investigated the parameters that influence the properties of mycelium-based
composites with different types of lignocellulosic reinforcement fibres
(hemp, flax, flax waste, soft wood and straw) and fibre processing (loose,
chopped, dust, pre-compressed and tow) combined with a white-rot fungi,
T. versicolor. A FTIR spectroscopy analysis was conducted on undecayed
fibres, dried decayed fibres and pure mycelium in order to understand the
breakdown of lignin, hemicellulose and cellulose by T. versicolor. Then, we
reported and correlated the dry density, Young’s modulus, compressive
stiffness, stress-strain curves, thermal conductivity and water absorption
rate of mycelium-based composites.
This research shows that the production of mycelium composites and their
mechanical properties depends on the used fibre type. Poor growth was
found for dust flax and dust straw during the first and second growing
period. This may be due to unavailable nutrients in dust and the absence of
air voids within the composite. Also, a varying growth of T. Versicolor was
observed with wood- and straw-based composites; consequently, not all
tests could be conducted with these fibres. The samples containing flax,
hemp and flax-waste resulted in a well-developed composite and reliable
results. Nevertheless, internal growth can be increased in further research
by optimising the fabrication procedure with sufficient air circulation in the
mould.
The ratios of peak intensities of the FTIR spectra have revealed a lower
value in lignin over cellulose and hemicellulose in hemp samples than in flax
samples. The decrease in the lignin/carbohydrate ratio in hemp and flax

198

Lignocellulosic Feedstocks

indicates that T. versicolor has a small preference for hemicellulose over
cellulose. The relative presence of chitin was not influenced by the type of
substrate. The increase in ratio of peak intensities between decayed and
undecayed flax fibres reveals a higher intensity of lignin band of decayed
flax than of undecayed flax. The depolymerisation of lignin by T. versicolor
occurs to a greater extent in flax than in hemp.
Overall, the results suggest that the fibre type (hemp, flax, wood or flax
waste) has a smaller influence on the compressive stiffness than the fibre
condition (loose, chopped, tow or pre-compressed). The compressive
Young’s modulus is higher for all fibre types in chopped condition, since
these samples are denser. Samples containing chopped fibres also showed a
more coherent and smoother outer layer. As a compressive material,
chopped flax-based samples obviously take the lead (1.18 MPa) compared
to chopped hemp-based samples, which might have been affected by the
manufacturing process. Previous studies found that the average compressive
strength for cotton-down woven mat and hemp-pitch woven and nonwoven mat substrates varied between 0.67 to 1.18 MPa (Ziegler et al., 2016).
However, the samples presented in this paper were not produced with mats
but with low-graded hurds. Furthermore, the pre-compression of the
samples aimed at improving the compressive mechanical properties of
mycelium composites. This fabrication method influenced the composite’s
mechanical response in a positive way by increasing the Young’s modulus
for every tested fibre type and condition. These findings provide additional
support for the hypothesis that pre-compressed mycelium composites
enhance mechanical performance (Appels et al., 2018a).
Submerging fibres in a 10% NaHCO3 solution for 120h results in enhanced
tensile and flexural properties of mycelium composites. A compelling base
is provided that can be used in further investigation. It would be interesting
to determine a more accurate and proven treatment time, as a too large
treatment time by NaHCO3 could result in decreased mechanical properties.
Furthermore, mycelium composites submerged in glycerol attain almost
elastomer-like properties. The findings of these experiments are somewhat
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limited by the experimental approach and the small amount of samples, and
need to be interpreted with caution. First, tensile strength is still weak
compared to pure mycelium samples from S. commune grown in liquid shaken
cultures and soaked in 1%–32% aqueous glycerol, whose strength ranges
between 1.8 and 12.3 MPa (Appels et al., 2020). The work of (Appels et al.,
2020) and (Zakaria et al., 2018) indicates that tensile strength decreases with
the increase in glycerol concentration. Therefore, future work should
investigate lower glycerol concentrations. Second, if the density of the
material is increased by mechanical heat-pressing instead of manual
pressing, it is expected that the materials can achieve flexible, rubber-like
characteristics. Another approach would be to incorporate woven fabric as
reinforcement, instead of randomly oriented fibres. Finally, the disadvantage
of glycerol (apart from the fact that it is derived from fossil fuels) is that the
material stays sticky due to residual glycerol trapped within the matrix.
Clamping the samples for the tensile tests uncovered a lot of surplus
dripping out of the material. Recent research did not report this
phenomenon, although samples were dried between two films cellophane at
ambient temperature (Appels et al., 2020). Research about injectionmoulding of cellulose-glycerol (or glycerine) materials used much higher
temperatures, of 150 and 240°C (Erbas Kiziltas et al., 2016; Rosa et al.,
2009). For future tests, the drying temperature could be raised or a lower
percentage of glycerol in an aqueous solution could be applied.
Although the mechanical properties are not optimal yet, this research has
shown that mycelium composites can fulfil the requirements for thermal
insulation foams and have the potential to replace some fossil-based
composites. Thermal conductivity and the water absorption coefficient of
mycelium composites with flax, hemp and straw have shown overall good
insulation behaviour in all aspects compared to conventional insulation
materials such as rock wool and glass wool. The hemp-based composites
have the most interesting properties as an insulation material, with the
lowest thermal conductivity [0.0404 W/ (m*K)] and water absorption
coefficient [0.0073 mm/s½]. Compared to previous research, water
absorption is very low thanks to the two-phase fabrication method of the
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samples and the hydrophobic nature of mycelium. However, other
properties relevant to insulation materials, such as fire resistance (Jones et
al., 2019), aging, acoustics and water vapor diffusion should be tested in
further research.
Generally, the tests conducted with hemp, flax, straw and pinewood
revealed that the mechanical performance of mycelium-based composites
depends more on the fibre condition, size and processing than on the
chemical composition of the considered natural fibres. The methodology
used to evaluate the suitability and selection of organic waste streams proved
to be effective for mycelium-material manufacturing applications. The wide
spectrum of parameters that influence the growth of mycelium composites
makes it complex to compare the results with existing literature, since every
variable affects the growth and mechanical behaviour of the composite.
Further work is required to improve growth conditions, optimise
mechanical properties and establish a standard fabrication protocol. To do
so, the next two chapters will cover the aim of attaining enhanced
mechanical properties by introducing inorganic and organic additives to the
composites.
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Reflections and insights 2. Identification of
determinant parameters to select fungi and
fibres

In the previous chapters we explored several essential variables, such as the
influence of the fungal phylogeny, the chemical composition of the
lignocellulosic fibres, and how they are processed in terms of size and
treatment. However, it is still open for interpretation which parameters are
most crucial during the production of mycelium materials.
It is important to note that fungal species cannot be selected solely based
on their fast surface colonisation rate. Surface growth is only one aspect, but
not necessarily the most decisive one for the material application. Especially
considering that mycelium grows three-dimensionally in the substrate, the
dry weight measurements and morphological measurements of the hyphal
structure are indispensable. Obtaining further 3D-insights, with, for
example, x-ray microCT scanning, will be critical in our understanding of
the growth and biological structures. This technique could give a spatial
visualisation of the internal structure of hyphae during and after the growth.
Other parameters worth further investigation in the quest of species
selection are the levels of CO2, humidity, temperature changes and pH
variations. These can be measured during the composites' growth by using
sensors that automatically record the data (Figure R2-0-1 on page 208).
The impact of the hyphal cell wall composition seems relatively small
compared with the biomass density for mycelium composites. Mostly
because the natural fibres play a bigger role in the material properties than
mycelium itself. Nevertheless, components present in the cell wall such as
chitin and glucans are also worth further investigation, specifically in the
light of pure mycelium materials with leather-like properties.
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Figure R2-0-1. Arduino-controlled sensors provide real-time data during the growth of mycelium
materials.

Additionally, the preservation and conservation of fungal species is essential
and can vary from lab to lab. Therefore, conclusions from literature and this
work about the impact of species should not be taken too literally and always
considered in the context of the methodological framework.
Although mycelium materials' properties depend on many factors,
preliminary fungal selection could be made with genomic databases. Instead
of using natural biodiversity, we could potentially focus on genetic factors.
However, this information has never before been placed in the perspective
of material sciences. Therefore, further research should envisage placing the
database information of biological components (e.g. branching, tip
extension, enzymatic activity) in the context of desired material
characteristics.
The nutritional preference of some species and the chemical composition
of natural fibres are interrelated. The experimental work of Chapter 4
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concludes that the type of processing influenced the material properties
more than the chemical composition of the fibre. However, more insights
are needed to define the ideal start composition of the substrate (lignin,
cellulose, hemicellulose, pectin) and which components should ideally
remain after de production process. For example, the combination of FTIR
tests with structural tests over a prolonged growth time of the composite
could indicate the ideal moment to stop the degradation and show the
chemical components' impact on the mechanical properties.
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Chapter 5 Effect of Nanoclay on the
Biological,
Chemical
and
Mechanical
Properties of Mycelium-based Composites

Recent studies on the hybridisation of mycelium materials with glass
improved fire performance; however, the effect of inorganic particles on
growth performance and mechanical properties was not previously
investigated. Yet, due to the wide variety of reinforcement particles,
mycelium nanocomposites can potentially be designed for specific functions
and applications. The objectives of this chapter are to first determine
whether mycelium materials reinforced with montmorillonite nanoclay can
be produced, and then to study the influence of these nanoparticles on
material properties. Nanoclay-mycelium materials are evaluated in terms of
morphological, chemical and mechanical properties. This work provides a
useful method for combining renewable natural fibres and fungal mycelium
with high-performance nanoparticles. The first steps are taken in unravelling
the advantages and challenges that exist in combining mycofabrication with
nanotechnology and nanomaterials.
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5.1

Introduction: Inorganic nanoparticles

Typically, composites are composed of a matrix and a reinforcement. The
matrix is mycelium and the reinforcement is the natural fibre. Mycelium
surrounds the fibres and maintains their relative position inside the material.
The fibres, in turn, largely influence the mechanical and physical properties
of the composite. A key aspect of improving the mechanical and physical
properties of mycelium materials is the implementation of organic or
inorganic particles. Due to the wide variety of reinforcement particles,
mycelium nanocomposites can potentially be designed for specific functions
and applications. Two core approaches were tested using inorganic (this
Chapter) and organic (see Chapter 6) additives to achieve enhanced
properties.
Recent studies of such hybridisation using glass improved the fire
performance of mycelium materials as a result of significantly higher silica
(inflammable) concentrations and low combustible material content (Jones
et al., 2018). It takes almost 6 times as much time for mycelium materials
incorporating 50 wt% glass fines to flash over as it takes synthetic materials,
such as extruded polystyrene insulation foam, and 2 times as much as
particleboard (Jones et al., 2018). This study suggests that mycelium
materials are very economical and exhibit far better fire safety parameters
than the traditional construction materials tested (extruded polystyrene
foam and particleboard made from wood flakes and bonded with moistureresistant synthetic resin) (Jones et al., 2018). However, a major problem with
incorporating high contents of inorganic matter in the substrate might be
the biocompatibility with white-rot fungi. Minerals limit the growth of the
hyphae over poor nutritional surfaces and can therefore influence the bond
between mycelium and the lignocellulosic fibres that must hold the material
together.
To maintain sufficient mycelial growth, glass fines that comprise primarily
silica (SiO2) and up to 30 wt% organic surface matter were used in the
particular research by (Jones et al., 2018). Very limited research has further
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investigated the integration of additives in mycelium materials, with the
exception of a study that indicates that the compressive strength of
mycelium materials containing sand or gravel aggregates and wood chips
increases up to 300% (Moser et al., 2017). A patent makes note of the
addition of components such as silica, clay and perlite to the fibres to retain
moisture or enhance the viscosity of the substrate (Ross, 2016). So far, no
other study has investigated the fabrication, growth methods and
mechanical properties of mycelium materials that incorporate inorganic
(nano)particles.
Yet, nanotechnology and nanomaterials have great potential to improve the
properties of different materials. Nanotechnology is defined as the
manipulation of materials measuring 100 nm or less in at least one
dimension. Nanoparticles, like nanoclay, are widely used in various
industries and areas of research, such as computing, adhesives, textiles,
pharmaceutical and automotive (Abend and Lagaly, 1999; Bensadoun et al.,
2011; Lee and Fu, 2003). Because of its wide range of uses, nanotechnology
is of global interest, and its market is expected to continue to grow by
around 17% during the forecasted period of 2018–2024 (Research and
Markets, 2020). For example, the reinforcement of particleboard and
plywood panels with nanoSiO2, nanoAl2O3, and nanoZnO was reported
to significantly decrease formaldehyde emission (Candan and Akbulut,
2014). During the past decades, rapid developments have occurred in the
area of polymer/clay nanocomposites. Most early studies focused on
synthetic polymer, such as polyamides (Yano et al., 1993), polyimides (Yano
et al., 1997), methacrylates (Lee and Jang, 1996; Okamoto et al., 2000) or
polystyrene (Fu and Qutubuddin, 2000). Nanoclay also offers an improved
dimensional stability in wood–plastic composites (DePolo and Baird, 2009).
Moreover, for wood–plastic composites, it is reported that flexural strength,
tensile strength and elongation and water absorption are improved by the
addition of nanoclay; the most interesting properties are observed in
specimens with 5% of nanoclay content (Rangavar et al., 2017). This
improvement is due to the formation of bonds between the hydroxyl groups
of nanoclay and the wood flour components. The addition of clay
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nanoparticles to cotton-based polymer composites resulted in increased
char yield, therefore rendering them flame retardant (Delhom et al., 2010).
One of the most common nanoclay forms is montmorillonite with a particle
thickness of 1 nm, crosswise 70 to 100 nm (Gao, 2004; Sinha Ray and
Okamoto, 2003). Montmorillonite clays have a layered structure, and each
layer is constructed from tetrahedrally coordinated Si atoms fused onto an
edge-shared octahedral plane of either Al(OH)3 or Mg(OH)2 (Gao, 2004).
The layers exhibit excellent mechanical properties parallel to the layer
direction due to the nature of the bonding between these atoms (Gao, 2004).
The principle for using nanoclay is to separate not only clay aggregates but
also individual silicate layers in a polymer (Gao, 2004). The choice for
montmorillonite nanoparticles is mainly motivated by their wide availability
and inexpensiveness (Bensadoun et al., 2011; Utracki et al., 2007). The main
advantage is that a minimal content (1–5 wt%) of such additives can
improve the reinforcement of the polymer matrix (Bensadoun et al., 2011;
Dean et al., 2006; Laoutid et al., 2009).
5.2

Research goals

This and the following chapter focus on the incorporation of nanoparticles
and the development of intricate gradients in the material’s arrangement.
The goal of this work is to investigate the production of organic-inorganic
hybrids and their material properties. The hypothesis is that nanclay particles
can reinforce the internal structure of lignocellulosic fibres, given the low
mechanical properties of mycelium materials. The influence of nanoclay on
the physical and mechanical properties of mycelium materials is studied.
This is the first study undertaking a longitudinal analysis of nanoclaymycelium hybrid materials by using different characterisation methods, such
as SEM, FTIR and mechanical testing.
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Figure 5-1. Fabrication process of organic-inorganic hybrids, showing: a. Pre-screening tests for heatpressing. b. The mixing of nanoclay with fibres. c. The growth of mycelium on nanoclay-coated hemp
fibres in bags. d. Cutting of the specimens. e. The resulting specimen.
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5.3

Materials and methods

The methodological approach focusses on the fabrication of nanoclaycoated fibres, inoculated with mycelium as binder. The experimental design
was developed gradually and then combined in this work. The effect of
nanoclay particles on the fabrication process and properties was mapped by
analysing the surface colonisation rate, microscopic structure, chemical
changes and mechanical properties.
5.3.1

Fungal species

Three different species were used in this study: Trametes versicolor (M9912),
Ganoderma resinaceum (M9726), and Schizophyllum commune (M9994),
purchased from Mycelia bvba (Veldeken 38A, 9850 Nevele, Belgium). The
species were conserved on a grain mixture at 4°C in a breathing Microsac
bag (Sac O2 nv, Nevele, Belgium).
5.3.2

Preparation of nanoclay-coated substrate

Studies were performed on the following fibre types: 5–25 mm hemp hurds
(Aniserco S.A, Groot-Bijgaarden, Belgium) and 0.75–3 mm beechwood
sawdust HBK 750-2000 (J. Rettenmaier & Söhne, Rosenberg, Germany).
The superfine powder Ventoux montmorillonite clay was obtained from
EMSPAC (Mons, France) in an untreated state. Hemp nanocomposites
containing 2.5 wt% (weight percentage) montmorillonite clay as a filler
material were prepared in batches of 820 g. The 2.5 wt% (20 g)
montmorillonite clay was dispersed by rapid stirring for 30 minutes
(ambient conditions) in 400 mL demineralised water, after which 25 wt%
(200 g) hemp fibres (Figure 5-1b on page 217) and 72.5 wt% (400 mL)
ddH2O were mixed in a bigger flask (Figure 5-2 on page 222). That way the
aqueous clay mixture was fully incorporated with the fibres. The same
procedure was followed for samples made with beechwood by adding
5 wt%, 3 wt% and 2.5 wt%, in respectively 100%, 200% and 300% of their
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weight of ddH2O (Table 5-1 on page 223). The fibre/clay substrate was
autoclaved at 121°C for 20 minutes. The bags were left to cool down for
24h.
Other studies filtered and washed the material in acetonitrile and deionised
water (Delhom et al., 2010; White, 2003). We chose not to follow this
procedure in this study due to the toxicity of acetonitrile.
5.3.3

Substrate inoculation for growth studies

The substrate for the growth studies was prepared in the same way as
described in Section 5.3.2. The samples were composed of varying
nanoclay quantities (between 1 wt%, 2.5 wt%, 3 wt% and 5 wt%) (Table
5-3 on page 224). Inoculation was performed by applying a 4–5 mm
fragment of grain spawn in the middle of the petri dish containing 15 g of
humid hemp fibres. Each experiment was conducted with triplicate dishes.
The petri dishes were inverted and incubated at 26°C in darkness for 9 days.
5.3.4

Particleboard fabrication for bending and tensile testing

In a laminar flow hood, 10 wt% of mycelium spawn was mixed with the
sterilised fibres (Figure 5-2 on page 222). During the first growth phase,
the substrate grew in bags with a depth-filtration system that allowed for
airflow. The bags were stored in an incubation room at 26°C and relative
humidity of 60% (Figure 5-1c on page 217). The mycelium homogeneously
colonised the substrate in chunks. The bags were kneaded every day to
stimulate the strengthening of the mycelium. After 5 days, the substrate was
crumbled by hand to re-activate the mycelium. It was then distributed in
Microbox containers (purchased at SacO2, Deinze, Belgium) with a depthfiltration system on top (185 × 185 x 78 mm). After 12 days, the substrate
had taken the shape of the rectangular moulds. Subsequently, the samples
were removed from the moulds and incubated again for 5 days to achieve a
homogeneous colonisation on the sides that were previously in contact with
the mould.
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As listed in Table 5-1 on page 223, four different methods for the
production of organic-inorganic hybrids were attempted. For the first set of
tests (M9912-HNC-15mm), three batches were grown with 25 wt% hemp
fibres, 2.5 wt% nanoclay and 72.5 wt% of ddH2O. The batches were heatpressed to an aimed thickness of ± 15 mm.
For the second set (M9912-BNC-4mm), variations in fibre type were tested
in three batches. The chosen fibre was beechwood. To comply more closely
with the specimen dimensions of wood-based boards (ISO 16978), a final
thickness of ± 5mm was aimed for. Unfortunately, batches 2 and 3 were
contaminated, supposedly due to a high amount of water at the bottom of
the bags that could not be absorbed by the fibres. Therefore, only batch 1,
with 47.5 wt% beechwood, 5 wt% beechwood and 47.5 wt% of ddH2O,
was tested.
For the third set of tests (M9912-HNC-4mm), three new batches were grown
to test the difference in thickness for hemp-based composites. The aimed
final thickness was ± 5 mm.
Finally, for the fourth set of tests (M9726-HNC-NP), a variation in type of
fungi was tested. Samples made with T. versicolor and S. commune were
contaminated, and only batch 2 with G. resinaceum successfully resulted in a
consistent material. Since all materials were heat-pressed, we decided to also
investigate the difference with non-pressed materials. Unfortunately, the
samples that were picked for bending tests broke before loading.
In total, 20 particleboards (185 × 185 mm) were grown, with 6 of them
contaminated during the growth process and one broken after the drying
process.
The samples were compressed with an Instron 5900R test bench that had
an oven built around it. A maximum force of 30 kN was applied at
2 kN/min. When a displacement of 50 mm was reached, the load was kept
constant for 1h at a temperature of 200°C.
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Heat-pressed and non-pressed samples were dried in a convection oven at
a temperature of 70°C for 10h, until the weight stabilised and all humidity
evaporated. The particle boards were then stored at 21°C and 65% RH for
3–4 weeks before testing.
Finally, the samples were cut with a thin blade saw, following the specimen
dimensions set out by the several standards for mechanical tests (Figure
5-1d on page 217). For the static bending tests, three specimens of 190 x
50 mm and 170 x 50 mm were cut from one particleboard (Figure 5-3 on
page 225). After loading, these specimens were reused for the tests on tensile
strength perpendicular to the surface (internal bond) and cut to 50 x 50 mm.
For tensile strength parallel to the surface, 5 specimens of 180 x 30 mm were
cut from one particleboard. A total of 47 specimens were subjected to tensile
and bending tests.
5.3.5

Specimens for compressive testing

Compression tests were carried out with cylindrical specimens (h:38 mm,
d:100 mm), whereby the quantity of nanoclay varied between 1 wt%,
2.5 wt%, 3 wt% and 5 wt% (Table 5-3 on page 224 and Figure 5-4a on
page 225). The montmorillonite clay was exfoliated by rapid stirring for
30 minutes (ambient conditions) in demineralised water, after which hemp
fibres and ddH2O were mixed in a bigger flask. The fibre/clay substrate was
autoclaved at 121°C for 20 minutes. The bags were left to cool down for
24h.
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Figure 5-2. Schematic description of the fabrication process of nanoclay-reinforced mycelium
composites.
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Table 5-1. Overview of the experimental design and composition of the particleboards for mechanical
testing in tension and bending. The lable refer to the fungal strain (M9912, M9726 and M9994), the type
of fibre (H = hemp, B = beechwood), the additive (NC = nanoclay), the final thickness of the
particleboard (15 mm, 4mm, NP = non-pressed).
Label

Feedstock

Clay

H2O

Fungus

Pressing

Test

Starting point
M9912-HNC-15mm

25% hemp

2.5%

72.5%

T. versicolor

Bending

M9912-HNC-15mm

25% hemp

2.5%

72.5%

T. versicolor

M9912-HNC-15mm

25% hemp

2.5%

72.5%

T. versicolor

Heatpressed
Heatpressed
Heatpressed

Bending

T. versicolor

Heatpressed
Heatpressed
-

T. versicolor

-

Contaminated

Heatpressed
Heatpressed

Bending

Nonpressed
Nonpressed
-

Contaminated
Broke

Variation in the type of feedstock and thickness of the particleboards
M9912-BNC-4mm
47.5%
5%
47.5%
beechwood
M9912-BNC-4mm
47.5%
5%
47.5%
beechwood
M9912-BNC-4mm
32%
3%
65%
beechwood
M9912-BNC-4mm
25%
2.5%
72.5%
beechwood

T. versicolor
T. versicolor

Variation in the thickness of the particleboards
M9912-HNC-4mm
25% hemp

2.5%

72.5%

T. versicolor

M9912-HNC-4mm

2.5%

72.5%

T. versicolor

25% hemp

Variation in the type of fungus and pressing of the particleboards
M9912-HNC-NP
25% hemp
2.5%
72.5%
M9726-HNC-NP
25% hemp
2.5%
72.5%

T. versicolor
G. resinaceum

M9726-HNC-NP

25% hemp

2.5%

72.5%

G. resinaceum

M9994-HNC-NP

25% hemp

2.5%

72.5%

S. commune
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Tension
Contaminated

Tension

Tension
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Table 5-2. Specifications of the weight, density and dimensions of the specimens. The standard
deviation is performed with the amount of specimens (mean ± one standard deviation).
Label

Weight after
drying [g]

Dry density
[kg/mm3]

Initial
thickness
[mm]

Thickness
[mm]

M9912-HNC-15mm.B

50.88 ± 1.96

426.98 ± 15.17

65

15.95 ± 0.58

M9912-HNC-15mm.IB

13.54 ± 0.08

340.85 ± 6.26

65

15.90 ± 0.00

M9912-HNC-15mm.T

43.67 ± 1.27

654.55 ± 24.39

65

14.83 ± 0.26

M9912-BNC-4mm.B

11.10 ± 0.68

329.63 ± 15.43

10

3.96 ± 0.16
3.91 ± 0.13

M9912-BNC-4mm.T

10.63 ± 0.12

605.04 ± 26.94

10

M9912-HNC-4mm.B

8.19 ± 0.36

301.11 ± 25.49

10

3.23 ± 0.32

M9912-HNC-4mm.T

5.10 ± 0.46

389.27 ± 56.94

10

3.33 ± 0.27

M9726-HNC-NP.T

7.72 ± 0.18

139.95 ± 9.87

15

13.96 ± 9.72
9.95 ± 0.73
8.58 ± 0.83

Control.T

43.67 ± 1.27

980.67 ± 84.77

21

Control.B

43.64 ± 1.52

488.89 ± 41.09

21.5

Table 5-3. Content of the media for growth studies and compression tests.
Label

Feedstock

Clay

H2O

Fungus

M9912-H1%NC
M9912-H2.5%NC
M9912-H3.5%NC
M9912-H5%NC

25% hemp
25% hemp
24% hemp
24% hemp

1%
2.5%
3.5%
5%

74%
72.5%
71.5%
71%

T. versicolor
T. versicolor
T. versicolor
T. versicolor
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Figure 5-3. Example of the cutting pattern of specimens for the different mechanical tests.

Figure 5-4. a. Example of a nanoclay-mycelium specimen for compressive testing. b. Specimen after
compression testing.
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5.3.6

Surface colonisation rate measurements

Daily growth was measured in the same way as described in Section 3.4.3.
5.3.7

Scanning Electron Microscopy

SEM was performed as described in Section 3.4.5.
5.3.8

Fourier Transform Infrared Spectroscopy

Chemical characterisation was performed for 1%–2.5%–3.5%–5% nanoclay
mycelium, as described in Section 3.4.6.
5.3.9

Dry density

The density was calculated in the same way as described in Section 3.4.7.
5.3.10 Determination of bending behaviour

The bending behaviour was determined as described in Section 4.4.12.
5.3.11

Determination of tensile behaviour parallel to the surface

Tensile strength parallel to the surface was measured as described in Section
4.4.13.
The specific strength and modulus were calculated using the following
formulas:
𝑇7 =

@*
A

[kN·m/kg],

(5-1)

and
B

𝑇B = C [106 m2 s-2],
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where 𝑇7 is specific tensile strength [kN·m/kg or or MPa/(g/cm3)], σ6 is
ultimate tensile strength [MPa], 𝜌 is density [g/cm3], 𝑇B is specific Young’s
modulus [106 m2 s-2 or GPa/(g/cm3)] and E is Young’s modulus [GPa].
5.3.12

Determination of tensile behaviour perpendicular to the
surface

This test was performed to determine the cohesion (internal bond) of the
material. The test was performed according to EN 319:1993 Particleboards
And Fibreboards. Determination Of Tensile Strength Perpendicular To The Plane Of
The Board (EN 319, 1993). The specimens with dimension 50 x 50 mm were
glued on aluminium loading blocks (Figure 5-5 on page 228). After 24h
curing, the block was mounted into the grips. A loading speed of
0.5 mm/min was applied. The specimens were loaded at a uniform motion
rate until failure occurred. Two samples of each treatment described in
Table 5-1 on page 223 were tested using Instron 5900R load bench with a
maximal capacity of 10 kN.
Tensile strength was calculated by:
σDE =

(
)

[MPa]

(5-3)

where σDE is tensile strength perpendicular to the surface (internal bond
strength), F is the maximum load and A is the area (length x width) of the
specimen.
5.3.13

Determination of compressive behaviour

Compressive properties were determined as described in Section 3.4.8
(Figure 5-4b on page 225).
5.3.14

Statistical analysis

Statistical analysis was done in the same way as in Section 3.4.9.
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Figure 5-5. The specimens for internal bond testing with a dimension 50 x 50 mm. a. Glued on
aluminium loading blocks. b. Both sides of the specimen are glued on the loading blocks. c. The blocks
are mounted on grips at the top and bottom, then tension is applied until failing of the material.
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5.4

Results:
Characterisation
mycelium composites

of

nanoclay-reinforced

As this work deals with the fabrication of nanoclay-reinforced mycelium
composites, it focussed on the dispersion of inorganic nanoparticles in a
hemp substrate as well as on mechanical performance. Two different types
of fibres were considered, and several weight fractions of nanoclay particles
were investigated. Particleboards were manufactured and mechanically
tested to obtain first flexural modulus and strength, then elastic modulus
and strength parallel and perpendicular to the surface.
5.4.1

Mycelium surface colonisation

The fungus used in this research is a white-rot species. Lignocellulose is the
primary source of nutrient. Hence, the added minerals might limit the
growth of the hyphae if the fibres are coated with clay particles. To assess
the influence of the amount of nanoclay on the growth kinetics of mycelium,
different proportions were mixed with hemp fibres. Remarkably, the results
suggest that composites containing 5 wt% of nanoclay grow 5% faster than
composites with 1 wt% of nanoclay during the first 7 days (Figure 5-6 on
page 231). The T. versicolor mycelium stays concentrated in the middle of the
petri dish during the first 7 days, and on the 10th day, only small, thin white
branches start to explore the rest of the substrate. An asymmetric sigmoidal
curve was constructed to fit the point of measurements after 7 days, taken
on day 10 and day 22. This best-fit curve should be interpreted with caution
(Figure 5-6 on page 231), since a 95% confidence interval could not be
calculated. Yet, the graph gives an image of the surface colonisation
percentage, which shifted from 5 wt% nanoclay having the highest rate after
7 days to 1 wt% nanoclay having the highest rate after 22 days. After 22
days, composites with 1 wt% fully colonised the petri dish before the other
compositions. The initial exploring hyphae slowly covered the whole
substrate.
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However, the nanoclay composites grew significantly more slowly than
samples without nanoclay (two-way ANOVA, adjusted p < 0.0001). Samples
containing nanoclay grew 24% to 29% (mean differences with a two-way
ANOVA comparison) more slowly than the control samples. The slower
growth of mycelium makes the substrate more prone to contaminations.
From the three replicates, at least one sample containing 3.5 wt% and 5 wt%
was partially contaminated, blocking the hyphae from fully colonising the
rest of the substrate (Figure 5-7 on page 231). Moreover, the hydrophobic
nature of clay forms a barrier to the uptake of moisture and oxygen. In
accordance with the present results, previous studies have demonstrated
that the presence of nanoclay makes the wood–plastic composites less
accessible to the fungus due to the reduction in oxygen content and
moisture uptake, and nutrient shortage (Bari et al., 2015; Kord et al., 2014).
5.4.2

Morphological analysis of hyphae and nanoclay

To further investigate the interactions between the organic and inorganic
substrate with mycelium, different mixtures (1 wt%, 2.5 wt%, 3.5 wt% and
5 wt% nanoclay) were dried after having grown for 20 days and observed
by SEM (Figure 5-8 on page 232). The images show a distribution of
nanoparticles around the hemp fibres. The hyphae were able to penetrate
the clay particles, as their growth tracks are marked in the clay (Figure 5-9
on page 233). Interestingly, some nanoclay particles were observed around
the hyphae. It is possible that the distribution of particles was altered while
handling the samples, but the nanoparticles could also have been
transported and moved during the growth of the hyphae. The amount of
nanoclay (between 1 and 5%) does not seem to alter the ability of hyphae to
grow in and around the fibres. Fibres with 1 and 2% nanoclay were only
slightly coated by the particles, while samples with 3.5 and 5 % nanoclay
were packed with particles that reached into the fibres’ cell-wall structure.
Still, the concentration of hyphae was higher in cavities and places where
the fibres were not covered by nanoclay.
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Figure 5-6. Radial mycelium extension rate measured as surface colonised (%) over 22 days for
T. versicolor (M9912) on a hemp and 1–5% nanoclay substrate with a non-lineair fit curve. The standard
deviation is performed with 3 specimens (mean ± one standard deviation).

Figure 5-7. Colonisation over 22 days for T. versicolor (M9912) on a hemp and 0–5% nanoclay substrate.
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Figure 5-8. Morphological characterisation by SEM images of T. versicolor (long threads) on a hemp
(dark-gray, plate-like fibres) and nanoclay (light-gray particles) substrate after 7 days. a. 1 wt% nanoclay.
b. 2.5 wt% nanoclay. c. 3.5 wt% nanoclay d. 5 wt% nanoclay. Micrographs were taken at zoom 10x,
zoom 1000x and zoom 2000x.
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Figure 5-9. Micrograph of 2.5 wt% nanoclay-mycelium composite showing the hyphae that grow inside
the nanoclay, which is coated around the hemp fibres.
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5.4.3

Spectral response to nanoclay concentrations

Next, to understand the influence of different concentrations of nanoclay
on the degradation capacity of T. versicolor, FTIR spectra were compared
with undecayed hemp fibres and mycelium-hemp composites (Figure 5-10
on page 235). For an exhaustive chemical analysis of the degradation
between decayed and undecayed fibres, I refer to Chapter 3 and 4. Here, I
focus only on the impact of the nanoclay filler on the degradation capacity
in the “fingerprint” region between 1800 and 600 cm-1.
Mycelium-hemp composite samples showed the presence of bands at
3310 cm−1 for O-H stretching of bonded hydroxyl groups, 2949 and
2837 cm−1 for C-H stretching, 1731 cm−1 for C=O stretching, 1645 cm−1
for H-O-H deformation vibration of absorbed water and conjugated
carbonyl groups, mainly originating from lignin, 1456 cm−1 for CH2
deformation vibrations in lignin and xylan, 1423 cm−1 for aromatic skeletal
vibrations combined with C-H in plane deformation and for +C-H
deformation in lignin and carbohydrates, 1156 cm−1 for C-O-C vibration in
cellulose and hemicelluloses, 1032 cm−1 for C=O stretching vibration in
cellulose, hemicelluloses and lignin and 1000−800 cm−1 for C−H bending
vibration in cellulose.
The intensities of all peaks of nanoclay composites decreased slightly
between 1800 cm-1 and 1021 cm-1, which indicates that T. versicolor has more
difficulty accessing and decaying the hemicellulose and lignin when the
amount of nanoclay increases. New bands were formed at 1005 cm-1,
revealing that cellulose is mostly resistant to degradation when nanoclay is
present in the composite (subtracted peaks under the baseline in Figure
5-11 on page 235). No changes in chemical composition were observed at
1645 cm-1 (H-O-H deformation vibration of absorbed water and conjugated
carbonyl groups, mainly originating from lignin), or at 899 cm-1 (C−H
bending vibration in cellulose). The percentage of nanoclay is visible on the
spectral response as fibres containing 1% nanoclay are more degraded than
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the ones containing 5%. This suggests that nanoclay obstructs the
nutritional access to the fibres.

Figure 5-10. Mean FTIR spectra of 1%–2.5%–3.5%–5% nanoclay-mycelium composites, mycelium
composite without nanoclay (dotted line) on a hemp substrate after growth of 7 days, and undecayed
hemp fibres (dashed line).

Figure 5-11. The subtracted peaks of nanoclay-mycelium composite (dotted line) from mycelium
composite fibres without clay (solid line) below the baseline show an appearance of new bands due to
degradation by the fungi, while the subtracted peaks above the baseline show the decrease of bands. The
intensities are around zero when there is no change in the chemical composition of the fibres during the
mycelium interaction.
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5.4.4

Flexural properties of particleboards

Foremost, the goal of this study was to investigate the influence of the
addition of nanoclay particles on the mechanical properties of mycelium
composites. The particleboards were all visually different, showing
variations in the growth pattern of the organism (Figure 5-15 on page 239).
These fungal morphological changes are associated with extracellular
signalling and metabolic pathways (Luo et al., 2017).
First, the bending properties will be analysed, followed by the tensile
properties, the internal bond, and the compressive properties.
Three categories of samples were subjected to bending forces (Table 5-1 on
page 223 and Figure 5-13 on page 238). The first samples (M9912-HNC15mm) contained hemp and 2.5% nanoclay, and were heat-pressed to an
average thickness of 15 mm. The second samples (M9912-BNC-4mm)
contained beechwood and 5% nanoclay,4 heat-pressed to an average
thickness of 4 mm. This thickness was tested to comply more closely with
specimen dimensions of wood-based boards (ISO 16978). The third
samples (M9912-HNC-4mm) contained hemp and 2.5% nanoclay, heatpressed to an average thickness of 4 mm.
The addition of nanoclay to the fibres did not significantly change the
bending behaviour of mycelium composites (Table 5-4 on page 238). On
the modulus-density chart (Figure 5-12 on page 238), the control samples
without nanoclay are situated close to the M9912-HNC-15mm samples. The
results indicate that highest flexural strength is found for M9912-HNC15mm samples.
Flexural strength decreases with decreasing specimen thickness, since
samples with a thickness of 15 mm had an average flexural strength of
1.47 MPa, while the samples with a smaller thickness (4 mm) had an average

Samples M9912-BNC-4mm containing 2.5 wt% and 3 wt% nanoclay were
contaminated.
4
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flexural strength of 1.02 MPa. From the graph and table (Figure 5-12 on
page 238, Table 5-4 on page 238), we can also see that the difference in type
of fibre affected the bending strength. Samples containing hemp performed
35% better in their flexural strength than samples containing beechwood.
On the contrary, the flexural modulus of beechwood samples was 22%
higher than that of samples containing hemp. In other words, beechwood
samples resulted in stiffer materials, while hemp samples could hold higher
stresses before breaking. This finding can be related to either the type of
fibre or to the higher amount of nanoclay present in the beechwood samples
(5%). Further work is required to confirm these results.
The samples tested within this study displayed flexural properties that can
be related to those of natural materials such as wood, cork and cancellous
bone (Figure 5-14 on page 239) (Wegst and Ashby, 2004). It is not
surprising that mycelium materials are efficient when bending, because
natural materials such as wood, cork and bamboo also indicate high values
for the flexure index (Wegst and Ashby, 2004). Similarly, these natural
cellular materials have low densities due to the high volume of voids.
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Table 5-4. Overview of the material properties in three-point bending of nanoclay-mycelium
composites. The standard deviation is performed with triplicate specimens (mean ± one standard
deviation).
Label

Dry density
[kg/m3]

Flexural strength
[MPa]

Flexural modulus
[GPa]

M9912-HNC-15mm

426.98 ± 9.19

1.47 ± 0.02

0.19 ± 0.002

M9912-BNC-4mm

329.63 ± 15.43

0.35 ± 0.02

0.06 ± 0.01

M9912-HNC-4mm

301.11 ± 25.49

1.02 ± 0.15

0.05 ± 0.007

Control-15mm

488.89 ± 41.09

1.46 ± 0.48

0.22 ± 0.06

Figure 5-12. Flexural modulus–density chart of nanoclay-mycelium composites, plotted on Ashby chart
for engineering materials (Ashby, 2013). The standard deviation is performed with triplicate specimens
(mean ± one standard deviation).

Figure 5-13. Details of specimens before and after loading of the three-point bending test.
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Figure 5-14. A material property, plotting Young’s modulus against strength for nanoclay-mycelium
composites on an Ashby chart for natural materials. The standard deviation is performed with triplicate
specimens (mean ± one standard deviation).

Figure 5-15. Particleboards before the preparation for the mechanical tests show the variety of growth
patterns.
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5.4.5

Tensile properties parallel to the surface

The composites show ductile behaviour under tension, with the failure
occurring due to the breakage of the mycelium binding between fibres
(Figure 5-16 on page 241). Tensile strength of mycelium (nanoclay)
materials varies between the different samples that were subjected to
tension. Of the several variations in composition (Table 5-1 on page 223),
the first group (M9912-HNC-15mm) results in the highest tensile strength
(Table 5-5 on page 241). However, the values of tensile strength and elastic
modulus of this group are lower (0.62 MPa) than those of the control
samples without nanoclay particles (1.14 MPa). The three other categories
of samples resulted in equally low tensile properties (Table 5-5 on page 241,
Figure 5-17 on page 241). Although pneumatic grips with a cardboard lining
were used to avoid failure before testing, the stress concentrations and
failure developed in the clamping region. Other studies show that analysis
of specimens that failed at the grip–specimen interface versus those that
failed at mid-substance showed no significant difference in their tensile
properties (Ng et al., 2005). However, these data must be interpreted with
caution, and further studies are recommended.
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Table 5-5. Overview of the material properties in tension of nanoclay–mycelium composites. The
standard deviation is performed with triplicate specimens (mean ± one standard deviation).
Label

Dry density
[kg/m3]

Ultimate
tensile strength
[MPa]

Speciﬁc tensile
strength
[kN·m/kg]

Elastic
modulus [GPa]

Speciﬁc
modulus [106
m2 s-2]

M9912-HNC-15mm

654.55 ± 24.39

0.62 ± 0.10

0.95 ± 0.17

0.27 ± 0.04

0.42 ± 0.08

M9912-BNC-4mm

605.04 ± 26.94

0.08 ± 0.02

0.13 ± 0.03

0.02 ± 0.01

0.04 ± 0.01

M9912-HNC-4mm

389.26 ± 56.94

0.27 ± 0.07

0.68 ± 0.15

0.06 ± 0.01

0.16 ± 0.05

M9726-HNC-NP

139.95 ± 9.86

0.05 ± 0.02

0.36 ± 0.13

0.02 ± 0.01

0.12 ± 0.04

Control-15mm

980.67 ± 84.77

1.14 ± 0.13

1.15 ± 0.07

0.59 ± 0.15

0.61 ± 0.17

Figure 5-16. Stress-strain curves of tensile tests of nanoclay-mycelium composites. The standard
deviation is performed with triplicate specimens (mean ± one standard deviation).

Figure 5-17. Elastic modulus–density chart of nanoclay-mycelium composites, plotted on Ashby chart
for engineering materials (Ashby, 2013). The standard deviation is performed with triplicate specimens
(mean ± one standard deviation).
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5.4.6

Tensile properties perpendicular to the surface

Samples from the first category (M9912-HNC-15mm) were submitted to
tension perpendicular to the surface in order to quantify the adhesion of the
fibres (Figure 5-19 on page 243). The results (Table 5-6 on page 243)
indicate higher internal bonding for nanoclay-based mycelium composites
(0.023 MPa) compared to the control sample (0.007 MPa). These results
contrast with the previous tests and might be related to the orientation of
the specimen during testing. The samples were cut from a particleboard and
teared apart in the opposite direction from the tensile tests described in the
previous section. If the materials were grown directly in the geometry of the
specimen, the mycelium layer, which grows at the surface of the materials,
would probably impact the internal bond. Also, the composites do not meet
the requirements for lightweight particleboards (0.1 MPa) as established by
EN 622-3 for fibreboard specifications (Figure 5-18 on page 243).
5.4.7

Compressive properties

The addition of nanoclay did not significantly influence compressive
strength (Table 5-7 on page 244 and Figure 5-4 on page 225). The samples
showed progressive load-deflection behaviour (Figure 5-20 on page 244).
Mechanical compressive stiffness was obtained from the slope (first distinct
straight portion) of the stress-strain curve with the tangent modulus. The
compressive stiffness ranged between 0.45 and 0.54 MPa for nanoclayreinforced composites, compared with 0.34 MPa for mycelium composites
without nanoclay (Figure 5-21 on page 244). The values of the compressive
Young’s modulus range in the same order as previously reported
compressive properties for mycelium composites (Elsacker et al., 2019), see
Chapter 4. Yet, we expected to see a more pronounced fluctuation in the
results with the addition of different percentages of inorganic particles.
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Table 5-6. Overview of the material properties in internal bond of nanoclay-mycelium composites. The
standard deviation is performed with 9 specimens (mean ± one standard deviation).
Label

Dry density
[kg/m3]

Ultimate
strength
[MPa]

Speciﬁc
strength
[kN·m/kg]

Elastic
modulus
[GPa]

Speciﬁc
modulus
[106 m2 s-2]

M9912-HNC-15mm

340.85 ± 2.09

0.017 ± 0.006

0.049 ± 0.017

0.003 ± 0.000

0.009 ± 0.001

Control-15mm

492.32 ± 45.40

0.007 ± 0.003

0.01 ± 0.006

0.005 ± 0.002

0.01 ± 0.0007

Figure 5-18. Internal bond strength of nanoclay-mycelium composite. Labels with different letters
indicate a statistical difference (p < 0.05) among the specimens. The standard deviation is performed with
9 specimens (mean ± one standard deviation).

Figure 5-19. Detail of specimens and fixtures before and after loading for tension tests perpendicular
to the surface (internal bond).
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Table 5-7. Overview of material properties in compression of mycelium composites grown with 1 to
5% nanoclay. The standard deviation is performed with three specimens.
Label

Dry density
[kg/m3]

Compressive
strength [MPa]

Corresponding
strain [%]

1%

180.14 ± 0.01

0.12354

42.85

0.52 ± 0.02

2.5%

183.16 ± 0.08

0.12356

42.52

0.54 ± 0.02

3.5%

176.82 ± 0.02

0.11932

42.41

0.45 ± 0.01

5%

175.31 ± 0.02

0.12804

43.00

0.45 ± 0.01

172.34 ± 0.04

0.10715

43.50

0.34 ± 0.01

Control

Young’s
modulus [MPa]

Figure 5-20. Typical stress-strain curve of compression for mycelium composites grown with 1 to 5%
nanoclay, showing a zoom on the first straight portion of the curve. The standard deviation is performed
with 3 specimens (mean ± one standard deviation).

Figure 5-21. Compressive Young’s modulus of mycelium composites during uniaxial compression with
with 1 to 5% nanoclay. The standard deviation is performed with 3 specimens (mean ± one standard
deviation).
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5.5

Discussion: Overview of nanoclay-mycelium materials’
properties compared with the literature

This section discusses the mechanical properties of mycelium materials and
nanoclay-mycelium materials and gives an overview of values obtained in
other investigations.
5.5.1

Nanoclay-mycelium materials meet the requirements of
softboards for the flexure index

Nanoclay-mycelium materials meet the requirements of bending for
softboards as defined in EN 622-4 (2019) (type SB.LS) in dry, humid and
exterior conditions and load-bearing use. The findings combined extend
some of the existing data on the flexural properties for mycelium materials
obtained in other studies (Figure 5-22 on page 248). The flexural strength
of heat-pressed rapeseed and cotton mycelium materials ranges between
0.62 and 0.87 MPa. The flexural modulus of the same samples ranges
between 0.03 and 0.07 GPa (Appels et al., 2018a). However, researchers
were able to achieve higher flexural modulus (1.4-4.6 MPa) with myceliumcotton stalk composites under 160, 180 and 200°C pressing temperatures
(Liu et al., 2019). Heat-pressing was done with a pressure of 3.5–4.0 MPa to
a density of 600 kg/m3 (Liu et al., 2019), while the density of the previous
research was only 350 kg/m3 (Appels et al., 2018a) and average density of
samples in this research was 363.18 kg/m3. Non-pressed cotton plant
materials were reported to have flexural strengths in the range of 0.007–
0.026 MPa5 (Holt et al., 2012). One other study on non-pressed mycelium
materials made from crop residues and coated with edible films
(carrageenan, chitosan and xanthan gum) reports a flexural strength of
0.01 MPa (López Nava et al., 2016). The flexural modulus ranges between
66.14 and 71.77 MPa for cotton and hemp mycelium materials (Ziegler et
These data must be compared with caution, because it was normalised by the
authors to a standard polystyrene density.

5
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al., 2016). A higher porosity in the discussed studies’ material strongly
contributes to lower flexural strength, while a high density achieved by heatpressing can further enhance the material properties.
The amount of existing literature on the mechanical properties of polymerbased montmorillonite nanoclay composites points to the great attention
paid to this in academic and industrial sectors. For example, the flexural
strength of wood flour–PLA composites with 0.5% sodiummontmorillonite clay was 13% larger than the value for the control sample
without nanoclay (Liu et al., 2016). In this thesis, flexural strength increased
by only 1% for nanoclay-infused materials.
5.5.2

Heat-pressing is a major factor in increasing tensile properties

Tensile strength (s) of pure Ganoderma lucidum and Pleurotus ostreatus
mycelium biofilms ranges between 0.7 and 1.1 MPa (Haneef et al., 2017).
For pure wild types of S. commune biofilms, tensile strength ranges between
5.1 and 9.5 MPa, while for modified strains (deletion of the hydrophobin
gene sc3), tensile strength increases to 15.6–40.4 MPa (Appels et al., 2018b).
Reported tensile properties of composite mycelium materials vary for
different types of feedstocks (Figure 5-23 on page 248), and are for example
higher for sawdust substrates (s 0.05 MPa) than for straw substrates (s
0.01–0.04 MPa) (Appels et al., 2018a). Heat-pressing was reported to be the
major factor in increasing tensile strength and modulus (s 0.13–0.24 MPa,
E 35–97 MPa) in comparison to cold-pressing (s 0.03 MPa, E 6-9 MPa) or
non-pressing (s 0.01–0.05 MPa, E 2–13 MPa) (Appels et al., 2018a). In
comparison, the developed samples and conducted experiments in this
research resulted on average in tensile strength that was 6 times higher (s
1.14 MPa, E 585.98 MPa). A possible explanation for the divergence of
these findings with the literature may the use of different production and
testing methods, as there is no adequate standard for the production and
testing of mycelium materials.
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Tensile strength of wood flour–PLA composites slightly improves by 4%
with the addition of montmorillonite clay (Liu et al., 2016). According to the
authors, the higher strength of the composites is caused by the intercalated
structure of montmorillonite in the wood-flour cell wall (Liu et al., 2016). In
addition, incorporation of nanoclay reduces the polarity of natural fibre and
benefited the interface between the fibre and the PLA matrix (Liu et al.,
2018). The intercalated montmorillonite in polymer matrix improves the
capability to transfer load from the polymer to the strong montmorillonite
(Gurunathan et al., 2015).
5.5.3

Nanoclay-mycelium composites have a low internal bond

Other studies found an internal bond strength between 0.05 and 0.18 MPa,
with mycelium-cotton stalk composites under 160, 180 and 200°C pressing
temperatures (Liu et al., 2019). In a follow-up study, the same authors
improved the internal bond to 0.34 MPa by immersing the materials in water
until an uptake of 30% before heat-pressing. In comparison with that study,
the internal bonding results presented in this work are very low: 0.023 MPa
for nanoclay-based mycelium composites and 0.007 MPa for mycelium
composites without nanocly. Nonetheless, no other satisfying results were
achieved by other researchers, as for example Sun et al. note that the
composites were too weak to be measured in the internal bond strength test
(Sun et al., 2019). The values for the internal bond strength of the woodand resin-based boards can significantly increase with the addition of 1–5%
nanoclay (Ashori and Nourbakhsh, 2009; Salari et al., 2012). The authors
observed that the increase in brittleness due to the addition of nanoclay
inclusions was balanced by the increase in ductility due to the higher press
temperature. Previous studies reported that the maximum internal bond
value (1.99 MPa) was obtained for particleboard with 2% nanoclay loading,
which accounted for an improvement of 18.03% compared to the reference
board (Ismita and Lokesh, 2018). The improved behaviour can be explained
by the percolation theory, which is applied to the networking capability of
the clay nano-platelets (Lei et al., 2008).
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Figure 5-22. Overview of data on the flexural modulus for mycelium materials obtained in this and
other studies. Data compiled from (Appels et al., 2018a; Liu et al., 2019). Plotted on Ashby chart for
engineering materials (Ashby, 2013).

Figure 5-23. Overview of data about the elastic modulus for mycelium materials obtained in this and
other studies. Data compiled from (Appels et al., 2018a). Plotted on Ashby chart for engineering
materials (Ashby, 2013).
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5.6

Conclusions

The effects of hybridisation of mycelium composites with nanoclay were
evaluated in terms of morphological, chemical and mechanical properties.
Nanoclay causes a decreased growth rate, which appears to be up to 29%
slower than that of control samples. Moreover, the slower growth of
mycelium makes the substrate prone to contaminations. The distribution of
clay particles was visualised through SEM imagery. The particles are able to
penetrate into the fibres’ cell-wall structure, and some nanoclay particles
were observed around the hyphae. The FTIR study demonstrated that T.
versicolor has more difficulty accessing and decaying the hemicellulose and
lignin when the amount of nanoclay increases. It seems that cellulose is more
difficult to degrade when nanoclay is present in the composite. The ability
of the fungus to degrade the nanoclay-coated fibres decreases with the
increase of nanoclay.
The addition of nanoclay to the fibres does not significantly affect the
bending behaviour of mycelium composites. Tensile strength and elastic
modulus of nanoclay-mycelium materials are lower than those of the control
samples without nanoclay particles. While nanoclay enhances the properties
of polymer composites, the hybridisation with mycelium composites was
not successful. On the other hand, strength values are higher than most of
the existing data about flexural and tensile properties for mycelium materials
obtained in other studies. The results indicate a slightly higher but negligible
internal bonding and compressive stiffness for nanoclay-based mycelium
composites.
The challenges of the hybridisation of mycelium materials with inorganic
reinforcements have become clearer. In general, this work provides a useful
method for combining renewable organic sources, such as natural fibres and
fungal mycelium, with nanoparticles. There is still a long way to go to
understand all biological and engineering mechanisms needed to achieve
specific structural properties using nanoclay-mycelium materials.
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Chapter 6 Bacterial Cellulose and Mycelium
Hybrid Composites

While mycelium is considered as a promising alternative to fossil-based
resins in lignocellulosic materials, the mechanical properties of mycelium
composites remain low due to the poor internal bond between the hyphae
and the natural fibres. The hybridisation of mycelium materials with organic
additives aiming at reinforcing the composites has hardly been studied so
far. The current study investigates the mechanical properties of bacterial
cellulose (BC), which is naturally biosynthesised by the bacterium
Komagataeibacter xylinus, and its combination with mycelium composites,
which are grown with Trametes versicolor on hemp fibres. This study evaluates
the feasibility of a fabrication approach with two biological organisms by
creating a series of heat-pressed particleboards. We found that the flexural
and tensile strength of the particleboards significantly enhanced. Moreover,
the internal bond improved by up to 8 times, confirming that the addition
of BC to mycelium materials, combined with a high densification of the
particleboard, increases bonding strength. The study provides useful
methods for future developments of fully biological materials.
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6.1

Introduction: Bacterial cellulose

Worldwide research of the last couple of decades has focused on renewable,
biodegradable and eco-friendly alternatives to synthetic materials. As a
result, the fibres of such materials are replaced by natural substitutes, such
as wood or agricultural fibres. At the same time, the binders are often still
based on carcinogenic and toxic formaldehyde-based resins. An alternative
to formaldehyde-based resins includes natural resins, such as glucomannan,
chitosan, soybean protein, corn starch and cellulose nanofibril binders. The
last element in this list, cellulose, which is the most abundant renewable
natural biopolymer on earth, is the main component of all plant fibres and
is created by repeating linking of ß-D-glucose (Klemm et al., 2009; Moon et
al., 2011). Cellulosic composites’ production at the nanoscale showed
promising properties, such as high mechanical characteristics (Abdul Khalil
et al., 2014; de Mesquita et al., 2010; Sun et al., 2019; Yano and Nakahara,
2004).
The term “nanocellulose” generally refers to materials that contain cellulosic
particles measuring 100 nm or less in at least one dimension (Abdul Khalil
et al., 2014). Considerable attention is given to cellulose nanofibers, because
these have a high surface area and can bond natural fibres through hydrogen
bonding and mechanical interlocking, providing structural integrity to the
composites (Amini et al., 2017; Arévalo and Peijs, 2016; Eichhorn et al.,
2010; Fukuzumi et al., 2009; Leng et al., 2017; Tajvidi et al., 2016; Theng et
al., 2015). Indeed, the incorporation of cellulose nanofibers into other
polymers has proven to be an essential strategy for developing bio-based
materials (Abdul Khalil et al., 2012; Sun et al., 2019). Nanocellulose can be
produced from various lignocellulosic sources through different methods.
Still, it is generally made by delamination of wood pulp with mechanical
pressure, before or after chemical or enzymatic treatments (Klemm et al.,
2011). This treatment is quite intensive and, depending on the type of
processing and raw material, chemical pre-treatments are applied before
defibrillation (Abdul Khalil et al., 2014; Chauhan and Chakrabarti, 2012).
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Therefore, a potential alternative that requires fewer mechanical treatments
is bacterial cellulose (BC). These cellulose polymers are naturally
biosynthesised by the bacterium Komagataeibacter xylinus, thereby forming
sheets at the liquid medium’s surface in which the bacteria are grown. Due
to its high stiffness and tensile strength (Hsieh et al., 2008; Yano et al., 2005),
low density (Ramana et al., 2000), high purity, biodegradability and easily
manipulable shape (Qiu and Netravali, 2017), BC constitutes an exciting
type of biomaterial. Besides, it has a potentially higher availability than plant
cellulose.
Single BC nanofibers exhibit outstanding tensile strengths at ~1500 MPa
(Yano et al., 2005) and Young’s modulus at ~114 GPa (Hsieh et al., 2008).
Moreover, BC’s structural features are far superior to those of plant
cellulose, which gives it better properties (Shah et al., 2013; Ul-Islam et al.,
2012), because all fibrils lie in the plane of the cellulose. K. xylinus
(NCBI:txid28448, in literature (Yamada et al., 2012), the homotypic
synonym Acetobacter xylinum is often used) is an aerobic bacteria that is
capable of producing cellulose from a wide range of carbon/nitrogen
sources (Lee et al., 2014). Komagataeibacter is a genus from the Acetobacteraceae
family, of which multiple species produce bacterial cellulose (Florea et al.,
2016) through a multi-step metabolic process occurring inside the cell
(Figure 6-2c on page 265). While its original nature is to colonise fruit and
produce BC as a biofilm, protecting cells from desiccation and UV damage,
in the lab under static fermentation conditions in liquid culture, the bacteria
grow at the air-water interface and create a pellicle of intertwined cellulose
fibrils (Chan et al., 2018). The outer membrane of the bacterial cell enzymes
is involved in the cellulose synthesis, in which chains of glucans selfassemble in cellulose nanofibrils (Qiu and Netravali, 2014). During the
bacterial metabolism, carbon dioxide is released and trapped inside the BC
network. K. xylinus is nonmotile, and it is this trapped carbon dioxide that
provides the buoyancy that pushes the BC towards the liquid surface (Chan
et al., 2018).
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BC materials have been implemented in many applications, including
binding agents (Qiu and Netravali, 2014), cosmetics (Liebner et al., 2012),
high-quality paper (Qiu and Netravali, 2014), food (Liebner et al., 2012),
textiles (Chan et al., 2018), a scaffold for tissue engineering (Bäckdahl et al.,
2006; Svensson et al., 2005) and nanocomposites (Qiu and Netravali, 2017,
2014; Wan et al., 2006). The bacteria can also grow on the surface of natural
fibres rather than in a liquid medium (Pommet et al., 2008). The adhesion
between BC nanofibrils and natural fibres is possibly related to many
hydrogen bonds formed between the BC and the natural fibres (Qiu and
Netravali, 2014). The incorporation of BC as a reinforcement in mycelium
composites might result in enhanced mechanical properties and is therefore
a worthwhile investigation path.
6.2

Research goals

The principal objective is to develop mechanically enhanced composites
composed of natural fibres with BC and mycelium. This work aims to
demonstrate the feasibility of an in situ self-assembly fabrication approach
with two microorganisms by creating a series of particleboards to improve
the mechanical properties of mycelium materials. Two different types of
material – pure BC and composites – are considered. Particleboards are
manufactured and mechanically tested to determine the flexural behaviour
and the elastic behaviour parallel and perpendicular to the surface. The
research establishes a methodology that introduces BC in mycelium
composites to explore and characterise a sequence of enhancements. This
work is the first study undertaking a longitudinal analysis of bacterialmycelium hybrid materials.
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Figure 6-1. Illustration of different steps in the fabrication process of bacterial cellulose–mycelium
hybrids, showing: a. The growth of bacterial cellulose in ethanol. b. Preparing the BC in the laminar
flow. c. After the growth, BC is mixed in a blender before inoculation in hemp fibres. d. When
composites are fully grown, they are heat-pressed. e. This is done with an oven built around an Instron.
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6.3

Materials and method

The development of various types of pure BC and of BC-mycelium
particleboards was done in parallel and chosen as an effective method to
explore a variety of mechanical properties. It was, therefore, considered
necessary to explain the different fabrication steps in detail.
6.3.1

Fungal species

The mycelium spawn Trametes versicolor (M9912-5LSR-2) was purchased
from Mycelia bvba (Nevele, Belgium). It was conserved on a grain mixture
at 4°C in a breathing Microsac bag (Sac O2 nv, Nevele, Belgium).
6.3.2

Bacterial strain isolation

A K. xylinus bacterial strain was isolated from a commercial SCOBY
(symbiotic culture of bacteria and yeast) received from Winnie Poncelet of
GLIMPS CV (Figure 6-1 on page 261, Figure 6-2a on page 265). We
produced BC using a Hestrin and Schramm culture medium (Hestrin and
Schramm, 1954), designed specifically for cellulose-producing bacteria
(Figure 6-2b on page 265). The strain was isolated in the HS medium
20 g/L glucose, 5 g/L peptones, 5 g/L yeast extract, 2.7 g/L Na2HPO4 and
1.15 g/L citric acid. The strain was stored in Erlenmeyers at 30°C in the
dark until a 1 cm thick BC sheet had grown on the surface of the liquid.
Identification confirmed that K. xylinus was present in the above liquid
culture. The BC-producing bacteria were identified by amplifying the 16S
ribosomal DNA, followed by sequencing and using the Basic Local
Alignment Search Tool (BLAST). Tom Ellis kindly provided a second
strain. This Komagataeibacter rhaeticus iGEM strain was previously isolated
(Florea et al., 2016) from a Kombucha SCOBY of Czech origin by streaking
homogenised SCOBY material on Hestrin–Schramm (HS) agarose. A third
strain was obtained from the DSMZ library (German Collection of
Microorganisms and Cell Cultures). These three strains were grown in small
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Erlenmeyer flasks, and their growth was compared (not discussed in this
work). It appeared that the first isolated strain remained the fastest growing
option (Damsin et al., 2019). Therefore, this one was selected to continue
the investigation with.
6.3.3

Production of the BC starter culture

The first step of producing the BC starter culture was the growth of the
bacterial cells (Figure 6-2a on page 265). The stock strains were transferred
to a medium containing 20 g/L glucose, 5 g/L peptones, 5 g/L yeast
extract, 2.7 g/L Na2HPO4 and 1.15 g/L citric acid. This medium was
prepared by heating distilled water to dissolve the different compounds.
Then, the medium was placed in 1L PYREX bottles and autoclaved. One
large batch was made for the entire study, making it possible to have
constant reliability of the medium. The strains were cultured in Erlenmeyer
flasks in optimal growth conditions (30°C, no light). The bacterial cells
metabolised the glucose present in the medium into chains of cellulose,
which remained attached to the cell (Figure 6-2c on page 265). A white
gelatinous substance of intertwined cellulose fibrils accumulated at the
surface of the liquid (Figure 6-1 on page 261), and in the rest of the liquid,
a cloudy loose structure of cellulose appeared. Once enough cells were
grown for large volumes, they were stored in the fridge at 4°C to slow down
growth.
6.3.4

Fabrication of the BC sheets

The described fabrication method was developed after several iterations of
failure, contamination and problem-solving. This itinerary is described in
(Damsin et al., 2019). Here, several PYREX 40 x 27 cm glass oven dishes
were covered with aluminium and sealed with tape before being sterilised in
an autoclave at 121°C (Figure 6-1 on page 261). Once the dish had cooled
down to below 30°C, the aluminium sheet was carefully cut open in one
corner in a laminar flow unit, and the culture medium was poured in slowly.
About 1% of the volume of inoculated culture medium containing the strain
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was extracted and transferred to the glass dish using a 25 mL pipette (Figure
6-2d on page 265). The aluminium was closed again and sealed with tape.
The dish was placed in a dark room at 30°C for 10 days. The bacteria
developed BC sheets at the water-air interface. The obtained BC pellicles,
about 10 mm thick (Figure 6-1 on page 261), were rinsed with deionised
water (Figure 6-2e on page 265).
Two categories of samples were produced and quantified. The first is pure
BC reference samples, enabling a comparison of the original state of BC.
The second category is composed of hemp fibres with a BC coating and
mycelium as a binder.
Five different pure BC reference samples (Table 6-1 on page 268) were
grown by Damsin et al. for their high tensile strength compared to
composite samples (Figure 6-7 on page 274) (Damsin et al., 2019). First, to
analyse the influence of the drying process on the tensile properties of BC,
a plain undried sheet, in the state right after harvesting and before drying
and containing approximately 98% water, was put aside by immersing it in
ethanol to avoid contamination in sterile conditions before testing (label BCa). BC’s most straightforward production process was to harvest the wet
sheet and leave it to air-dry on a wooden plank between layers of absorbing
tissues (label BC-b). With the following sheets, the drying process was
optimised. Drying the BC by employing heat-pressing dehumidified the
material in a short period and promoted cross-linking (label BC-c). A BC
sheet was placed in the heat press at 190°C until it had thoroughly dried. To
see whether a heat treatment affected an already dried BC sheet, an air-dried
sheet was placed in the heat press at 170°C for 3 minutes (label BC-d).
Finally, the effect of mechanical disintegration by a lab blender was tested
(label BC-e). The equivalent of 4 samples was mixed until smooth, and the
mixture was spread out in a rectangle. The sheet was left to dry for several
days and regularly flipped to promote homogeneous drying.
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Figure 6-2. Schematic description of the isolation of bacterial strain K. xylinus, fabrication of BC and
fabrication of BC-mycelium hemp substrate. a. K. xylinus bacterial strain isolated from a SCOBY. b.
Transfer to a Hestrin and Schramm culture medium. c. The strain is incubated in an Erlenmeyer in
growing conditions and produces BC through a metabolic process inside the cell. d. The culture medium
is poured into a glass oven dish along with inoculated culture medium containing the strain. e. The
obtained BC pellicles are rinsed with deionised water. f. The BC sheets are mechanically disintegrated in
new medium and deoinised sterile water with a lab blender. g. Hemp is weighed and placed in heatresistent bags. h. The substrate is autoclaved. i. BC is mixed with hemp fibres. j. The mixture is
inoculated at 30 °C on a rotary shaker. k. Mycelium spawn is mixed with the BC-hemp substrate. l. The
BC coats the hemp fibres, while the mycelium grows in the substrate.
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6.3.5

Preparation of hybrid BC-mycelium hemp substrate

The composites were fabricated with 5–25 mm hemp hurds (Aniserco S.A,
Groot-Bijgaarden, Belgium). Hemp was placed in heat-resistant bags and
autoclaved at 121°C for 20 minutes (Figure 6-2h on page 265). The bags
were left to cool down for 24h. Then, a BC sheet (20 g) was mechanically
disintegrated with a lab blender for 5 minutes with a new medium (250 mL)
and deionised sterile water (350 mL) (Figure 6-1 on page 261, Figure 6-2f
on page 265) before mixing it with hemp fibres (200 g) (Figure 6-2i on page
265). The mixture of fibres and BC was incubated for 5 days at 30°C on a
rotary shaker (105 rpm) (Figure 6-2j on page 265).
6.3.6

Particleboard fabrication

In a laminar flow hood, 10 wt% of mycelium spawn (80 g) was mixed with
the fibres (Figure 6-2k on page 265). During the first growth phase, the
substrate grew in bags with a depth-filtration system that allowed for airflow.
The bags were stored in an incubation room at 26°C and a relative humidity
of 60%. The mycelium homogeneously colonised and blended the substrate
in chunks. Every day, the bags were kneaded to stimulate the strengthening
of the mycelium. During the fermentation process, the BC nanofibers selfassembled fibres to form network-like tissue around the hemp fibres
(Figure 6-2l on page 265).
After 5 days of mycelial growth, the substrate was crumbled by hand to reactivate the mycelium. It was then distributed in Microbox containers
(purchased at SacO2, Deinze, Belgium) with a depth-filtration system on
top (185 × 185 x 78 mm). Next, 10 days later, the substrate had taken the
shape of the rectangular moulds. Subsequently, the samples were removed
from the moulds and incubated again for 2 days to achieve homogeneous
colonisation on the sides that were in contact with the mould. Two sets of
particleboards were produced based on methods from Chapter 5 and
consequently optimised. Two densification methods were applied: machine
force and manual force. The first batch of samples (M9912-HBC-HP) was
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compressed with an Instron 5900R with an oven built around in (Figure
6-1 on page 261). A maximum force of 30 kN was applied at 2 kN/min.
When a displacement of 50 mm was reached, the load held for 10h at two
different temperatures (B1 sample at 70°C and B2 sample at 200°C) to
understand the effect of heat. The second batch of samples (M9912-HBCMP) was heat-pressed at 200°C for 20 minutes with a manual hydraulic press
(Table 6-1 on page 268) to understand the effect of densification. These
samples were supplementarily dried in a convection oven at a temperature
of 70°C for 10h until the weight stabilised and all humidity had evaporated.
The particleboards were then stored at 21°C and 65% RH for 3–4 weeks
before testing. Finally, the samples (Table 6-2 on page 268) were cut to the
specimen dimensions of the several mechanical tests with a thin blade saw.
For the static bending tests, specimens of 170 x 50 mm were cut from one
particleboard. After loading, these specimens were reused for the tests on
tensile strength perpendicular to the surface (internal bond) and cut to 50 x
50 mm. For tensile strength parallel to the surface, specimens of 180 x
30 mm were cut out of the particleboards.
6.3.7

Methods of characterisation

The characterisation of the bending and tensile behaviour was performed in
the same way as described in Chapter 5.
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Table 6-1. Overview of the experimental design and drying/heat-pressing of the particleboards for
mechanical testing. The lable refer to the fungal strain (M9912), the type of fibre (H = hemp), the additive
(BC = bacterial cellulose), the densification method of the particleboard (HP = heat-pressed, MP =
manual pressed), type of test (B = bending, T = tension).
Label

Drying method

Drying
temperature [°C]

Drying
time [h]

Test

M9912-HBC-HP.B1
M9912-HBC-HP.B2
M9912-HBC-HP.T
M9912-HBC-MP.B
M9912-HBC-MP.T
Control.T
Control.B
BC-a
BC-b
BC-c
BC-d
BC-e

Densiﬁcation with Instron
Densiﬁcation with Instron
Densiﬁcation with Instron
Manual hydraulic heat-press
Manual hydraulic heat-press
Densiﬁcation with Instron
Densiﬁcation with Instron
Not dried
Air-dried
Manual hydraulic heat-press
Air-dried + manual heat-press
Air-dried

70
200
200
200
200
70
70
21
190
170
21

10
10
10
0.3
0.3
10
10
72
0.3
0.05
72

Bending
Bending
Tension
Bending
Tension
Tension
Bending
Tension
Tension
Tension
Tension
Tension

Table 6-2. Specifications of the weight, density and dimensions of the specimens. The standard
deviation is performed with the number of specimens (mean ± one standard deviation).
Label

Weight after drying
[g]

Dry density
[kg/mm3]

Initial thickness
[mm]

Thickness
[mm]

M9912-HBC-HP.B1

46.80 ± 1.05

531.17 ± 39.08

65

10.01 ± 0.37

M9912-HBC-HP.B2

45.69 ± 1.53

460.30 ± 13.65

65

10.73 ± 1.53

M9912-HBC-HP.T

43.67 ± 1.27

1208.38 ± 29.82

65

8.03 ± 0.07
16.94 ± 0.85

M9912-HBC-MP.B

45.79 ± 2.71

369.17 ± 17.41

65

M9912-HBC-MP.T

46.72 ± 2.78

518.06 ± 14.49

70

20.04 ± 0.57

Control.T

43.67 ± 1.27

980.67 ± 84.77

21

9.95 ± 0.73

Control.B

488.89 ± 41.09

21.5

8.58 ± 0.83

BC-a

43.64 ± 1.52
0.22 + 0.01

2256.41 ± 102.56

20

0.065 ± 0.00

BC-b

0.23 ± 0.02

2393.16 ± 210.75

20

0.065 ± 0.00

BC-c

0.38 ± 0.01

2857.41 ± 198.57

20

0.09 ± 0.01

BC-d

0.21 ± 0.02

1060.85 ± 171.98

20

0.13 ± 0.01

1957.67 ± 145.67

20

0.13 ± 0.01

BC-e

0.39 ± 0.02
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6.4

Results: Mechanical characterisation
cellulose-reinforced mycelium composites

of

bacterial

Given that both the type of additive and post-treatments appear to influence
the material properties of mycelium materials, and given that the aim is to
make nanocomposites that are fully bio-based and biodegradable, this
section seeks to generate more insights into the hybridisation of mycelium
composites. In this section, we examine the mechanical performances of
hybrid BC-mycelium materials and pure BC. Based on different treatments
described in the previous section, three types of mechanical
characterisations were performed on the particleboards: bending, tensile and
internal bonding tests. In line with the research hypothesis of this chapter,
the composites achieve enhanced properties through the integration of
organic BC particles.
6.4.1

Flexural properties of particleboards

The two categories of particleboards were subjected to bending tests. The
results show improved flexural strength and modulus for samples
containing BC (Table 6-3 on page 270). As such, samples M9912-HBCHP.B1, densified with an Instron at 70°C for 10h, showed a strengthening
of 30% compared with their control sample. Increasing the heat to 200°C
during the densification process improved sample M9912-HBC-HP.B2
twofold compared with the control sample, and by half compared with
samples densified at 70°C. With manual heat-pressing at 200°C for
20 minutes (M9912-HBC-MP.B), both the bending strength and modulus
were below the control samples’ values. Moreover, BC-mycelium materials
meet the requirements for soft boards as defined in EN 622-4 (2019) (type
SB.LS) in dry, humid and exterior conditions and load-bearing use (Figure
6-3 on page 270). Still, the materials do not meet medium boards’
requirements as defined in EN 622-3 (2004) (type MBH). BC mycelium
materials’ flexural properties are similar to those of natural materials such as
cork and wood (Figure 6-4 on page 270).
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Table 6-3. Overview of the material properties in three-point bending of BC-mycelium composite. The
standard deviation is performed with triplicate specimens (mean ± one standard deviation).
Label

Dry density
[kg/m3]

Flexural strength
[MPa]

Flexural modulus
[GPa]

M9912-HBC-HP.B1

531.17 ± 29.08

1.91 ± 0.43

0.31 ± 0.08

M9912-HBC-HP.B2

460.30 ± 12.66

2.94 ± 0.23

0.44 ± 0.02

M9912-HBC-MP.B

369.17 ± 27.41

1.11 ± 0.32

0.13 ± 0.03

Control-HP

488.89 ± 41.09

1.46 ± 0.48

0.22 ± 0.06

Figure 6-3. Flexural strength of BC-mycelium composites. The horizontal line indicates the minimum
requirement for the bending strength to meet the European standard EN 622-4 for load-bearing use for
soft boards (type SB.LS). The standard deviation is performed with triplicate specimens (mean ± one
standard deviation).

Figure 6-4. Flexural modulus–density chart of BC-mycelium composite plotted on Ashby chart for
engineering materials (Ashby, 2013).
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6.4.2

Tensile properties parallel to the surface

The tensile properties of BC-mycelium composites show that the addition
of BC to mycelium materials, combined with the high densification of the
particleboard, increased tensile strength to 1.72 MPa (Tσ = 1.42 MPa) and
Young’s modulus to 1.10 GPa (TE = 0.91 106 m2 s-2) (Table 6-4 on page
273 and Figure 6-6 on page 273). This is an improvement of the specific
strength of 24%, and of 49% for the specific stiffness. Composites that were
not heat-pressed with a force of 30 kN but with a manual hydraulic heatpress indicated a lower tensile strength. The addition of BC nevertheless
increased the specific stiffness of the material, but not statistically
significantly so (Figure 6-5 on page 273).
Additionally, to compare BC-mycelium materials with pure BC, 5 reference
samples were grown (Table 6-1 on page 268 and Figure 6-7 on page 274).
The wet BC (label BC-a) felt very strong, sturdy and impossible to tear apart
by hand-pulling force (Figure 6-7b on page 274). It was also flexible, and
folding went without issues. For air-dried samples (label BC-b), a white,
brownish colour was achieved together with a flexible appearance, and the
material did not break upon folding. The dried BC was relatively thin
because the BC biofilm’s three-dimensional structure collapsed (Figure
6-7c on page 274). Up to 1–2% of the thickness of the initial volume was
lost. However, while drying, the material shrank. This resulted in uneven
widths, and wrinkles were formed (Figure 6-7d on page 274). In
comparison to the undried, freshly harvested BC, the material felt quite
brittle and less sturdy. On the other hand, the texture of heat-pressed
samples (labels BC-c and BC-d) became very smooth, and the sheets felt
homogeneous and robust, although brittle (Figure 6-7e on page 274).
Finally, mechanically disintegrated BC sheets were made (label BC-e),
resulting in small holes and uneven distribution (Figure 6-7g on page 274).
Figure 6-8 and Figure 6-9 on page 275 show that undried pure BC (label
BC-a) performed better (s 9.71 MPa) than the composite BC-mycelium
materials. During testing, the wet samples were difficult to clamp. The
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thickness where stress was built up consisted for 95% out of water. As a
result, the water pressure, caused by the hydraulic clamps, broke the first
sample BC-a S1. Sample BC-a S3 also broke quickly close to the clamp.
Samples BC-a S2 and BC-a S4 experienced a gradual break over their length,
combined with narrowing (Poisson) of the sample. The treatment with
ethanol might also have affected tensile strength. On the other hand, airdried samples (label BC-b) resulted in even higher tensile properties (s
35.89 MPa). A considerable increase (s 76.43 MPa) was found for heatpressed samples (label BC-c) due to the cross-linking effect of the heat
treatment. However, heat-pressing samples that were already dry (label BCd) did not significantly affect tensile properties. In comparison with air-dried
samples (label BC-b), the heat-pressing of dried BC (BC-d) and the blending
of BC (BC-e) did not improve break stress but instead enhanced stiffness,
respectively, 1.25 GPa and 0.84 GPa, against 0.34 GPa. However, during
the fabrication, the mixed BC was not produced perfectly, since the
spreading was not homogeneous and contained some holes. This resulted
in a failure that occurred in those holes.
Although in this work, only 5 different BC treatments are discussed, a total
of 25 other processing methods were established and mechanically tested,
from which 3 treatments achieved tensile strength similar to PVC-coated
polyester fabrics and tenfold that of the reference BC sample (Damsin et al.,
2019). Additionally, for a master’s thesis, explorative experiments were
conducted by Damsin to measure the water repellence of the different BC
post-treatments, the possibility of bio-welding seams and the creation of
composite fabrics by adding natural fibre mats during the growth process.
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Table 6-4. Overview of the material properties in the tension of BC-mycelium composite and pure BC.
The standard deviation is performed with quintuple specimens (mean ± one standard deviation).
Label

Dry density
[kg/m3]

Ultimate
strength
[MPa]

Speciﬁc
strength
[kN·m/kg]

Elastic
modulus
[GPa]

Speciﬁc
stiﬀness [106
m2 s-2]

M9912-HBC-HP.T

1208.38 ± 29.82

1.72 ± 0.59

1.42 ± 0.50

1.10 ± 0.17

0.91 ± 0.23

M9912-HBC-MP.T

510.32 ± 25.09

0.56 ± 0.06

1.09 ± 0.10

0.37 ± 0.35

0.72 ± 0.08

Control-HP

980.67 ± 84.77

1.14 ± 0.13

1.16 ± 0.07

0.59 ± 0.15

0.61 ± 0.17

BC-a

2256.41 ± 102.56

9.71 ± 0.05

4.31 ± 0.17

0.05 ± 0.01

0.02 ± 0.00

BC-b

2393.16 ± 210.75

35.89 ± 4.77

15.13 ± 2.62

0.34 ± 0.04

0.15 ± 0.03

BC-c

2857.41 ± 198.57

76.43 ± 29.58

27.55 ± 12.66

11.91 ± 3.29

4.20 ± 1.20

BC-d

1060.85 ± 171.98

30.27 ± 9.64

28.73 ± 8.87

1.25 ± 0.69

1.14 ± 0.63

BC-e

1957.67 ± 145.67

14.67 ± 0.36

7.55 ± 0.72

0.84 ± 0.35

0.44 ± 0.20

Figure 6-5. Stress-strain curves from tensile tests of BC-mycelium composites. The standard deviation
is performed with quintuple specimens (mean ± one standard deviation).

Figure 6-6. Test set-up (left) to BC-mycelium composite (middle) to a particleboard M9912-HBC-HP.T
(right) after tension testing.
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Figure 6-7. Overview of different pure BC reference samples, showing: a. The plain undried BC sheet.
b. Wet BC impossible to tear apart. c. Air-dried BC. d. Air-dried BC has variable widths and wrinkles
were formed, e. Heat-pressed BC sheets. f. Mixed BC was spread out in a rectangle. g. Mixed BC
resulting in samples with small holes and uneven distribution (Images taken by Bastien Damsin).
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Figure 6-8. Tensile strength–density chart of bacterial cellulose mycelium composite, plotted on Ashby
chart for engineering materials (Ashby, 2013).

Figure 6-9. Elastic modulus–density chart of bacterial cellulose mycelium composite, plotted on Ashby
chart for engineering materials (Ashby, 2013).
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6.4.3

Tensile properties perpendicular to the surface

The adhesion of the BC and mycelium to the hemp fibres was further
quantified by measuring the internal bond strength (Table 6-5 on page 277
and Figure 6-10 on page 277). The values of the internal bond strength
show a similar trend as the flexural strength. Yet, M9912-HBC-MP samples,
who performed less in all other tests, achieved an internal bond strength
that was 3 times higher than that of the control sample. The highest
properties were achieved by heat-pressed samples at 200°C (M9912-HBCHP.B2), which is also significantly different from the control samples. These
samples performed almost 8 times better than the control samples.
Additionally, sample M9912-HBC-HP.B1 was significantly different (5-fold)
from the control sample, confirming that the addition of BC in the
composites influences internal bond strength (Figure 6-11 on page 277).
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Table 6-5. Internal bond strength and stiffness of BC-mycelium materials. The standard deviation is
performed with sextuple specimens (mean ± one standard deviation).
Label

Dry density
[kg/m3]

Ultimate
strength [MPa]

Speciﬁc strength
[kN·m/kg]

Young’s
modulus [GPa]

Speciﬁc modulus
[106 m2 s-2]

M9912-HBC-HP.B1

531.10 ± 39.17

0.034 ± 0.02

0.07 ± 0.04

0.005 ± 0.002

0.010 ± 0.003

M9912-HBC-HP.B2

456.82 ± 13.26

0.056 ± 0.02

0.13 ± 0.04

0.007 ± 0.002

0.014 ± 0.006

M9912-HBC-MP.B

332.91 ± 4.45

0.019 ± 0.01

0.06 ± 0.02

0.003 ± 0.001

0.009 ± 0.003

Control

492.32 ± 45.40

0.007 ± 0.003

0.01 ± 0.006

0.005 ± 0.002

0.01 ± 0.0007

Figure 6-10. Internal bond strength of BC-mycelium materials. Labels with different letters indicate a
statistical difference (p < 0.05) among the specimens. The standard deviation is performed with sextuple
specimens (mean ± one standard deviation).

Figure 6-11. Sample M9912-HBC-HP.B1 for internal bond testing a. Before tension. b. After tension.
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6.5

Discussion: Hydrogen bonds between cellulose nanofibres
may contribute to the enhanced properties

Heat-pressing leads to the polymerisation of lignin, hydrogen bonds and
esterification between amino acid in mycelium and fibres (Liu et al., 2020).
At the molecular scale, hydrogen-bond formation, breaking and reformation
occurs due to heat and a densely packed substrate (Song et al., 2018).
Hydrogen bonds between cellulose nanofibres may thus contribute
positively to the enhanced strength and toughness of BC-mycelium
materials. The fibres that are first oriented randomly are now pressed more
horizontally into the plane of the panel.
Not only did the addition of BC in mycelium composites positively affect
strength and modulus, but the BC-mycelium particleboards also provided
slightly better properties than cellulose nanofibrils-mycelium-materials
assessed in another study. Sun et al. report, for a similar material
composition (90% wood particles, 7.5% mycelium and 2.5% cellulose
nanofibrils), a flexural strength at 2.73 MPa and a modulus of elasticity at
0.33 GPa (Sun et al., 2019). This study reports a flexural strength of 2.94
MPa and an elastic modulus of 1.10 GPa. In comparison with the literature,
the internal bond strength of 0.03 MPa was achieved for mycelium materials
with cellulose nanofibrils (Sun et al., 2019), while BC-mycelium materials
resulted in an internal bond of 0.056 MPa. The combination of the findings
for BC-mycelium hybrids extends most of the existing data about the
mechanical properties for mycelium materials obtained in previous studies
(see Chapter 2 and 5).
6.6

Conclusions

Combined, the mycelium, bacterial cellulose, fibres and type of treatment all
contribute to the overall mechanical anisotropy of the composites. The coincubation of a K. xylinus BC-producing strain on natural hemp fibres with
the white-rot fungus T. versicolor resulted in particleboards with enhanced
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mechanical properties. The fabrication of the hybrid material was achieved
by directly adding blended bacterial cellulose to the hemp substrate provided
for fermentation around the fibres. The BC-reinforced mycelium
composites were heat-pressed with a temperature of 70 and 200°C using an
Instron machine or manual hydraulic heat-press. Moreover, pure bacterial
cellulose sheets were produced and treated in five different ways. With
flexural tests, the strength of the particleboards improved by up to two times
compared with the control sample. The results show that the addition of BC
to mycelium materials, combined with a high densification of the
particleboard, increases tensile strength. The internal bond test performs
almost 8 times higher than the control samples. Overall, the results suggest
a strong interaction between bacterial cellulose and the hemp fibre surface
due to the self-assembly of hydrogen bonding of the cellulosic materials, in
combination with the heat applied during densification of the
particleboards. The findings presented in this study for BC-mycelium
hybrids extend existing data about the mechanical properties of mycelium
materials obtained in previous studies. In conjunction with the BC
strengthening effect, mycelium composites are given more tuneable
mechanical properties.
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PART TWO
MANUFACTURING WITH THE
LIVING
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Now that we have a better understanding of the production factors (see
Chapter 2) and the various components (see Chapter 3–6) that influence
mycelium material, we can begin to articulate the use of novel digital
fabrication technologies. Few research efforts investigated the benefits and
challenges that mycelium material fabrication brings at the large scale. To
what extend can the implementation of digital tools facilitate large-scale applications in
the construction sector?
In the next three chapters, we explore different robotic fabrication
techniques by assessing the production requirements and design complexity.
The main goal is to investigate how the digital fabrication processes can
accommodate the biological material requirements, such as mycelium's
necessity to grow with specific environmental and nutritional conditions. In
turn, we examine different methods to consider these conditions during the
fabrication process. Accordingly, we aim to provide case studies using onsite robotic fabrication technologies by evaluating the impact of these
innovative construction processes on the growth of mycelium materials.
The experimental studies provide us with a critical view of the encountered
challenges and the potential benefits for the fabrication productivity. The
next chapters broaden and reshape conventional fabrication processes with
mycelium materials.

287

288

289

290

Growing Living and Multi-Functional Mycelium Composites for Large-Scale Formwork Applications
Using Robotic Abrasive Wire-Cutting

Chapter 7 Growing
Living
and
MultiFunctional Mycelium Composites for LargeScale Formwork Applications Using Robotic
Abrasive Wire-Cutting

This chapter presents four key developments that are leading to the
scalability of the fabrication processes of mycelium material. We develop a
biological and digital fabrication pipeline for (1) growing large mycelium
composite blocks, (2) on-site robotic wire-cutting, (3) using mycelium
materials as multi-functional formwork, and (4) implementing the biowelding of fungal organisms. The purpose of the research is to investigate
the processing approaches, variable material handling and materials
properties of large biohybrid (composed of biological and non-biological
material) foam blocks. The robotic tool we use provides the freedom to
shape and structure this novel biological material and opens the possibility
of making unique architectural modules. For the first time, mycelium
materials are robotically wire-cut in situ, which results in two demonstrators.
Departing from an application-based intention, we test the compatibility of
thermal insulating mycelium formwork with a concrete slab. As such, we
combine two different materials with hybrid physical and architectural
properties. Additionally, we investigated the bio-welding and living
properties of mycelium components after robotic implementation. The
combination of microbiological systems and fibrous substrates creates a
unique class of bioactive composite materials, with potential applications in
the construction sector.

This chapter is mostly based on the journal paper: E. Elsacker, A. Søndergaard, A. Van
Wylick, E. Peeters, L. De Laet, Growing living and multifunctional mycelium
composites for large-scale formwork applications using robotic abrasive wire-cutting,
Construction and Building Materials. 283 (2021) 122732. https://doi.org/10/gh56vx.
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7.1

Introduction

An example of an unsustainable material commonly used in the
construction sector is expanded polystyrene (EPS). The geofoam is buried
in the soil during the construction of road and bridge infrastructure to
support traffic loads. It serves as a material for the backfilling of retainment
walls and basement insulation and as decorative tiles and mouldings
(Doroudiani and Omidian, 2010). For instance, prefabricated insulation
blocks and functionally integrated floors are composed of lightweight
concrete and EPS foam (Jipa et al., 2019; Sariisik and Sariisik, 2012).
Although EPS has many advantages, due to its low price and ease of
handling on-site without the need for special equipment (Srivastava et al.,
2019), the use of such foams is largely considered to be wasteful. Could
biohybrid foams provide a circular and eco-friendly alternative to this range
of applications? Unlike fossil-based materials, such as EPS, the fungal
materials grown in this work are produced with little energy and resources
by combining natural fibres and mycelium-forming fungal microorganisms.
It is likely that the small size and volume limitations of current myceliumbased products form a bottleneck for the construction sector. Nevertheless,
producing large, monolithic mycelium blocks has so far been nearly
impossible due to the lack of fungal growth in the core of the material. The
only example of a massive mycelium block (90 x 100 x 60 cm) was produced
by the company Ecovative. From the single picture posted on Twitter, we
deduced that they inserted aeration tubes in the substrate during the growth
process. Most mycelium-based products have a maximum thickness of
~150 mm (Ross, 2016), which is related to the organism’s need for oxygen
in order to grow optimally.
Therefore, a new production method needs to be developed that considers
the natural aerobic and robustness properties of the organism. Previous
experiments have shown that mycelium migrates to the borders of the
mould and creates a ~2 mm mycelial coating on the surface (see Chapter 4).
As such, redundant fungal biomass from anaerobic zones in the core of the
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substrate relocates to the aerobic zones. Moreover, mycelium responds to
local damage by reinforcing, regrowing and reconnecting neighbouring
branches; the strengthening of the branches improves their robustness to
damage (see Chapter 2). When the hyphae are continuously trimmed, more
local branching is stimulated, thus resulting in improved hyphal connections
and a more robust and denser network (Gross, 2009). Consequently,
damaging or cracking the mycelial network during growth of the composite
can improve the morphology of the hyphae and their bonding with the
fibres.
Another important characteristic of biological systems is their self-healing
capacity. They challenge some of our most fundamental assumptions about
fabrication and assembly. Self-healing is enabled by the cells extant in the
extracellular material (Meyers et al., 2011). The material can recover its
original properties after damage. For example, bone, skin and muscle
continuously regenerate after breaking down or cracking in order to prevent
the accumulation of defects due to ageing and fatigue (Chen et al., 2012).
Specific cells entrapped in bone tissue act as strain sensors and feel large
deformations (Fischer, 2010). Subsequently, signals are sent to cells
responsible for removing or forming material (Fischer, 2010; van der
Zwaag, 2007). This knowledge has led to the development of a new field of
materials science in biomimetic self-healing polymers (Brancart et al., 2014;
Fischer, 2010; Scheltjens et al., 2013). With fungal materials, however, an
inherent requirement for this self-healing capacity is to keep the myceliumbased composite alive.
7.1.1

Robotics in architecture

Robots were first designed and used for the automobile industry. Later,
during the 1980s and 1990s, architects tried to introduce robotics in
construction, but this attempt presented major economic and architectural
weaknesses (Gramazio et al., 2014). The robotic systems had been
developed for very specific, inflexible construction processes, primarily
aimed at increasing productivity. At the time, it was mainly engineering
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disciplines such as robotics and mechanics that introduced robotic
automation to the construction field. As a result, certain architectural
conditions were neglected. From the 2000s onwards, IT tools were deployed
within design disciplines (Gramazio et al., 2014). The architecture was
created with digital tools, which simulate the materiality and volumetry in a
kind of cyberspace. At the same time, digital manufacturing technologies
such as laser cutting, 3D-printing and milling were introduced in the “maker
culture” (Wit and Daas, 2018). Today, digital fabrication in architecture is
applied in limited areas, although the robotic revolution promises an impact
similar to that of the industrial revolution (Gramazio et al., 2014). Robotics
in architecture is still framed by its previous manufacturing approach,
representing an instrumental role. However, robotics is not only about
digital and advanced instrumentalization of a tool but is also about
embracing a digital manufacturing technology to discover new possibilities
and geometries. As such, new approaches to robotics in architecture try to
go beyond the frameworks that precede it (Bechthold, 2010).
7.1.2

Robotic fabrication methods

Moulds do not only restrict the viability of the fungal organism but its
complexity in terms of geometry and scale as well. The production of
moulds is often a wasteful process if they are not reused. Therefore, a
method of robotic fabrication for large-scale manufacturing is introduced in
order to render the production process more efficient and increase industrial
potential (Block et al., 2018). Current manufacturing methods for complex
mould systems include manual formwork systems, CNC milling (Figure
7-1b on page 296), actuator-based flexible moulds, 3D-printing and robotic
hot-wire cutting (Figure 7-1a on page 296). While these methods have
proven to be effective in realising advanced structures with classical
construction materials – such as timber, EPS or concrete – they all come
with a disadvantage (Søndergaard et al., 2018).
With regard to mycelium materials, these methods come with several
additional shortcomings. CNC milling can destroy the composites that are
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made of wood particles and mycelium threads and that hold the material
together. Moreover, 3D-printing requires an extrudable, paste-like substrate
which has to flow at a specific rate and can be extruded smoothly through
a nozzle without clogging, with layers that bond with those below and
maintain their shape under the pressure of those above (see Chapter 8). Hotwire cutting is limited to thermally cuttable materials, whereas mycelium
materials are composed of flammable lignocellulose fibres. Odico addressed
these disadvantages by developing a diamond-threaded abrasive wire that
rotates on electrically propelled flywheels (Søndergaard et al., 2019), which
not only increases production speed but also allows for cutting solid
materials.
The integration of multiple materials into freeform functional composites is
inherent to the architectural scale. Thanks to digital fabrication methods,
building elements can achieve more material efficiency and potentially
reduce environmental impact (Agustí-Juan et al., 2019), for example through
the functional hybridisation of different types of materials. Mycelium-based
composites provide the necessary thermal insulation and compressive
properties (see Chapter 4) which can, for example, be enhanced with the
structural functions of concrete.
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Figure 7-1. Robotic technologies with EPS foam. a. Robotic hot-wire cutting. b. Robotic milling.
(Reprinted with permission of ©Odico).

Figure 7-2. Defining features to consider for the fabrication of large mycelium-based blocks.
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7.2

Research goals

If we were to combine mycelium materials at the architectural scale with
robotic manufacturing, there are several defining features to consider that
are explored in this work:
(1) New methods and processes are developed to work with large
quantities of bulk material, with the possibility of cutting the material
in specific shapes.
(2) Regenerative biological materials composed of abundant
components (lignocellulose and fungi) are fabricated at room
temperature in non-sterile, mild conditions, which is significantly
different from the conditions of synthetic materials’ fabrication.
(3) The hybridisation and functionality of the components serve more than
one purpose.
(4) The biological material preserves its self-healing of cracks and
surfaces properties.
No previous study has addressed the challenge of scale for this type of
material. Therefore, we took a hybrid approach by experimenting with
different growth strategies before addressing the large-scale robotic
challenges.
Furthermore, to have a significant impact on the construction industry, the
components have to be widely available (and are therefore preferably
agricultural by-products or biowaste), lightweight, in the same cost range as
their synthetic counterparts, suitable for sustainable large-scale
manufacturing (and are thus preferably decentralised and local), completely
biodegradable and circular, hybrid in their functionalities and at no stage
harmful to humans or the environment. The potential of placing
microorganisms in the context of self-manufacturing systems is seen as a
whole new domain of exploration.
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We developed new growth strategies to utilise biomass formation in
different phases of the growth process by stacking layers, combining
elements and regenerating the outer skin.
The goal of this research is to experimentally understand how the properties
of mycelium materials impact large-scale robotic manufacturing and vice
versa. To do so, we work in four novel directions (Figure 7-2 on page 296)
by: (1) developing a method for the fabrication of large-scale layered blocks;
(2) cutting a ruled surface with an industrial robot in non-sterile conditions;
(3) combining several functionalities and materials into mycelium-based
formwork; and (4) joining two living blocks to achieve bio-welding
properties.
7.3
7.3.1

Materials and methods
Fungal strains

Two different species were used in this study: Trametes versicolor (M9912) and
Ganoderma resinaceum (M9726), purchased from Mycelia bvba (Veldeken38A,
9850 Nevele, Belgium). The species were conserved on a grain mixture at
4°C in a breathing Microsac bag (Sac O2 nv, Nevele, Belgium).
7.3.2

Natural fibres

The studies were performed on the following fibre types: 5–25 mm hemp
hurds (Aniserco S.A., Groot-Bijgaarden, Belgium) and 0.75–3 mm
beechwood sawdust HBK 750-2000 (J. Rettenmaier & Söhne, Rosenberg,
Germany). Hemp with 300% of its weight in ddH2O and beechwood with
100% of its weight in ddH2O were autoclaved at 121°C for 20 minutes.
7.3.3

Substrate preparation for surface colonisation measurements

Malt agar was prepared as per instructions and autoclaved at 121°C for 15
minutes. A 1% agar solution was poured over 2 g of hemp or beechwood
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fibres aseptically into 90 mm petri dishes and allowed to solidify. A mycelial
agar plug (4 mm diameter) was transferred to the centre of a petri dish for
the agar-based substrates. Each experiment was conducted with triplicate
dishes. The petri dishes were inverted and incubated at 26°C in darkness for
9 days.
7.3.4

Fabrication of mycelium composites: Mixing and densifying

Initial experiments were carried out to select the most appropriate growth
protocol. Hemp hurds (200 g), mixed with water (600 mL), were placed in
heat-resistant bags and autoclaved at 121°C for 20 minutes. The bags were
left to cool down for 24h. In a laminar flow hood, 10 wt% of fungal species
T. versicolor spawn was mixed with the fibres. The substrate of batch 1 grew
in bags with a depth-filtration system that allowed for airflow. Every day,
the bags were kneaded to stimulate the strengthening of the mycelium. The
other batch was directly packed in moulds with a depth-filtration system on
top (185 × 185 x 78 mm). The bags and moulds were stored in an incubation
room at 26°C and relative humidity of 60%. After 5 days, the substrate of
B1 was crumbled by hand to re-activate the mycelium. It was then
distributed into moulds. Next, 12 days later, the substrate of both batches
had taken the shape of the rectangular moulds. Subsequently, the samples
were removed from the moulds and incubated again for 5 days in order to
achieve a homogeneous colonisation on the sides that were in contact with
the mould.
The samples were compressed with an Instron 5900R, around which an
oven was built, to obtain particleboards with different densification forces.
A maximum force of 30 kN was applied at 2 kN/min for samples labelled
M9912-H30kN, and of 100 kN (the maximal load force of the machine) for
samples labelled M9912-H100kN. When a displacement of 50 mm was
reached, the displacement was kept constant in the oven at 100°C for 10h.
Samples M9912-H30kN had a final thickness of ~20 mm and samples
M9912-H100kN of ~10 mm. Then, the particleboards were stored at 21°C
and 65% RH for 3–4 weeks before testing. Density was calculated by taking
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the ratio of the oven-dry mass over the volume. Finally, a thin-blade saw
was used to cut the samples to the specimen dimensions specified for the
various mechanical tests.
7.3.5

Fabrication of mycelium composites: Feedstock types

The most appropriate feedstock was selected by testing two different types
of fibres. Samples containing 10 wt% G. resinaceum were grown on hemp
(25 wt%) and beechwood (45 wt%), soaked over 24h with 65 wt% and
45 wt% water (H2O), a respectively. The difference in water content is
related to the ability of the fibre to absorb water until saturation. Then, 6
days after the inoculation in bags, the beechwood substrate was
homogeneously colonised and transferred into microbox containers with a
depth-filtration system on top (185 x 185 x 78 mm). The hemp substrate
needed 2 more days before full colonisation. In the second growth phase,
the beechwood samples were demoulded 8 days later and stacked on top of
each other, while the hemp samples could be stacked only 11 days later. For
both substrate types, the layers were stacked, allowing the hyphae to create
connections between the layers. The samples were dried by convection
heating at 125°C for 10h.
7.3.6

Surface colonisation rate measurements

Daily growth was measured in the same way as described in Section 3.4.3.
7.3.7

Determination of bending behaviour

The bending behaviour was determined as described in Section 4.4.12.
7.3.8

Design-to-fabrication simulation

The design-to-fabrication translation consisted of a single workflow
conversion of the wire motion. This cutting motion was deducted from a
rationalised and simplified geometry using the Odicut proprietary
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framework, CFR 0.4.5, for robotic control within McNeel Rhinoceros 6.0
(Søndergaard et al., 2018). A parametric environment was used to simulate
the kinematics of the robot, fine-tune the tool orientation, avoid collision
and generate a feasible path-planning approach.
7.3.9

Robotic production

With the abrasive wire saw, two modules were robotically cut from a whole
block. The robotic production cell consisted of an ABB IRB 6700-300
mounted industrial robot inside a containerised structural frame (Figure 7-9
on page 308). This robotic platform is mobile and offers the potential to
grow and cut mycelium materials on-site. The end effector consisted of an
electrically propelled, flywheel-suspended, vulcanised diamond wire held
within an auxiliary carbon-fibre frame. The mycelium block was fixed on a
1000 mm high element outside the robotic platform to orient the piece
correctly in the operational work envelope.
The wire motion contained two cutting sequences on the rectangular blocks,
with a smooth motion of the robot. First, the tool was used to trim all side
surfaces close to vertical, approaching the block from the side. Second, the
ruled surface was produced starting from an up-and-over robot motion
towards the horizontal orientation of the tool at the cut. Next, the tool
followed a variable inclination during cutting. Due to the large scale of the
end effector mounted on an already large robot, the maximum boundaries
of the robot motion were reduced.
7.3.10

Determination of compressive behaviour

Compressive properties were determined as described in Section 3.4.8.
7.3.11

Morphological characterisation with Scanning Electron
Microscopy

Scanning Electron Microscopy was performed as described in Section
3.4.5.
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7.4

7.4.1

Results: On-site wire-cutting of large mycelium-based
formwork
Understanding the impact of mixing and densifying the
substrate

Before the fabrication of large mycelium blocks, explorative experiments
were carried out to select the most appropriate growth protocol. These early
proof-of-concept demonstrators show results that are encouraging for the
multiple-growth-phase fabrication of layered mycelium blocks.
The first purpose was to understand whether pre-growing and mixing the
material during the growth of the organism impacts the mechanical
properties. The hypothesis was that the substrate grown in bags could be
kneaded, stimulating hyphal robustness and allowing aeration in the
substrate. On the other hand, as the substrate was grown directly in boxes,
density could be enhanced by compressing the fibres.
The bending properties of highly densified mycelium composites were
remarkably superior. Figure 7-3 on page 304 compares the flexural strength
of the high-densified and low-densified composites. It shows a strength of
4.62 MPa for pre-grown samples (M9912-H(pre-grown)100kN). Notably, the
flexural strength of samples that were not pre-grown in bags (M9912H100kN) was two-fold lower. The flexural strength at low density of pregrown (M9912-H(pre-grown)30kN) and non-pre-grown samples (M9912H30kN) was not significantly different (Ordinary one-way ANOVA
p = 0.05). The flexural strength of pre-grown samples at low density was 4.2fold lower than that at high density. Stress-strain curves of mycelium
materials show that the compressed materials displayed ductile behaviour
(Figure 7-4 on page 304). During the testing procedure, it could be seen
that pre-grown samples failed precisely at the point where the load was
applied, whereas samples that were not pre-grown also failed at other
locations in the material. This can be explained by the lack of
homogeneously distributed mycelium within the core of the material for
samples that were not mixed during the pre-growth phase.
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The mixing and densifying method was then applied at a larger scale to
explore the feasibility of the fabrication procedure (Figure 7-5 on
page 305). Three ways of making prototypes were tested: (1) by placing
blocks horizontally to form a panel; (2) by stacking compressed blocks
vertically; and (3) by stacking pre-grown, non-compressed blocks vertically.
At a larger scale, the samples grown directly in boxes did not achieve
seamless connections between the horizontal alignment of the blocks in the
container. Although the outer, thick mycelial layer of the blocks was scraped
off to enable a better connection between the blocks, after 3 days, the seams
were still visible. Only after a further 8 days was the panel fully covered by
a homogeneous mycelial outer layer.
A second test was performed, which involved cold-pressing living blocks
before stacking them on top of each other. Although the bending tests
(Figure 7-3 on page 304) showed significantly better results with high
densification of the material, it appeared unfeasible to replicate this at a
larger scale. Due to the accumulation of water, the outer skin of the material
was damaged (Figure 7-5c on page 305). During the procedure, it became
clear that the core of the material had not grown enough to hold the material
together. Fragments of the initial blocks broke off, and the results were not
homogeneous.
Finally, without compressing the individual blocks before stacking, up to
seven pre-grown blocks were successfully attached. We concluded that we
should integrate a pre-growth phase into the fabrication process of the large
mycelium blocks, but should not compress the samples due to the risk of
damage to the hyphal structure.
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Figure 7-3. Comparison of the corresponding flexural strengths of densified mycelium composites.
M9912-H(pre-grown)30kN: pre-grown, densified to 250 kg/m3. M9912-H30kN: not pre-grown,
densified to 250 kg/m3. M9912-H(pre-grown)100kN: pre-grown, densified to 500 kg/m3. M9912H100kN: not pre-grown, densified to 500 kg/m3. The standard deviation is performed with triplicate
specimens (mean ± one standard deviation).

Figure 7-4. Typical stress-strain curve for densified mycelium composites. M9912-H(pregrown)30kN: pre-grown, densified to 250 kg/m3. M9912-H30kN: not pre-grown, densified to
250 kg/m3. M9912-H(pre-grown)100kN: pre-grown, densified to 500 kg/m3. M9912-H100kN: not
pre-grown, densified to 500 kg/m3. The standard deviation is performed with triplicate specimens (mean
± one standard deviation).
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Figure 7-5. First explorative experiments. a. Pre-grown substrate in microboxes with a depth-filtration
system on top. b. Scraping off the outer mycelial layer to create a seamless panel. c. Compression and
stacking of the blocks. d. Initial uneven growth of the panel due to the pre-grown boxes. e. Final dried
panel. f. Final tower.

Figure 7-6. Multiple-growth-phase method of mycelium-based blocks. a. The first growth phase of the
substrate in bags with a depth-filtration system. b. Second growth phase in moulds. c. Fully colonised
panel. d. Panels layered on top of each other and bio-welding. e. Drying by convection heating. f. Final
monolithic mycelium-based block (400 x 550 x 400 mm).
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7.4.2

Selection of the feedstock and fungal species

Since the growth speed of the mycelial organism is influenced by its
feedstock (see Chapter 2, 3 and 4), in this section we examined the surface
colonisation rate of two fungal species on two types of lignocellulosic fibres.
Surface colonisation was measured on hemp and beechwood mixed with
agar. Although T. versicolor (strain M9912) initially grew faster, G. resinaceum
(strain M9726) outperformed on beechwood. The growth rate of
G. resinaceum was 10.59% faster on beechwood than on hemp. A petri dish
was fully colonised after 5 days on beechwood, while more than 7 days were
needed for hemp (Figure 7-7 on page 307).
The impact of the type of substrate was then tested at the larger scale. As
explained in Section 7.3.5, the beechwood substrate was colonised 2 days
earlier than the hemp substrate during the first and second growth phase. It
took more time for the mycelium to fully colonise the hemp substrate, and
hemp-based samples were less homogeneous due to their bigger particle size
(beechwood: 0.75–3 mm, hemp: 0.75–8 mm). On the hemp sample, dark
brown patterns appeared mostly on top as well as on the sides. It was
therefore decided to select a beechwood substrate and fungal species
G. resinaceum for further fabrication of the components.
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Figure 7-7. Radial mycelium extension measured as surface colonised (%) over 7 days. a. Hemp fibres
and beechwood were mixed with agar and inoculated with G. resinaceum (M9726) and T. versicolor (M9912).
b. Time-lapse image data was collected for three replicates of the experiment (n=3) run in parallel.
Surface colonisation was measured by the radial distance from the centre of the inoculum over time. The
standard deviation is performed with triplicate specimens (mean ± one standard deviation).
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Figure 7-8. Production workflow showing the biological growth process and robotic fabrication.

Figure 7-9. On-site robotic wire-cutting of mycelium-materials. a. Set-up before cutting. b. Set-up after
cutting.
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7.4.3

Novel workflow for the fabrication of large, layered blocks

We adapted the classic process of mycelium-material cultivation (see Chapter
4) and the lessons learned from the proof-of-concept experiments into a
new multiple-growth-phase method (Figure 7-8 on page 308). Two large
mycelium-material blocks (400 x 550 x 400 mm) were grown for specific
purposes; one block was dried before the robotic wire-cutting to serve as
formwork for concrete, and the other block was kept alive during the
process to preserve the biological welding properties of the organism.
The materials were inoculated and incubated in a standard biolab equipped
with a fridge, a laminar flow, autoclave, regulated incubation room, and oven
(Figure 7-6 on page 305). The substrate composed of beechwood and
G. resinaceum was prepared as described in Section 7.3.5.
During the first growth phase, mycelium grew in bags with a depth-filtration
system that allowed for airflow. The mycelium homogeneously colonised
and blended the substrate in chunks. The bags were kneaded by hand daily
to stimulate strengthening of the mycelium. Consequently, their robustness
improved. After 8 days, the substrate was crumbled by hand to re-activate
the mycelium. It was then distributed over plywood moulds (400 x 550 x
120 mm, these dimensions were chosen to fit the oven). The top of the
moulds was covered with a breathable foil and incubated under the same
conditions. Then, 3 days later, the substrate had taken the shape of the
rectangular moulds and was sufficiently grown to be removed from the
container. Subsequently, the panels of the mould were removed and the
mycelium blocks were layered on top of each other and incubated for
another 4 days. During this third growth phase, the different layers grew
into each other. One of the blocks was dried in a convection oven at a
temperature of 70°C for 48h until the weight stabilised and all humidity had
evaporated. The other block was kept in humid conditions by wrapping it
in foil. The result was two monolithic mycelium-based blocks.
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7.4.4

On-site robotic wire-cutting fabrication set-up

The compatibility of robotic abrasive wire-cutting with living and inert
biological materials was explored using a 6-axis industrial manipulator and a
prototypic wire-cutting end effector (Figure 7-9 on page 308). This robotic
fabrication process was based on a process already established for wirecutting EPS foam at an industrial scale (Søndergaard et al., 2018).
The components were designed to test whether the material could support
cantilevers and bear its own weight, and whether sharp edges would
crumble. Derived from a ruled surface between two sine waves, the
geometry was constrained to the mechanical restrictions of abrasive wirecutting. The maximum curvature of the geometry varied, and the shape was
translated into an optimised ruled geometry mesh.
The most challenging procedure during the fabrication process was the
uncertainty of whether the dried mycelium block would start to fall apart or
burn during cutting. Within this prototype set-up, a cutting speed of 1 mm/s
was applied. Unlike EPS, the mycelium-based blocks were tougher to cut
because their main component was wood. The low velocity of wire
translation was necessitated by the solidity of the mycelium material against
the wire suspension pull and thickness in order to avoid wire deflection.
However, we estimate that the speed may be increased by at least 100% by
combining increased wire tension and a further rigidified frame,
incorporating larger diameter wire types and increasing the height of wire
tooling for increased abrasive effect.
Although visually, the core of the material was not as populated with fungal
biomass as the borders, every part of the sliced wave geometry was solid.
However, the compactness of the element was affected by the cutting off
of the outer layer. To address this disadvantage, a living sample was cut,
which could regenerate the outer mycelial coating, binding the material
together.
Hence, we explored the possibility of keeping the microorganism alive
during the entire fabrication process. Normally, mycelium materials are
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heat-killed to render the composite inert. Here, we propose a novel
fabrication methodology where the material is alive. It creates a shift in the
way biology is being used in the context of robotics and architectural
manufacturing. The components are characterised by the properties of the
living system: self-assembly, self-healing and dynamic reactive interfaces.
The challenge, in this case, was the requirement to retain the bio-welding
characteristics of mycelium under changing circumstances while minimising
losses in the inhospitable environment of the robotic production facility.
Moreover, the humid and living mycelium block was transported from the
biolab in Belgium, where it was incubated in a controlled environment, to
the robotic cutting facility in Denmark and sent back to Belgium for the biowelding process.
Even under uncontrollable environmental conditions during transport and
fabrication, no contamination occurred to the living block. Contamination
happens when another microorganism enters the already-colonised
substrate. It must be said that tiny patches of sporulating fungi belonging to
the genus Aspergillus contaminated the dried block during transport due to
the accumulation of humidity inside the package. An advantage of keeping
mycelium alive is that it can continue to compete for nutrients with other
organisms when exposed to physiological stress.
All sides of the living block were first trimmed, which again revealed the
poorly grown inner structure of the block. The living mycelium block
appeared to be more fragile when handled right after cutting than the dried
block. The two pieces were also more difficult to separate. The two halves
of the block were placed in an incubator to regenerate the outer hyphal
coating.
7.4.5

Fabrication of multi-functional formwork

The dried three-dimensional component was used for the fabrication of a
multi-functional element, composed of a structural concrete finishing and
insulating mycelium-material formwork.
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The abrasive wire-saw technique is appropriate for cutting large-scale
modules that would need further finishing. Nevertheless, the mycelium
blocks were not sanded after the wire-cutting (Figure 7-10a on page 314).
Instead, a beeswax coating was directly applied to the surface in order to
avoid absorption of the poured concrete. A concrete slab of 100 mm
thickness, containing gravel (type 4/8), crushed stones and cement, Cem II
32.5N, was poured in between the two mycelium foam elements (Figure
7-10b on page 314). This type of cement was chosen for its low average
temperature at hotspots inside the material that resulted from heat liberated
by exothermic chemical reactions. Too high a heat of hydration during
curing could potentially affect the microscopic bond between mycelium and
beechwood fibres. After 3 days, the plywood mould was disassembled. The
concrete was not thoroughly dry yet (Figure 7-10c on page 314). Then, 6
days later, the waxed side of the mould was removed with a saw. The full
air-drying process took 28 days (Figure 7-10d on page 314).
Even with the beeswax coating, a small quantity of cement-contaminated
water penetrated the mycelium material mould. In previous studies, we
found a water absorption rate of between 0.0073 and 0.0147 mm/s½ for
submerged mycelium materials composed of hemp, flax and straw (see
Chapter 4). These relatively low rates could be explained by the dense outer
hydrophobic mycelial layer of the samples, which was cut away in this work.
It is a hypothesis that the outer mycelial surface is an essential factor for the
properties of the formwork.
During the curing process, no chemical reaction was noticed between the
slightly acid mycelium-material component and the alkaline cement. After
removing one side of the mycelium material, the surface was rough, and the
material could optionally be finished by sanding the exposed surface. The
possible domains of application are prefabricated volumetric structural
thermal and acoustic insulation blocks, and components that can biodegrade
in the soil after concrete foundations are poured. Hence, in a previous study
(see Chapter 4), we demonstrated that the high thermal performance of
mycelium composites (0.04–0.06 W/m∙K) as alternative biological
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insulation was able to compete with conventional commercial thermal
insulation such as extruded polystyrene foam (0.03 W/m∙K) or EPS
(0.04 W/m∙K), even when the density of mycelium materials is higher.
7.4.6

Bio-welding components

By drying the mycelium blocks, the organism was heat-killed, thus removing
crucial biological functionalities such as its regeneration capacity. This
section further investigates the potential for keeping the mycelial organism
alive during the entire fabrication process.
After the wire-cutting process, the living component was re-assembled by
forming a connection between the two cut elements and stimulating
regeneration of an outer mycelium skin (Figure 7-11 on page 315). The two
pieces were placed next to each other in an incubation room at a
temperature of 26°C and relative humidity of 90%. Additional humidity was
needed in this case because the sample dried out during cutting and
transport. The increase in humidity allowed the hyphae to continue to grow
by tip extension and bridge gaps of 5 mm between the two elements. While
the organism continued to grow, it produced a dense network around the
exposed fibres. Subsequently, the mycelium aggregated on the substrate,
undergoing differentiation to yield a well-insulated, brown-greyish skin. The
change in morphology affected the oxygen uptake and, after 3 days, the
growth rate slowed distinctly. After 7 days of incubation, the two elements
were fully connected. Finally, the block was air-dried in an incubator room
at 30°C for one week and remained firmly attached (Figure 7-11e on
page 315).
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Figure 7-10. Multi-functional formwork of mycelium material and concrete. a. Fabrication of the mould.
b. Manual filling of the void with concrete. c. Concrete–mycelium material hybridisation. d. Final
element after demoulding.
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Figure 7-11. Living bio-welding mycelium components. a. Humid living mycelium block after harvest.
b. Component cut into two parts. c. Hyphae bridge gaps of 5 mm between the two elements. d. Two
elements are fully connected after 7 days. e. Bio-welding of two wire-cut mycelium-based elements

Figure 7-12. Morphological characterisation by SEM images of G. resinaceum (M9726) on a beechwood
substrate after a. 10 days. b. 20 days and c. 30 days. Magnification of x1000.
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7.4.7
7.4.7.1

Characterisation of the living components
Morphological analysis

Since the living block had grown over a more extended period than the dried
block, the microstructure of the mycelium materials was examined by SEM
after 10, 20 and 30 days of growth (Figure 7-12 on page 315). The
morphology of mycelium was characterised by a networked microstructure
of randomly arranged hyphae. SEM revealed that G. resinaceum grew a high
density of hyphae. The longer it grew, the more it displayed a compact,
microporous and flat tissue-like hyphal structure.
7.4.7.2

Mechanical characterisation

Compression tests were carried out with cylinder specimens (h:38 mm,
d:100 mm) grown for 10, 20, 30 and 40 days, to understand whether the
extended growth period impacted the properties of the final material after
drying. The mean stress-strain curve is presented in Figure 7-13 on
page 317, for five replicates per test. The data of the four growth periods
vary significantly (Ordinary one-way ANOVA p < 0.05) and show a
decrease in strength of 25.3% for specimens grown for 40 days compared
with specimens grown for 10 days. The decrease is less pronounced for
specimens grown for 20 days (3.4%) and 30 days (6%). The compressive
strength is shown in Table 7-1 on page 317, following ISO EN 826:2013,
along with results reported in the literature. The combination of parameters,
including the fibres, fungal species and fabrication process applied in this
research, outperforms available data in the literature. It is, however,
challenging to conduct a clear comparison, since not all studies use a
standard test method. The decrease in compressive strength over time can
be explained by the singular ability of white-rot fungi to completely degrade
lignin in the substrate (see Chapter 4). Lignin, linked to hemicellulose and
cellulose, is known to give the cellular wall of plants structural support
(Sánchez, 2009). More detailed investigations on the mechanical behaviour
of mycelium materials over a longer time span should be conducted.
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Figure 7-13. Typical stress-strain curve of compression for mycelium composites grown for 10, 20, 30
and 40 days. The standard deviation is performed with 5 specimens (mean ± one standard deviation).

Table 7-1. Overview of the material properties in compression of mycelium composite made of
beechwood and G. resinaceum (M9726). The standard deviation is performed with 5 specimens (mean ±
one standard deviation). Compared with compressive strength values available in the literature.
Label

Dry density
[kg/m3]

Compressive strength
[MPa]

Corresponding
strain [%]

10 days

133.62

1.29 ± 0.08

66.25

20 days

128.30

1.26 ± 0.08

70.26

30 days

130.24

1.32 ± 0.13

72.12

40 days

143.05
183
100–140
70–220
160–280

0.48 ± 0.08
0.04
0.67–1.18
0.001–0.072
0.029–0.567

69.57

(López Nava et al., 2016)
(Ziegler et al., 2016)
(Holt et al., 2012)
(Yang et al., 2017)
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7.5
7.5.1

Discussions and future work
Advantages

The prototypes demonstrated that custom solutions with standard
mycelium blocks are feasible with a robotic abrasive wire-cutting pipeline.
Complex elements at the building scale could be produced, for example
according to the acoustic or thermal specifications of the space. The
construction system is practically zero-waste, as it utilises a material that can
serve to grow more mycelium material with the leftovers and is fully
compostable in soil after use.
The biological process (e.g., material growth) and the robotic process were
carried out successfully in labs in different European locations (Belgium and
Denmark). Even under uncontrollable environmental conditions during
transport and fabrication, no contamination occurred on the living block.
The growth-to-production process provides novel outlooks on the
development of living materials and the integration of biological,
architectural and engineering practices. This could be further improved by
growing the material locally on-site.
Additionally, the potential of using living organisms offers advantages in
terms of bio-welding. By keeping the organism alive during the robotic
fabrication process, a protective outer layer of mycelium tissue can
regenerate. Living materials coupled with robotic fabrication can play a role
in the development of complex and custom-designed geometries that hold
together without the need for mortar, glue or connectors.
7.5.2

Limitations and improvements

The size of the components was limited by the ability of the organism to
grow in bulk substrate, and by the size of the oven. Even with an optimised
multiple-growth-phase method, the core of the components was not as
populated with fungal biomass as the outside. For improvements to the
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inner growth, we would like to increase oxygen inside the substrate during
the first incubation phase. Potentially, this could be achieved by symbiosis
with oxygen-producing algae (Das et al., 2015) or by further optimising the
incubator set-up. That way, the block would not need to grow in different
layers before forming a monolithic element and would probably be more
homogeneous. We would also need to minimise the loss of humidity in the
living block by cutting it directly after the second incubation phase.
Despite the highly hydrophobic nature of the fungal surface, untreated dried
mycelium material takes up relatively high amounts of water, due to the open
hyphal structure (Appels et al., 2020; Elsacker et al., 2019) (see Chapter 4).
When the mycelium growth stops after thermal treatment, its filaments are
no longer supported by the internal hydrostatic pressure and the hyphae
collapse (Haneef et al., 2017). Therefore, the surface of the concrete-cased
formwork was coated with beeswax, which was a time-intensive process.
For example, a global coating with a biodegradable wax could be sprayed on
the dried elements as a light mist (Winandy et al., 2018). A uniform coating
would also make the demoulding process less labour intensive.
7.5.3

Hybridisation of living and non-living matter

In this chapter, we laid the first steps for the creation of multi-functional
mycelium materials. In doing so, we would like to emphasise the potential
of further exploring the opportunities of functional hybridisation with other
living and non-living materials. Living materials with embedded functions,
such as self-regeneration capacity, could employ existing digital fabrication
methods during an earlier growth phase of the organism. In turn, with
further research, we may create living materials that incorporate other
biological phenomena, such as environmental responsiveness. To move in
the direction of large-scale hybrid construction materials, the hydrostatic
interactions between concrete and mycelium materials needs further
research.
Here, we used concrete as a structural material. In the future, however, this
could be replaced by a living building material grown through
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biomineralization. These novel materials use photosynthetic
microorganisms to mineralise into sand–gelatine scaffolds (Heveran et al.,
2020). Through microbial activity, calcium carbonate (CaCO3) is
precipitated. Research has demonstrated that some uratolytic bacteria, such
as Bacillus sphaericus and B. pasteurii, can precipitate calcium carbonate (Bang
et al., 2010; De Muynck et al., 2008; Dick et al., 2006; Erşan et al., 2015;
Jonkers, 2011; Seifan et al., 2016; Van Tittelboom et al., 2011; Wang et al.,
2014). Furthermore, some fungi species, such as Paecillomyces lilacimus and
Chrysosporium spp., can promote calcium mineralisation (Burford et al., 2006;
Chávez et al., 2015; Robinson, 2001; Sterflinger et al., 2012).
7.5.4

Scalability

Since the development of mycelium materials is still very new, we employed
protocols developed for small-scale biolab environments. Therefore, costefficient, large-scale manufacturing methods for mycelium-based materials
remain to be found. Future works should investigate methods to augment
the production of mycelium-material blocks at an industrial scale, coupled
with Life Cycle Analyses. To date, almost 10 years after the first granted
patents for mycelium materials, there is still no existing full-scale
architectural example. The mushroom industry offers the infrastructure and
knowledge of the material, whereas the design companies active in the field
of mycelium materials can provide future perspectives to the industry while
taking advantage of its facilities (see Chapter 2).
Reusable plywood formwork could be used for the fabrication of
rectangular blocks, which in turn could be shaped into complex geometric
and structurally, thermally and acoustically optimised architectural elements.
7.6

Conclusions

In this chapter, we described a biohybrid method that opens up new
perspectives on working with living microorganisms as opposed to
conventional materials. We developed a biological and digital fabrication
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pipeline for growing large mycelium-material blocks, undertaking on-site
robotic wire-cutting using mycelium materials as multi-functional formwork
and implementing the bio-welding properties of fungal organisms. As such,
we also presented two prototypes based on specific characteristics.
The two prototypes show the possibility of producing complex shapes with
mycelium materials at the architectural scale. The multiple-growth phases
allowed for the development of larger blocks than previously achieved.
During our research, we learned that wire-cutting dried and living mycelium
material blocks can be achieved outside a controlled biolab environment.
Moreover, the abrasive wire-cutting pipeline proved to be a feasible method
for generating sophisticated techniques, such as the production of multifunctional formwork, reducing the amount of waste that is usually produced
with EPS-based formwork.
Mycelium materials have additional benefits compared to traditional
materials in terms of biological functionalities, such as their capacity to selfheal damage or bridge voids when alive. With the demonstrators, we
challenged several issues in the building industry by providing custom
solutions with standard mycelium blocks, realisable on-site with a robotic
platform, for a more sustainable method of building. These biological
systems extend our options through self-regenerating materials made by
microorganisms.
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Chapter 8 Extrusion-based Additive Robotic
Manufacturing
with
Living
Mycelium
Materials

As stated in the previous chapter, conventional moulding methods present
constraints in terms of geometry, uneven oxygen and humidity distribution,
which in turn obstruct optimal growth of the organism. Abrasive wirecutting of large mycelium composites is an efficient method to create
formwork at the architectural scale, especially when mycelium is alive during
the entire manufacturing process. However, the core of the composite still
lacks mycelium colonisation in comparison to the air-surface interface.
Additive manufacturing is on the way to being considered a promising
technology in the construction sector, and it is associated with a
sustainability potential. The application of additive manufacturing with
concrete, earth or other conventional materials in the construction industry
remains mostly unexploited, let alone applications with novel materials such
as mycelium composites. In order to pave the way, this chapter provides
guidance regarding the technological requirements for printing fungal
matter at the architectural scale. It disentangles interdependent process
variables ranging from biocompatibility with the living organism, the robotic
fabrication system and hardware, the determination of the printing
parameter and the sterile printing process to rheological, biological and
geometric properties. A novel fabrication methodology was developed to
deposit the living material, using a custom robotic manufacturing set-up.
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8.1

Introduction

Apart from the wire-cutting fabrication strategy developed in the previous
chapter, digital additive manufacturing techniques can also create freeform
composites from digital files. The additive process includes the creation of
objects by placing layers of material on top of each other. There are many
different 3D-printing processes that have been broadly discussed in
literature (Bose et al., 2018; Deckers, 2014; Mechtcherine et al., 2020;
Ozbolat, 2017). Among them is Liquid Deposition Modelling (LDM), which
was developed to print viscous materials such as clay, concrete and cement.
The materials can be printed with robotic arms which have a changeable
degree of freedom, making them interesting technologies for depositing
material from variable angles. Large-scale additive manufacturing with
cement-based materials is considered to be one the most promising new
concrete technologies to actually automate production in factories and on
construction sites (Buswell et al., 2007; Mechtcherine et al., 2019). Various
approaches have been developed over the last years with real-scale
demonstrators such as a concrete bridge (Figure 8-1a on page 333) (Salet
et al., 2018). Previous studies on the environmental profile of 3D-printing,
conducted by NCCR Digital Fabrication at the ETH Zürich, have identified
reduced waste production as a key opportunity in additive fabrication, but
there is also strong potential for the reduction of CO2 emissions, energy and
resource consumption in additive fabrication compared to reductive
fabrication (Agustí-Juan et al., 2019; Ford and Despeisse, 2015; Gebler et
al., 2014).
Only a small amount of projects have been developed with bio-based
materials (Figure 8-1b on page 333). An example is the “Ocean Pavilion,”
printed with biopolymer materials – chiefly chitosan – into graded and
hierarchical structures (Duro-Royo et al., 2015). The Mediated Matter
Group at MIT continued the development of the technology and recently
created another prototype called “Aguahoja.” This 5-meter-tall pavilion
explores forms and functions of natural materials in an architectural context.
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It was printed into a variety of geometries at a high resolution, utilizing
hierarchical structures to create a range of functions (Duro-Royo et al.,
2018).
Today, there are, to our knowledge, two projects that revolve around the
additive fabrication of mycelium composites (Figure 8-1c-d on page 333).
Both projects generated a column at the architectural scale based on a
reaction-diffusion form-finding strategy. The Pulp Faction column is an
academic lead project (Goidea et al., 2020), while the Blast Studio column is
an artist lead project (Blast Studio, 2019). The model ensures vertical
continuity which is beneficial for the airflow and the structural forces. To
have a stable print process, the toolpath is uninterrupted, which is also
advantageous for the cohesion between layers (Goidea et al., 2020). The
fabrication strategy for both projects consisted of printing separated
volumes that were stacked on top of each other after a first growth phase.
The columns were 3D-printed in pieces due to the limited dimensions of
the 3D-printer and the limited amount of layers that could be supported.
The column made by Blast Studio was assembled while the fungi was still
alive, hence several parts fade into each other (Blast Studio, 2019). The
elements of the Pulp Faction column were dried before assembly to ensure
stability (Goidea et al., 2020). The exact composition of the substrate has
not been disclosed, but it contains wood chips, paper pulp, kaolin clay and
a thickening agent, which are mixed with water. The selected fungal strain
is the brown rot Gloeophyllum spp. (a brown-rot fungi), which was selected
for its higher hardness and stiffness, hydrophobicity (Goidea et al., 2020).
Although these projects demonstrate the potential of 3D-printing mycelium
composites, they contain limited information on the exact fabrication
process. Little is known about the influence of the manufacturing
parameters, conditions during the printing process and the relationship of
the digital tools with the living organism. No previous study has investigated
the making of various substrate compositions, described the material
processing and printing parameters or developed sterile printing strategies
for living extrudable matter. Therefore, in this study, we map the advantages
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and disadvantages of using additive manufacturing in the field of mycelium
composites.
8.2

Research goals

In previous experiments (see Chapter 4 and 7), we noticed that mycelium
colonisation is highest at the substrate-air interface where a fungal skin is
formed. Can additive manufacturing techniques improve the colonisation of the fungi in
a given geometry?
To answer this research question, we (1) develop different extrusion systems
specific for sterile robotic printing; (2) investigate the various manufacturing
processes in detail; (3) describe the emergence of a workflow; and (4)
explore the rheological and biological behaviour of living material
deposition.
Given the wide spectrum of complex, interrelated variables, the aim is to
provide comprehensive insights based on many empirical experiments,
which provide a premise for purposefully developing this novel domain
further.
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Figure 8-1. a. 3D-printed concrete bridge (Salet et al., 2018). b. From left to right: Ocean Pavilion
(images by S. Keating, J. Duro-Royo, L. Mogas- Soldevila 2014) and Aguahoja created by The Mediated
Matter Group (image by J. Costa 2018) c. Lovely Trash Column designed by Blast.Studio (Blast Studio,
2019). d. Pulp Faction, section of a column showing the 3D-printing of the fungal-lignocellulosic
components (Goidea et al., 2020).
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8.3

Materials and methods

Since the focus of this work is to test the feasibility of 3D-printing and from
that distil a set of fabrication rules and material constraints and potentialities,
in this section we are determined to investigate as many parameters as
possible through an empirical, trial-and-error method. We developed the
extruders ourselves, learned to program a robot from scratch and
experimented with many gelling agents and viscous materials. This section
is a compilation of learning-by-failing experiments that led us to the further
disentanglement of process variables related to the fabrication of mycelium
composites.
8.3.1

Robotic fabrication system and hardware

The robotic platform is a KUKA KR 15/2 6-axis industrial robot from 2004
(Figure 8-2 on page 335) . It weighs approximately 222 kg, with a payload
of 15 kg on its wrist and a maximum supplementary load of 10 kg on its
arm. The robot consists of a fixed base frame chemically mounted in the
concrete floor of the lab by means of three anchor bolts, on which the
rotating column turns about a vertical axis together with the link arm, arm
and wrist (Figure 8-3 on page 335). The end effector (extrusion systems
developed in Section 8.4.1) is mounted on the flange of the wrist. Each axis
is driven by a transistor-controlled AC servomotor. The robot has a
maximum reach of 1570 mm and a working envelope volume of
approximately 13.1 m3. The working range of the axis is mechanically
limited by means of software. It has a ±0.1 mm repeatability. To run the
robot, a “KR C2” control cabinet with KUKA System Software is
employed. A programmable logic controller (PLC) is connected to the
KUKA robot to process signals sent by the KUKA. It is an electronic device
with a microprocessor that controls its outputs based on the information
from its various inputs. The robot is controlled with the KUKA Control
Panel with Windows 95 graphic user interface. Files containing the motion
path of the robot are written in KUKA language and are transferred to the
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Control Cabinet via USB or floppy disk. Unfortunately, this old KUKA
version does not allow simultaneous Ethernet or Wi-Fi data streams
between the computational script and the robotic movement. Instead, the
CAD files are exported in KUKA language format.

Figure 8-2. Robotic platform of the KUKA 6-axis industrial robot, including the Control Cabinet, the
control panel and the PLC.

Figure 8-3. Installation of the KUKA robot in the aeLab, including the wiring of all the cables from the
robot to the control cabinet, placement of security cage and chemically mounting the base frame in the
concrete floor.
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8.3.2

Computational workflow

The computational workflow includes the design of the geometry, the
simulation of the robotic movement and the generation of the code for the
KUKA robot. The geometry that must be printed was designed in
Rhinoceros 6 and Grasshopper 3D-modelling engines (Figure 8-4 on page
337). Since the goal of this work was to validate the feasibility of printing
with living matter, we opted for a simple design strategy. As a first step, the
geometry was divided into layers (curves) with the height of the substrate
deposition (3 mm). These curves were the toolpath and were then divided
into smaller segments of points. These points contained the coordinates of
their location (X, Y, Z) and the direction of the extruder tool. This is the
trajectory that the extruder follows to print the object. Before the print of
the object can start, the robot has to be informed of its base position and
the location of the extruders. Then, the coordinates of the working surface
on which the object will be printed are inputted. After having printed a layer,
extrusion must stop during the travel of the robot to the start of the next
layer; therefore, points are added at the beginning and end of each layer to
turn the electro-pneumatic extruder ON and OFF. Speed can change,
depending on the type of job the robot is doing. For example, the travel or
approaching speed can be higher than the extrusion speed. It is also
important that the extruder does not collide with the previously printed
layer. Collision is avoided by moving the robot up in the z-direction. A script
is generated to translate the geometrical information and trajectory of the
robot to a KUKA ROBOT LANGUAGE (KRL) script. To do so, we used
the plug-in for Grasshopper 3D called Robots, developed by Vicente Soler
and Vincent Huyghe of The Bartlett School of Architecture (Soler and
Huyghe, 2016). Before running the script, all steps were simulated virtually.
An error message appeared if the robots made an impossible movement,
such as colliding with itself or its surroundings.
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Figure 8-4. Computational workflow in Grasshopper 3D containing the script to 3D-print with a
KUKA robot. a. 3D-geometry is converted to curves and points. b. The type of robot and tools. c.
Coordinates of the working surface. d. Code to turn the extruder ON and OFF and avoid collision. e.
KRL script is generated. f. Simulation of the script.
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8.3.3
8.3.3.1

Preparation of extrudable fungal material
Fungal species

Two different species were used in this study, Trametes versicolor (M9912) and
Ganoderma resinaceum (M9726), purchased from Mycelia bvba (Veldeken 38A,
9850 Nevele, Belgium).
8.3.3.2

Natural fibres

The selected natural fibres were beechwood and hemp. The hemp fibres
were purchased from Aniserco S.A (Groot-Bijgaarden, Belgium). The hemp
fibres were processed in a blender (Emerio BL-108862) for 10 minutes to
reach a fibre size smaller than 5 mm. The fibres were first soaked in water
for 24h, then rinsed abundantly and blended for 10 minutes with fresh
water. The fibres were sieved with a 5 mm strainer, squeezed manually,
spread on a plate and dried at 30°C for 120h. The 0.2–1.25 mm beechwood
sawdust (HB 500-1000) was purchased from J. Rettenmaier & Söhne
(Rosenberg, Germany)
8.3.3.3

Viscous substrates

Several gelling agents were selected for their lubricant and viscous
properties. Among them were psyllium husk, corn starch, xanthan gum,
paper cellulose, guar gum and locust bean gum. All gelling agent supplies
were purchased from Buy Whole Foods Online Ltd (Ramsgate, United
Kingdom). Before mixing, all ingredients (dry fibres, dry gelling agent
powder and distilled water) were autoclaved separately for 20 minutes at
121°C.
Solutions of the psyllium husk, xanthan gum, guar gum and locust bean gum
gelling agent mixed with beechwood sawdust were prepared by suspending
the respective weight percentages in distilled water (Table 8-1 on page 340).
The mixture was then stirred for 20 minutes at 400 rpm.
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The procedure for corn starch was slightly different, because corn starch
has a phase transition with heat. Therefore, a solution of 10 wt% corn starch
was heated to100°C for 40 minutes while stirring vigorously with a magnetic
stirrer at1000 rpm. As detailed in Table 8-2 on page 340, four different
amounts of beechwood fibres were added to the mixture in small amounts
at 1000 rpm for 10 minutes in order to get a viscous hydrogel.
A third set of experiments was based on a mixture of paper cellulose and
xanthan gum (Table 8-3 on page 340). A solution of 3 wt% xanthan gum
was mixed with distilled water, using a blender. To this gel, 10 wt% technical
raw cellulose fibres (ARBOCEL® ZZ 8–1) with an average length of 45 µm
were added in small amounts and stirred vigorously for 20 minutes until the
material was smooth without lumps. The slurry was homogenized with a
blender. Then, glycerine was added to the slurry, followed by beechwood
sawdust.
The samples for the rheological measurements and the growth tests were
prepared in the same way as described above, with concentrations described
in Table 8-4 and Table 8-5 on page 341.
8.3.4

Composite fabrication for compression tests

To test the strength and stiffness of viscous materials in compression,
cylinder specimens (h:38 mm, d:100 mm) were made with three gelling
agents: psyllium husk, locust bean and xanthan gum (Figure 8-5 on page
341). The preparation happened in the same way as described in Section
8.3.3, with proportions of 10 wt% beechwood fibres, 10 wt% gelling agent,
70 wt% water and 10 wt% mycelium spawn. The inoculated viscous
substrate was incubated for 7 days at 26°C in a cylinder mould, after which
it was demoulded. Although the samples were fully grown on the surface,
they were too viscous to maintain the shape of the cylinder. The collapsed
samples were incubated anyway and sagged even further, making them
useless for the determination of compression strength. Testing the
compression strength was therefore abandoned.
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Table 8-1. Composition of viscous matter based on psyllium.
Label

Beechwood [wt%]

Psyllium [wt%]

Water [wt%]

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12

37.5
39
40
42.4
34
35.2
36
38
28.4
29.4
30
31.6

15
12
10
5
15
12
10
5
15
12
10
5

37.5
39
40
42.5
51
52.8
54
57
56.6
58.6
60
63.4

Table 8-2. Composition of viscous matter based on corn starch.
Label

Beechwood [wt%]

Corn starch [wt%]

Water [wt%]

C1
C2
C3
C4

25
20
10
5

10
10
10
10

65
70
80
85

Table 8-3. Composition of viscous matter based on paper cellulose and xanthan gum.
Label

Beechwood
[wt%]

Paper cellulose
[wt%]

Xanthan gum
[wt%]

Glycerine
[wt%]

Water
[wt%]

X1
X2
X3
X4
X5
X6
X7
X8

18
16
13
11
21
19
16
14

18
16
13
11
11
13
16
18

3
3
3
3
3
3
3
3

1
1
1
1
1
1
1
1

60
64
70
74
64
64
64
64
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Table 8-4. Compositions of sample analysed for the rheological measurements.
Beechwood
[wt%]

Gelling
agent
[wt%]

Water
[wt%]

Paper
cellulose
[label]

Psyllium
husk
[label]

Locust
bean
gum
[label]

Xanthan
gum
[label]

Guar
gum
[label]

15

10

75

PC1

-

LBG2

X1

-

10

5

85

-

-

-

X2

G1

10

10

80

-

P1

LBG3

-

G2

10

15

75

PC2

-

-

-

-

Table 8-5. Composition for growth tests of gelling agents, water and fibres with the successful growth
(v), contamination (x) or abandonment of the experiment (-) for corn starch, cellulose, psyllium and
locust bean.
Beechwood
[wt%]

Gelling
agent
[wt%]

Water
[wt%]

Mycelium
[wt%]

Corn
starch

Paper
cellulose

Psyllium

Locust
bean

25
26.7
28.5
15
10
5

15
10
5
15
10
5

50
53.3
56.5
60
70
80

10
10
10
10
10
10

v
v
v
v
v
x

v
v
-

v
v
v
v
v
x

x
x
v
v
v
x

Figure 8-5. Samples for compression composed of beechwood and psyllium husk, xanthan gum and
locust bean gum. a. Demoulding after the first growth phase. b. Fully grown samples after the second
growth phase.
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8.3.5

Sterile printing process

Since the process to 3D-print with a living material was new, a few iterations
were tested. The first tests started from the assumption of having to work
as sterilely as possible. Since the robot was located in a dirty room, Bunsen
burners were placed around the working area to create a local sterile
environment. The initial printing protocol was as follows (Figure 8-6a on
page 344):
1. The robot was calibrated against the table by measuring three
corners in space (X, Y, Z coordinates). These coordinates were used
as input parameters in the digital file to define the printing area.
2. The viscous substrate was prepared and sterilised in advance in
autoclavable bags. After sterilisation of the working area and utensil
with ethanol, the substrate was poured into a bowl (Figure 8-6b
on page 344). Two Bunsen burners ensured a sterile environment
around the printing area.
3. A quantity of 10 wt% mycelium grain spawn was mixed with the
substrate (Figure 8-6c on page 344).
4. The inoculated viscous substrate was then packed into the
aluminium extruder (Figure 8-6d on page 344). This extruder was
also autoclaved in advance and opened in the sterile environment.
5. Air pressure was turned on and adjusted until the slurry started to
come out of the extruder. Then, the valve was turned off directly
to avoid dissipation of the matter.
6. The toolpath instructions, containing the direction, location of the
movement and speed, were loaded on the robot.
7. The desired geometry was printed by depositing the inoculated
slurry in stacked layers (Figure 8-6e–f on page 344).
8. Directly after extrusion, the material was covered to preserve a
sterile environment during the growth of mycelium (Figure 8-6g
on page 344).
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9. The geometries were left to grow (incubated) in a controlled
environment chamber at 26°C for at least 7 days and were
monitored daily.
10. After the growth, when the substrate was sufficiently white, the
object was dried in a convection oven. At this point, the material
was still humid and flexible, but also fragile when taken out of the
growth chamber. In the oven, the material continued to dehydrate.
This phase was critical, because fast dehydration can lead to cracks
and/or deformations (curling). The shapes may shrink a lot
depending on the composition of the ingredients.
By trying out the entire sterile printing process, it became clear that several
aspects could be improved. Namely, the mixing of the mycelium with the
viscous substrate should be done in a laminar flow hood instead of on-site,
as should the packing of the extruder. This would reduce the number of
actions next to the robot. Working with Bunsen burners is quite dangerous,
so we looked for another way to keep the print environment clean.
Furthermore, the grain spawn caused several congestions in the extruder,
because the grains stick together, and it was not easy to mix them
homogeneously.
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Figure 8-6. a. Initial sterile printing protocol with Bunsen burners. b. Pouring of the viscous substrate
into a bowl. c. Mixing of mycelium grain spawn with the substrate. d. Packing of inoculated viscous
substrate into the extruder. e–f. Depositing the inoculated slurry in stacked layers. g. Covering to
preserve a sterile environment during the growth of mycelium.
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The final workflow for living material printing comprises a biological section
and a digital fabrication section (Figure 8-7a on page 347). This time, no
Bunsen burners were used, but an enclosed environment was created with
a bag around the extruder. In the end, we also printed without taking sterility
into account. The process was as follows:
1. To realize the living function of the material, 10 wt% mycelium
spawn of G. resinaceum (M9726) and T. versicolor (M9912) was
inoculated in rye bran. Once the rye bran was fully colonised by the
organism (after approximately 2 weeks), 10 wt% of this new
inoculum was mixed with humid beechwood sawdust (fibre-water
ration 1:1). The goal was to realise a powder-like inoculum instead
of the grain spawn. With this pre-grown substrate, the
contamination risk in a non-sterile printing environment was
reduced.
2. Water, dry gelling agent and the extruders were placed in an
autoclave for 20 minutes at 121°C. The extruder, plunger and upper
plate were dismantled and wrapped separately in aluminium foil. All
elements were placed in an autoclavable bag which could be opened
in the laminar flow hood.
3. The gelling agent was mixed with sterile H2O in the flow hood and
covered with aluminium foil. If the gelling agent was corn starch,
the mixture was stirred (outside the hood) at 150°C, 400 rpm for
40 minutes until gelling. The mixture was then allowed to cool
down to 30°C. The viscous matter was mixed with 10 wt% pregrown beechwood sawdust (Figure 8-7b on page 347). To avoid
blocking the extruder, it is recommended to break down the wood
chunks into small pieces with a spoon.
4. The extruder was packed step-by-step, and the inoculated substrate
was pushed together with the plunger to avoid air inside the device.
Eventually, the extruder was closed with the upper plate.
5. Steps 5 to 10 from the above initial protocol were repeated. Two
printing options were tested instead of the Bunsen burners: first,
the extruder and the printing environment enclosed in a sterile bag
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and box (Figure 8-7c on page 347) and second, a non-sterile –
clean – environment (Figure 8-7d on page 347).
During the robotic movement, the box mounted on the extruder did not
maintain a stable position, even after firmly sticking it to the table. It
appeared possible to print without contaminations in a non-sterile
environment. The non-sterile protocol was used for all experiments in this
work.
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Figure 8-7. a. Final workflow for living material printing. b. Preparation of the substrate in the laminar
flow hood. c. Extruder and printing environment enclosed in a sterile bag. d. Printing in a non-sterile –
clean – environment.
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8.3.6

Rheological measurements

Dynamic oscillatory shear tests were performed on a TA Instruments ARG2 viscometer. For each viscosity measurement, a 0.5 mL sample was
placed in between parallel ETC aluminium plates of 25 mm in diameter.
First, an increasing shear rate, from 0.01 to 10.0 s-1, was applied, followed
by a decreasing shear rate, from 10.0 to 0.01 s-1. This was done to observe
material changes after stress was previously increased. Here, only the
increased shear rates will be discussed. Second, oscillatory measurements
were performed, with frequency increasing from 0.1 to 100 Hz, with the
purpose of evaluating the visco-elastic properties of a given material in
response to applied sinusoidal strain of frequency. The corresponding stress
was measured. Elastic contribution is described by storage modulus [Pa] and
viscous contribution by loss modulus [Pa]. Finally, another type of analysis
consisted of holding the peak to simulate the squeezing of the material
through a nozzle. For 7 to 10 minutes, a shear rate of 0.01 s-1 was applied,
then changed to 100.0 s-1 for 0.1 s and, last, it was decreased again to 0.01 s1 for up to 20 minutes. Temperature-dependent tests were not considered.
8.3.7

Mycelium growth and surface colonization measurements

Daily growth was measured in the same way as described in Section 3.4.3.
8.3.8

Microscopic measurements

Scanning Electron Microscopy was performed as described in Section
3.4.5.
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8.4

Results and discussions: Factors affecting the printability
of living biomatter

The purpose of this section is to combine all relevant challenges, processes,
production steps and underlying material properties belonging to extrusionbased 3D-printing of biological materials.
8.4.1

Development of different extrusion systems for sterile printing

Whether the printing of objects is successful depends on the design and type
of the extruder. The choice for an extrusion-based (LDM) approach was
straightforward, since such a process already dominates the field of 3Dprinting, both in concrete (Buswell et al., 2018) and earth-based research
(Perrot et al., 2018) and in proof-of-concepts applications. The paste-like
substrate lends itself more to extrusion. Extrusion is performed by
transporting the material form the container to the nozzle, forcing the
substrate through a nozzle and depositing the material.
In this section, a series of design iterations for the fabrication of low-cost
extrusion end effector tools is discussed. All tools were designed and
manufactured in-house. The goal was to investigate different ways to
extrude the living hydrogel by means of two extrusion strategies: with an
auger screw and by pneumatic extrusion. The requirements for the tool
were:
(1) Composed of autoclavable materials (resistant to 125°C);
(2) Easy to clean and maintain;
(3) Designed with affordable components and easily machinable parts;
(4) Allowing printing at room temperature (without a heating or
cooling element).
Auger screw extruder. The first prototype (Figure 8-8 on page 353) was
a 3D-printed barrel with a bolt opening on the side for an external reservoir.
The auger screw was mounted on a stepper motor with a tapered roller
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bearing on top of the screw and a sliding bearing at the bottom, in order to
support the screw and reduce friction when rotating. The cylinder wall was
made thicker to enable attaching the motor on top. This increased the
weight of the tool, but it was more convenient to fabricate it this way as it
used fewer parts. A second prototype was made with aluminium. The
cylinder container was machined on a lathe until the desired wall thickness
was reached. The fabrication of the auger screw appeared to be complicated.
Two attempts with an ISEL ICP-4030 mill failed, because it was impossible
to clamp the shaft firmly on to the machine. After consulting different
internal technicians and an external company specialised in milling parts,
this design was abandoned due to its complexity and the lack of specialised
infrastructure required to make such a piece. Another limitation of this
design was the complexity of assembling many parts and the difficulty to
properly sterilise the different components.
Pneumatic single extruder. The single extruder was composed of three
aluminium parts (Figure 8-8 on page 353). The nozzle was attached to the
cylinder barrel with six bolts and to the lid on the top of the head, which
features an inlet for the pneumatic connection. The edge where the lid was
in contact with the barrel was made airtight with a heat-resistant silicone
rubber gasket. Inside the cylinder, a plunger with two rubber O-rings helped
compress the material in the extruder. Several conical nozzles with a
diameter of 5, 10, 15, 20 and 25 mm were subjected to extrusion testing,
resulting in the selection of the 5 mm nozzle. However, the shape of the
nozzle appeared to have a significant influence on the prints. Therefore, the
cone-shaped nozzle was optimized with an internal tube shape at the end to
guide the material straight out of the nozzle. The extruder was connected to
a compressor with a pressure-reducing valve in between, allowing for the
precise control of pressure (Figure 8-11a on page 355). The disadvantage
of a pneumatic extrusion system is the accumulation of voids in the slurry,
which leads to the release of air during printing.
Pneumatic static multiple extruder. Different hydrogel materials can be
contained in three aluminium extruders mounted on an aluminium
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mounting plate (Figure 8-9a on page 353). The weight of this extrusion
system is 10 kg without material loaded in the extruders, which constrains
the robot’s precision when printing. The pneumatic system was extended
with two more pressure valves (Figure 8-11b on page 355). An extruder is
turned into printing position by the wrist of the robot. The pneumatic valve
is activated by an ON or OFF signal coming from the PLC. In this design,
however, the extruders are on the same height relative to the printing
surface. When printing with one extruder, the two other extruders run into
the already printed layers and damage the print. Two solutions fix this
problem: changing the inclination of the robot wrist to avoid collision with
the printed material or developing a movable printing device. The first
option involved restrictions to the movement of the robot arm and
deformed material deposition.
Pneumatic movable multiple extruder. The movable mechanism moves
the active extruders up and down by means of three rods and servo motors
(Figure 8-9b on page 353). For this device, a triangular plate was designed
between three round steel bars with a diameter of 8 mm. These triangular
plates were made of a 6 mm PUR plate with a 3 mm aluminium
reinforcement mounting plate. This provided the solid base on which the
three extruder holders were mounted by means of linear roller bearings to
enable linear movement. The movement of these holders was activated with
standard 20 kg servo motors with a small lever on the shaft, so that their
power was fully used when printing. This movement was transmitted via
1 mm steel wires. The servo motors were regulated with an Arduino circuit.
The signal from the pneumatic valves was tapped to control the servo
motors, making the servo motors and valves work simultaneously (Figure
8-10 on page 354). This signal is either ON (LOW) or OFF (HIGH). The
PLC assigns a DC voltage of 24 V at HIGH or 0 V at LOW to its output.
Since the voltage was too high, a voltage divider was placed between the
PLC and the Arduino circuit. The voltage divider was defined by the
following equation:
Vout =Vin (F

F'

& GF' )
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where Vin is the input voltage [V], R1 and R2 are resistor values [Ω] and Vout
is output voltage [V]. Once the Arduino receives a signal, it can control the
servos. A power supply of 5 V, 3 A was used to power the Arduino and the
servos. The operation of the circuit is illustrated in Figure 8-12 on page 355.
The development of the printing tools and experiments with the
extrudability of the material went hand in hand. The flow rate was not only
controlled by the robot’s movement, the air pressure or the design of the
nozzle, but also by the velocity of the material. In the next section, we
empirically and comprehensively investigate the parameters that influence
the extrudability of the material.
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Figure 8-8. Design of the extrusion systems for sterile printing.

Figure 8-9. Exploded view of extruder assembly. a. Pneumatic static multiple extruder. b. Pneumatic
movable multiple extruder.
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Figure 8-10. Electro-mechanic and pneumatic assembly to actuate the movable multiple extruder
mounted on the arm of the robot.
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Figure 8-11. Pneumatic scheme: a. Single extruder. b. Multiple extruder.

Figure 8-12. Electro-mechanic and pneumatic scheme of the movable multiple extruder.
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Figure 8-13. Final assembly of different extrusion systems for printing living matter with a KUKA
robot. a-b. Pneumatic single extruder. c-d. Pneumatic static multiple extruder. e-f. Pneumatic movable
multiple extruder.
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8.4.2

Empirical determination of the printing parameters

The printing parameters were established with a trial and error method due
to the complexity and variety of material, dimensional, mechanical and
environmental factors. The viscous matter was initially tested manually with
a syringe, during which it was discovered that the material composition
could result in a wide range of variations affecting extrusion. To reduce the
complexity of this research, we printed with the viscous material without
mycelium inoculum. This section examines, one by one, the operational and
material parameters of the printing process (Figure 8-14 on page 358):
(1) An optimal particle size has to be found, knowing that reducing the
size of the fibres reduces the mechanical properties and fungal
compatibility, but increases extrudability.
(2) The formulation and preparation (time and heat) of the substrate
has to result in a material which needs to flow at a certain rate and
can be extruded through a nozzle.
(3) The material has to be pumped out smoothly without clogging
(4) The layers of the desired geometry have to bond with the previous
ones and maintain their shape under the pressure of the next layers
Only the parameters affecting the printing process itself are described and
analysed. The factors related to curing (shrinkage, creep and thermal
dilation), geometry and application (scale) should become part of further
research. It takes a multitude of experts from various fields to fully master
the robotic fabrication of living matter (Figure 8-15 on page 358). This
section can almost be read as a lab diary because it describes all the steps in
much detail.
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Figure 8-14. Extrusion of randomly oriented fibres in paste-like deposition, showing the underlying
physics and production steps for additive manufacturing of fibre-based hydrogels.

Figure 8-15. Biofabrication masterclass with an architectural engineer, a space engineer, two designers,
an artist, an interior architect and two entrepreneurs, organised in collaboration with Glimps.bio and
partly funded by a Vlaanderen Circulair grant. (© Photographer Anyuta Wiazemsky).
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Figure 8-16. Empirical determination of the printing parameters. a. Variations in the fibres’ particle size.
b. Applying different percentages of gelling agents. c–e. Initial tests and regulation of extrusion pressure.
f. Variations in the printing speed of the robot. (Images a., c. and d. by Brecht Steenhouwer and Daan
Van Den Cruyce, image e. and f. by Noam Kalai)
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8.4.2.1

Viscous matter

Particle size of the fibres. As a first parameter, fibre size was characterised
empirically with different nozzle sizes. Not only the particle size, but also
the orientation, type and amount contributes to increased anisotropy in the
material. The initial proportions (C0) of the tests were 74 wt% water, 4 wt%
glycerol, 11 wt% corn starch and 11 wt% hemp fibres. Two particle sizes
were tested: 5–10 mm hemp hurds and 0.5–5 mm chopped hemp fibres.
The most consistent results of squeezing the viscous matter through a 5 mm
nozzle were reached with the chopped fibres, at room temperature (Figure
8-16a on page 359), while tests with bigger fibre sizes sometimes clogged
the nozzles. In the case of the 5 mm nozzle size, the large fibres did not
come out of the extruder, and only the corn starch mixture was pressed out.
Concentration of the ingredients. For the next series of tests, different
percentages of gelling agents were altered to examine the consequences for
flow rate and printability (Figure 8-16b on page 359). An already chopped
beechwood fibre was purchased with a particle size of 0.2–1.25 mm. Several
approaches were taken by varying the type of gelling agents and the
composition, with the purpose of obtaining better printability.
Psyllium was chosen as gelling agent to perform the first experiments, meant
to determine the most efficient water-fibre ratio (Table 8-1 on page 340).
Experiments with the same percentage of water as fibres failed (P1–P4).
Experiments with 1.5 times more water than fibres (P5–P8) resulted in a
low flow rate of 0.27 mL/s for 12 wt% psyllium husk (P6) and 0.21 mL/s
for 10 wt% psyllium husk (P7). To further optimise the flow rate, a third set
of experiments was conducted, with twice as much water as fibres (P9–P12).
A flow rate of 0.08 mL/s was achieved for 15 wt% psyllium husk (P9),
0.2 mL/s for 12 wt% psyllium husk (P10) and 0.67 mL/s for 10 wt%
psyllium husk (P11). The printability of 5 wt% psyllium husk (P12) was not
measured, since it was too aqueous. It can be concluded that the flow rate
increased with the decrease of the percentage of gelling agent.
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Another set of hands-on experiments consisted of varying the fibre-water
ratio by keeping the gelling agent constant. Here, tests were done with
beechwood and 10 wt% corn starch (Table 8-2 on page 340). The fibrewater ratio of 25–65 wt% (C1) was not viscous and could not be printed.
The ratio 20–70 wt% (C2) was rather viscous, but the gelling agent was
squeezed out without fibres. Both the 10–80 wt% fibre-water ratio (C3) and
the 5–85 wt% fibre-water ratio (C4) were successful in printing consistently
at a regular flow rate.
Finally, four compositions of beechwood, paper cellulose and xanthan gum
were mixed with water. During this test, the dry materials were kept
constant, and the amount of water varied (Table 8-3 on page 340). The best
results were observed for mix X2, containing 64 wt% of water. Mix X1
(60 wt% of water) was too dry, and the printhead had difficulty extruding
the substrate. Mix X3 (70 wt% of water) produced a continuous filament of
substrate, but the flux was too high. Finally, the entire reservoir of mix A4
(74% of water) was extruded within a few seconds. This substrate was too
liquid and led to a super high flux. To determine the optimal ratio of wood
and paper cellulose, more experiments were performed by keeping the
amount of water constant but varying the paper/wood ratio (Table 8-3 on
page 340). The results showed the best printability for samples X7,
containing the same amount of wood and paper cellulose. When reducing
the mass percentage of paper cellulose (X5 and X6), the mix was too dry.
On the other hand, with more paper cellulose (X8), the mix was too liquid,
and the flux was too high.
To conclude, a high proportion of fibres provides higher mechanical
strength, but contributes to a drier hydrogel. On the other hand, the
increased amount of water causes a higher degree of deformation and
shrinkage during drying. The quantity of water needed varies by type of
gelling agent, even by consistency of each gelling agent (e.g. psyllium husk
versus powder). During the preparation of the substrate, it also became clear
that the applied heat of the autoclave and the time between making the
matter and printing influenced the flux of the substrate.
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The influence of heat and autoclaving on viscosity. First and foremost,
it has to be noted that during the first tests (C0) in Section 8.4.2.1, the
temperature of the viscous corn starch matter mixed with large hemp fibres
was raised to 35°C and 65°C, giving good but too liquid results. It was
therefore decided that we would work at room temperature by letting the
matter cool down after preparation. An additional advantage was that the
extruder would not need heating elements, nor would the substance have to
be cooled mechanically when it came out of the nozzle. Later on, we noticed
that heat of the autoclaving process (sterilisation of the substrate at 121°C
for 20 minutes) had a significant impact on the viscosity, as the substrate
hardened into a compact mass. The flow rate after autoclaving the substrate
turned out to be 0.08 mL/s for 12 wt% psyllium husk mixtures and
0.16 mL/s for 10 wt% psyllium husk mixtures. In other words, autoclaving
decreased the flow rate by 25–42%. It is therefore advised to autoclave the
dry ingredients separately before preparing the viscous matter.
The influence of time on viscosity before printing. The production
process also includes a time factor, as it is not always possible to print
directly after the preparation of viscous substrates. Fibres and gelling agents
need time to absorb water and appeared stiffer after a few hours. For this
test, lower psyllium husk quantities (7, 6 and 5 wt%) were examined for their
velocity after 1h, 2h, 3h and 24h. The velocity increased with time, but
decreased again after 24h. Retention time during preparation and in the
vessel thus becomes a key parameter. The time dependency of the plasticity
is not only an important factor during extrusion itself, but also during the
stiffening after deposition of subsequent layers.
8.4.2.2

Extrusion

Extrusion pressure. Extrusion consists of forcing the material through the
nozzle by applying pressure in the vessel. Wall friction in the vessel and
contraction of the material in the opening of the extruder reduces the
extrusion flow rate. Pumping the material (without air voids) through the
container can have significant effects on the continuity of the extruded
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layers. Moreover, not only a precise substrate preparation but also extrusion
pressure play a crucial role in the deposition process. In this context, several
test were performed with different extrusion approaches and material
concentrations.
In the first test phase, with the extruder connected to compressed air, the
pressure-reducing valve was adjusted to about 2 bar. The compressed air
was turned on by having the PLC send a 24 V DC signal to the electropneumatic 5/2-way valve. However, a very large flow of the substance came
through the nozzle in a short time. For the second test, we lowered the
pressure. We then noticed that the valve could no longer switch at a certain
lower pressure. The valve uses the compressed air to switch, and when
pressure is too low, there is too little force to switch the valve. Even at the
minimum switching pressure, the spout was too thick, as can be seen in
Figure 8-16c on page 359. In a third attempt, the pressure control valve was
set at very low pressure, at which it was no longer possible to switch, and
only in a second the step the hose was put into the fitting. Once the head
started printing, the pressure accumulated in the extruder, and the valve was
adjusted until the spout was good. Unfortunately, when activated at low
pressure, the valve can no longer be read accurately. This can be solved by
printing at a higher speed, so that the pressure must be increased. Another
solution to optimise the printing process is to get a new valve, which is able
to switch at pressures lower than 0.5 bar, such as a solenoid valve.
Eventually, to solve the pressure problem, we set the input pressure used
for switching to a high enough value. The pressure before the valve was kept
high and only reduced by an extra pressure-reducing valve at the outlet. As
a result of the optimised valve system, new tests were performed at a
pressure of 0.8, 0.9 and 1 bar. The results are visible in the last image of
Figure 8-16d on page 359, with the most accurate printing at 1 bar with the
settings of the PTP (Point To Point) at 50%, LIN (Linear) movements at
1 m/s, and the speed on the HMI (Human Machine Interface) at 30%.
Tests were also conducted without plunger to investigate whether the
plunger was actually necessary. We performed these tests at a pressure of
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0.5 bar and 1 bar. Both gave poor results, as shown in Figure 8-16d on
page 359. Without plunger, air can escape through voids in the substance.
As a result, the substance is not squeezed properly, but sputters out of the
nozzle.
Accurately regulating air pressure remained problematic with different types
of mixtures (Figure 8-16e on page 359). Printing the X2 substrate below
1.6 bar did not result in an extrusion, whereas a pressure of 2 bar gave an
acceptable result. At 1.6 and 1.8 bar, the flux was too low due to the fastmoving robotic arm. Multiple experiments were repeated, but the flux of
the substrate was mostly unstable due to clogging in the extruder, sudden
release of material at once, air voids etc. Increasing the air pressure (from 3
to 4 bar) could in some cases unblock the nozzle. When we did this,
however, all substrate came out of the container at once because of the high
pressure. In other cases, it was impossible to unblock the nozzle, and the
only solution was to completely disassemble the extruder and clean it.
Toolpath geometry. The performance of the deposited material is directly
related to the ability of the materials to maintain the geometry under the
increased weight of the next layers. The stability of superimposed layers of
a simple squared shape began to wobble after 10 layers, to the point that at
12 layers, the structure collapsed (Figure 8-17a on page 367). This is an
inevitable consequence of the uncured substance and its low strength. The
failure is caused by a combination of elastic buckling and plastic collapse.
Recent research identified elastic buckling as a mechanism generated by a
loss of geometrical stability, while plastic collapse is characterised by the
maximum stress (at the bottom of the wall) reaching the material yield
strength (Suiker, 2018; Wolfs and Suiker, 2019). The loss of stability occurs
after a loss of equilibrium of forces and moments, initiating uncontrolled
deformations or displacements (Mechtcherine et al., 2020). The collapse can
also be related to the geometry of the printed element (e.g. freeform, free
wall without support).
Thereafter, three new approaches were tested. The first consisted of
supporting the walls by temporarily adding wood dust reinforcement inside
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the geometry during the printing process (Figure 8-17b on page 367). In
this case, 7 layers could be printed without clear instabilities. It is assumed
that the gravity-induced stresses are partly retrieved by the support through
the interface friction stress (Roussel, 2018). Although promising, further
tests with more layers could not be performed because the printing
container was too small to deposit more material.
The second approach consisted of printing denser infills. As visible on the
images (Figure 8-17c on page 367), this approach had promising results.
Depending on the density of the infill, 3 to 7 layers could be printed
subsequently without instabilities, after which the container was empty. A
bigger extruder, and thus a full re-design of the printing set-up, would be
needed to further validate this approach. Hence, we could increase the
buildability of the print through the geometry.
The third approach comprised a cross-layer deposition of the material
(Figure 8-17d on page 367). Flux problems were encountered, caused by
the start/stop operations. The material either continued to flow after the
stop signal or clogged in the nozzle after the start signal and then flowed
out at once, due to accumulated pressure in the extruder. To avoid flux
complications, the toolpath geometry should be continuous.
Additionally, two of the three extruders were filled with the corn starch
mixture (label C3) and the psyllium mixture (label P11). Adherence between
the two materials and hatching of four layers was achieved (Figure 8-17e
on page 367). As a consequence of the different viscosities of both materials,
the print was not very precise. The distance between the deposited layer and
the nozzle increased during the printing, caused by directional changes in
the pattern and the layer height (which was kept constant), which in turn
made the slurry wobble. The instability of the print was also caused by air
pockets in the barrel. The air pressure pushed the plunger further into the
container; thus, the plunger compacted the substrate in the nozzle. This
phenomenon resulted in a less viscous compacted material, which in turn
slowed down the printing. Some air pockets trapped inside the material
could move, allowing for the rearrangement of the material, with a rapid
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flux increase as a result. Multi-material printing amplifies the complexity of
this process even more.
When squeezed out of the nozzle, the material deforms due to gravitational
forces and yield stress. It is known that for 3D-printing concrete
applications, the actual filament deformation behaviour ranges somewhere
between the pure shear flow regime and the infinite brick, no-flow regime
(Mechtcherine et al., 2020). In other words, the shape of the layers depends
on a combination of the yield stress of the material, the design of the nozzle
and the height between the nozzle and the deposited material.
8.4.2.3

Hardware

Nozzle size. During the fabrication of the extruder (see Section 8.4.1),
nozzles were 3D-printed with different sizes. After quick iterations, a size
of 5 mm was chosen for its smooth and regular result. This nozzle was then
produced in aluminium. Later on, due to the poor results related to the
instable flux, the size of the nozzle was questioned again. New tests were
performed with a modified 3D-printed nozzle of 16 mm. Again, the same
issues were faced as with a 5 mm nozzle: instable flux varying between
blockage and sudden accelerations. This suggests that the challenges we
faced were not caused by the nozzle size specifically. However, in the
construction industry, samples are usually 3D-printed with a substrate
thickness between 10 to 50 mm (Buswell et al., 2018). Even if the particle
size is smaller than the nozzle size, clogging can occur due to friction
between the particles and the extruder wall.
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Figure 8-17. Influence of the toolpath geometry. a. Ability of the materials to maintain the geometry
under increased weight of the next layers. b. Supporting the walls by temporarily placing wood dust
reinforcement inside the geometry during the printing process. c. Printing denser infills. d. Cross-layer
deposition of the material. e. Adherence between two different materials and hatching of 4 layers. (Image
b. and c. by Ichelle Nieberding).
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Range of printing velocity. When slowing or accelerating printing speed,
it is preferable to maintain a homogeneous result and avoid an accumulation
of material in the corners. To print a perfect line, the robot has to move at
a constant velocity. Therefore, tests were performed by printing a number
of squares on top of each other. To obtain a constant spout, two parameters
can be changed in the code. With C_DIS movements, the distance between
points is approximated as accurately as possible. However, in this case, a
constant speed was needed to avoid accumulation of matter in the corners.
Therefore, the parameter C_VEL (constant velocity) was chosen, with the
value of $APO.CVEL = 0.2. The smaller this number, the more constant
the speed is kept. On the other hand, if the value is set too low, the corners
are rounded.
However, we found out that kinematic singularities (tending to infinity, like
a black hole) can happen right in the middle of a printing job, causing
failures of the robot attempting to follow that toolpath. The following
occurred: a command ordered a joint to rotate at infinite velocity, while the
joint was unable to make that movement. Joints 4 and 6 were moving and
lining up with each other, while the printing tool (end-effector) remained
immobile. This caused the joints to be ordered to suddenly fully spin around,
which is mechanically not possible. Luckily, the robot is programmed to
avoid such movement and blocked. A reboot with a “cold start-up” fixed
the issue. To bypass robotic singularity in the wrist, it is important to assign
a small angle to the joint of the extruder.
Printing speed. The speed at which the robotic arm is moving also
influences the printability and flux of the substrate. Therefore, different
speed rates were tested with a constant air pressure of 2 bar for xanthan
gum (X2) mixtures (Figure 8-16f on page 359). At 20 and 30 mm/s, the
robot moved too slowly, resulting in curved lines of the material. The curved
layer structure can be explained by a too-slow flow rate due to overextrusion, which increased the compression forces in the deposited layers.
The rate of 45 mm/s gave the most accurate result, although the pattern still
contained significant imperfections. At higher speeds of 50, 55 and
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60 mm/s, insufficient material could adhere to the surface because the robot
moved too quickly, leading to discontinuous layers. The sudden and
unpredictable flux variations of the material could be mitigated by by
adapting the printing speed of the robot while printing, which is not possible
with our current infrastructure.
Script errors that can ruin your day. The most often recurring errors are
listed below. We did not include all error messages and troubleshooting,
since most solutions can be found the KUKA’s manual.
(1) USB slot is not visible in the navigator menu. This error occurred a
few times for unknown reasons, making it impossible to load files
on the robot. In this case, an external keyboard had to be plugged
in, and F2 was pressed during the boot-up to enter the BIOS
settings page. Then, the page “Advanced Chipset Setting” was
opened, where the option “Onboard USB port” and “IRQL for
USB” was enabled.
(2) Dual declaration (code 2324). This error occurred when another
folder in the robot interface contained the same code as the file that
was running. This bug was solved by emptying every previously
used folder in the interface.
(3) Accu-voltage at PM1 below 22 last buffering (code 284). This error
occurred when the battery voltage was too low to buffer the cabinet
the last time it was shut down. The battery could no longer be
charged correctly. The battery and the robot are actually too old,
but with a reboot the problem was solved.
(4) Error during loading/R1/$MACHINE (code 365). This message
appeared when a fatal error occurred during the loading of an
object. Compiled data were overwritten, which meant that the data
was unrecoverable. The effect of this error was that the machine
data was inconsistent.
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8.4.3

Workflow for printing viscous and fibrous matter

This section aims to relate the empirical evaluation method developed in the
previous section with the different parameters. Through the various handson experiments with different material compositions, fabrication techniques
and mechanical considerations of the extruders, a multi-criteria workflow
was established, summarizing the relationships between the different
printing parameters (Figure 8-18 on page 372). The framework aims to
identify requirements for the future integration of living materials with
additive manufacturing. This approach allowed for the understanding and
development of tools for living printable matter.
The extrudability of the viscous substrate depended on complex factors,
such as the air-pressure system, the design of the extruder and nozzle and
the composition of the substrate. To summarize, the viscous matter runs
out of the extruder at high shear stress, with low load-bearing capacities. If
the pressure is increased or the speed of the robot is decreased, the amount
of deposited material increases. For sharp corners, speed and pressure are
reduced, but printing requires constant velocity to maintain line thickness,
minimize dragging and prevent the accumulation of material in the corners.
The tests have shown that there is only a small range within which the
weight percentage composition of the substrate can fluctuate.
The presented framework focusses on the specific parameters that make up
the first approach to printing living matter (Figure 8-18 on page 372). Three
categories were identified: (1) the composition and particle size of the
viscous matter; (2) the extrusion pressure and shape of the deposited
material; and (3) the movement (speed, velocity) of the robot and tool
development. For each category, the fabrication considerations,
troubleshooting during the production steps and the solutions found are
explained and related to one another.
To date, more advanced research in 3D-printed concrete is facing similar
issues with regard to inconsistent and unreliable manufacturing processes,
requiring expert machine operators and extraordinary care in the
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preparation and formulation of the materials (Buswell et al., 2018;
Mechtcherine et al., 2020). The major challenges in this field also arise out
of the time- and shear-history-dependent behaviour of concrete
(Mechtcherine et al., 2020). If so much research is still needed for a wellknown material such as concrete, it is needless to say that we are only at the
beginning of many more developments for 3D-printing living materials.
This work revealed a direct interaction between the deposition method, the
nozzle and the extruded material. More research efforts are necessary in
every of the discussed topics, such as extrusion behaviour, controlled
printing steps and hardware development.
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Figure 8-18. Multi-criteria workflow summarizing the relationships between different material
compositions, fabrication techniques and mechanical considerations of the viscous matter, extrusion and
hardware.
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8.4.4

Rheological characterisation

Adding fibres to hydrogels changes the rheology of the material, which in
turn causes printing issues. This section reports on three types of rheological
analysis that were performed on the viscous substrates, in a first attempt to
determine optimal compositions of the extruded material and understand
its rheological behaviour. The composition of the substrates is described in
Table 8-4 on page 341 and was prepared in the same way as described in
Section 8.3.3. The goal of these experiments was to find the optimal
composition consisting of the right balance between the type of gelling
agent and the amount of water and fibres.
The substrate of some samples was very heterogeneous and not able to
maintain its position within the plate-plate geometry, leading to unsuccessful
measurements. These measurements were not included in this section. For
example, shear-induced migration of the fibres had a significant effect on
the test set-up, and was also an issue we faced during printing. No accurate
solution exists yet.
The ideal material property for 3D-printing should be visco-elastic, meaning
that the material should be fluid enough to flow into the container, and then
start to flow out of a small nozzle only when critical shear stress is applied.
After deposition, it should regain its shape and remain solid to support the
weight of subsequent layers. With an increasing shear rate, viscosity
decreases; this is so-called shear-thinning behaviour (Figure 8-19 on
page 376). The rheological phenomenon of the viscous matter can be
described by:
σ = µ ∙ γ̇

(8-2)

where σ is shear stress [Pa], μ is viscosity [Pa∙s] and γ̇ is shear rate [s-1]. When
viscosity decreases at increased shear stress, extrusion is facilitated. In
general, viscosity decreases when the additive/fibre ratio increases, except
for Guar gum (G1–G2). A too-low viscosity material is not very practical
for extrusion-based printing, because these materials usually lack selfsupport under several printed layers and will flow out of the nozzle before
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the robotic movement. In general, the most suitable viscosity range for 3Dprinting is between 101 and 103 Pa.s (Goh et al., 2019). Clearly, the viscosity
of the tested materials was higher than the prescribed range, which can
explain the clogging issues of the extruder explained in Section 8.4.2.
However, since the materials displayed shear-thinning behaviour, their high
viscosity could be compensated by applying higher extrusion rates.
The viscous and elastic responses during dynamic oscillatory measurements
were calculated with the store modulus and loss modulus in function of the
frequency (Figure 8-20 on page 376). For visco-elastic systems, the stress
and the strain are out of phase (Rezende et al., 2009). Here, the in-phase
elastic component was the storage modulus (G') and the out-of-phase
viscous component was the loss modulus (G"). The moduli of guar gum
(Figure 8-20a) and xanthan gum (Figure 8-20d) gently increased with the
frequency, while paper cellulose stayed stable (Figure 8-20c). On the
graphs, it can be seen that the storage modulus was always higher than the
loss modulus, indicating a more elastic than viscous behaviour for all
materials. This can most probably be related to the presence of fibres in the
mixture. The graph of locust bean (Figure 8-20b) shows a different trend
– with G' and G" closely related at low frequency (equally viscous and
elastic) – but shifts at high frequency to elastic behaviour.
The last test simulated the action of the material being extruded from the
nozzle. This kind of sudden stress on the material may result in behavioural
changes. Therefore, we also measured how long it took for the material to
get back to its previous state or whether it recuperated its previous state at
all. The samples with a high amount of additive did not recuperate their
original state after stress was applied (Figure 8-21 on page 377). Quickly
after the stress, paper cellulose (PC2) (Figure 8-21c) became more viscous,
which is favourable to 3D-printing. Guar gum matter (Figure 8-21a) took
the longest time to recover a stable state.
It has to be noted that the results presented in this section are not
quantitative, but merely meant to provide a basic understanding of the
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viscous behaviour of the materials and to describe, in general terms,
appropriate methods for testing viscosity.
8.4.5

Mycelium growth on the viscous substrates

Now that the extrudability of different gelling agents and fibre compositions
was mapped, we verified the surface colonisation rate of mycelium growing
on the substrate. From the extrusion tests (Section 8.4.2) we learned to
achieve smooth extrusion, there is only a small range in which the weight
percentage composition of the substrate can fluctuate. Does the weight
percentage composition also influence the growth of mycelium?
We inoculated G. resinaceum on petri dishes and followed the growth for 7
days (Figure 8-22 on page 377). Four gelling agents in different
compositions were tested (Table 8-5 on page 341). It appeared that the type
of gelling agent and the amount of water did not significantly influence the
growth of mycelium in any of the cases (Figure 8-23 on page 378). The type
of gelling agent and the amount of water did influence the morphology of
the hyphae, as it was observed that psyllium husk and locust bean resulted
in a denser and whiter mycelium, while the hyphae on paper cellulose were
nearly invisible. All experiments with 5% fibre, 5% gelling agent and 80%
water contaminated. Some experiments with cellulose were abandoned due
to the visible lack of viscosity.
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Figure 8-19. Viscosity variation as a function of shear rate for different fibre-based hydrogels. Colloids
tested under AR-G2 TA Instruments viscometer display shear-thinning properties that improve
extrusion of the material due to the presence of sodium alginate (SA) in the matrix.

Figure 8-20. Plot of G" (loss modulus, blue), G' (storage modulus, black) (logaritmic left axis) versus
frequency (logaritmic) and versus phase angle (yellow, right axis) for: a. Guar gum. b. Locust bean gum.
c. Paper cellulose. d. Xanthan gum in different concentrations.
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Figure 8-21. Plot of the rotational experiment that simulated changes in viscosity upon being squeezed
through the nozzle, for: a. Guar gum. b. Locust bean gum. c. Paper cellulose. d. Xanthan gum in
different concentrations.

Figure 8-22. Colonisation over 7 days by G. resinaceum on different concetrations of corn starch, paper
cellulose, psyllium husk and locust bean gum, combined with beechwood sawdust.
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Figure 8-23. Surface colonisation percentage of G. resinaceum growing on 5–15% gelling agent
compositions of corn, paper cellulose, psyllium and locust bean and 50–70% water.
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8.4.6

Living material deposition

So far, viscous matter P11 (Table 8-1 on page 340), based on psyllium husk,
was found to be ideal for extrusion and biocompatible with the mycelium
organism. Three different toolpaths (A. cylinder; B. parallel lines; C. crosslayer lines) were selected to 3D-print the inoculated substrate. From the
observations, we can see that the material sagged under its own weight and
the weight of the upper layers (Figure 8-24 on page 381). After 20 days of
growth, the dense and homogeneous mycelium grew all over the shapes,
and closed the gaps between the layers. These tests prove the exciting
potential of using mycelium to mitigate crack formation during biomaterial
printing.
The dimensional stability of the printed substrate was measured directly
after printing: after 1, 2 and 20 growth days (Table 8-6 on page 381). Height
reduction was most significant for sample B, with 34%. The height of
cylinder sample A reduced less (with 15%), although it had the same amount
of layers. The wood dust reinforcement added to the core of the cylinder
absorbed the outward forces, causing less sagging. Unexpectedly, the wood
dust inside sample A fully grew with mycelium, despite the fact that it was
not humidified. It is likely that some humidity of the paste was absorbed by
the dry fibres, combined with the relative humidity inside the box. If the
goal is to remove the reinforcement scaffold, an inert material (such as sand)
should be chosen.
After drying, we noticed that mycelium had grown only on the outer surface
of the samples, thus only at the locations where air was available. In contrast
with fibre-based composites, the paste-like substrate contains almost no air
pockets. The core of the extrudable filament remained mostly free of
mycelium.
It was hypothesised that a hollow 3D-printed geometry could provide
efficient oxygen distribution and consequently maximise the biomass
surface colonization of the fungal skin. Further attempts to 3D-print these
samples failed due to equipment malfunction. Therefore, a moulding
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approach was developed by one of the master students, producing samples
with air cavities that imitated the 3D-printed infill pattern. These kinds of
geometries were not previously studied for mycelium materials. The mould
was custom-made of PLA using a DeltaWasp 4070 printer. A paper
cellulose– and xanthan-based mixture (X2) was inoculated with G. resinaceum
and then packed in the mould under sterile conditions (Figure 8-25a on
page 381). After an incubation time of 8 days at 26°C, the sample was
demoulded (Figure 8-25b–c on page 381). During demoulding, the sample
was slightly deformed. However, during the second incubation phase, the
mycelium covered the entire piece and filled all holes of the infill pattern.
As expected, the fungal skin grew over and in the air cavities. Due to the
material’s deformation, some holes were slightly irregular. Holes between 8
and 9 mm were completely covered. Holes from 10 to 11 mm were only
partially filled. The sample was dried at 70°C for 10h. The drying process
subjected the samples to shrinkage deformation. Sample length was reduced
by 15% and height by 18% (similar to dimensional changes seen in Chapter
4). The dried sample was cut in half with a knife. As expected, the holes
were fully covered with mycelium (Figure 8-26 on page 381). The mycelium
infill had a fluffy appearance, while the 1 mm fungal skin at the outside had
a denser touch. At the air–substrate interface inside the cavities, a soft fungal
foam was formed. The inoculation approach with pre-grown beechwood
sawdust appeared very effective. After only 3 days, a petri dish was fully
colonised (Figure 8-27a on page 383). However, the substrate itself was still
mostly not colonized, which might be related to its liquid consistency.
Microscopic images (Figure 8-27b-c on page 383) confirmed the absence
of mycelium inside the substrate, while at the surface of the sample, a dense
hyphal network was visible (Figure 8-27d-e on page 383).
This approach extends the current shape limitations of the composites and
can serve as a major argument for further investigating the additive
manufacturing of mycelium materials. Hollow geometries can provide
efficient oxygen distribution to facilitate fungal growth, leading to the
formation of pure mycelium foam inside the cavities. The hyphae were able
to bridge approximately 10 mm between the substrate.
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Table 8-6. Dimensional stability of 3D-printed samples. A. Cylinder shape with support material. B.
Dense infill pattern. C. Cross-layer pattern.

A
B
C

Height after
printing [mm]

Height after
day 1 [mm]

Height after
day 2 [mm]

Height after
day 20 [mm]

Size
reduction[%]

24
19.69
10

20.77
13.63
8.14

20.13
13.3
7.71

20.36
12.98
8.26

15
34
17

Figure 8-24. The growth process of: a. Cylinder shape with support material. b. Dense infill pattern. c.
Cross-layer pattern. From left to right: top view, just after printing, after day 1, after day 2 and after day
20. (Images by Ichelle Nieberding).

Figure 8-25. a. Packing of inoculated substrate in a hollow 3D-printed geometry. b. Demoulding of the
geometry. c. Shape after first incubation phase. (Images by Noam Kalai).

Figure 8-26. a. Dried geometry after two incubation phases shows mycelium that covers all holes.
b. Shape cut in half reveils growth inside the holes and a lack of growth in the substrate. (Images by
Noam Kalai.
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Figure 8-27. a. Surface colonisation of G. resinaceum (M9726) grown on a viscous substrate of
beechwood, paper cellulose and xanthan gum (X2). b. SEM sample. c. View inside the substrate. d.
View of the border between fibres and mycelium. e. View on mycelium mat.
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8.5

Conclusions

This work introduces a set of parameters that determine the printability of
mycelium materials, which are influenced by the type of extruder and
(robotic) printing platform, viscosity and extrudability of the substrate and
the growth of mycelium. Three main categories of printing parameters were
analysed and identified, relating to the (1) viscous matter, such as the particle
size of the fibres, the concentration of the ingredients, the influence of heat
and autoclaving on viscosity and the influence of time on viscosity before
printing; (2) extrusion, such as extrusion pressure and the toolpath
geometry; and (3) hardware, such as nozzle size, the range of the printing
velocity and the printing speed. The different material compositions of and
fabrication techniques and mechanical considerations for the extruders have
led to the development of a multi-criteria workflow, which summarizes the
relationships between the printing parameters. Different gelling agents and
compositions were analysed for their extrusion, rheological behaviour and
colonisation rate. Viscosity of the different gelling agents as a function of
shear rate was calculated to provide an overview of material behaviour.
Extrusion-based additive manufacturing offers the potential to create
shapes that facilitate air circulation and the growth of mycelium in the
geometry. The experiments also showed an exciting potential for using
mycelium to mitigate crack formation during biomaterial printing. However,
the core of the extrudable filament was mostly not colonized with mycelium.
In summary, it can be concluded that there is an inter-relation between the
deposition method, the nozzle and the extruded material. The major
challenges were mapped, and the findings of this work should be used in
the future design of additive manufacturing systems. The challenges arise
out of the complexity of the different parameters during printing as well as
the material behaviour of the extrudable material. Significant restrictions for
3D-printing mycelium material at large scale are the requirement of an
extrudable, paste-like substrate which has to flow at a specific rate and can
be extruded smoothly through a nozzle without clogging, with layers that
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bond with those below and maintain their shape under the pressure of those
above. Improvements in the process and material are needed to successfully
print objects with living materials. For example, a dynamic adjustment of
nozzle height during printing and control of the deposition might improve
buildability. Further research efforts need to focus on the description of
flow behaviour and on adequate quantification techniques during the
printing process.
This work paved the way for 3D-printing with mycelium materials by
describing various substrate compositions, material processing, printing
parameters, development of extruders and sterile printing strategies for
living extrudable matter. At the same time we encountered significant
challenges in achieving consistent material deposition which are mostly
related to the type of extruder tools and dimensional instability of the
viscous substrate.
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Chapter 9 Prototype Design: Growth Across
3D-Printed Scaffold Morphologies

This chapter explores the creation of biohybrid scaffold morphologies.
Instead of printing directly with inoculated mycelium substrate, we
approached the additive manufacturing challenges by first depositing the
substrate on a double-curved surface as a nutritional landscape for
mycelium. This work shows a series of tiles that are 3D-printed with a
geometrically complex toolpath based on differential growth patterns. In
doing so, air circulation and nutrient access are accommodated all over the
surface, increasing the organism’s ability to grow in the core of the material.
To provide rigidity, the panels are pressed manually by the negative mould.
This experimental method attempts to correlate computational design and
robotic fabrication with mycelium growth. It can perhaps yield a more
holistic picture of the potential of new fabrication technologies with
mycelium materials.

This work was done during my research stay at CITA (Centre for Information Technology
and Architecture, at KADK) in Copenhagen, Denmark.
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9.1

Introduction

Despite the often technical challenges encountered in the previous chapter,
3D-printing offers the possibility to introduce a computationally designed
environment that can potentially relate to mycelium’s biological
functionalities and requirements. In Chapter 8, we discovered during the
experimental work that the deposited mycelium material’s performance is
directly related to the materials’ ability to maintain the geometry under
increased weight of the next layers. While it was demonstrated that 3Dprinting with an inoculated substrate is a feasible practice, significant
challenges remained in terms of depositing several layers on top of each
other without the layers collapsing. Therefore, this chapter focusses on the
additive manufacturing of a three-dimensional bio-scaffold on a doublecurved surface as a nutritional surface for mycelium. The idea is to create a
solid 3D-structure, the so-called scaffold, in a first stage, on which mycelium
can be inoculated in a second stage.
Biodegradable scaffolds are used in bone tissue engineering as a temporary
skeleton that is inserted into the defective or lost bone location to support
and stimulate bone tissue regeneration (Li et al., 2005). The most common
materials in tissue engineering scaffolds are bioactive ceramics and
biopolymers. Beyond the field of tissue engineering, there are limited
examples that explore the use of scaffolds for living organisms, especially at
the architectural scale. Living engineered E. coli cells were integrated into a
3D-printed face mask (Smith et al., 2020) and fluidic wearable (Bader et al.,
2016), which combined computational design, additive manufacturing and
synthetic biology (Figure 9-1 on page 393). Both studies demonstrated the
predictable, repeatable spatial control of protein expression across the
surfaces of 3D-printed objects. Multiple chemical signal channels were
deposited during the 3D-printing process, enabling the production of
regulatory circuits.

392

Prototype Design: Growth Across 3D-Printed Scaffold Morphologies

Figure 9-1. a. Living objects. Shown here is the design of an object with specific chemical gradients and
cellular response development over time. (© image by R. S. Smith et al. 2020). b. Mushtari, a wearable
ecosystem with channels filled with chemiluminescent liquid (© image by S. Keating 2014).
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9.2

Research goals

This chapter aims to deliver some first explorations of the creation of threedimensional functional scaffolds for living organisms by engaging with the
unique properties of fungal systems. How can we design elements informed by
biological processes, with properties defined in function of materiality (feedstock ingredients
and composition), geometry (form-finding) and structure (compression)?
We explore this question by testing printing strategies and by creating
experimental proofs-of-concepts. Parallelogram-shaped tiles are developed
by (1) depositing a viscous substrate on 3D-formwork; (2) compressing and
drying formwork to solidify it; (3) humidifying and inoculating it with the
fungi; and (4) stacking different bio-scaffolds to form the final object
(Figure 9-2 on page 395).
The goal of this work is to investigate whether the technical problems of
Chapter 8 also occur with other hardware and types of extruders, and to
adapt the printing strategy from Section 8.4.6. Instead of dealing with the
dimensional instability of printing different layers on top of each other, in
this work we aim to create objects by printing only one or two layers on a
3D-formwork, then pile the different tiles and have them connect by the
mycelium.
We enable the creation of a sterile production environment in which
printing with living matter is possible. As part of the original concept, several
panels of a lignocellulosic 3D-printed scaffold are glued together by the
mycelium. Allowing air circulation and nutrient access all over the surface
can increase the organism’s ability to grow in the core of the material. The
prototypes presented in this chapter look specifically at the use of scaffolds
as new territories, and they speculate on the self-attachment emerging from
piling up the panels. Unlike prior approaches, in this final work we use an
design-to-fabrication workflow to create the three-dimensional panels.
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Figure 9-2. Schematic diagram of the experimental proofs-of-concepts. a. Depositing viscous substrate
on a 3D-formwork. b. Inoculating dried and compressed tile with the fungi. c. Stacking different bioscaffolds to form the final object.
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9.3

Materials and methods

This section details the production of biohybrid tiles made of mycelium
growing on lignocellulose scaffolding.
9.3.1

Robotic set-up

A 6-axis robotic arm used a deposition tool within a sterilised mobile
chamber (Figure 9-3 on page 397). This enabled the scaling up of the
printing process beyond commonly used bio-printers in microbiology. The
lightweight UR10 robot was placed on a mobile base. A sterile chamber was
constructed around the robot, with translucent acrylic panels attached to an
aluminium frame.
The auger screw extruder system was attached to the end-effector of the
robot. A 0.0024 m3 cylinder container with a flexible tube was mounted on
the arm of the robot, and the tub was fixed to the extruder. The container
was connected to controllable pneumatic pressure. After loading the
substrate into the container, a rigid rubber plunger was placed inside,
pushing the material through the tube. The auger screw extruder was driven
by a stepper motor and controlled with an Arduino Nano v3, with a power
supply and a microcontroller which connected to the PLC of the UR robot.
The extruder was custom-made and fully 3D-printed in-house with PLA
(polylactic acid biopolymer). Transmission of the motion data was achieved
via Wi-Fi or Ethernet. The extrusion speed was set at 0.06 V, and printing
speed (movement of the robot) was set at 8 mm/s.
The operations included the generation of the geometry, preparation and
loading of the substrate, tuning the pressure and the auger screw, sending
the code to the robot, cleaning the printing chamber with ethanol,
calibrating and placing the scaffold and running the script and robot.
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Figure 9-3. The 6-axis UR robotic arm with auger screw extruder within a sterilised mobile chamber.

Table 9-1. Material recipes trials with cotton and paper.
Ingredients

Paper [wt%]

Paper-cotton
[wt%]

Cotton [wt%]

Final recipe
[wt%]

Water
Xanthan gum
Paper powder
Sawdust
Glycerine
Cotton

67
2
18
12
1
-

73
3
6
7
2
9

79
2
7
1
11

80
2
10
7
1
-
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9.3.2

Material preparation of lignocellulosic scaffolding

The material composition of the scaffold was prepared using a combination
of fibres, paper cellulose, water and a gelling agent. A solution of 2 wt%
xanthan gum was mixed with 80 wt% H2O with a blender. To this gel,
10 wt% technical raw cellulose fibres (ARBOCEL® ZZ 8-1) with an average
length of 45 µm were added in small amounts and stirred vigorously for 5
minutes until the material was smooth without lumps. The slurry was
homogenised with a blender. Then, 1 wt% glycerine was added to the slurry,
followed by 7 wt% beechwood sawdust.
This final recipe was found after several growth and material tests with
different types of paper and cotton fibres, as shown in Figure 9-4 on
page 400 and Figure 9-5 on page 401. Other successful recipes are
summarised in Table 9-1 on page 397. For example, STEICO flocs
(cellulose air-injected insulation) appeared fungal-resistant (Figure 9-5b on
page 401). It also became clear that the blue cotton fibres (Figure 9-5a on
page 401) were too thick for the printing device.
9.3.3

Generative growth algorithm

Regarding algorithmic models, we took inspiration from wrinkled surfaces
created by bacteria and fungi to increase their surface area. Here, we used a
generative growth algorithm developed over multiple iterations which
mimic biological growth. The printed toolpath is based on differential
growth (Espeso et al., 2015; Zhang et al., 2016). The geometry emerged
from a non-uniform labyrinthine network induced by the need for oxygen
access. Using an additive manufacturing approach allowed us to tackle the
impossibility of creating large mycelium-based architectural elements, which
was caused by the lack of fungal growth in the material’s core. The previous
chapter stated that a new production method needs to be developed that
considers the organism’s natural aerobic properties. If redundant fungal
biomass from anaerobic zones in the substrate’s core relocates to the aerobic
zones, a three-dimensional geometry based on differential growth can
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increase the elements’ accessible surface area. The toolpath was generated
with the plugins Anemone and Kangaroo, which enables the creation of
loops in Grasshopper. The vertices’ displacement deformed a
parallelogram-shaped polygonal line, and the subsequent typology was
formed by resampling the line. The polygonal input line was continuously
deformed by the iterative process using simple rules such as attraction,
repulsion and alignment to produce undulating lines.
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Figure 9-4. Back of a material-graded panel.
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Figure 9-5. Growth and material tests with different types of paper and cotton fibres. a. Mycelium
growing on blue cotton. b. STEICO flocs appeared fungal-resistant inhibiting the growth of mycelium.
c. Material tests with two different types of paper. d. Random point inoculation of panel. e. Mycelium
inoculum followed the predicted path.
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9.4

Results and discussions: Growth on a biohybrid structure

This section presents the growth mycelium which requires humidity and air
circulation around the printed tiles.
9.4.1

Exploration of printing strategies

The lignocellulose slurry was printed with an auger screw extruder on a
double-curved and freeform CNC-milled surface. The surface was designed
to enable repeatability and the fabrication of three-dimensional, complex
shapes and voids. To provide rigidity, the panels were pressed manually by
the negative mould. A multiple-phase process was developed to create the
scaffold as host nutritional environment for the microorganism that
colonises the surface in a second phase. Intending to explore different
printing strategies, we began by observing the effects of a tentacular
differential growth pattern (Figure 9-6a on page 405). In this case, the line
was not continuous nor connected, but it was expected that the pattern
would be partially compressed and become stable. However, due to the
robot clearance height, the printed matter was often ripped off the surface
and did not lead to the desired result. During this experiment, it was also
observed that the printing surface was very smooth. We tried to avoid
matter slipping of the slopes by adding wood fibres, but eventually, all
surfaces were sanded for adhesion between the plastic and the printed slurry.
To effectively template the pattern on the surface, it was necessary to create
a closed continuous toolpath, based on differential growth (Figure 9-6b on
page 405). The lines were printed far apart enough so that the pattern was
still discernible and sufficiently close so that the lines blended after
compression. Between the printed result and the negative mould, wood
sawdust was applied to prevent the surfaces from sticking together.
Given that the single-layered panels were thin, using minimal material, it was
possible to print two or three layers directly on top of each other (Figure
9-6c on page 405). This material deposition strategy resulted in densely
packed panels that displayed more cracks after drying. The larger
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deformations were likely caused by the increased amount of humidity in the
material combined with the slurry that got stuck to the plastic surface while
drying.
The production of a woven scaffold was considered impractical to fabricate
because, in this case, the voids needed for air circulation were filled by the
new layer (Figure 9-6d on page 405). The differential growth pattern
disappeared. To preserve the concept of intertwined panels, we dried singlelayered boards and assemble them separately, enabling gradients and
complexity of voids.
We tried to achieve a higher mechanical strength of the panels by printing a
fresh layer on an already compressed and dried panel, as shown in Figure
9-6e on page 405. For mycelium to grow on the scaffold, it has to be
humidified. This strategy would achieve a solid dry scaffold combined with
a humid layer, which provides the desired environmental template for the
organism. However, several attempts failed due to the lack of adhesion
between the dried and the fresh layer. The panels were destroyed when
compressing the material with the negative mould.
In addition, the deposition of a denser pattern supported the idea of
solidifying the panels (Figure 9-6f on page 405). The amount of material
was higher, which made it possible to print only half of the panel with one
filled container. For this deposition strategy, we had to split the toolpath
into two pieces so it can fit the needed material volume during the printing
process.
Finally, the panel with one deposited layer was inoculated with mycelium
spawn just after the compression process (Figure 9-7 on page 406).
Another panel was inoculated after drying and re-humidification (Figure
9-8 on page 407). As can be seen on the image, the mycelium organism
thoroughly colonised the scaffold. However, during the final drying phase,
the material shrank while it still stuck to the plastic surface, causing cracks
all over the panel.
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In summary, we found that the most effortless deposition strategy consists
of printing two superposed layers on a double-curved surface. Compressing
the panel with the negative mould resulted in multiple branches connecting
irregularly due to the variable thickness of the printed path. The thin panels
dried more uniformly, and the lines were more accurate.
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Figure 9-6. Exploration of different printing strategies. a. Tentacular pattern with one layer. b.
Differential growth pattern with one layer. c. Differential growth pattern with two layers. d. Differential
growth woven pattern. e. Differential growth pattern with second layer on dried tile. f. Differential
growth denser pattern
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Figure 9-7. Panel with one deposited layer and inoculated with mycelium spawn just after the
compression process. Shrinkage and cracking after drying.
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Figure 9-8. Panel inoculated after drying and re-humidification cracked after the second drying step.
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9.4.2

Growth of discrete mycelial inoculum on a biohybrid structure

The design motivation behind the biohybrid scaffold was to create a threedimensional nutritional territory with voids for mycelial growth. The design
of the scaffold emulated an organic computational process based on a
differential growth pattern. This prototype emphasises the relationship
between the computational growth of the territory and the organism’s
biological growth. A series of five panels was printed, compressed and dried.
The variable thickness of the printed path and the variation in manual
compression force led to five different panels with irregular patterns. The
double-curved panels’ load-bearing capacity gives the element its structural
height during the manufacturing process (Figure 9-10 on page 411).
The workflow driving the generation of the scaffold and the inoculation
points is shown in Figure 9-9 on page 410. A segmented line formed the
toolpath for printing the lignocellulosic slurry on a curved surface. Directly
after the printing process of two superposed layers, the panel was
compressed with its negative mould. All boards were dried at room
temperature for 5 days to avoid abrupt crack formation. Subsequently, all
dried panels were scanned in 3D, from which we generated a point cloud.
This approach allowed us to more accurately inform the generation of
inoculation points, since the panels all had different shapes. The location of
the inoculation points was based on two parameters. First, the closest points
between two superposed panels and the points where the panels touch were
computed. Second, the local thickness of the track was computed using the
three-dimensional image to add more inoculation points to the largest
thicknesses. Based on this point generation, discrete droplets of mycelium
were placed on the panels. Finally, the diffusion of mycelium from the
inoculation droplets over the scaffold simulated the panels’ aggregation.
Early growth studies found that randomly deposited mycelium inoculum
followed the predicted path (Figure 9-5e on page 401).
The deposition of the inoculum on the scaffold posed significant challenges.
First, the robot was sterilised with ethanol in the container to avoid
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contamination by other microorganisms. Second, the panels were
humidified with a sprinkler containing sterilised water. The humidity
deformed the panels to the point that they slightly deteriorated. Third,
discrete units of mycelium-inoculated slurry were deposited on each panel
with a bespoke pneumatic deposition tool. The locally deposited material
droplets dictated the points from which the organism started to explore the
panels and bind them together (Figure 9-11 on page 412). However, the
tool did not allow for smooth deposition, and the slurry was often torn off
the surface during the robot’s movement.
The result was expected to be a series of white, smooth and hydrophobic
panels that were attached to each other by the filamentous fungal network,
similar to the first prototypes in Figure 9-7 on page 406 and Figure 9-8
on page 407. Sadly, due to unexpected circumstances (early return from
Copenhagen due to the Covid-19 outbreak), the final prototypes could not
be validated.
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Figure 9-9. Schematic overview of the generation of the scaffold and inoculation of discrete mycelium
elements. a. Scaffold fabrication by printing the material on the toolpath, compressing it with the
negative mould and drying. b. Point cloud generation from a 3D scan allowing the computation of the
local thickness and discrete units of inoculation. c. The mycelium-inoculated slurry is deposited on each
tile and those are stacked to form the scaffold. d. Growth diffusion of mycelium over the scaffold.
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Figure 9-10. Intertwined biohybrid scaffold creates a three-dimensional nutritional territory with tracks
and voids for mycelial growth.
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Figure 9-11. A UR robot deposits discrete units of mycelium-inoculated slurry on each tile with a
bespoke pneumatic deposition tool.
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9.5

Conclusions

This work combined the knowledge gained in Part I, such as compressing
the substrate for structural properties, with experience gained in Chapter 8,
such as the critical extrusion parameters. We demonstrated that the
fabrication of bio-scaffolds before the inoculation of mycelium is feasible.
The tiles can be piled to form an aerated architectural element. Yet, a
persistent challenge encountered in the additive manufacturing of biological
materials is the ability to deposit the substrate consistently. The reliability of
3D-printing is limited in part by the type of tools (robot and extruder). The
performance of the extruded materials is influenced by variable
environmental conditions, drying and cracking. In summary, the presented
work provides a new approach centred on linking computational design,
material fabrication and mycelium growth across double-curved scaffold
surfaces.
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Reflections and insights 3. In terms of large scale,
there might be a problem

Initially, this work started from a replacement paradigm (e.g. replacing
existing construction materials such as EPS foam). It tried to navigate
between future visions and short-term applications of this material without
fully exploiting the living capacities of mycelium (see Reflections and
insights 5). With the great demand of construction material, related to
population growth among other factors, mycelium materials enrich our
palette of options rather than replacing it. As already discussed previously,
ecological issues in terms of feedstock depletion remain at large scale.
Mycelium materials are not meant to replace current materials with the same
materialistic perspective of extraction. We might never forget the underlying
principles of circularity: mycelium feeds on waste streams. The production
of mycelium materials is thus depended on the availability of those locally
sourced residual flows. Therefore, it is likely that mycelium materials will
not replace all synthetic materials in the future. They are a starting point for
new stories about biodiversity, circularity and bio-based solutions.
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Reflections and insights 4. Advanced technologies

Moulds restrict the growth of mycelium as the organism migrates to the
surface of the geometry. A second growth phase out of the mould allows
mycelium to form an external skin. This fungal skin is utterly essential for
the material properties as it holds the material together and prevents water
absorption by the fibres. Therefore, mycelium foams and particleboards
have to be grown directly in the desired geometry and cannot be cut to shape
on-site, which is often required in construction. These are significant
drawbacks for the application on a large scale.
Chapter 7 demonstrated that the use of advanced technologies such as
robotic wire-cutting offers advantages to address these problems during the
fabrication of mycelium materials in terms of complex geometries and scale.
This technology seemed complementary to the mycelium material
requirements, especially when the composite was kept alive during the wirecutting process. Consequently, this technique allowed the regrowth of the
fungal skin. However, the investigation of 3D-printing mycelium materials
in chapter 8 and 9 revealed many technical, biological and material related
challenges. The use of advanced technologies combined with mycelium
materials must thus be deliberate and not an end in itself.
Also, more research is needed in the use vernacular techniques with
mycelium materials as these often ancient and local construction methods
are sustainable and apt as per the context. Mycelium materials may fit more
within the ethnic architectural language than in the technological one. Either
way, one does not rule out the other.
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Reflections and insights 5. The life and death of
mycelium materials

Mycelium materials strike precisely at the heart of some of the great fictions
in architecture—that of designing endpoints. In reality, fungal organisms are
constantly changing throughout their lifetime. This is why the notion of
living materials is deeply fascinating because it tries to achieve properties
focused on the transformation of fungal systems. While in this work, the
final product was death - because the idea was to kill the organism to form a
stable product -, we designed and fabricated materials with the organism's
changing nature. The next step would be to integrate the living organisms
as open-ended systems in an evolving architecture. What will be the quality
of these living materials? If still alive, thus metabolically active, degradation
would continue - not to speak about the problem with contaminations and
sporulation. Nevertheless, a fundamental understanding of living fungal
materials might be an excellent platform to envisage new architectures as it
offers a kind of optimism that can establish disruptive visions of future
building practices.
Biological systems naturally employ biomolecular self-assembly strategies to
build structurally complex materials: think about bacterial curli fibres or
cellulose, fungal fruiting bodies or biomineralization in bones or shells. The
promise to realize a paradigm shift towards bio-fabricated materials is not
only thrilling for the various material characteristics themselves, but the
concept of employing systems that remain alive during the lifespan of the
material also opens up new perspectives in which the materials have 'smart'
functional properties, such as environmental sensing and adaptation or selfhealing capabilities. All information needed for the self-assembly, sensing,
and self-healing properties of materials containing living cells is stored
within the organism's genetic material.
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Degradation by Design: Fungal bioremediation of plastic waste in the new construction paradigm.”
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Chapter 10

Conclusions

In this final chapter, a summary of the research contributions is provided
and suggestions for further research are proposed.
This research aimed to uncover the parameters that affect mycelium
materials’ properties with an interdisciplinary understanding of their
biological, chemical and mechanical behaviour. It explored the advantages
and disadvantages of new fabrication techniques with mycelium materials
for manufacturing architectural elements. The work relied on knowledge
and techniques from different disciplines, including bioengineering sciences,
materials sciences, architectural engineering and mechanical engineering.
10.1

Contributions

This research contributes to the field of bio-based material design through
the development of mycelium materials in three specific ways:
(1) by providing a methodological workflow for the growth and
characterisation of mycelium materials;
(2) by distinguishing the principal factors affecting their biological,
chemical and mechanical properties, and;
(3) by exploring the fabrication process of mycelium materials.
This work’s contributions lie in the integrative combination of
interdisciplinary scientific methodologies through in-depth studies of the
properties of mycelium materials.
The main methodological contribution of this dissertation is the
development of a comprehensive workflow to select and analyse fungal
species and lignocellulosic fibres by measuring surface colonisation, the
microscopic growth of hyphae, biochemical changes in the material, and
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mechanical properties. Growth, degradation and strength were informed by
the interaction between variable parameters (species, feedstocks, additives),
fabrication and material characterisation. The method allows material
developers or designers to analyse many characteristics while integrating
variable material and biological parameters. In short, this work promotes an
integral approach to the fabrication and optimisation of mycelium materials,
whereby material behaviour is inherently linked to biological, chemical and
mechanical characterisation.
Advanced geometries were manufactured with living organisms through
computational fabrication, which influenced functional applications and
mycelium growth across three-dimensional objects. A digital fabrication
method was developed to support the production of complex shapes
without moulds while maintaining the organism’s viability. Three different
approaches were prototyped with robots: (1) abrasive wire-cutting of
mycelium composites; (2) 3D-printing of lignocellulosic hydrogels with
living mycelium; and (3) 3D-printing of cellulose scaffolds as nutritional
landscapes for mycelium. These methods describe the empirical
determination of printing and cutting parameters, depending on the
application (e.g. formwork or interior panels), to enable a more efficient
production of building elements made out of mycelium.
This dissertation promotes the integration of microbial systems into the
fabrication of materials and may be regarded as an exciting advancement in
the development of ecological materiality. Other types of fungi, yeast,
bacteria and algae can possibly also be used as microorganisms in material
applications, and they can provide new perspectives on and methods for
working with living matter. As indicated in the prologue, I hope this
dissertation contributes to accelerating the debate about rethinking
materiality in collaboration with living organisms. The methodology is
purposed as a basis for new biohybrid material developments with fungi and
potentially other microorganisms.
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10.1.1

Principal components affecting the biological, chemical and
material properties of mycelium materials

The first research questions regarding the in-depth study of components
and processing variables were:
•

Which parameters affect the production process of mycelium materials?

•

How do impactful components and process parameters influence material
behaviour from a biological, chemical and mechanical perspective?

The developed methods allowed us to understand the influence of the
biological characteristics of the fungi (and thus their (phylo)genetic
background) on the material properties. If a fungus is capable of colonising
a substrate, this does not necessarily mean that it is capable of binding the
fibres into a compact composite. Given the fungal diversity, only a few
species were tested with the goal of identifying a suitable method for the
selection of promising species.
The way was paved for characterising the impact of fibre type and pretreatment conditions on the material properties. The results indicated that
chopped fibres or the pre-treatment of fibres with sodium bicarbonate
improved mycelium materials’ mechanical properties. The presented work
can be valuable in selecting biomass for the fabrication of mycelium
materials. The workflow was successfully applied by waste management
facilities to test the potential of Japanese knotweed, grass clippings (by Pro
Natura, Belgium); and green waste (garden and park surplus), food waste
and wood with paint and glue (by Solum Ltd., Denmark). As such, this work
provides a practical assessment of the suitability of feedstocks or waste
streams for biomaterial applications.
Furthermore, we experimented with different additive types, such as
plasticisers, nanoclay and bacterial cellulose, and demonstrated the tunability
of material properties in this way. Mycelium materials were screened and
classified based on their performances.
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Some mycelium materials developed in this research exceed the properties
of current traditional materials or other mycelium materials – such as
thermal conductivity, stiffness and strength – or display additional
functionalities, such as bio-welding. For example, the values of thermal
conductivity for hemp- and straw-based mycelium composites were within
the same range as those of conventional insulating materials such as rock
wool, extruded polystyrene, EPS, glass wool, PUR, recycled cotton and
PET, making them interesting alternative biological insulation material. On
the other hand, submerging fibres in a 10% NaHCO3 solution for 120h
resulted in enhanced tensile and flexural properties of mycelium composites.
Furthermore, mycelium composites submerged in glycerol attained almost
elastomer-like properties. The fabrication of the hybrid material was
achieved by directly adding blended bacterial cellulose to the hemp substrate
provided for fermentation around the fibres. The flexural strength of the
BC-reinforced mycelium particleboards improved up to two times
compared with the sample without BC. The addition of nanoclay to the
fibres did not significantly affect the bending behaviour of mycelium
composites. Tensile strength and elastic modulus of nanoclay-mycelium
materials are lower than those of the control samples without nanoclay
particles.
Clearly, all experiments show that the properties of the material depend on
the fabrication approach, and vary from foam-like to natural to elastomerlike characteristics. There is, however, still a long way to go before we
understand all biological and engineering principles that determine the
characteristics of mycelium materials.
10.1.2

Fabrication processes of mycelium materials

The material components and production processes go hand in hand.
Exploring different modes of fabrication in function of the fungi’s biological
behaviour created new workflows that were used to compare the properties
of mycelium materials. This work enables the evaluation of (digital)
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fabrication techniques for specific applications, such as particleboards, foam
formwork and interior panels.
The following question relates to the exploration of the fabrication
processes:
•

To what extend can the implementation of digital tools facilitate large-scale
applications in the construction sector?

•

How can digital fabrication processes accommodate biological material
requirements and vice versa?

Improvements in the lack of internal growth were achieved in three ways:
(1) by exploring the pre-compression of the substrate; (2) by the threedimensional printing of geometries allowing air and humidity circulation in
all parts of the material; and (3) by pre-growth in bags, mixing the substrate
regularly before placing it in moulds. In the literature and industry, mycelium
materials’ scalability is questioned due to the lack of mycelial binding agent
in the core of the material.
A fabrication method was developed to grow mycelium composites at a
large scale to fabricate formwork. Based on mycelium’s ability to regrow
when damaged, the fabrication was divided into multiple steps to foster
growth within the core of the composite. By keeping the organism alive
during the entire process, cracks, voids and the outer protective layer could
self-heal. These findings can find a direct application in the existing
industrial fabrication of big mycelium blocks. For example, these blocks can
be used as a replacement for EPS foam in the casting of concrete. Living
mycelium materials are potentially a promising novel class of biological
materials, but have never been explored before.
This research explored not only the manufacturing of foam-like materials
but also that of particleboards, which was done by heat-pressing the grown
composites with a high force. These panels have the properties of
softboards and can potentially be reinforced with resin, laminate or veneer.
Cold-pressing and hydraulic manual pressing were also tested as more
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accessible, less energy-consuming methods, but resulted in less satisfying
results in term of binding.
Additive manufacturing has become an increasingly common technology in
prototyping architectural elements. Most 3D-printing applications known
today use concrete, earth or plastic as an extrusion material (Blok et al., 2018;
Deckers, 2014; Mechtcherine et al., 2020). In this research, we wanted to
test additive manufacturing’s potential to achieve complex shapes that
facilitate the growth of mycelium. Since mycelium is a living organism, it
required a sterile fabrication process to avoid contaminations by other
organisms. Therefore, different designs for extrusion systems were
developed specifically for printing biological materials at a large scale. These
extruders were custom-made with aluminium and mounted on an industrial
robot that we learned to program. During the printing process, the
operational and material parameters were examined one by one. Essential
parameters are, for example, an optimal particle size, knowing that reducing
the size of the fibres reduces the mechanical properties and fungal
compatibility but increases extrudability. A parameter that was difficult to
control was the formulation and preparation (time and heat) of the
substrate, which needed to flow at a specific rate and be extruded through a
nozzle. We struggled a lot trying to print the material smoothly without
clogging. Moreover, during the printing process, the layers of the desired
geometry had to bind with the previous ones and maintain the shape under
the next layers’ pressure. As a result, a framework was developed containing
the fabrication considerations, troubleshooting during the production steps,
and solutions found. Significant challenges in the field of 3D-printing with
concrete are similar to those encountered in this research. If so much
research is still needed for a well-known material such as concrete, it is
needless to say that we are only on the threshold of many more
developments for 3D-printing living materials.
We did not only explore the printing parameters; we also developed a
protocol for the preparation of an extrudable mycelium material in a biolab
and fablab environment. Living material was successfully deposited in
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different shapes. However, dimensional stability was not constant during
the growth of mycelium. On top of that, we discovered that the substrate
was mostly not colonised inside while on the surface, a dense hyphal
network was visible, which was confirmed with microscopic images.
Notwithstanding the technical challenges we encountered, 3D-printing
offers the possibility to create a computationally designed environment for
mycelium. Rather than printing directly with mycelium, an approach was
developed to create nutritional structures. Experimental proofs-of-concept
were made by first depositing a cellulose substrate on a three-dimensional
double-curved surface. These tiles were compressed and dried to gain
structural and dimensional stability. Then, several tiles of a cellulosic 3Dprinted scaffold were glued together by the mycelium. The prototypes
looked specifically at the use of scaffolds as new territories, and speculate
on the self-attachment by mycelium emerging from piling the panels.
To conclude, this work has contributed to the scientific state of the art with
its published (and to-be-published) results and to the novel and continuous
development of fabrication strategies for mycelium materials. The
conducted research establishes guidelines that can be used to evaluate the
performances and manufacturing possibilities of living materials. The
experimental work defines a set of important parameters that need to be
transferred throughout the chain of innovation in mycofabrication.
10.2 Current limitations
Mycelium materials are not long-lasting. Because they are bio-based and
compostable, many people consider them "durable", but they are not.
Mycelium materials shrink over time. When dried, they are susceptible to
contaminations by other organisms or insects. Dehydrated materials tend to
crack at the surface. Without a coating, they deteriorate and discolour over
time. Although these effects were not scientifically studied but rather
empirically observed during or after my experimental work, I assume that a
lot of research is still needed in this area before mycelium materials can make
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their appearance as useful products. There is a lack of knowledge about the
sustainability in time, life-cycle and end-of-life of mycelium materials. This
is not totally surprising, since most research focussed on the production
process.
Mycelium materials are heterogeneous. Regulating their mechanical
properties remains a challenge, especially since their consistency depends on
the biological variability of the organism and the biowaste feedstock. In turn,
this results in variable mechanical properties.
The production of mycelium materials requires, on the one hand, a clean lab
space, sterile working techniques and regulated growth chambers; on the
other hand, it requires heat-press machines, coating techniques and
convection ovens. The environment that is common in biotechnological
developments, such as fermentation, is currently mostly unknown to
construction material developments, such as composites. Yet, for this type
of bio-fabricated materials, both worlds have to find each other.
It is important to note that the strength and stiffness results of mycelium
materials presented in this research should be considered an indication of
the impact of specific parameters and should not be interpreted as
standardised values. The aim was to comb the spectrum of possibilities and
propose valuable directions for further research. Indeed, before these
materials can be used as products, validation is needed through repetitive
tests.
Regarding the experiments focussing on additive manufacturing, most of
the outcomes are limited by the available infrastructure and hardware. This
work required electro-mechanical engineering to develop custom-made
extruders. Although we received help and advice from experts in that field,
the success rate of 3D-printing was significantly impacted by the type of
tools. In retrospect, commercially available printers and extruders should
have been purchased with customer service or partnerships with expert
companies, saving us a lot of time in troubleshooting technical problems.
Yet, our trial-and-error approach gathered a lot of useful insights for
advancements in this field.
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To me, mycelium remains mysterious. Maybe it will always be. This research
could not uncover its behaviour. We were able to understand mycelium in
only a superficial way. Hyphae, piloted by their tips, are highly sensitive
beings. But how do they sense the environment? How are they able to detect
the presence of objects? These questions appear to be promising and
challenging paths for the future.
10.3 Recommendations for future work
Crucial knowledge gaps and many questions remain, in spite of the rapid
growth of our understanding during this research. Future studies in various
disciplines are therefore recommended. Some ideas were already published
(Elsacker et al., 2020).
10.3.1

Fungal organism

In the field of biology, further research is needed to understand which
factors and diffusible signals regulate the formation and differentiation of
hyphae during growth. This knowledge can be used to influence the growth
process and resulting material properties by, on the one hand, tuning
process parameters and growth conditions and, on the other hand, varying
the genetic background of the strain (either by exploiting phylogenetic
diversity or by genetic engineering). In this way, two main objectives are
addressed: (1) improving the robustness of the fungal organism during
growth, and thus the reproducibility of the production process; (2)
diversifying material characteristics, possibly leading to novel material types
that give rise to new applications.
Typically, the living composite is heat-killed to render the material inert and
avoid the formation of fruiting bodies. Fruiting bodies would not only affect
the shape and aesthetic appearance of the final design but also spread spores
with the risk of causing allergy and infection in the susceptible population.
Novel research could lead to the development of living mycelium-based
materials with self-healing potential that do not form fruiting bodies. This
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requires an exploration of the functional properties needed to sustain fungal
viability over time.
In the current omics era, in which methodologies to obtain system-level
insights into the molecular biology of fungi are well established, it would be
a very valuable approach for studying gene expression (both at the RNA
and protein levels) in different stages of the production of mycelium
materials and of the maintenance and self-healing of living mycelium
materials. Gene expression studies can provide very valuable insights into
the organisms’ requirements for viability and their sensing and response
mechanisms during different stages. Further understanding of fruiting body
inhibitors is needed to develop the potential of living materials (Chang et
al., 2019). Novel research that advances our knowledge of living fungal
matter and pioneers the creation of a new generation of biodegradable
fabrics with additional functional properties, such as the ability to self-heal
damage and survive in a self-sustainable way, is expected to have a
significant impact.
Improvements to the inner growth of larger composites would require an
increase in oxygen levels inside the substrate during the first incubation
phase, for example with oxygen-releasing compounds (Seifan et al., 2017).
Potentially, this could also be achieved by symbiosis with oxygen-producing
algae or by further optimising the incubator set-up. That way, the
composites would not need to grow in different layers before forming a
monolithic element and would probably be more homogeneous. More
research is required in order to understand all factors affecting the lack of
growth in the core of the material.
Living mycelium contains a hydrophobic layer, while dried mycelium
absorbs water. A novel approach could be estabilished by using the fungal
hydrophobin as an amphipathic surface coating instead of as chemical posttreatment (Berger and Sallada, 2019; Winandy et al., 2019; Wösten and
Scholtmeijer, 2015).
Progressions in the field of synthetic biology will enable the development
and investigation of genetically engineered fungal strains by, for example,
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removing specific natural functions with the purpose of better predicting
the fabrication process and improving the characteristics of the mycelium
materials. If living matter is accomplished through engineering, it would be
interesting to work out how those new materials can contain the unique
qualities of the organisms, such as self-organisation, adaptation,
responsiveness, entropy and decay. Indeed, attempting to engineer living
matter brings about a whole new set of challenges, such as understanding
selective evolutionary pressure and how this information can be used to
develop new tools and protocols with stable final material properties.
10.3.2 Structural material properties and feedstocks

Looking at the feedstock, many lignified plant biomass sources can be used
for the production of mycelium materials. How can natural fibres be
engineered to improve the mechanical and physical properties of the
material?
Considerably more work is needed to improve the structural properties of
mycelium materials. Some methods were already explored in this research,
such as heat-pressing (densification), the use of nanoparticles and
improvement of the inner growth. To meet construction standards,
preliminary results need validation and an iterative cycle of optimisation.
Other ideas for strengthening the material are the layering of fibre mats or
adding other types of supplements, such as inorganic components.
Inorganic additives that could optimise the structural properties of
mycelium materials could possibly be replaced by living building blocks
grown through biomineralisation. Some fungal species, such as Paecillomyces
lilacimus and Chrysosporium spp., can promote calcium carbonate (CaCO3)
mineralisation through microbial activity (Burford et al., 2006; Fang et al.,
2018).
Since some fungi are known to detoxify substrates containing aromatic
compounds, it is feasible to use waste-stream feedstocks containing
pollutants and microplastics. Promising and impactful research can combine

433

Conclusions

fungal bioremediation with the creation of biomaterials (Figure 10-1a on
page 436).
10.3.3 Computational fabrication

To overcome flux instabilities during the extrusion of mycelium materials,
the substrate properties should be deeply investigated. The printing
approach and material composition should focus on improved extrudability.
The substrate properties must contain the right balance between optimal
extrusion, structural stability and strength once printed, and this at all stages
of the fabrication process.
10.3.4 Design and architecture

Future research in design and architectural practices can concentrate on how
the unique temporality of these materials can be deployed as a quality; not
as definitive decay, but as a process of regeneration and reintegration into
the cycle. How can the properties of living organisms serve as design rules?
Furthermore, from the environmental point of view, the material’s
sustainability is currently praised; it requires, however, scientific
substantiation of the usage stage and end-of-life stage (Figure 10-1b on page
436).
10.3.5 Industrialisation

The components for the production of mycelium-based lignocellulosic
materials are abundant and renewable and are, therefore, a promising
resource as a building material. To support future developments of this
material into an economically, socially and ecologically feasible production
model, several challenges have to be overcome. An accurate description of
the process parameters, as presented in this dissertation, is essential as a first
step for the implementation of the material in large-scale applications. The
next important step will be to define optimal standardised methods for
large-scale production. Standardisation not only has the potential to multiply
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the applications of mycelium materials into the market but also to allow a
comparison between studies, with a view to better understanding changing
properties. Then, the implementation of the materials in the construction
sector has to comply with norms specifically designed for this new type of
biological materials.
The challenge of scaling this process from the micro-scale of the laboratory
to the macro-scale of the building is to minimise energy consumption during
the manufacturing process (life cycle assessments, Figure 10-1c on page
436) and simultaneously avoiding the externalisation of harm to the
ecosystem (the homogenisation of nutrients and exponential consumption
behaviour). Since the development of mycelium materials is still very new,
we employed protocols developed for small-scale biolab environments.
Therefore, cost-efficient, large-scale manufacturing methods for myceliumbased materials remain to be developed. To date, almost ten years after the
first granted patents for mycelium materials (Bayer and McIntyre, 2011),
there is still no existing full-scale architectural example. The mushroom
industry offers the infrastructure and knowledge of the material, whereas
design companies active in the field of mycelium materials can provide
future perspectives to the industry while taking advantage of its facilities.
We propose to investigate the implementation of large-scale mycelium
material production using a local and decentralised approach, similar to
urban mushroom farms, to reduce logistics and infrastructure to a minimum
by attempting to follow a short-chain economy.
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Figure 10-1. Selection of master thesis results. a. Wall segment aiming at bioremediation of plastics in
building materials. (© Lennert Van Rompaey) b. Exploration of the disintegration of mycelium materials
in soil (© Li Li Yap). c. Understanding the environmental life cycle impact of mycelium composites
(© Nico Seghers).
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