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Abstract

Mycelium based composites (MBC) have revolutionised the field of material production, where a living
fungus is employed to overgrow and bind lignocellulosic substrate materials together. Their bio-based
nature, low embodied energy, and biodegradability, mark their great potential to reduce the increas-
ing pressure conventional materials put on the environment. Unfortunately, the material’s applications
are limited due to its low mechanical properties, that are equivalent to those of foams or natural fi-
bre boards. Furthermore, where the material is primarily used and studied in its heat-treated non-living
form, harnessing the biological power of the fungus shows to give the material self-healing and sensing
capabilities. The required hydrolysed state is however shown to further decrease its mechanical prop-
erties, and yet hardly evaluated in literature. Especially the mechanics of the mycelium-lignocellulose
interface are inadequately studied, and important to evaluate for a broadening of the living composite
material’s applications.

In this study we present the development of a double cantilever beam (DCB) test according to ASTM
D5528, setup to quantify the interlaminar fracture toughness (GI) of Ganoderma lucidum (G. lucidum)
grown in between wood veneers. The data was evaluated using an analytical approach based on a
decrease in the beams’ compliance. The specimens were fabricated with the use of additive man-
ufacturing, allowing precise control over the placement of the fungus and its provided nutrients. Its
growth behaviour into the substrate was qualitatively assessed through optical microscopy and scan-
ning electron microscopy (SEM), and its digestive ability on the surface by fourier-transform infrared
spectroscopy (FTIR).

A mycelium-laden ink presented by Gantenbein et al. (2023) was reproduced with a 75% lower agar
content to serve a stable source of mycelium on the DCB specimens [1]. A growth period between 3
and 4 weeks from the printed hydrogel was required for substantial mycelium-substrate binding, which
stabilised after 4 weeks of growth. Furthermore, the provision of malt extract (ME) was required, but
not needed to be higher than 5% of the ink’s weight. The GI was in these conditions reported to be 1.83
J/m2 on hornbeam veneers, where a maximum value of 3.46 J/m2 was reached. Variable growth gener-
ated substantially different mechanical properties, which resulted in the lower GI of mycelium grown on
beech and spruce samples, caused by the use of an older fungal inoculum of a different reference plate.
A stronger binding on beech than spruce did suggest a more important role of the substrate chemistry
than its density. The mycelium always showed cohesive failure, showing the low GI to not result from
poor substrate adhesion, but rather from the mechanics of the hyphae network developed. Microscopy
and FTIR evaluations showed the ability of G. lucidum to digest the hornbeam’s lignin. The full depths
of hornbeam and beech veneer substrates with 5 and 3 mm thickness were colonised, where vessel
elements served as the main pathway for the hyphae.

This study was, to the best of our knowledge, the first to isolate the binding behaviour of a living
mycelium in a mode-I loading condition. It thereby provides valuable new insights in the field of living
MBC, and contributes to the further development of this advanced, eco-friendly, and living material.
The setup can now be utilised to study the binding behaviour of different fungi on substrates of vary-
ing chemistry and porosity. Furthermore, aiming to elucidate the use of additive manufacturing in the
composite production, this study opened up pathways into controlling the composite’s properties in the
future.
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1
Introduction

1.1. Background motivation
Conventional methods of material manufacturing, usage, and disposal, put an increasing pressure on
the environment that needs to be diminished [2]. The non-natural waste-streams that they generate
cause pollution and disturb ecosystems, where the large energy consumption and carbon footprints of
material production processes accelerate climate change. Over 20% of the energy used worldwide is
used for materials production, where UNEP, the United Nations environment programme, has reported
the global greenhouse gas emissions from material production to have increased from 5 gigatonnes
of CO2 equivalent (GtCO2e) in 1995 to 11.5 GtCO2e in 2015 worldwide [2, 3]. This extreme elevation
in emissions comes from sectors requiring large material volumes such as the packaging and building
industry, which grow to serve the demands of an increasing world population and its consumption.

Where both the world population and its desires are predicted to only increase further in the up-
coming decades, governmental bodies such as the European Commission needed to set goals for the
development of materials with a lower carbon footprint by 2050 [4]. Material manufacturers are forced
to make production processes more efficient, and are motivated to rely less on finite resources such as
petroleum and minerals. Here, bio-based materials can aid the transition towards a more sustainable
and circular economy [5].

Bio-based materials become more prominent in commercial applications, and inspire researchers
in material development. The inherent variability of bio-based materials still limits their use in high-
performance applications that seek excellent mechanical properties and reliability, such as in the Aerosp-
ace industry. However, nature’s ability to grow molecular assemblies that generate materials with a
microstructure optimised for the purpose they serve, has inspired researchers to develop more bottom-
up material manufacturing approaches [6, 7]. Furthermore, the ability of living materials to regenerate
upon damage and reshape upon external stimuli, as for example recognised in skin, has inspired the
production of self-healing materials [8]. One class of materials that gained researchers’ and the pub-
lic’s attention in the last 10-15 years for its fully bio-based nature, its ability to manufacture its own
microstructure, and its capability to regenerate, is mycelium based materials (MBM) [9].

1.2. Mycelium based composites
The fungus’ growth characteristics are utilised in MBM, where it develops large mycelium networks of
interconnected strands called hyphae [10]. These hyphae can overgrow, degrade, and penetrate many
lignocellulosic substrate materials [11]. They can thus be used to bind such fibrous materials together,
creating foam-like materials called mycelium based composites (MBC). In a suitable growth environ-
ment the fungus will hereby upgrade waste-stream natural fibres into functional materials [11]. From a
sustainability perspective, this upcycling makes MBC ideal materials, given the carbon-capturing fibres,
low-energy manufacturing process, and material’s biodegradability. They already serve commercial ap-
plications as packaging and insulation materials as produced by for example Mogu and Ecovative, as
displayed in Figure 1A [12, 13]. Designers furthermore show their potential as a structural component,
like in Figure 1B. Their applications are however still limited by their weak mechanical properties.

1
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Figure 1: The application of a MBC as packaging material produced by Ecovative (A) [14], and an explorative project for its
potential as a structural component (B) [15].

The composite’s mechanical properties are furthermore mutually exclusive with its ability to exhibit
living behaviour. Literature demonstrates that by subjecting the material to heat-pressing, its foam-like
densities and mechanical properties can be enhanced towards those of natural fibre-boards [16]. In
both cases the material is usually heat-treated to kill the fungus. This ceases all of its biological activity,
whereas more recent studies have highlighted the remarkable potential of the living material to regen-
erate when damaged, and respond to the external environment by electrochemical signaling [17, 1, 18].
It is revolutionising that a biological component can add advanced properties to materials without the
need of synthetic additives or electronics. Nevertheless, harnessing the full responsive power of the
fungus’ biology is likely to compromise the material’s mechanical properties, as it requires a hydrolysed
state of the composite. Hardly any research is yet performed on these innovative living materials, pre-
senting challenges due to their fragility and sensitivity to their environment [9]. Consequently, there is
a research gap concerning the extend of this mechanical properties loss, and how the materials can
be optimised while keeping the fungus alive.

Literature on MBC highlights one component of the material in specific to be not well understood
and hard to study, which is the mycelium matrix and lignocellulosic fibre interface [19]. Its microstruc-
ture depends on various factors, including the growth behaviour of the mycelium, the chemistries and
microstructure of both components, and their interactions [20, 16]. It is however known from conven-
tional composite materials that the fibre-matrix interface plays a crucial role in enabling the composite’s
fibres to respond to external loads [21]. Without an effective load transfer from the matrix to the fi-
bres, they will not be able to improve the material’s stiffness and strength. While theories exist on
the interaction mechanisms between the two materials in MBC, no work has yet been presented that
accurately quantifies the micromechanics of this interface while studying its microstructure [22, 23, 24,
25]. Hence to optimise the mechanical properties of living MBC, and further explore the potential rein-
forcements in their structure, it is imperative to develop a more thorough understanding of this interface.

1.3. Thesis work and layout
The current work aims to systematically evaluate the mechanics of the mycelium-substrate interface,
where the mycelium is in its undried, hence living state. This will better the understanding of the living
composite mechanics, which is essential for the optimisation of its properties in future composite de-
signs. Thereby it will contribute to broadening the material’s applications, that furthermore can utilise
its powerful biological characteristics. It will require the development of a mechanical testing setup that
allows the quantification of the materials’ interface. Wood veneers can here serve as a substrate of well
defined geometry and well-understood lignocellulosic chemistry. It is furthermore of interest to control
systematic specimen production with the use of additive manufacturing, to simultaneously explore this
technique’s promising ability to automate MBC manufacturing in the future. Additionally, appropriate
interface analysis methods should be provided, to give insight into the microstructure of the mycelium
and substrate interaction, which in MBC literature has not yet been evaluated throughout a substrate’s
depth.
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First, Chapter 2 will give a review of the relevant literature on the proposed topic, to create a good
understanding of the microstructure, manufacturing, and properties of MBC. It will generate the knowl-
edge gap that is intended to be filled by the current work. Chapter 3 sets the exact research definition,
and will lay out the research questions with an overarching hypothesis. It presents the order of the
deliverable tasks required to answer the research questions. Chapter 4 is focused on the all materials
and methods used to: replicate and optimise a required printable mycelium-laden ink, setup the pro-
posed mechanical testing method, and systematically evaluate the mycelium-lignocellulose interface.
Chapter 5 will present, discuss, and summarise the results found during the hydrogel development,
mechanical testing, and interface evaluation. Then, Chapter 6 will discuss all observations of Chap-
ter 5 together, after which the research questions will be answered and a conclusion will be drawn in
Chapter 7. Finally, recommendations and suggestions for future work are set out in the last chapter,
Chapter 8.



2
Literature review

Given that this thesis finds itself at the interface of fungal microbiology, or mycology, fungal wood de-
cay, and material science, it is essential to develop a basic understanding of the underlying biology and
living characteristics. This will facilitate a critical evaluation of the literature on MBC, and understanding
of the bottlenecks that limit the applications and evaluation of the living material.

2.1. Mycelium based composite components
2.1.1. Fungi and mycelium
Of the 3.5 to 5.1 million species of fungi estimated to exist on earth, only those fungi growing amycelium,
a large interconnected network of filamentous hyphae strands, can be used in MBC [26]. A filamentous
fungus’ typical life cycle is presented in Figure 2, where it is hence not the mushroom or basidiocarp
structure that is of interest, but the nutrient seeking hyphae that typically grow into the ground or organic
matter. 79 species of such fungi were identified by Brandhof and Wösten (2022) to be used in literature
on MBM [27].

Figure 2: The life cycle of a filamentous fungus [28].

The use of these species is based on their digestive bahaviour, methods of reproduction, and mor-
phology, or mycelium microstructure. Most belong to the phylum of Basidiomycetes and are sapro-
thropic fungi, hence living on dead lignocellulosic matter. Solely white-rot fungi can digest the lignin
in organic matter, which are therefore most commonly used [29]. The most represented genera are
Trametes, Ganoderma, and Pleurotus. Their limited pathogenecity increases their applicability and ac-
ceptability by people [27]. They release haploid basidiospores that produce primary mycelia that merge
and fuse their nuclei by a process called karyogamy, showing sexual reproduction [30]. The emerging
hyphae are generally 1-30 µm thick, with lengths ranging from a few µm to several meters [10]. They
can fuse by anastomosis to form larger mycelium networks. Hyphae morphologies vary in degree of
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branching and cell wall thickness, where those species showing the most variation are suggested to
provide the strongest composite materials [31, 29]. Hyphae are furthermore classified based on their
location within the mycelium, as leading at the periphery, trunk at the interior, fusion at neighbouring
connecting hyphae, and aerial when growing into the air. Both vegetative and arial hyphae are recog-
nised in MBC materials, growing either on the surface or across substrate particles [32].

Hyphae grow at their tips by extension of their cell wall, also referred to as apical growth, that al-
lows them to reach over many hectares. It is generally understood that turgor pressure exerted by the
plasma membrane on the cell wall causes cell wall thinning and Ca2+ fluxes that initiate the transport
of enzyme-carrying vesicles towards the hyphae’s tip, as shown in Figure 3A [33, 34]. The vesicles are
carried at high speed by motor proteins across microtubules and filamentous actin, allowing filamen-
tous fungi to reach growth speeds of about 20 µm per minute [34]. The vesicles form an agglomerate
called the ”Spitzenkörper”, who’s location orientates the hyphae in response to external stimuli such
as pressure or nutrient availability [35]. Once arrived at the hyphae tip, the vesicles carrying lipids and
cell wall generating enzymes allow new cell wall generation.

Figure 3: The enzymatic machinery involved in apical tip growth in filamentous fungi, showing the appearance of the
Spitzenkörper (A) [36], and an illustration of the main constituents of their plasma membrane (1), inner cell wall (2), and outer
cell wall (3)(B) [37]. Note that the scales of individual components do not match for illustrative purposes. Hyphae are typically

between 1-30 µm in diameter, and the cell walls between 0.1 and 10 µm.

Themycelium’s stiffness and strength result from this cell wall’s structure as shown in Figure 3B, and
the hyphae’s ability to form networks and tissues [37]. An inner layer of β1,4-linkedN-acetylglucosamines,
called chitin, forms interchain hydrogen bonds and creates a highly crystalline structure, generating mi-
crofibrils that give hyphae their stiffness. Elastic moduli of fungal cell walls are reported to be on the
order of 100 MPa [38]. The chitin is crosslinked to β1,3-glucan chains and an outer more protein-rich
layer. The amorphous interconnected network of these polysaccharides generates strength. When
the cell walls of hyphae fuse by anastomosis, the agglomerated structures grow even faster than in-
dividual hyphae [30]. An example is pseudo-laminar sheets, that have also been observed in MBC [39].
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2.1.2. Natural fibres’ microstructure
All particulate and fibrous matter used to build MBC originate from plants and wood, and are hence
build up of lignocellulose [40]. The most common substrates being explored in MBC research are
rice or millet husk/hulls [20, 41], (beechwood) sawdust [20, 41, 42, 9, 43], cotton powder or ginning
waste [42, 44, 45, 46], but also hemp hurds or pits, and (wheat) straw [9, 43, 46, 16]. Hence primarily
waste-based sources, that all have the same basic hierarchical structure, as shown in Figure 4A and B.
Longitudinal cells contain a lumen surrounded by cell walls of different layers, each in which cellulose
microfibrils and hemicelluloses are bonded to lignin by hydrogen and covalent bonds, respectively. The
cellulose microfibrillar angle differs in every layer, where they are most prominent in the thick S2 layer,
that therefore mainly constitutes the cell wall’s strength. Lignin, solely digestible by white-rot fungi, is a
highly complex macromolecule, as shown in Figure 4A. Next to giving structural support it decreases
the plant fibres’ permeability [47]. Taking a more macroscopic view, various plant cell types can be
recognised. Especially in wood materials, the substrate to be used in the current study.

Figure 4: A: Hierarchical structure of plant cells [48]. B: Build-up of cell wall layers [49]. C: General cell structures found in
hardwoods and softwoods [50].

The main cell types in woods are tracheids, vessels, parenchyma/rays, and fibres, as pictured in
Figure 4C [51]. The first three cell types have larger lumina and more cell wall pits, in order to serve
primarily nutrient and water transport purposes either along the longitudinal or radial direction of the
tree. In softwoods, tracheids provide both nutrient transport and structural rigidity, where fibres in
hardwoods have a smaller lumina and solely serve the structural function [52]. Generally, hardwoods
have a higher strength and stiffness, due to their slower growth and their corresponding higher density.
Furthermore, hardwoods contain generally less lignin, of which the syringil to guaiacyl ratio is higher
than for softwoods [53]. Experimental work informs that woods with such a higher syringil content are
easier for white-rot fungi to be degraded, and for some Ganoderma species syringil units are then also
degraded before the guiacyl ones [54].

2.1.3. Fungal degradation and penetration
Fungi perform both intracellular and extracellular degradation of provided sugars and lignocellulose to
use their subunits for cell wall generation. Simple sugars can directly be absorbed through the porous
hyphal cell wall, its proteinaceous pores, or via endocytosis. The digestion of lignocellulose first re-
quires enzymatic machinery that depolymerises and metabolises the complex molecules outside of the
cell wall.
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The pathways of substrate degradation rely on the lignocellulose structure and chemistry, and the
fungal species being evaluated. Literature shows the species in this study, G. lucidum, to perform
selective rot on wood. Hence lignin is degraded before cellulose and hemicellulose, especially during
its mycelium growth phase in the first three months after growth initiation [55, 56, 54]. The lignin is
degraded by oxidative enzymes such as laccases and peroxidases, which often require smaller non-
enzymatic mediators. These penetrate the cell walls and solubilise substrate compounds, where en-
zymes erode the substrate’s surface but cannot penetrate further than the nm scale [57]. Hemicellulose
degradation requires the synergy of multiple hydrolitic enzymes, due to the more complex molecular
structure and molecule’s adhesion to both lignin and cellulose. Cellulose, finally, is the most difficult
to degrade due to its coverage and crystallinity. It requires a synergy between both hydrolitic and ox-
idative enzymes [47]. All enzymes are overviewed and classified in the Carbohydrate-Active enZymes
(CAZy) database, and act in the close proximity of the hyphae.

The fungus’ growth strategy preceeds, facilitates, but is also guided by the digestion of nutrients.
Mycelium growth on wood starts on the surface where the fungus uptakes simple sugars and starches
available, after which the deconstruction of the wood cell walls will be initiated. Great sources to un-
derstand their ways are presented by Schwarze and Baum (2000), Schwarze et al. (2000), Schwarze
et al. (2007), Keerik (2012), and Goodell (2020).[58, 59, 54, 60, 57]. Growth strategies vary widely for
different fungal species, but for white-rot fungi are typically characterised by:

• Pit degradation and penetration, creation of bore holes
• Hyphal growth through the hollow cell lumina
• Cell wall penetration
• Cell wall erosion

The first two represent the natural guidance of the hyphae towards the path of least resistance. Hyphae
growth of white-rot fungi occurs primarily along the wood cell’s lumina, rather than through the cell walls.
In selective rot, the fungus degrades the secondary cell wall from the cell lumina outwards, where the
degradation reaches towards the lignin-rich middle lamella. The dissolution of this structure causes
wood cell separation. Only at later stages of decay the other cell wall components get digested, and
the material loses its structural integrity as the cellulose gets degraded. A single fungus can exhibit
both selective and simultaneous rot, where in the latter strategy all three lignocellulose components
are digested at the same time [54]. Here the hyphae also grow inside the cell lumina, and sink into the
cell wall by erosion. The cell wall is degraded progessively and thereby thinned from the cell lumina
outwards, and at some point the hyphae are able to form bore-holes and penetrate towards the middle
lamella. The final stage of fungal decay in MBC depends on the provided growth time.

In MBC production, several parameters can be adjusted to maximise the fungal degradation and
growth, and thereby binding of the substrate fibres.

• Temperature - Each fungal species has their own optimal growth temperature with the highest
enzyme activity, with usually lays between 25-35 °C [61, 62]. The optimal temperature for G.
lucidum is for example reported to be 30 °C [63].

• pH - A lower pH of around 4 or 6 is optimal for mycelium growth, where contaminating bacteria
prefer a neutral pH of 7 [62, 63, 1, 64, 44].

• Humidity - A preferred humidity between 60-65% is essential for the fungi’s metabolism, which
will also prevent the substrate from drying [62, 61, 65].

• Water content - Fungal degradation of wood requires a moisture content (MC) of at least 30%,
where the optimum differs for fungal species between 50-100%. This facilitates diffusion of the
fungus’ enzymes and other degradative components through the wood’s porous structure [57].

• Aeration - Most fungi are obligate aerobes, meaning they require oxygen to degrade nutrients,
grow, and survive [66]. Their growth is generally reduced if the level drops below atmospheric
levels [62].

• Light - Studies on the growth of G. lucidum’s mycelium show an increased growth rate in dark
conditions [67]. Furthermore, growing the material in the dark circumvents the possible influence
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of changing light influx on the growth of the material, and thereby introduction of structural het-
erogeneities [42, 1, 18].

• CO2 - Environmental CO2 levels are not often controlled in MBC literature, but can be increased
to prevent the formation of fruiting bodies.

2.2. Mycelium based composite production and properties
MBM exist in the form of pure mycelium as films or foams, or in combination with lignocellulosic fibres
as composites [68]. Care should be taken with the nomenclature of foams, where some also refer to
mycelium based foams for non-pressed MBC [16]. These non-reinforced foams are flexible, do not
provide the stiffness obtained in MBC, and do not serve the pathway for upcycling of lignocellulosic
waste materials [69]. Primarily for their higher mechanical properties, the rest of this review is focused
on MBC, where informative insights in work on pure mycelium materials will not be ignored.

2.2.1. Production methods and resulting hierarchical structure
No standardised production methods yet exist for MBC, but one can recognise conventional produc-
tion procedures. Current reviews on MBC describe manufacturing processes based on moulding and
additive manufacturing, where the first is the dominating production strategy [16, 11]. A flow chart of
the steps involved is shown in Figure 5.

Figure 5: Typical production route of a MBC [70].

Exact procedures in literature are optimised to maximise the growth of a fungal species on the sub-
strate of choice, generating a random fibre or particulate reinforced composite. The mycelium growth
is initiated from a mature inoculum, and can originate from an overgrown agar plate, a liquid culture,
but most often is introduced in the form of spawn [32, 71]. These inoculation methods introduce re-
quired additional nutrients, of often unreported composition, and amounts varying from 1 to 20 wt%.
Occasionally, more supplementary nutrients like barley and malt extract are used, where its content
influences the mycelium morphology [65]. The mycelium overgrows the substrate material for a period
ranging from 1 to 4 weeks, either inside moulds or in 3D printed shapes as shown in Figure 6. Next to
binding the randomly distributed fibres together by growth inside the structures, the mycelium develops
a film on the outside [71, 72, 32]. This film and larger mould sizes can limit the required oxygen supply
to the inside, which can be partially circumvented with additive manufacturing (AM) [73, 1, 74, 75, 76].
AM introduces an unforeseen structural design freedom to generate optimised structures as in Figure
6B, where also the provided nutrients can be locally controlled to adjust the mycelium microstructure,
displayed in Figure 6C. Finally, the material is either dried to stop growth or ceased to kill the fungus,
and commonly heat-pressed to increase the material’s mechanical properties [55, 42, 77, 45].
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Figure 6: A: The conventional manufacturing method of MBC using moulding of inoculated substrate material [78]. B: 3D
printing of substrate containing pastes allows more design freedom in MBC structures [75]. C: 3D printing of mycelium-laden

hydrogels allows the manufacturing of structures with controlled nutrient supply and mycelium microstructures [1].

Strategies known to increase composite mechanical properties such as fibre architecture and im-
proved interface bonding have not yet been systematically evaluated. The latter is difficult to study and
poorly understood, but generally written to originate from three factors. Firstly, hyphae are in theory
mechanically interlocking the substrate as a result of hyphae penetration, as already described in sec-
tion 2.1.3. Then, the hydrophobins are hydrophobic proteins on the outer surface of the mycelium cell
wall, and play an important role in the substrate adhesion, especially to hydrophobic surfaces [23, 24,
25]. Lastly, theories are developed in MBC research where hydrogen bonds and esterification reac-
tions occur between dead mycelium and substrate material after heat-pressing [22]. These results are
solely based on fourier-transform infrared spectroscopy (FTIR) measurements and critically discussed
by others, hence should be treated with care [19].

2.2.2. Mechanical properties
Due to the novelty of the material, no standardised testing methods have yet been established for MBC.
Testing procedures in literature hence follow or are inspired by standards for natural fibreboards or plas-
tic materials. Although this limits a direct comparison of MBC properties across studies, the reported
results can be summarised to generate a basic understanding of the material’s mechanics.

In compression, the most commonly tested property for MBC, the material reaches strengths rang-
ing from 0.001 to 1MPa [55, 17, 11]. Both stiffness and strength increase with robuster mycelium growth
and increasing substrate density, for example achieved by chopping fibres [78, 16, 79]. Furthermore,
residual water affects the compressive strength of the MBC, although this was never systematically
evaluated [16]. Overall, the area under the compressive stress-strain curves has been used to quantify
the composite’s toughness, giving values ranging between 8 and 18 J [45, 80].

Tensile strengths vary from the order of 0.01 to 10MPa, for non-pressed to heat-pressed composites
[11, 81, 82]. This wide range is partially attributed to the fungal species being used, where differences
in cell wall composition change their elastic strength and behaviour. In terms of tensile moduli, non-
pressed and cold-pressed MBC find similar properties to foam-like materials, as presented in Figure 7.
Heat-pressed materials reach into the properties of natural materials.

For MBC tiwh foam-like density the flexural moduli and flexural strengths are reported between
1-192 MPa and 0.07-0.29 MPa, and can be increased to 680 MPa and 4.6 MPa by heat-pressing,
respectively [42, 83, 81, 22]. In contrast, soaking MBC samples decreases the flexural strength by ten-
fold [32]. It is commonly known that the planar structure of vegetative hyphae that forms around the
composite is advantageous to its mechanical properties and the first to fail in flexure, thereby marking
the composite’s strength [17, 42].

A small tabulation of mechanical properties in Table 2.1 shows some of the higher mechanical prop-
erties for unpressed MBC appearing in literature, normalised to their density. The material reaches
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towards EPS for compressive and flexural properties, but underperforms in tension. The same applies
for heat-pressed samples compared to natural fibre-board. Clearly, densification is not the sole reason
for the increased properties in MBC, but these could also originate from differences in fibre types, their
orientation, and/or additional chemical reactions induced.

Figure 7: Ashby plot showing representative Young’s moduli of MBC in its non-pressed, cold-pressed, and heat-pressed form
as a function of density, presented by Appels et al. (2019) [42].

Unpressed Heat-pressed
Density <300 kgm-3 300-1200 kgm-3

Stiffness Strength Stiffness Strength
(kPa m3 kg-1) (kPa m3 kg-1) (kPa m3 kg-1) (kPa m3 kg-1)

Compression 28 [72] 8.2 [72] - -
hemp hurds hemp hurds - -
998 18.9 - -

Tensile 4.0 [84] 0.6 [84] 602 [85] 1.16 [85]
sawdust sawdust hemp hemp
566 22.6 1600 9.3

Flexural 827 [83] 1.7[42] 2026 [72] 864 [72]
sawdust sawdust hemp hurds hemp hurds
566 22.6 2700 10.7

Table 2.1: Comparison of some of the highest mechanical properties reported for MBC, normalised by their densities.
Properties for EPS and natural fibreboard are shown in brown, and obtained from Granta EduPack for densities of 50 kgm-3

and 750 kgm-3, respectively.

A review of Jones et al. (2020) showed that MBC strengths can differ 10-fold for different substrate
types [86]. Furthermore, more flaky substrates could potentially improve the shear strength of a MBC
by having an increased cohesion under stress due to particle locking, a mechanism reported to occur
in granular materials [55, 87]. This effect however did not emerge in MBC modelling efforts of Islam
et al. (2018), where varying particle sizes from 2 to 10 mm at constant volume fraction did not vary
the materials compressive properties [88]. Also, Girometta et al. (2019) report in their review that the
fibrous fabric substrates used by Jiang et al. (2016) and Ziegler et al. (2016) favor fungal colonization,
in contrast to more incoherent and loose materials like hulls and straws that are often introduced in
MBM [16, 89, 46]. It proves difficult to isolate the role played in material mechanics by the substrate
mechanical properties, their size, their influence on mycelium growth, and the substrate-mycelium in-
terface.



2.2. Mycelium based composite production and properties 11

Only four studies present methods to quantify the mycelium-substrate interface. Three measure
the internal bond strength (IB) by tension parallel to the surface of either heat-pressed or cold-pressed
but heat-killed MBC. Elsacker et al. (2021) report 0.05 MPa and required the addition of bacterial cellu-
lose, Liu et al. (2019) found a strength of 0.18 MPa if the composite was heat-pressed at 200 °C, and
finally Sun et al. (2019) measured 0.06 MPa and required the addition of cellulose nanofibrils [85, 90,
91]. Ozdemir et al. (2022) performed pull-out tests of wood veneers embedded in a MBC material to
evaluate their bond strength, and measured a bond strength of 0.34 MPa [72]. In all of these tests, the
resulting fracture surface is poorly evaluated, and fungal penetration is not assessed.

Little studies report on the failure modes of their tested specimens, and evaluate the role of fungal
adhesion and/or penetration on the mechanical properties. In compression, collapsing of the mycelium
foam is followed by densification of the substrate material, where no clear point of failure can be identi-
fied [88]. Both bulging and shear failure can be observed, where the latter is prevented by the fibres [79,
92] Some studies report on crack appearance, but do not discuss crack initiation or development [70,
79]. In tension, the role of the mycelium-lignocellulose interface or mycelium network strength on the
failure mechanism is not discussed, even though the strength and stiffness of lignocellulose is much
higher than that of mycelium. Initial results do show pressing of MBC to increase the tensile strength
and stiffness but to decrease the rupture strain from 4.7 to 0.7%, where the role of densified mycelium
or fibre alignment due to pressing cannot be distinguished [42]. Besides, images of fracture surfaces
do not portray adhesive of cohesive failure of the mycelium. SEM images by Kuribayashi et al. (2022)
did highlight the hyphae to have cleaved wood cell walls, covered their lumen, and to have grown into
their tracheids, although they could not further assess the depth of fungal penetration [32].

2.2.3. Additional composite reinforcement
The current means to improve the mechanical properties of MBC go beyond the optimisation of fun-
gal growth and the material’s consolidation, where the potential of additional reinforcement on a larger
scale has been explored. Rigobello and Ayres (2022) found significant changes in their compressive
Young’s moduli and ultimate strengths by insertion of reed fibres coaxial to load and hessian jacketing
coaxial to load [55]. The insertion of 5 rattan fibres furthermore increased the flexural modulus and
modulus of rupture by approximately 5- and 10-fold, respectively [83]. No such drastic increases in
flexural properties were found when inserting inner hessian or hessian jacketing, as shown in Figure
8A. Hence, the addition of architected fibres can improve the mechanical properties, but is not straight-
forward for MBC. A third study by Özdemir et al. (2022) introduced reinforcing veneer structures [72],
as shown in Figure 8B. Where the introduction of one layer of high-density wood veneer reinforcement
did not significantly change the flexural strength of the MBC, the introduction of one low-density rein-
forcement layer increased the flexural strength more than twice compared to the unreinforced block.
These results were related to the failure mode of the reinforced composite.

Figure 8: Additional reinforcement in MBC, by insertion of rattan fibres or jacketing (A) [83] or wood veneer (B) [72].
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To increase MBC properties with reinforcement these should adequately bind to the MBC. For ex-
ample, Rigobello et al. (2022) show that hessian jacketing around MBC did not debond at flexural
failure, and a continuous interfacial bond between MBC and rattan fibres allowed them to increase the
material’s stiffness and strength with both reinforcements [83]. Contrastingly, wood veneer reinforced
MBC showed increasing amounts of debonding and interlaminar shear failure between the mycelium
and wood veneer with increasing reinforcement density, reflecting how the low interface strength fails to
transfer loads to the stiffer and stronger reinforcement [72]. Similarly, Rigobello et al. (2022) reported on
inherent reinforcement displacement during loading [83]. Also in mycelium sandwich materials, where
a random fibre oriented MBC is laminated between lignocellulosic mats, one of the most common fail-
ure modes is interlaminar shear failure of the skins [16]. If this binding could be improved however,
additional reinforcement could serve a natural way of strengthening the composites in their living state.

2.2.4. Living properties
MBM research in the last 5 years has progressed to utilise more of the living mycelium than solely its
self-assembling capabilities, such as its regenerative growth. Mycelium portrays the ability to self-heal
upon damage or bio-weld blocks of MBC together over distances up to 10 mm [93, 17, 1]. The latter
provides another strategy for the upscaling of mycelium based structures. Next to its growth-related ca-
pabilities, the fungus is known to generate and transmit electrochemical signals across large distances
for communication purposes.

Fungi use electrochemical signalling along their hyphae to respond to stressful situations, such as
when it reaches nutrient depleted environments. Extensive biochemical cascades cause changes in
the ionic balance along the hyphal cell wall. Ca-ion fluxes are understood to be the main contributor,
passing mainly through channels and Ca2+ pumps [94, 95]. The importance of these ion fluxes was
already recognised earlier in this this literature review, for the hyphae’s growth at its tip. Material re-
searchers are currently working to gather the microbiological processes behind this signal generation,
to facilitate a subsequent interpretation of the signals that can be captured. Namely, recent work by
Adamatzky et al. has shown that the electrochemical signalling of the fungus in response to the appli-
cation of mechanical loads or light can be measured in the living materials [18, 96]. The authors even
foresee the mycelium’s use in fungal electronics [97]. Both functionalities of signalling and self-healing
however set requirements to the state of the material.

For MBC to become truly engineered living materials (ELM), they need to be moisturised and pro-
vided sufficient nutrients to remain active. These living properties can also be regenerated within a few
days from the material in its dormant state, given that the material has solely been air-dried and not
given heat-treatments higher than 60°C [93, 17, 69]. Living composite materials are however reported
to be more fragile, of which the mechanical properties have yet been poorly studied [9]. The study
by Mcbee et al. (2022) reports a compressive strength of 0.12 MPa, compressive stiffness of 0.14
MPa, and flexural stiffness of 0.23 MPa for unpressed living MBC blocks [17]. Realising these are all
a magnitude lower than those reported for the unpressed but dried MBC shown in Table 2.1 confirms
the weaker properties of living MBC.

2.2.5. Microscopy of the mycelium substrate interface
The microstructure of MBC is typically assessed by means of either optical or scanning electron mi-
croscopy (SEM). This allows the observation of the mycelium morphology on substrates and the iden-
tification of hyphal penetration on the surface, as already shown in Figure 9A [91, 32]. It is not yet
used used as a systematic means to understand the interaction between the mycelium and substrate
material throughout the composite, and to assess the depth of fungal lignocellulose penetration and
digestion. The latter is currently evaluated by means of mass loss or using FTIR [55, 78, 98]. The first
requires careful drying procedures due to the hygroscopic nature of the substrate material. The latter
can solely show trends in lignocellulose component amounts throughout the degradation period, but
cannot easily quantify amounts of degradation in absolute terms. Literature in the field of wood decay
show the potential of optical microscopy in combination with staining to assess hyphal growth on the
substrate material and its digestion simultaneously.
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The contrasting colours created by staining can identify molecular changes and help highlight struc-
tural differences [54]. The combination of safranin red and astra blue has been found to allow eval-
uation of white-rot decay in both hardwood and softwood specimens, as can for example be seen in
the systematic studies of Srebotnik and Messner (1994) and Lehringer et al. (2010) [99, 100]. Their
micrographs, as shown in Figure 9B and Figure 9C, display the degraded regions by white-rot fungi
as blue, which increases in area with progressing degradation in Figure 9B. Safranin stains lignin red,
where astra blue stains cellulose blue solely in case of lignin absence, allowing these dyes to be used
as both indicative and quantitative tracers for lignin degradation [101]. It can hence be hypothesised
that in future studies on MBC this approachable staining method can be used to identify delignification
in the substrate, and thereby better the understanding of the mycelium-lignocellulose interface.

Figure 9: Microscopic evaluations of the mycelium-wood interaction. SEM image of hyphae penetrating bordered pits in
softwood, marked with blue circles [57] (A). Scale bar is 10 µm. Transverse section showing the delignification by white-rot
fungi in birch wood after 2 weeks (1,2) and 6 weeks (3) of decay (B) [99]. Scale bar is 250 µm. A radial section showing
hyphae of Physisporinus vitreus growing through the lumen of Norway spruce wood after 3 weeks of incubation (C) [100].

Scale bar is 10µm.

2.3. Research gap
The current existing literature on MBC materials reflects their limited applications due to low mechan-
ical properties, with a lack of understanding on the mechanics and microstructure of the mycelium-
lignocellulose interface. This is complicated to study due to the biological variability, heterogeneity, and
fragility of the material. The poor binding however limits the natural fibre’s reinforcing ability, and poten-
tial to improve the material’s properties in its living state. Given the basic understanding of mycelium
growth, the varying factors in MBC production are hypothesised to vary this interfacial bonding. Hence
it is of interest to systematically study the influence of provided nutrients, substrate material and poros-
ity, and growth time on the fungus-substrate interface in its living state.

The most appropriate testing setup for this purpose should be chosen, which depends on its ability
to test the weak, easily compressible mycelium adhesive. Furthermore, it should solely evaluate the
mycelium’s interfacial bonding, and not its substrate embracing growth. A list of commonly applied
adhesive testing procedures and a conclusion on their applicability for this purpose is presented below.

• Tape test - The evaluation of the fracture surface will only be qualitative, given the similar colours
of both the mycelium and substrate material. It will not result in a quantified understanding of the
adhesion mechanics.

• Peel test, 90°and 180° - Use of a flexible lignocellulosic adherend will likely make it thin enough
for the fungus to penetrate and form a film on the opposite side of inoculation, disturbing adhesion
measurements.

• Lap-shear test -Would provide a stable testingmethod. Could be used tomeasure themycelium’s
joint strength, but not accurately determine the adhesive’s response upon progressive loads.

• Interfacial shear test - The shear loads are likely to condense the mycelium networks, and
thereby complicate data interpretation.
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• Single lap three-point bending - Would provide a stable testing method. Could be used to
measure the mycelium’s joint strength, but not accurately determine the adhesive’s response
upon progressive loads.

• Tensile test -Would provide a stable testingmethod. Allows evaluation of the adheringmycelium’s
stiffness and strength, but not a detailed understanding of damage propagation.

• Single edge notch bend - Would require testing of the bulk MBC. However, the inherent weak-
ness of this material makes it prone to deformation at the loading points, and therefore a non-
accurate testing method.

• Compact tension - The small adhesive volume in comparison to substrate material makes the
samples vulnerable for testing the weak mycelium adhesive, and only allows a short crack length
to be evaluated.

• Double cantilever beam (DCB) test - Would provide a stable testing method. Could be used
to evaluate the mode I interlaminar fracture toughness (GI) of the mycelium adhesive, improving
the understanding of its reponse to mode I loading conditions.

Of the achievable testing methods, DCB would provide a means to fill the knowledge gap presented
above. It could quantify the resistance of the mycelium matrix to crack propagation, which has not yet
been reported in current literature. Additionally, the use of an applicable interface evaluation method
will deepen the understanding of the mycelium-lignocellulose interface microstructure, and the degree
to which this can be modified by changing the fungus’ growth environment.



3
Research definition

3.1. Research objective
The research objective of this study is to evaluate and manipulate the ability of a living mycelium net-
work to carry loads in a MBC material. It aims to do so by measuring the properties of an adhesive
fungus in a mode I loading condition, which will be generated by a DCB testing setup. This study would
be the first to quantify the GI of a mycelium network in varying growth conditions.

The goal is to modulate the mycelium and mycelium-substrate microstructure by means of adjusting
the fungus’ growth time, substrate material, and supplied additional nutrients. The last will be facilitated
by growing the mycelium network inside DCB specimens from a 3D-printed fungus-laden ink, that al-
lows control on the exact location of the fungus and the sugar amount it is provided. This work will
thereby furthermore set a basis for future work that aims to optimise living MBC mechanical properties
by leveraging the great potential of automated 3D printing of the fungus.

3.2. Research questions and hypothesis
The research questions needed or aimed to be answered within the research objective can be subdi-
vided into three sections. They cover the DCB test setup development and sample preparations, the
evaluation of GI of the living and hydrated fungus for varying sample configurations, and the evaluation
of the fungus’ growth and digestion of the substrate material.

Testing setup and sample configuration
1. What are the essential steps in the mycelium-laden ink production procedure of Gantenbein et al.

(2023), to facilitate its use as a 3D printed inoculum in DCB samples [1]?
2. Can a DCB setup be developed and allow the quantification of the GI of an adhesive mycelium

network between lignocellulosic substrate materials?

GI measurements
3. Can we measure an effect on the mycelium’s GI of:

(a) a prolonged growth time?
(b) an increased supply of easy digestible sugars in the inoculating ink?
(c) a change in substrate material, providing a different substrate chemistry and porosity?

Interface evaluation
4. Does the mycelium’s substrate penetration and digestion change as a function of the supplied

amount of easy digestible nutrients, or with different substrate materials used?

15
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The main hypothesis of this work is that a DCB setup can be used to evaluate the GI of a mycelium
adhesive network between lignocellulosic substrate materials. Here it is believed that the fungal growth
can be well controlled and modulated by inoculating the test specimens by means of 3D printing with
varying ME concentrations. Additionally, an optimal ME concentration and growth time can be found
that correspond to the strongest substrate digestion and penetrating mycelium, which can be recog-
nised by a low but relatively high GI. It is hypothesised that both a better digestable and more porous
substrate will facilitate deeper hyphae penetration, and thereby increase the measured GI.

3.3. Project scope and outline
The presented research question are in chronological order with respect to the project scope and outline
of this thesis work. For research question 1, the mycelium-laden ink of Gantenbein et al. (2023) will be
replicated and tested for its rheological properties [1]. It will be optimised for the automated inoculation
of DCB specimens by means of recipe modifications. Then, for research question 2, a DCB specimen
will be designed with wooden veneers, and inoculated bymeans of 3D printing of the optimised hydrogel.
A testing setup with the available equipment at the Aerospace faculty will be constructed. The DCB
specimens will be prepared with:

• White-rot fungus G. lucidum
• Wooden veneers: 5 mm thick hornbeam, 3 mm thick beech, and 3 mm thick Norway spruce
• Printing ink: 0%, 5%, 10%, and 15% ME concentration
• Mycelium growth time: 3, 4, and 5 weeks

the last three materials or parameters are varied in order to allow answering of research questions 3a,
3b, and 3c. Hornbeam and beech are chosen for both being hardwoods of the same density, but with
a reported better growth of G. lucidum on beech. Spruce is chosen for its lower density and therefore
higher porosity. The ME concentrations are in line with the studies of Gantenbein et al. (2023) [1],
where the mycelium growth time is varied around the typical 4 weeks for MBC materials.

Lastly, the interface of the mycelium and substrate will be evaluated by means of the following three
methods:

• Optical microscopy, using safranin red and astra blue staining
• SEM
• FTIR

in order to answer research question 4.

The microbiological work, mechanical testing, and interface evaluation will be performed with the
available methods and equipment at the Aerospace faculty of the TU Delft. Solely optical microscopy
sample preparation and evaluation will be performed at the Civil Engineering faculty.



4
Materials and methods

4.1. Mycelium hydrogel development
The use of direct ink writing (DIW) as a method of automated fungi placement requires a mycelium-
laden shear-thinning ink with a fast recovery, which Gantenbein et al. (2023) already succeeded to
develop [1]. This ink was therefore initially replicated according to their standard recipe:

• Cellulose based thickener (Vivapur 811P, JRS, Rettenmaier Benelux C.V.) (30 g/L)
• Agar (15 g/L, 05040, Millipore)
• κ-carrageenan (15 g/L, 22048, Sigma Aldrich)
• Peptone (5 g/L, P6838, Millipore)
• ME (100 g/L, 70167, Millipore)

Of these substances, ME and peptone serve as the main nutrient supply for the fungus. The type
and concentration of cellulose based thickener, agar and κ-carrageenan determine the viscoelastic
properties of the ink by their gelling behaviour. The ink was produced following a procedure inspired
by Gantenbein et al. (2023), of which the workflow is displayed in Figure 10 [1]. The individual steps
are described in Appendix A, where it is important to note that the fungal inoculum was taken at a ran-
dom location from earlier overgrown MEA plates inoculated with G. lucidum M9726 spawn of Mycelia.
These plates were stored in the fridge for no longer than two months.

The yield stress and recovery time of produced non-inoculated inks were obtained by rheology
experiments performed on a Thermo Scientific Haake MARS III Rheometer-FTIR. The yield stress
is typically around 100 Pa and should be sufficiently high to control the printing process, where the
recovery time marks the ink’s transition from viscous to elastic, which should not exceed a few seconds
to provide print stability. The testing procedures were as follows:

• Yield point
Apply a step-wise increase of shear stress from 1 to 3000 Pa, increasing with 10 Pa per s.
Record shear stress (τ ) and shear-rate (γ̇), until shear-rate exceeds the apparatus’ range.

• Recovery time

1. Apply an oscillatory τ of 1 Pa with a frequency of 1 Hz for 60 s.
2. Apply a γ̇ of 50 s-1 for 30 s.
3. Apply an oscillatory τ of 1 Pa with a frequency of 1 Hz for 60 s.

For stages 1 and 3, record the storage modulus, G’, and loss modulus, G”, as a function of time,
t. For stage 2, measure the viscosity, η, as a function of t.

The yield point was determined by the cross-over of two linear fits on the yield point data set, fitting
the data before and after the yield point. Where curve-fitting models are a more scientific approach
to the yield point determination, the applied method is quick, easy, and common for retrieving a rough
indication of the yield stress. The recovery time was taken as the time lag between the initiation of the
third phase in the recovery test, and the moment at which the recorded storage modulus G’ exceeds
the loss modulus G”, hence the elastic properties of the material are retrieved.
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Figure 10: Workflow of mycelium-laden ink production, inspired by [1].

Printability was evaluated by 3D printing of hydrogel grids as presented by Gantenbein et al. (2023),
and printing of single layers [1]. The first reflects the ink’s ability to hold the weight of multiple print lines,
and thereby form a stable structure in 3D. The second test allows the observation of single print line
disturbances due to ink heterogeneity or clogging of the nozzle, and the widening of single print lines
along the print. The latter could result from ink sagging upon its own weight, or due to build-up of
pressure in the nozzle and corresponding larger extrusion volumes. Both discontinuous print lines and
print line widening are undesired, where the first causes a discontinuous fungal inoculum and the latter
decreases the amount of substrate area available for fungal growth and binding.

4.2. Double cantilever beam testing
The DCB testing setup, test specimens, and testing procedure were inspired by the ASTM standard
D5528-21 for mode I interlaminar fracture toughness, GI, for conventional unidirectional fiber-reinforced
polymer matrix composites [102]. GI is defined as the decrease in elastic strain energy U in the speci-
men, per increase in the adhesive crack area. With a constant crack width b this gives:

GI = −1

b

dU

da
(4.1)

with increasing crack length a. This definition will be used to quantify and discuss GI for the living
mycelium adhesive in specimens of the parameter sweeps earlier described in section 3.3.

4.2.1. Testing setup
A typical DCB specimen is depicted in Figure 11, where wood veneers were chosen as the lignocellulose
substrate material, on which a tensile load F is introduced on the left specimen end. Their dimensions
could be well defined in line with the ASTM standard, although specimens were thicker than the usual
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3-5 mm. Namely, first 5 mm thick veneers were used with a stable mycelium thickness of 1 mm, after
which 3 mm veneers were used to slow down crack propagation. Nevertheless, the veneer’s stiffness
and estimated mycelium GI left the specimen thickness in the range advised by the standard. Similarly,
an initial crack length a0 of 39 mm created with a 60 mm insert was acceptable, and facilitated the
evaluation of a crack development of 110 mm on average, with a specimen length of 180 mm and ve-
neer holder of 10 mm at the end. The veneers’ thickness was essential for handling of the specimens
without damaging themycelium. Furthermore, it facilitated the specimen insertion into the testing setup.

Figure 11: DCB specimens as designed for this study.

Intermediate aluminium blocks had to be screwed onto specimens, to create a stable load transfer
from the testing bench to the specimen. This provides a cheap alternative in contrast to direct place-
ment of either piano hinges or loading blocks as indicated by the ASTM standard [102]. Two M4 screws
could fix the aluminium blocks to the veneer, where common glueing approaches were not compatible
with the wooden substrates 1. It is important to recognise that the pulling force will hereby be con-
centrated at the screw locations rather than evenly distributed across the entire specimen width. After
specimen preparation the same screws could fixate loading blocks, that could position the specimen
in the testing bench. A 10 kN bench equipped with a 100 N load cell could best capture the expected
forces around 10 N, the upper load limit reached with preliminary experiments. Furthermore, load
transfer plates were preferred over load transfer cylinders, as displayed in Figure 12. This allowed the
testing of slightly misaligned specimens, without the introduction of shear forces that would cause the
mycelium network to break and render specimens untestable.

4.2.2. Specimen preparation
Three different wood species’ veneer was gathered for this study as listed in Table 4.1 2, and prepared
for inoculation. Bax Hout in Terheijden supplied untreated veneers, cut in dimensions of 180 x 25 x 3 or
5 mm from single wooden planks, taken mainly from the sapwood of trees. The species were selected
based on their documented low durability against fungal infection, as confirmed by relevant literature on
G. lucidum for the hardwoods hornbeam and beech, and other white-rot fungi for the softwood spruce
[103, 104]. The latter was mainly selected for its lower density and thus larger porosity, hypothesised
to induce more fungal penetration and thereby potentially better fungal adhesion. Before testing, the
aluminium load block were attached to the veneers as described previously. Then, the arms were
soaked in distilled water for 44 to 48 hours for hornbeam and beech, and 22 to 24 hours for spruce,
and autoclaved for 20 minutes at 121 ℃ (Hirayama HG-50). After a few hours of cooling down, the
specimens were inoculated by automated means 3.

1Adhesion experiments were performed with Loctite EA 3440 epoxy, Bison universal epoxy Kombi Metaal, Pattex Epoxy
Super Mix Universal, and Bison PU Bruislijm. Aluminium load block surfaces were roughened by glass beads and glued to
dry hornbeam veneer according to the glue’s instructions. After further specimen treatment of soaking and autoclaving (to be
described in subsection 4.2.2) all blocks could be manually removed, and glues showed both cohesive and adhesive failure.

2Wood durability is in literature commonly scaled from 1 to 5, with 5 indicating the highest susceptibility to infection.
3A maximum effort was put into working in a sterile environment to prevent contamination of the specimens. All working

benches, equipment and materials used were autoclaved if possible, else cleaned with 70% ethanol. Ink and specimen produc-
tion was performed in close proximity of a gas burner
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Figure 12: DCB specimens can be inserted into the testing back with the use of two load transfer methods. A shorter setup is
achieved with loading cylinders, that provide only a tight space for load block insertion (A). A longer setup is created when

using loading plates, that provide more freedom for load block insertion (B).

Name Species Density (kgm-3) Durability [105]
Hornbeam Carpinus betulus 750 5
Beech Fagus sylvatica 710 5
Spruce Picea abies 460 4

Table 4.1: Wood species used in this study.

The mycelium-laden ink described in section 4.1 was produced beforehand, and 3D printed with a
0.84 mm nozzle on the bottom veneer arm in a custom-build Ultimaker 2+, as shown in Figure 13A. The
Grasshopper file developed by Gantenbein et al. (2023) was adjusted to generate a G-code for printing,
designed to meet three criteria [1]. Firstly, a height of 2 layers ensured such that both stacked veneers
were equally inoculated. Then, an in-between print line gap of 2.5 mm was set to be reached after
veneer stacking, the maximum bridging distance of the fungus reported by Gantenbein et al. (2023)
that allows the fungus to cross between adjacent print lines and form a continuous network [1]. Lastly,
the dimensions of the print corresponded to the crack area to be evaluated, of approximately 110x25
mm. This resulted in a zigzag line pattern that covered the width and partially length dimensions of the
veneers, as shown in Figure 13B.

After printing, the arms were stacked with a small, 10x25x1 mm, and a big, 60x25x1 mm, 3D printed
polycarbonate growth stopper placed between them, see Figure 13B. This maintained a constant gap
for mycelium growth and created an initial crack length. Similarly, polycarbonate corner blocks were
printed to facilitate alignment of the veneers regardless of their dimensions, when held together with
elastic bands. Finally, strips of stretched Parafilm were wrapped around the complete specimen to
confine the fungi to grow on the surface areas between the specimen arms, see Figure 13C. This left
the specimens ready for growth.

The mycelium growth was optimised by controlling the environment of the specimens after their
production. Specimens were placed in groups of four in plastic containers containing sufficient oxygen,
and a layer of distilled water to bring the humidity to 90%. This is higher than the recommended 60-65%
in section 2.1.3, but showed more growth in preliminary experiments, and was the same as supplied
by Gantenbein et al. (2023) [1]. Inside a growth chamber the mycelium grew in the dark at a stable
temperature of 26°C. Unlike the humidity and temperature, the moisture content of the veneers could
not be controlled, and was therefore shortly evaluated separately.
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Figure 13: Printing of the mycelium-laden ink on the bottom veneer (A), placing of the growth stopper inserts (B), and stacking,
aligning, and wrapping of the complete specimen (C).

The moisture content of non-inoculated veneers did not decrease below the critical value of 30%
when subjected to the same conditions as inoculated specimens. Three pairs of veneers were soaked
for 46 hours for hornbeam and beech, and 23 hours for spruce. All samples were autoclaved and
wrapped in Parafilm, to be put in the same growth conditions as inoculated specimens. Their moisture
content was calculated based on their weight:

M f =
W f −W i + 0.11 ∗W i

W f
(4.2)

Where Mf is the final moisture content, Wf is the final weight of the specimen, and Wi is the initial weight
of the specimen. The initial moisture content was reported to be 10 to 12%, and therefore taken as 11%
for all specimens. The moisture content of veneers should minimally be 30% to allow fungal growth
during the planned experiments.

All samples were prepared according to the above presented procedure and systematically made
ready for testing after growth. First, intermediate loading blocks were attached to the specimen’s alu-
minium blocks before Parafilm removal, to limit damage to the specimens. Subsequently, mycelium
growth around the large growth stopper was removed with a 0.03 mmmetal sheet and 1 mm wire. After
removing the Parafilm, any mycelium films on the sides of the specimen were carefully scraped of using
a razor blade. The specimen was now ready for direct testing in its undried state. An overview of the
tested specimens is shown in Figure 14, for which the choice was described previously in section 3.3.

Figure 14: An overview of the specimens to be evaluated for their GI in this study.
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4.2.3. Testing and data processing procedure
The testing procedure adhered to the ASTM D5528-21 standard [102]. Any specimen, along with its
attached loading blocks, could be placed in the loading clamps using two long bolts, as depicted in
Figure 12B. First, a non-soaked dummy specimen arm was inserted in the test setup to zero the force,
creating a small pre-compression in test specimens that could be corrected for during data analysis.
The actual DCB tests were performed with a low controlled vertical crosshead movement of 1 mm/min,
to avoid viscosity effects in the hypothesised weak mycelium interface. The test continued until the
specimen fell apart, or the crosshead was displaced with 20 mm. The reported displacement had an
error of only 0.5% compared to an extensometer, falling within the acceptable range of 2% specified by
ASTM 5528-21. Together with the recorded load the Zwick data was used for subsequent data analysis.

The GI was determined using an analytical approach, as standard methods of optical crack record-
ing were not possible with the porousmycelium network. Therefore, data analysis relied on themethods
presented by Ran Tao (TU Delft), of which graphical representation is presented in Figure 15 [106]. It
obtains GI at every point of the load, P, versus extension, δ curve after the peak load, Pmax has been
reached. This peak is assumed to occur at an extension, or displacement, that corresponds to a crack
length equal to the intial delamination length a0. Hereafter, GI is calculated using the formula:

G =

(
9P 4δ2

4ExxIb3

)
1/3 (4.3)

with Exx the arm’s Young’s modulus, I its moment of inertia, and b its width, where Exx can be obtained
from a linear fit to the initial part of the loading curve. I and b result from the veneer’s dimensions.
The formula determines GI purely on a decrease in the arm’s compliance. It relies strongly on the
assumption of the simple beam theory with clamped boundary condition, a linear elastic arm, and a
thin adhesive with no deformations. It then allows one to calculate a predicted crack length after testing.

A virtual crack length, a, at each point on the load deflection curve can be calculated using the
modified beam theory (MBT) method. Again relying on the simple beam theory’s assumptions, this
gives:

a =
3Pδ

2bGI
(4.4)

Hence a is analytically determined and not measured optically. This allows one to only test and eval-
uate one loading cycle, in comparison to conventional fatigue DCB tests. Finally, the ASTM standard
warns for two potential errors that could be introduced by large arm displacement and its stiffening due
to the attached load blocks.

The large displacement correction factor, F, is required if the displacement to crack length ratio δ/a
is bigger than 0.4 at any point during the test. F accounts for the shortening of the moment arm and
the tilting of the load attachment blocks and is calculated as follows:

F = 1− 3

10
∗
(
δ

a

)
2 − 3

2

(
δt

a2

)
(4.5)

where t is the height from the loading point to arm’s mid-height, see Figure 11A. Additionally, a displace-
ment correction factor N can account for stiffening of the arms due to the load blocks. This cannot be
neglected as the end of the insert is 40 mm away from the load line in this study. N is given by:

N = 1−
(
L′

a

)
3 − 9

8

[
1−

(
L′

a

)
2
](

δt

a2

)
− 9

35

(
δ

a

)
2 (4.6)

where L’ is the distance from the load line to the edge of the loading block right of this line, which is zero
for this study. Both correction factors can only be calculated at the delamination onset corresponding
to a crack length of a0, as it is not further recorded. This however gives a good indication of the error
introduced by shortening and stiffening of the specimen arms during testing. The correction factors
would appear in the virtual crack length as follows:

a =
3Pδ

2bGI

F

N
(4.7)

with thus F/N values deviating much from 1 influencing the data analysis.
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Figure 15: A typical load-extension curve of a DCB test, presented together with the analytical formulas that can be fitted to
obtain GI [106].

4.3. Flexural testing
Where the initial parts of mycelium DCB load displacement curves to be shown in section 5.2.2 are
non-linear due to settling of the testing setup in this low force range, additional flexural testing on the
specimen’s arms was required to obtain the values for Exx, to be used during data analysis. Therefore,
three-point bending (3PB) tests were carried out on individual inoculated veneers.

Per wood species ten veneers were prepared for testing, which was assumed to cover the inherent
variability of the entire veneer batch supplied. Samples were inoculated similarly to the DCB samples,
with a 3D printed zigzag pattern that covered the entire length of the specimen. Then, small 1 mm di-
ameter wires were placed to keep pairs of stacked veneers separated. Both the bottom and top veneer
were tested, with the surface covered by mycelium oriented downwards. One supplementary batch
of non-inoculated hornbeam veneers was tested to observe any differences in mechanical properties
induced by mycelium growth.

Where no standard flexural testing methods exist for wooden beams of the thicknesses considered
in this study, commonly used standards for wood or natural fibre based and/or composite materials
were compared to find the most applicable procedure for the veneer size used in the DCB setup (25 x
180 x 3 or 5 mm). The methods considered were 4:

• ASTM D1037 - Evaluating properties of wood-base fiber and particle panel materials [107]
• ASTM D143 - Standard test methods for small clear specimens of timber [108]
• ASTM D3043 - Standard methods for structural panels in flexure [109]
• ASTM D198 - Static tests of lumber in structural sizes [110]
• ASTM D4761 - Mechanical properties of lumber and wood-based structural materials [111]
• NEN-EN 310 5 - Houtachtige plaatmaterialen. Bepaling van de elasticiteitsmodulus bij buiging en
van de buigsterkte [112]

ASTM D198 and ASTM 4761 were not evaluated, as their setup sizes exceeded the specimen sizes
of this study. The dimensions considered in the standards for panel-like materials were more appropri-
ate, and therefore used as a basis for the final testing setup. 3PB was the best applicable final method.

4There was no general access to ISO standards, which were therefore not considered in this study
5NEN-EN standards are developed by the Netherlands Standardisation Institute and accepted in Europe.
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Standard
Support type
and
radius

Span L :
Thickness d

Loading
speed N
(mm/min)

Requirement of strain
gauges

ASTM D1037
rounded
supports radius
1.5*d

24 =0.005L2/6d
dial gauge or linear
voltage differential
transducer

ASTM D143 knife edges with
bearing plates 14 1.3

yoke-mounted
displacement
measurement device
mid-plane

ASTM D3043 laterally turning
bearing plates 48 =0.0015L2/6d dial gauge

NEN-EN 310
roller-bearing
cylinders, 15
mm diameter

20
max load
within 60±30
s

none

Table 4.2: Flexural standards for natural fibre materials, reviewed to determine the most the applicable procedure for this study.

Five test characteristics needed to be evaluated for 3PB tests on the wood veneers. These are:
specimen dimensions, thickness to span ratio, support type and radius, loading speed, and requirement
of strain gauges. As the specimen dimensions were kept equal to the arm dimensions of the DCB test,
the description of the remaining four parameters by the standards is shown in Table 4.2. For support,
the use of laterally rotating plates in standards ASTM D143 and ASTM D3034 is to permit slight twisting
in the specimens. Since no such setup was accessible at the Aerospace faculty, neither roller-bearing
cylinders with the right span distance, simple rounded supports as suggested by ASTM D1037 were
being used. It should be noted that this could introduce inaccuracies in the data evaluation. Their
radius was equal to the loading block, also according to the ASTM D1037 standard. The thickness to
span ratio of 24 was chosen, well above the 14 generally recommended in wood testing standards. It
should be kept constant to ensure failure only to occur due to the bending moment, and not due to
shear deformations. Smaller ratios were not achievable for the 3 mm thick specimens with the used
setup. Hence a span of 120 mm was set for 5 mm thick veneers, and 72 mm for the 3 mm veneers.
The loading speed was subsequently calculated according to:

N =
zL2

6d
(4.8)

For z a value of 0.005 was taken as reported in ASTM D1037, giving a loading speed of 2.4 mm/min for
5 mm thick veneers, and 1.44 mm/min for 3 mm veneers. The ASTM D3043 standard applies a lower
z value of 0.0015, but with a twice as L/d ratio fives a load speed that only differs with a factor of 0.1
for the samples of this study. Lastly, the use of a dial gauge was circumvented by using the crosshead
displacement together with a compliance measurement of the testing apparatus.

The flexural modulus (Efl) was obtained from the load-deflection curve according to the calculations
presented in ASTM D1037 and NEN-EN 310, giving:

Efl =
L3

bd3
∆P fl

∆y
(4.9)

with L the span width, b the specimen width, d the specimen thickness, and ∆P/∆y, the load P
versus deflection y curve. This slope could most accurately be determined between 10% and 40% of
the maximum load Pmax during testing, as indicated by both ASTM D1037 and NEN-EN310. The slope
was taken between these two load points if the curve appears linear. This came from:

P fl =
4bd3Efl

L3 y (4.10)
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Ef could directly be put for Exx in the analytical solution to the DCB results, as mechanically the
same loading condition is induced on the specimen arm.

4.4. Interface evaluation
The mycelium and wood interface was studied by both microscopy and FTIR to evaluate the fungus’
ability to grow into and degrade the substrate. The workflow of sample preparation for all three meth-
ods, to be described in the upcoming sections, is illustrated in Figure 16.

Figure 16: Sample preparation for the three interface evaluation methods, starting from a DCB sample. All methods were
applied at the sample’s front (F), middle (M), and back (B).

4.4.1. Microscopy: optical and SEM
Bottom arms of DCB samples of the ME series on hornbeam veneers were studied systematically,
where at each ME concentration one representative sample was chosen. Of the 180x25x5 mm ve-
neers, three pieces of 10 mm in width were cut by saw, at the front F, middle M, and back B of the
specimen, as indicated in Figure 16. The pieces were not autoclaved to halt mycelium growth, as this
did not allow cutting of thin slices by the microtome. Instead, the pieces of veneer were after DCB
testing frozen by submersion in liquid nitrogen for 1 to 2 minutes, preserving the material’s microstruc-
ture. Then, the specimens were directly cut with a sterilised craft knife at the right end for F, middle for
M, and left end for B. These cut locations were chosen to account for the specimen’s heterogeneous
nature. All pieces were subsequently soaked overnight to be prepared for optical microscopy, where
one half of the middle piece was made ready for SEM.

Optical microscopy: microtomy and staining
Veneers needed to be cut into thin slices using microtomy for observations with optical microscopy. The
orientation of the specimen in the microtome was crucial for the success of the cut. The veneer was
clamped in a Leica HistoCore Multicut T rotary microtome, equipped with MX35 Premier+ 34°/80mm
blades, placed at an angle of approximately 4° towards a face of choice. The transverse plane could
not be cut consistently with this setup. Hence the knife was then exposed to the radial or tangential
plane, as pictured in Figure 17A. Which of the two planes was exposed depended on the veneer’s
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location in the tree, as clearly displayed in Figure 17B. For most veneers in this study one specimen
side showed the radial plane, and the opposite side the tangential plane, as depicted in Figure 17C.
For both planes stable 20µm slices could be cut with little damage, and transferred with tweezers as
required for the staining procedure.

Figure 17: A: Veneer placement in the Microtome, with the radial or tangential plane exposed to the blade, and wood fibres in
line with the cutting direction. B: The location of the radial section on veneer samples depends on the location of the veneer in
the initial wood (Image source: http://www.jefflefkowitzchairmaker.com/). C: The veneer’s orientation determines which plane

of the wood is cut, where often one sample side corresponds to the radial plane (R) and one to the tangential plane (T).

Per specimen, six slices were stained with safranin red and astra blue. The wood slices were first
placed on a microscope glass slide covered with distilled water, to retain their orientation and prevent
dehydration. First a solution of 0.05 gr safranin O (C.I. 50240, Carl Roth) in 100 mL distilled water,
following supplier’s instructions, was pipetted onto the sample. After 5 minutes the slices were taken
with a tweezer, and washed in distilled water. With the same steps the samples were stained with astra
blue FM (C.I. 48048, Carl Roth), of which 0.1 gr was diluted in 97.5 mL of distilled water and 2.5 mL
glacial acetic acid. After the final washing step the samples were fixed on the glass slide with drops
of glycerol, and small weights were applied to force excesses outwards. The most representative and
clean slice was analysed under the microscope.

A Keyence VHX-7000 digital microscope was used to observe the slices at different length scales
with transmitted light. Full ring and non-polarised light was used for complete slice images and pictures
at lower magnifications, of 30 to 200x. Polarised and full coaxial light was used at larger magnifications,
up to 1500x. The primary location for feature observation was in the slices’ middle, away from the sides
with potential microstructure damage caused by the first saw cut.

SEM
Observing the middle veneer pieces with SEM required full dehydration of the material, to not damage
the vacuum pump of the apparatus in the long-term. The frozen veneer pieces were put in a freeze-
dryer (Buchi Lyovapor L-200) after cutting, where by reducing the pressure to 0.5 mPa the ice in the
sample is directly converted to gas without passing the liquid stage. This retains the microstructure of
the sample, now ready for SEM specific sample preparation.

The non-conductive organic specimens required a conductive coating to allow imaging with the SEM.
A 15 nm thick gold layer was sputter coated on the samples, after which images could be retrieved form
the secondary electrons emitted by the sample surface. Images were taken with a JEOL JSM-7500F
Field Emission Scattering Electron Microscope, with an acceleration voltage of 5.0 kV and emission
current of 5.0 µA. The low magnification mode, LM, using either the upper or lower secondary electron
detector, SEI or LEI, provided the best images, with an incidental use of the SEM mode. Images were
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taken systematically by starting at the middle of the mycelium-veneer interface plane, and taking pic-
tures every mm downwards. Sideway deviations from this mid-line were only made if no hyphae were
observed in the initial image.

4.4.2. FTIR
The DCB specimens were evaluated with FTIR without additional sample preparation. Of the ME pa-
rameter sweep group, another representative specimen at each ME concentration was taken. The
bottom arm veneers were, after testing, placed on a Perkin Elmer Spectrum 100 FT-IR. The inoculated
side of the veneer was placed downwards on the diamond crystal, and pushed with a clamping force
in between 30 and 50. Attenuated total reflectance (ATR) measurements were taken for wavenumbers
between 650 and 4000 cm-1 with 16 scans per sample, and a resolution of 0.5 cm-1. Each sample
was measured at three different locations across the sample, the same as for microscopy. Additionally,
non-degraded veneer, a mycelium mat, and the printing ink were scanned to facilitate a good interpre-
tation of the acquired spectra.

The evaluation of the spectra was based on commonly evaluated peaks in literature on MBC and
white-rot decay of wood. The responsive groups in lignin and carbohydrate molecules primarily absorb
in the so-called fingerprint region, corresponding to the lower IR range of 1500-400 cm-1. A comparison
of work performing FTIR on MBC materials [55, 78], their main sources [113, 114], and a specific study
on hornbeam [115], generated an overview of the most important peaks to consider, presented in Table
B.1 in Appendix B. The exact locations of peaks observed in this study can deviate from those reported
with a few cm-1, due to the varying structure of the molecules in different plant materials.

The final three evaluated peaks corresponded to lignin, which is appropriate for the hypothesised
selective rot strategy in G. lucidum. Wavenumbers 1504 cm-1 and 1594 cm-1 correspond to aromatic
skeletal vibrations in lignin, where 1646 cm-1 identifies its conjugated carbonyl groups [113, 78]. The
first two are understood to decrease upon fungal degradation, the latter will increase [113]. Next to a
qualitative comparison at these wavenumbers, peak intensity ratios were evaluated at both I1504/I1646
and I1594/I1646, to give a more quantitative grasp on the data. Both should decrease upon fungal degra-
dation. The ratios were taken of each spectra and averaged over the three scanning locations.
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Results and discussions

5.1. Mycelium hydrogel development
5.1.1. Optimised rheology
The ink production procedure described in section 4.1 does not provide an ink with the same properties
as those described by Gantenbein et al. (2023) when using the same ink recipe [1]. Specifically, the ink
exhibits a higher measured yield stress and longer recovery time, as presented in Table 5.1 1. While it
is still possible to print a relatively stable grid using the ink, as presented in Figure 18A, the higher yield
stress causes it to fail as a stable inoculum suitable for this study. The deposition of a single line is
susceptible to disturbances due to the granulate appearance of the ink, as shown in Figure 19A. This
difference in ink properties could stem from the differences in the exact ingredients used, which were
modified to generate an ink suitable as a stable fungal inoculum.

Ink Yield stress (Pa) Recovery time (s)
Gantenbein et al. (2023) 424 Few seconds
Original recipe 1455 ± 11 13.1
Altered recipe: agar content - 75% 461 ± 5 6.9

Table 5.1: Yield stress and recovery time determined by rheology experiments for the ink presented by Gantenbein et al.
(2023), the replicated ink of the original recipe in this study, and the replicated ink with agar content decreased by 75% [1].

Figure 18: Printed grids of the inks produced according to the original recipe of Gantenbein et al. (2023) (A), and with lower
agar content (B), showing the reduced stiffness of the latter, limiting the retainment of 3D printed structures [1].

The agar content was adjusted to reach the yield stress and recovery time of Gantenbein et al.
(2023) [1]. Of the three ingredients that mainly determine the rheological properties and therefore print-
ability of the ink, cellulose based thickener, agar, and κ-carrageenan, the agar content mainly sets

1Settings in the recovery time experiment for the altered recipe were changed to increase the amount of data points, and
therefore decrease the time between acquisition of two data points from 3.6 s to 1 s. This improving the accuracy of the data,
but limits comparisons between the different inks.

28
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its elasticity. For the original recipe the difference in yield stress could potentially be attributed to the
difference in agar gel strength. It ranged between 700-800 g/cm2 and >1100 g/cm2 for Gantenbein
et al.’s (2023) supplier Duchefa, and was reported >300 g/cm2 for the supplier of this study, Sigma
Aldrich, a stable TU Delft supplier [1]. To lower the ink’s stiffness, the rheological properties of the ink
were therefore studied while decreasing the agar content to a lowest value of 25%, with 25% intervals.
Decreasing the agar content with 75% from 15 g/L to 3.8 g/L gives a yield stress of 461 Pa and recovery
time of 6.9 s, as shown in Table 5.1 and Figure 20A. This is hence similar to Gantenbein et al. (2023),
but decreases the load-bearing capacity of the ink while improving its single print line consistency [1].

Figure 19: Single line prints of the inks produced according to the original recipe of Gantenbein et al. (2023) (A), and with
lower agar content (-50% (B), -75% (C)), showing the better applicability of the latter for a continuous fungal inoculum [1].

Figure 20: The yield stress of the agar-based inks decreases with a decreasing agar content (A). A lower standard deviation in
its yield stress was found to be caused by an increased homogeneity when mixed at higher speeds (B).

Although the stable grids of Gantenbein et al. (2023) are not reproduced with these rheological
properties, the ink serves a stable inoculum [1]. The printed grid sagging was the most severe for the
lowest agar content ink in Figure 18B, in line with results of Gantenbein et al. (2023) [1]. This happens
as the gravitational forces of the printed layers exceed the yield stress of the ink, of which an analytical
explanation is given by Gantenbein et al. (2023) [1]. This effect will not be pronounced in the proposed
setup described in section 4.2.2 with a 2-layer print height and large print area to support the upper
layer. Hence observations on the zigzag print lines are more important, which show no discontinuation
for the second ink in Figure 19C, as desired. This relies on the ink mixing speed during production,
where 5,000 rpm facilitates a homogeneous ink as plotted in 20B. Lastly, the increase in linewidth due
to build-up of pressure in the nozzle is less severe than for inks with higher agar content in Figure 19B.
Hence the recovery time and yield stress of the ink with 75% lower agar content provide the most stable
line as fungal inoculum, while retaining substrate surface area available for fungal growth.
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5.1.2. Ink with mycelium
The 12-day growth period of the mcycelium did not always provide a full dish coverage due to biolog-
ical variability as shown in Figure 21. This 2 to 5 day longer required growth period in comparison to
literature could be due to a difference in the mycelium’s initial morphology [1]. G. lucidum can display
different morphologies, where its growth speed and density is related to the amount of provided nutri-
ents. Gantenbein et al. (2023) highlighted their use of the rhizomorph, which shows a rod-like structure
and is known for faster radial growth, in contrast to cotton-like fluffy mycelium [1] (Figure 22A). This
behaviour should be obtained by multiple transfers of the fungus on nutrient poor plates [116]. This pro-
cedure did not result in the rhizomorph structure for the fungus used in this study, as shown in Figure
22B. Hence the influence of this morphology discrepancy on the growth time difference between the
current and previous study could not be assessed. As the morphology after inoculation however opti-
cally did not differ from the mycelium of Gantenbein et al. (2023), and could anyways be reversed to the
cotton-like structure when the fungus is grown on the highly nutritious ink, the rhizomorph morphology
was not seeked after further [1].

Figure 21: Growth of mycelium on 10% ME ink after 5 (A), 8 (B), and 12 (C) days. Showing no full coverage of the plate yet
reached after 7 days, and biological variability between plates.

Figure 22: The rod-like rhizomorph mycelium morphology growing next to the fluffy, cotton-like morphology (A) [116]. The
rhizomorph could not be obtained during experimental efforts in this study, where four transfer cycles were performed on

nutrient poor MEA plates (0.2% ME, 1.6% agar, 0.05% peptone) (B).

5.1.3. Discussion
Several slight deviations of themycelium ink production procedure fromGantenbein et al.’s (2022) could
have caused differences in the material properties and fungal development [1]. First, their amount of
inoculation was not reported, for which also a different strain of G. lucidum was used, China strain
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number 112001 for [1] and M9726 in this study. Then, concentrations of ink ingredients were based
on the water volume, instead of the total ink volume. This decreases the ingredients’ concentration,
hence reducing the ink’s elastic properties. Besides, this could have caused the fungal growth to take
12 instead of 7-10 days, as it is estimated to lower the ME content with 10%. Secondly, the present
mixer only allowed safe and homogeneous mixing up until a rate of 10,000 rpm, hence half of the orig-
inal mixing rate. As no specifications regarding the rate of shear mixing were given in the manual of
the cellulose based thickener this was taken as sufficient. Then, the growth chamber used had a tem-
perature and humidity of 26 ℃ and 50-60%, instead of room temperature and 95%. Although 60-65%
is optimal for fungal growth, it might have induced a difference in growth time [62, 61]. Furthermore, it
could affect the final printability of the inoculated hydrogel due to increased dehydration during fungal
growth. As additionally Gantenbein et al. (2023) show that after mycelium growth the yield stress is
increased by more than half of the initial value, care was taken during continuation of this study for print
line discontinuities and line width increases. [1].

The lower grid printability reached in this study with similar rheological properties as compared to
Gantenbein et al. (2023) could be caused by two differences [1]. Firstly, a shortly longer recovery time
could have allowed sagging of the print. Lastly, a discrepancy between the exact test method used
during rheology might have resulted in a difference in the recorded yield stress.

5.1.4. Summary of the hydrogel development
The mycelium-laden hydrogel as developed by Gantenbein et al. (2023) can be reproduced in the
lab environment of the Aerospace faculty, and after decreasing the agar content of the original recipe
by 75% be used as a stable fungal inoculum in this study [1]. The replicated ink cannot be used for
printing stable 3D structures, but generates required undisturbed print lines. It is here essential that the
second mixing step after autoclaving is performed at mixing speeds of 5000 rpm, to increase the ink’s
homogeneity and thereby smoothness. Then, where no rhizomorph morphology could be reached,
a fungal growth period of 12 days on the ink can generate a stable inoculation method for the DCB
specimens. Every iteration requires the production of several plates to account for biological variability
and allow the consistent use of a fully covered plate.

5.2. DCB testing
5.2.1. Arm moisture content and flexural modulus
The critical wood moisture content of 30% for fungal growth is achieved with 46 hours of soaking for
hornbeam and beech veneers, and 23 hours for spruce veneers, as shown in Figure 23A. It is suf-
ficiently maintained during the planned fungal growth period of 4 weeks. A 3 week period shows a
higher moisture content for hornbeam veneers, which predicts the moisture content to decrease further
towards a 5 week period, but remain above the critical limit. Scattering in the results is primarily caused
by the veneers heterogeneous microstructure, which is similarly observed during veneer 3PB tests.

A large variability in Ef of the wood veneers is observed, as plotted in Figure 23B. Despite the large
standard deviation, the average value of each mycelium overgrown specimen group is taken further to
analyse the DCB testing results. Given the similar Ef values found for overgrown and non-overgrown
hornbeam samples, no distinction is made with regards to their moduli in the DCB specimens that were
not fully overgrown along their length. Finally, the measured Ef for hornbeam represents only one of
the six specimen groups with this substrate, but is nevertheless used to calculate GI of all hornbeam
samples.

5.2.2. Mode I interlaminar fracture toughness
The corrections based on the parameters F and N, as per standard ASTM5528, are not required for
the results of this study [102]. Firstly, the δ/a values at the onset of delamination for all tested speci-
mens are below 0.4, and do not exceed 0.12. This ensures that F remains above 0.97, eliminating the
possibility of significant errors due to a large displacement of the beam. Neither is there a large error
due to stiffening of the arms by the loading blocks, where N always is above 0.95. Consequently, the
data analysis can be proceeded without corrections based on the ASTM standard factors F and N.
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Figure 23: A: Moisture content of hornbeam (HB) and beech (BE) after 46 hours of soaking, and spruce (SP) veneers after 23
hours of soaking, left in DCB specimen growth conditions for 3 or 4 weeks. B: Flexural modulus obtained from 3PB tests on the
veneers. Samples were either tested with or without printed and overgrown G. lucidum (GL). Squares mark the average of 10

measured specimens, and error bars reflect their standard deviation.

Very low values arise for GI using the analytical method presented in equation 4.3, limiting the data
evaluation. It causes the virtual crack length, calculated using MBT with equation 4.4, to exceed the
crack lengths physically possible if evaluated for the complete DCB test. A typical and representative
case is presented in Figure 24, where GI is determined from the maximum load point in the P versus δ
curve onwards. If the crack length obtained from the MBT is only evaluated in the physical reachable
range, a stable value for GI with respect to a is found. However, this MBT method leaves only one
third of the tested samples for analysis, as for the other two thirds the calculated crack length already
exceeded the physical reachable range at the peak load. Hence in order to well compare specimen
groups it is decided to determine the GI of all samples at the onset of delamination.

Figure 24: Force P versus deflection δ (A) and interlaminar fracture toughness GI versus virtual crack length a (B) for one
specimen. The virtual crack length overwrites the physically available crack length of 149 mm, marked by a transition from

green to red.

The delamination onset GI is evaluated for all except a few specimens. Those with insufficient
mycelium growth or a non-perfect removal of the network between the growth stopper and the veneer
are disregarded, as this caused either the DCB testing to not exceed 0.2 mm of crosshead displace-
ment, or an extraordinary large peak load to occur, respectively. Subsequently, the first 100 data points
from the peak load onwards are considered, to limit sensitivity to outliers and variations in the data. This
corresponds to 0.17 mm of crosshead displacement. Obtained values for GI are presented in Figure
25.
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All GI values obtained for hornbeam are higher than those for beech and spruce samples, and on the
order of 1 J/m2. The calculated values show much scattering, hence conclusions should be carefully
drawn. Firstly, the GI values measured for hornbeam at 3-5 weeks with 10% ME in Figure 25A suggest
that 3 weeks are not sufficient for mycelium binding, after which its GI becomes more stable from 4
weeks onwards, around 1.5 J/m2 on average. Here maximally a toughness of 2.70 J/m2 is reached,
which is only increased to 2.83 J/m2 for 5 weeks of growth. When varying the ME concentration with
4 weeks of growth in Figure 25B, the highest value is actually yielded when the mycelium grows from
5% ME ink, with an average value of 1.87 J/m2 and maximum of 3.46 J/m2. In contrast, growing the
fungus on thinner wood veneers of beech and spruce in Figure 25C lowers the GI to below 1 J/m2 for
beech, and even below 0.1 J/m2 for spruce. The strongest beech sample had a toughness of 1.17
J/m2. The last two veneer species, together with the 3 weeks growth on hornbeam specimens, show
less scattering in their results.

Figure 25: GI obtained at the onset of delamination plotted as a function of hydrogel ME content (A), growth time (B), and for
different substrates considered: hornbeam (HB), beech (BE), and spruce (SP) (C). The highest values per group are encircled,

and a horizontal bar represents the average per group.
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5.2.3. Interface and failure modes
The fracture surfaces are evaluated upon five criteria that appeared to vary across samples:

• Bridging ink: yes (BI) or no (NBI).
• Ink failure mode: cohesive (IC) or adhesive (IA)
• Mycelium growth: limited to the sample surface (G-), showing more aerial hyphae (G), or a dense
aerial hyphea network (G+).

• Pigmentation: no (NB) or brown (B)
• Mycelium failure mode: cohesive (MC) or adhesive (MA)

The interfaces of the specimens that gave the the highest and lowest value for GI per batch of samples
were analysed, of which their evaluation is presented in Table 5.2. A few criteria can be recognised on
the fracture surfaces of the few samples presented in Figure 26.

Specimen GI Surface

HB, ME 10%, 4 weeks, P Low G-, BI partially, IA IC, NB, MC
High G, BI, IC IA at sides, B, MC

HB, ME 0%, 4 weeks Low G, BI front not back, IC, B, MC
High G+, BI, IC IA back, B-, MC

HB, ME 5%, 4 weeks Low G, BI partially, IC if IB, B-, MC
High G+, BI, IC IA, NB, MC

HB, ME 10%, 3 weeks Low G-, BI front not back, IC, NB, MC
High G, BI front not back, IC, NB, MC

HB, ME 10%, 4 weeks Low G-, BI-, IC, B, MC
High G+, BI, IC IA, B, MC

HB, ME 10%, 5 weeks Low G, BI only middle, IC, B, MC
High G+, BI, IA, B, MC

HB, ME 15%, 4 weeks Low G-, BI, IC, NB, MC
High G+, BI, IC bit IA, B, MC

BE, ME 10%, 4 weeks Low G-, BI, IC bit IA, B-, MC
High G/G-, BI, IC bit IA, B-, MC

SP, ME 10%, 4 weeks Low G–, BI, IC IA opposite sides, NB, MC
High G-, BI, IA, B, MC

Table 5.2: Optical evaluation of the fracture surfaces of all specimen groups according to the criteria described in this section.
For each group the specimens with highest and lowest apparent GI were evaluated.

Figure 26: Fracture surfaces of different DCB specimens, displaying several of the evaluation criteria.

Themycelium growth varied significantly among specimens within the same group, which was corre-
lated to the measured GI. In each group, higher GI fracture surfaces exhibited stronger growth on both
the top and bottom veneers compared to the lowest measured GI sample, which relied on successful
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ink bridging. Such bridging was not achieved for all veneer duos across the complete specimen length.
If the ink did not cross the 1 mm gap, the mycelium growth was either robust on only one surface, or
almost absent. However, successful ink bridging did not always cause robust growth, as shown in Fig-
ure 26C. The veneer’s surface was for all specimen arms, except for the spruce specimens, covered
by surface mycelium and aerial mycelium. There were no observations of mycelium film development
at the surface, and no cases of adhesive failure of the mycelium that crossed the gap between veneers.
Networks grown closer to the inks sometimes exhibited brown pigmentation, unrelated to the measured
GI values.

The ink itself also exhibited different failure modes, which was not related to differences in GI be-
tween specimens. Single specimens exhibited both cohesive and adhesive ink failure. Its limited
contribution to GI is clear from the specimens with little growth that show low GI values.

5.2.4. Discussion
Flexural testing
The variability in Exx is most likely a result of different amounts of earlywood and latewood regions in
the veneers, as no large specimen deformations were observed. Earlywood is of lower density than
latewood, hence a relative difference in their presence will have caused a different stiffness to be mea-
sured. This induces an uncertainty in the DCB testing results, as their presence was not accounted for
in DCB substrate material selection. Another, though limited, uncertainty is introduced by the limited
testing of hornbeam veneers.

Of the hornbeam specimens tested in DCB only one of the six groups was represented in the flexu-
ral tests, where their Ef is estimated to be sufficiently similar for two reasons. First, a prolonged growth
time from 3 to 4 weeks only dropped the moisture content in the veneer with 4% in the developed
growth environment, as shown in Figure 23A. This indicates that a change in growth time will not cause
a large change in the hornbeam’s Ef, as Ef is more dependent on the wood’s structure and density.
Furthermore, little effect of the printed ink and overgrowing mycelium was observed on Ef, as shown
in Figure 23B, hence changing the sugar content is estimated to not largely influence Ef.

DCB setup sensitivity and specimen variability
Strong mycelium growth across the gap between veneers was reliant on ink bridging, which was not
constant throughout the samples. This could have been caused by slight bending of some veneers
during soaking, causing the print to fall short of its intended height or the gap size between veneers
to be increased. Alternatively, the specimens with no ink bridging could have been of lower moisture
content, causing the arms to absorb more of the printed ink. Regardless of the explanation, a limited
ink bridging clearly showed to influence the mycelium growth distribution, as already shown in Figure
26A and B. Successful ink bridging however did not necessarily facilitate strong mycelium growth, as
shown for the interface presented in Figure 26C.

This difference in growth within specimen groups could be attributed to different causes. Firstly, in
instances, a group of four specimens in the same container could show below average growth. Hence
even though efforts were put in the creation of perfectly similar micro-environments, this might not have
been optimally achieved. Most often, however, the overall growth within single containers was similar,
and could not explain the variation in GI. This could have been caused by the varying growth along
single specimens’ lengths, due to either a variation in print deposition due to veneer deformation, or
an inhomogeneous distribution of hyphae in the inoculating ink. The latter could especially explain the
large variation in the 0% ME samples. An example of such inhomogeneous growth is shown in Figure
27A, where it should also be noted that every individual organism per specimen is always prone to
biological variability. Lastly, the differences in Parafilm wrapping and wood veneer moisture content
or chemical composition could have been of influence, although not likely to be accountable for the
observed substantial growth variations.
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Figure 27: A: Growth variation across one of the hornbeam samples with 10% ME inks and mycelium grown for 4 weeks. B
and C: both robust and less overgrown samples show surface mycelium and aerial mycelium.

The variability in growth across specimen groups over time could potentially be attributed to varia-
tions in the inoculated fungus’ age. This is especially noteworthy as literature suggests beech wood to
support better mycelium growth than hornbeam, which contradicts the findings in this study [103]. The
fungus for beech and spruce specimens was taken from a different petri dish for hornbeam samples,
that was stored in the fridge for 3 additional weeks. It overgrew the ink but formed a less coherent film,
implying a potential lower metabolism and therefore limited growth activity. This observation should not
be disregarded during the comparison of substrate materials. Fortunately, never was a lower degree
of growth caused by contamination, which was evaluated for under a stereomicroscope.

Microscopy after testing did reveal various degrees of mycelium colouration on the fracture surfaces,
which was not related to specimen’s GI. In mycology, it is generally understood that pigmentation oc-
curs in fungi when these reach a more mature state of growth. This is in agreement with literature
on Ganoderma species, which are reported to contain brown-tinted skeletal and binding hyphae in
their basidiospores [117]. In the current work, the pigmented mycelium appeared only on the inks and
looked more like compact mycelium tissues, which also appeared on the outside of wrapped samples.
Even though these small areas of different mycelium structure had development, these did not induce
a different crack-resistant behaviour.

Next to the clear relation between apparent growth and measured GI, the large variation in its
measurements in the DCB tests could be caused by several other sources of inconsistency that exist
in the tested specimens. These should not be overlooked, and will be discussed shortly for the degree
of error caused:

• Mismatching veneer width, or veneer misalignment - Both were minimised by choosing ve-
neer duos that could stack with the least amount of misalignment. The maximum misalignment
observed was 1 mm, which could cause an underestimation of GI from 2 to 7.5%. It did however
not show to relate to specimens with lower GI.

• Twisted loading block - It never increased the beam arm length more than 1 mm. Using the
formula for max deflection of a single-sided clamped beam:

δmax =
PL3

3EI
(5.1)

with a force of 1 N and the previously determined veneers’ stiffness and thickness shows that a
twisting of 1 mm would maximally cause a difference of 3% in arm deflections. Hence the error
introduced by load block twisting is small and not considered in this study.

• Wood flexural modulus - The measured Ef showed a maximum standard deviation of 23%,
which could cause an over- or underestimation of the calculated GI with 10%. Furthermore, the
load arm length in the DCB tests yields a different span to thickness ratio than the 3PB tests.
In contrast to a ratio of 24 in 3PB, in DCB this becomes 26 for the 3 mm veneer and 16 for
the 5 mm veneer, at the smallest crack length of 39 mm. Decreasing the span to thickness
ratio decreases the apparent Ef, due to a higher degree of shear deformations [118]. Hence
this discrepancy between 3PB and DCB could cause an under- or overestimation of GI in the
presented calculations, depending on the propagated crack length. However, as the lowest ratio
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during DCB of 16 is still higher than the 14 recommended to limit shear deformations in wood
flexural testing, the variance induced is estimated to be negligible.

• Prior adhesive shear - The sensitive specimens were occasionally subjected to small shear
loads due to specimen preparation. Despite efforts to keep this limited, it could have induced
damage in the mycelium network and therefore underestimation of GI in the DCB tests.

Given that the growth observations are related to GI measurements, it can be argued that the en-
circled maximum values in Figure 25 are not outliers, but the strongest achievable mycelium in those
growth conditions. These values do not alter the observed trends, except for the 0% ME group. It had
one extraordinary strong specimen due to inhomogeneous mycelium distribution in the ink. Neverthe-
less, and despite all potential causes of inaccuracies, the overall results portray a somewhat stabili-
sation in toughness between 3 and 4 weeks of mycelium growth. Given 4 weeks, the optimal ink ME
concentration lies between 0 and 10%. It should be noted that the 4 weeks and 5% ME concentration
do not per se present the optimal combination of both parameters, which future work could experiment
with. Lastly, where spruce samples were weak, beech samples could reach a GI of 1.1 J/m2, despite
the group’s overall poor growth. This sample’s fracture surface shows more growth at the loading site
than on the rest of the sample, which could explain these results.

Regardless of the growth variability the mycelium always showed cohesive failure, as already de-
scribed in subsection 5.2.3. This was recognised by the observation of gap crossing hyphae in between
all samples’ veneers before testing, and mycelium covering all fracture surfaces. These hyphae types
can be compared to the mycelium variations developed during solid state fermentation, where surface,
biofilm, penetrative, and aerial hyphae can be recognised [119]. On DCB samples no biofilms are de-
veloped, but surface and aerial hyphae appear in different degrees, as shown in Figure 27B and C. It
can therefore be hypothesised that the overall network of these hyphae types together binds well to
the veneer surface, and the measured GI reflects the failure of the crossing aerial hyphae.

DCB data analysis
The obtained values for GI allow a re-evaluation of the ASTM criteria for thicker DCB specimens. The
veneer’s stiffness and final measured mycelium GI left the specimens’ thickness and initial crack length
in line with the standard, confirming the specimen design’s success. Hence no disturbances in the data
evaluation are caused by the large displacement of specimen arms, which was already confirmed by
the calculated values for correction factor F. The limited displacement due to the veneer’s stiffness did
increase the adhesive mycelium’s bridging length, the region along which it is loaded in tension.

The large bridging length due to the veneer’s stiffness explains the large virtual crack length obtained
with the MBT method, limiting its applicability. Namely, the calculations assume clamped boundary con-
ditions, and incorporate the process zone in front of the crack tip into the crack length. This zone is
not measured in standard DCB measurements, where a is optically determined. The limited specimen
number available for analysis with the MBT method hence shows unstable fracture behaviour, where
the mycelium is so weak that the crack rapidly propagates through the complete specimen. This was
slower for the thinner beams, which deflected more upon the same load and hence induced slower
crack propagation. Therefore, either a longer specimen length or thinner specimen beam could allow
a more stable measurement of GI, and limit potential edge effects on the long end of the specimen,
which were not accounted for in the current analysis. Growth around this edge was observed to aid the
specimen in holding their own weight, to which it was vulnerable in the DCB tests.

In several specimens, a kink in the crack propagation curve reveals a sudden inability of themycelium
to carry the weight of the bottom specimen arm, marking the sample and data interpretation’s vulner-
ability. The kink resembles a change in the bottom veneer’s condition from tensile loading to leaning
on the bottom clamp. The discontinuity could not clearly be tracked in all specimens, and for some the
bottom arm had never been lifted at all. This limits a discussion on the influence of the sample weight
on the obtained results, and suggests future work to limit the test setup’s sensitivity to the specimen’s
weight. Furthermore, it informs that if other potential data analysis methods were to be used, such as
load-curve fitting, these should be limited to a load range in which no arm dropping occurs.
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DCB results and literature
The degree of mycelium growth from the inks on the veneers over time agrees with literature. Growth
from the hydrogel is best compared to the work of Gantenbein et al. (2023), where the mycelium grown
on grids increased in biomass up until 10 days, after which it stabilised due to nutrient depletion [1].
Contrarily, this time period could not yet facilitate fungal adherence between veneers in the current
study. The continued growth and increase in veneer binding after 21 days suggests the fungus to
continue its growth by digesting the veneer substrate material. This agrees with the work of Sun et al.
(2020), who evaluated the mass loss of birch veneers soaked in 2% corn steep liquor after different
duration of T versicolor incubation [98]. Their discrepancy between an increasing fungal biomass after
4 days and a veneer mass loss starting after 10 days, indicated the degradation of the veneer to only
start after sugar depletion, similar to the observations in this study.

The influence of the absolute amount of provided sugars to the mycelium’s mechanical behaviour
is harder to various other studies, due to the large variability of nutrients studied. Again the work of
Gantenbein et al. (2023) can be considered, who found an overgrown grid stiffness of 23 kPa at 5%
and 26 kPa at 10% ME concentration compared to 5 kPa at 0% and 13 kPa at 15% [1]. Hence almost
in agreement with the strongest mycelium found at 5% ME in this study. A stronger network at lower
sugar concentrations however is in agreement with the work of Haneef et al. (2017), who show a 2-fold
higher stiffness for G. lucidum mycelium films developed on growth media with less easy sugars [120].
This could be attributed to the fungus’ increased chitin production as response to harder to penetrate
nutritious media, the component responsible for the stiffness of its cell walls. Their cell walls further-
more showed a lower content of proteic and lipids, that are hypothesised to act as plasticisers. Even
though their results are preliminary and based on FTIR measurements, it could be hypothesised that
in the current work a stiffer mycelium network developed at 5% ME while digesting the wood. During
DCB testing this would increase the measured fracture toughness.

Where no literature reports on the fracture toughness of purely living or dead mycelium grown in
MBC, a comparison to tensile measurements provides a confirmation of the accuracy of the procedures
employed. We assume the average peak load across all DCB samples in this study, 1.5 N, to have
debonded the entire adhesive area of 110x25 mm. This is a conservative approximation, but plausi-
ble given the weak matrix and the beam’s stiffness. Consequently, a peak stress of 0.55 kPa causes
failure. Non-compressed composites loaded in tension for Appels et al. (2019) have peak loads of
0.015 MPa, which is approximately a factor 30 higher than our results [42]. However, for some of the
stronger specimens in this study, the deviation is only a factor 10. This seems reasonable, as their
stress distribution is less concentrated, their mycelium could internally experience more complex load-
ing conditions including shear, and their fibres could also contribute to the strength of the composite. A
similar comparison can be made to internal bond strength (IB) measurements.

Given that IB measurements are tensile tests parallel to a compressed composite’s surface, the
same reasoning as above can be applied. Elsacker et al. (2021) obtained strengths of 0.007 MPa for
mycelium hemp composites hot pressed at 70°C [85]. Once dehydrated, further increasing the press-
ing temperature from 160 to 200 °C showed the IB to increase from 0.05 to 0.18 MPa in the work of
Liu et al. (2019) [22]. This indicates that high temperature induced chemical reactions enhance the
mycelium binding potential. Water immersion prior to heat pressing even further increased IB to 0.34
MPa [90]. Contrarily, hot-pressed wood mycelium panels of Sun et al. (2019) were too weak to be
tested without the addition of cellulose nanofibrils as an extra binder, showing the versatility of MBC
across studies [91]. However, with the inclusion of 7.5% binder their IB reached 0.06 MPa. Thus, while
the results of Liu and co-authors were orders of magnitude higher, the values reported by Elsacker et
al. (2021) were only a factor of 10 higher than the peak stresses of this study [22, 90, 85]. This further
confirms the validity of the reported results, where the lower values could be attributed to either pure
mode I loading or the hydrolysed state of the material.

The measured GI values for the mycelium network are orders of magnitude lower than synthetic
materials. Common acrylic based adhesives used in regular composites have a fracture toughness of
about three orders of magnitude higher [121, 122], where even more comparable materials such as
PDMS have a fracture toughness of one to two orders of magnitude higher [123, 124]. This observa-
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tion should inspire future MBC designers to develop alternative approaches to improve the composite’s
mechanical properties, which do not strongly rely on a high mycelium GI.

5.2.5. Summary of the DCB testing
A DCB testing setup was built that allowed the quantification of GI of a living mycelium network grown
between lignocellulosic substrate materials. The use of wood veneers inoculated with a mycelium-
laden hydrogel as specimen arms created sufficiently stable specimens, but displayed much variability
in the degree of mycelium growth. This caused a large variation in test results, where the robustness
of growth was strongly related to GI values. GI was calculated based on an analytical approach that re-
lied on the decrease in specimen arm compliance. This method could solely be applied at the onset of
delamination due to the mycelium’s unstable fracture behaviour, but allowed the identification of trends
within the parameter sweeps of this study.

The low binding ability of the fungus showed to depend on its growth time and supplied nutrients. A
growth period somewhere in between 3 and 4 weeks was sufficient to stabilise the maximum binding
ability of mycelium grown from 10% ME ink, with a GI of around 1.5 J/m2 from 4 weeks onwards. The
best overgrown sample at 4 weeks showed a GI of 2.70 J/m2. With this growth time, supplying the
fungus a ME concentration of 5% in the ink created the strongest adhesion, with an average GI of 1.83
J/m2. The best overgrown specimen even reported a GI of 3.46 J/m2. Hence the optimal value lays
somewhere between 0 and 10% ME concentration, which could be a result of the enhanced stiffness
of hyphae growing on less simple sugars. Furthermore, where all specimens show cohesive failure
of aerial mycelium, the hypothesis is that the measured GI results from the cohesive aerial mycelium.
The surface is bound well by surface hyphae, which was less prominent on beech and spruce samples.

The level of GI for hornbeam veneers was not reached on beech and spruce specimens. Due to their
lower thickness, this lower toughness could have resulted from either the higher beam compliance and
therefore smaller adhesive loading area, or the older fungus from a different plate used for inoculation
that likely resulted in limited mycelium growth. A stronger binding on beech than spruce does suggest
a more important role of the substrate chemistry than its density. An absence of GI measurements on
mycelium networks in literature limits an evaluation of the success of the employed method.

In comparison to IB measurements on heat-treated and heat-pressed MBC, the loads reachable
are an order of magnitude lower, which could be attributed to either the pure mode I loading condition
or the hydrolysed state of the fragile living mycelium network grown. Nonetheless, the presented ex-
periments display that the ink developed by Gantenbein et al. (2023) can be employed to inoculate
lignocellulosic substrate materials, and allow an adhering mycelium network to grow [1].

5.3. Interface evaluation
5.3.1. Optical microscopy
In all evaluated veneer slices four typical features appear, that are used to identify differences between
specimens. Astra blue staining appears at specific regions, as highlighted in a typical slice obtained
at the front of a 0% ME veneer in Figure 28. The occurrence of surface staining, ray staining, stained
regions, and vessel pit staining by astra blue was evaluated for the ME concentration parameter sweep.
This evaluation is summarised in Table 5.3, where of each cut location a representative slice is pictured
in Appendix C. In this appendix also a slice of non-degraded and heavily degraded veneer is presented,
to proof the created contrast by fungal degradation.

Comparing the optical images to the ME parameter sweep, no obvious correlation can be deter-
mined, where all samples show heavily stained ray regions around stained vessels. All show a blue
surface staining on the order of 10 µm, which reaches beyond 50µm in case ray cells are present at
the surface. Most, except for one slice of the 5% ME and one slice of the 15% ME specimen show
regions of darkly stained rays. Their location is not limited to the upper side of the veneer, as they
occur at heights in the slices. Their position is however related to that of the heavily stained vessel pits,
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with vessels crossing horizontally. Whether these stained regions result from solely the presence of
digestive enzymes or really correlate with hyphae penetration should be confirmed by SEM.

Figure 28: Optical microscopy images on a 0% ME veneer slice, displaying four typical features.

ME concentration Feature Observation

0

Surface 15-80 µm
Rays Y in A
Regions Y in A
Pits Y in A

5

Surface 12-100 µm
Rays Y in M and B
Regions Y in M and B
Pits Y in M and B

10

Surface 21-50 µm
Rays Y in A
Regions Y in A
Pits Y in A

15

Surface 12-86 µm
Rays Y in F and B
Regions Y in F and B
Pits Y in F and B

Table 5.3: Evaluation of optical microscopy images of Group 2 for the depth of surface staining, and the identification of ray
bundle staining, stained regions, and pit staining. The latter three were either present (Y) or absent (N), in all (A) or solely the

front (F), middle (M), or back (B) cut location.

5.3.2. SEM
The mycelium on top of the samples captured by SEM shows varying structures, which serve as a
reference for hyphae identification through the specimen. Namely, variations in thickness could result
from either the fixation method, image acquirement, or actual thickness of the hyphae. This limits the
identification of hyphae based on the thicknesses reported in literature. The hyphae diameters on the
veneers’ surfaces range from 0.5 to 3 µm. They appear either in a branched or more isolated form,
where these morphologies do not differ when growing from inks containing 0% to 15%ME, as displayed
in Figure 29. Both morphologies are also observed at further depths in the overgrown veneers.

The images of all four specimens are evaluated without a categorisation according to set criteria:
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• 0% ME - The occurrence of hyphae is related to the presence of vessels. These are only visible
deeper in the sample, where in and around some vessels, but not all, hyphal growth is observed.
These hyphae are on the thicker end of the width range earlier described, show slight branching,
but no network formation. Such hyphae can be seen in Figure 30A. Across most of the specimen
no vessels are present, and no hyphae are observed.

• 5% ME - Similar hyphal growth as the 0% ME samples. Near some but not all vessel elements
hyphae grew in little branching form, visible through the complete depth of the specimen. One
thin hyphae network is observed 1 mm from the bottom of the sample, inside a ray cell. In the top
1 mm of the sample growth is observed to also occur in between and onto fibres.

• 10% ME - Again, few µm thick hyphae are visible all throughout the depth of the specimen with
limited branching, in the nearby occurrence of almost all vessel elements. Vessel pit penetration
can be observed.

• 15% ME - Samples show a different mycelium morphology than observed in the other three ME
concentrations. At all depths in the specimen thin hyphae branched to form mycelium networks
inside almost all vessel elements, as shown in Figure 30B. 10 µm long balloon like structures ap-
pear in the networks. Vessel pit penetration is observed. Also µm thick hyphae with little branches
are present all throughout the depth.

Figure 29: SEM images of mycelium grown on top of DCB samples. Mycelium morphology does not vary much when provided
either 0% (A) or 15% (B) ME in the ink, with hyphae diameters varying between 0.5 and 3µm.

Figure 30: SEM images of the DCB samples’ cross section. Mycelium grown inside showed thicker hyphae with less
branching for lower nutrient concentrations (A), and thinner hyphae with more branching for higher nutrient concentrations (B).
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Finally, the observations on beech and spruce samples are described below:

• Beech - Regularly, 10 µm balloon like structures appear on the hyphae. Few µm thick hyphae
with little branching grew through vessels. Both cell wall and pit penetration were clearly identified,
as shown in Figure 31. Hyphae were visible all throughout the depth of the specimen.

• Spruce - Little mycelium is identified in the veneer at any depth, neither at its top surface. A few
exceptional cases of a few µm thick non-branching hyphae growing inside ray cells are visible,
as displayed in Figure 31.

Figure 31: SEM images of mycelium grown inside beech (A) and spruce (B) veneer. Hyphae were more prominently present in
beech samples, where furthermore cell wall and pit penetration was clearly visible.

5.3.3. FTIR
Where microscopy did not show a trend in veneer’s lignin degradation when inoculated with varying ME
concentrations, FTIR was used for a quicker and more quantitative evaluation on the substrate’s top
surface. A qualitative comparison of the spectra taken from the DCB samples does not show a clear
trend in peak occurrences when changing the ME concentration in the inoculum. Peaks at 1504 cm-1

are slightly more prominent in the spectra of 0% and 15% ME concentration, as shown in Figure 32. It
appears as a kink, or shoulder, which is slightly more evident in those two samples. The other lignin
peak at 1594 cm-1 also emerges as a kink, which sticks out a bit more for the 15% ME sample. Finally,
the peak at 1646 cm-1 is evidently present in all samples with the same shape. Its intensity cannot
directly be compared as the spectra were not corrected and/or normalised. Hence a more appropriate
evaluation could be done based on the relative peak intensities.

The relative peak intensities are almost the same for all DCB samples, indicating the same degree of
lignin degradation at the sample surface. For all DCB samples I1504/I1646 is around 0.45, and I1594/I1646
around 0.64, as plotted in Figure 33A. This is substantially lower for the ratios found for non-degraded
veneer, that are 1.06 and 1.21 for I1504/I1646 and I1594/I1646, respectively. Hence the same trend for all
DCB specimens confirms a substantial lignin degradation at the samples’ surfaces. Their ratios are
closer to but still lower than those of pure mycelium, which are 0.56 and 0.78. The surface mycelium
is also taken into the DCB sample measurement, and hence contributes to the lower peak intensity
ratios found. A small contribution to this lowering could have also been caused by the lowest ratios are
found for the ink, which are 0.31 and 0.60 for I1504/I1646 and I1594/I1646. The individual roles played by
the wood, mycelium, and ink, become apparent from their individual spectra, as plotted in Figure 33B.
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Figure 32: FTIR spectra of bottom DCB arms, that were inoculated with varying malt extract (ME) concentration. The overall
spectra with numbers from 4000-700 cm-1 (A) and fingerprint region around 1800-800 cm-1 (B) are presented.

Figure 33: A: Peak intensity ratios at lignin specific wavenumbers. Ratios are plotted for DCB samples inoculated with varying
malt extract (ME) concentrations, non-degraded hornbeam veneer, pure mycelium, and pure ink spectra. B: FTIR spectra for
wavenumbers from 1800-800 cm-1 for ink, mycelium, and hornbeam veneer separately. Individual spectra for plot B were

baseline corrected and normalised with respect to the highest peak intensity.

5.3.4. Discussion
Microtomy and staining
Optical microscopy on stained veneer slices did not identify fungal digestion or penetration as presented
in literature. The resolution of the images did not allow identification of single hyphae or mycelium net-
works growing into the wood as shown by Lehringer et al. (2010) [100] in Figure 9C. Neither could
microstructural changes induced by fungal digestion, such as cell wall or pit membrane degradation,
be clearly identified at any depth. Lehringer et al.’s (2010) clearer images and red-blue contrast could
resuls from more lab experience and longer growth times [100]. Furthermore, they evaluated the soft-
wood Norwegian Spruce, where the generally higher lignin content in softwoods compared to hard-
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woods could have resulted in higher contrast, given sufficient degradation has taken place [53]. The
work of Srebotnik et al. (1994) on hardwood did also show delignification to start at the rays, in agree-
ment with the observations in this study [99]. They were able to display an increase in the area of blue
stained regions upon longer periods of fungal degradation, hence it was expected that the staining in
the current study would mark more heavily stained regions from the mycelium-interface downwards.

A strongly stained region was present at the top of each specimen, while deeper staining appeared
to originate from vessel cells. It is worth noting that the top region was only a few microns thick and
therefore sensitive to damage induced by cutting. Furthermore, it did not show a gradual decrease in
intensity throughout the sample’s depth. Instead, each specimen showed regions of heavily stained
ray cells around the horizontal paths marked by heavily stained vessel pits. These regions were more
clearly visible in radial than tangential cuts, and could be a result of early-wood and late-wood regions.
Their random locations suggest that the vessels provide a pathway for the fungus and/or its digestive
enzymes to grow into and digest the hornbeam veneers all throughout its 5 mm depth. This hypothesis
can be confirmed with literature on fungal wood degradation.

Similar white-rot fungal growth and degradation strategies have been observed in literature. Hyphae
travel across paths of least resistance, and perform their degradation from the cell lumen outwards [54].
Where some white-rot perform heavy degradation while leaving the vessel elements almost undigested,
others start proceeding their degradation from the most porous regions outwards. Hence fibres are
solely degraded in the near viscinity of vessels and rays, as is apparent in this study’s images. The
blue could either mark the delignification of the middle lamella around these porous regions, or the
degradation of the inner wall of the cell lumina. For G. lucidum, generally reported to be a selective
fungus, this in agreement with the relatively high lignin content of the vessel cell wall.

The obtained slices do not facilitate a further quantitative image analysis for two reasons. Firstly,
the degree of staining per slide depended on the cutted plane, whereas the orientation of the veneer’s
microstructure was not controlled throughout the specimen production. Especially the orientation of
rays induced a large difference between slices as can be understood from images of non-degraded
veneers as shown in Figure 34. Secondly, a transverse slice on a heavily degraded sample as dis-
played in Figure 35 shows the sensitivity of the cutting location to earlywood and latewood regions,
where the first are more porous and heavily stained. This could make the slice location unrepresenta-
tive for the complete specimen, where three cutting locations do not suffice to account for this variability.

Figure 34: Tangential (A) and radial (B) slices of non-degraded hornbeam veneer. Rays appear in bundles in tangential slices,
whereas in radial slices they appear in their length.

On single images, it cannot be concluded whether the astra blue staining is marking hyphae, or
solely their excreted lignin degrading enzymes. Namely, literature highlights that low molecular weight
(LMW) metabolites can penetrate into cell walls and catalyse depolymerisation of cell wall components
[57]. Hence this could potentially induce lignin degradation that marks blue, without an actual presence
of hyphae. Therefore, whether indeed the hyphae of G. lucidum have penetrated the veneer fully and
used it as interlocking mechanism, or whether the apparent degradation is solely a result of the inner
diffusion of digestive enzymes, should be confirmed with SEM in the following subsubsection.
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Figure 35: A transverse section of a heavily overgrown hornbeam veneer. White dashed lines indicate the typical slice location
taken for microscopy imaging.

The correlations between staining observations and fungal growth and/or digestion on DCB spec-
imens were established by comparing them with one undigested wood veneer that showed minimal
staining. It is thereby assumed that there is no variation in staining caused by prior degradation by
microorganisms across the batch of veneers used. Furthermore, that there are no inherent regions of
relatively lower lignin content in the veneers, as for example known to appear in tension woods that
develop in hardwoods growing on inclined surfaces [125]. However, given that the woods have been
transferred and grown by professionals for commercial purposes, both are valid assumption.

SEM
The SEM observations are in line with the robust staining of vessel elements, vessel pits, and their sur-
roundings. Namely, in all samples thick hyphae were observed to grow inside vessel elements across
the specimen depth, and occassionaly penetrate their cell wall pits. In contrast, the strong staining of
rays around these vessel elements could not be related to fungal growth in SEM observations. This
could however be a consequence of the cutting methods.

The observations in SEM are limited due to the single cross section evaluated for each group of
specimens and the little appearance of fibre and ray lumen. The first makes the conclusions drawn
sensitive to the heterogeneous structure of the wood, where again fungal penetration might differ for
early- and latewood regions. Furthermore, the cuts induced by the craft knife seemed to not open
wood fibre and ray cells along their lengths. Likely, the wood deformed such that the cuts were made
in between cells instead. Furthermore, this effect was enlarged by the non-parallel orientation of ray
cells with the cut direction, where only the cell’s cross section and parts of its sides were visible. This
limits the observations of any hyphae that have grown within their lumen. It especially applies to the
spruce specimen, where the limited growth observed either resulted from actual poor growth, or the
absence of vessels in the softwood. The morphology of the other hyphae could however be compared
with literature observations.

The SEM observations are in agreement with the growth strategies described in the work of Gan-
tenbein et al. (2023) [1]. In their work, when an excess of nutrient is present, the mycelium displays
an exploitation growth strategy in which it progresses slowly and forms highly branched hyphae. In the
opposite case, with little nutrients present, the hyphae advance faster and show little branching. Even
though this case is more typically applied to the fungi’s growth strategy in surfaces without obstacles,
the observations in SEM are in agreement with this description. Namely, branched hyphae networks
seemed to occur solely inside the wood vessels in veneers overgrown in highly nutritious environments
or inoculated with 15% ME ink. Their growth speed was on the other hand harder to compare.

The origin of individual hyphae could not be retrieved, limiting an assessment of their depth and
speed of penetration, and a comparison thereof to literature. The heterogeneous wood structure and
2D imaging did not allow tracing of the fungus along the wood cells. However, the occurrence of hyphae
across the full depths of all specimens suggests their penetration depth to be at least 2.5 mm for horn-
beam and 1.5 mm for beech. This is half the specimen thickness, as the non-tight coverage of Parafilm
allowed the fungus to also overgrow the specimen’s bottom. Here it is assumed that penetration from
the top and bottom surface is faster than penetration from the sides, of which the validity might vary
with respect to the wood rings’ orientation in the veneer. Nevertheless, this penetration depth would
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correspond to a hyphal penetration speed of at least 0.09 mm in depth per day. Hyphal growth rates
in literature range from 40 µm per day in wood cell lumen [126] to 0.7 mm per day across air [1], and
even 7 mm per day on MEA plates [32]. Hence it is unlikely that speeds of 0.09 mm per day could be
reached from the interface downwards across many cell walls. A more acceptable hypothesis would
be that the hyphae entered a vessel at the mycelium-wood interface, and used that as a fast pathway
to move downwards into the hardwood veneers.

The limited hyphae penetration in spruce could both originate from more difficult penetration path-
ways or an incompatibility between the spruce and G. lucidum. Namely, in contrast to the ±90 µm
diameter vessels, the tracheids have a smaller diameter of ±30 µm. Even though their lumen provide
sufficient space for the hyphae to pass, their cell walls and pits could have been more resilient to fungal
penetration. Furthermore, where literature reports G. lucidum to grow mycelium with similar growth
rates on all species of wood evaluated, it could be that the current environment, substrate, and fungi
combination did not allow the fungus to well degrade and thereby grow on spruce [103, 127]. This
could have also resulted form a different lignin chemical structure, as already highlighted in subsection
2.1.2.

FTIR
A general understanding of lignin’s chemical structure explains what was captured by the chosen peaks
in FTIR. Lignin’s highly complex structure is build up of three coniferyl alcohol units, bound by ether
bonds, as presented in Figure 36. 2 Fungi perform an oxidative attack on lignin’s side-chains, which
increases the amount of conjugated carbonyl groups [129]. The cleavage of primarily the α-β carbon
bonds creates more aldehydes and carboxylic acids [130]. Furthermore, as fungal decay progresses,
the oxidative extracellular enzymes oxidise lignin’s phenyl rings by one-electron abstraction, which fur-
ther elevate the amount of conjugated carbonyl groups [47]. Their C=O vibrations, in the near proximity
of another double bound, generate the increasing peak intensity at 1646 cm-1. Clearly, the phenolic ring
breakage decreases the peak intensity of the aromatic skeleton vibrations, at both 1504 and 1594 cm-1.

Figure 36: One model of the lignin stucture (A) [131], and its coniferyl subunits (B) [132]. The numbers and letters used to
identify C atoms in their structure are given in green.

The decrease in peak intensity ratio could be concluded to at least result partially from fungal degra-
dation, despite overlap of the different materials’ spectra. FTIR measured wood, mycelium, and poten-
tial traces of ink together, complicating the spectra’s interpretation. Especially the absorbance at 1646
cm-1 that overlaps with an intense ink peak at 1640 cm-1, and also shows a slight peak in mycelium.

2Many models exist for lignin’s molecular structure, where other models can be found in books such as presented by Huang
et al. (2019) [128].
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The mycelium network on the samples in condensed and hence measured, but the several µm pene-
tration depth still reaches the veneer. This is confirmed by the lower relative ratios for DCB samples
than pure mycelium. Furthermore, the ink is not prominent in the DCB spectra, as the gap between
printed ink lines of 2.5 mm is sufficiently larger than the measurement area size of 1.5 mm for it to
not be detected substantially. This is confirmed by the fact that only a small standard deviation in
the DCB sample’s peak intensity ratios was observed. This was larger if the ink was included in the
measurement, appearing in different degrees due to the porous heterogeneous structure of the veneer.

The FTIR analyses in MBC literature show comparable results for lignin degradation by white-rot
fungi, which is a good indicator of its mycelium growth. Both Elsacker et al. (2019) and Rigobello et al.
(2022) report a decrease in the lignin-associated bands in their lignocellulosic fibres, which in the latter
study on G. lucidum was more pronounced than the decrease in cellulose and hemicellulose related
bands [78, 55]. This is in agreement with genomic, transcriptomic, and secretomic analyses on the
digestive enzymes of G. lucidum throughout its growth stages by Zhou et al. (2018) [56]. Their results
indicated that genes of lignin-modifying enzymes were most expressed during its mycelium growth
phase, which went hand-in-hand with their high enzyme activity. In contrast, cellulose and hemicellu-
lose degrading enzymes became more active once the growth of a fruiting body was induced. Hence
literature shows that lignin-degradation analysis as performed in this study serves a good indication
for the interaction of the fungus with the lignocellulosic substrate material. Furthermore, the obtained
results therefore show the ink to serve an inoculation method that generates mycelium growth robust
enough to digest lignin in wooden substrate materials.

5.3.5. Summary of the interface evaluation
Optical microscopy, SEM, and FTIR evaluations of the DCB sample arms were able to capture the
growth behaviour and lignin degradation of/by G. lucidum on the DCB samples. The 3D printing of
mycelium-laden ink as inoculation method shows to be robust enough to grow a mycelium that pene-
trates and digests the veneer substrate material in both hardwood substrates studied.

Regardless of the ME concentration provided, the digestion of lignin on hornbeam veneer’s inocu-
lated surfaces was marked by astra blue staining and confirmed with FTIR measurements to the same
degree. The staining and microscopy method on veneer cross sections marked vessel elements to be
the pathways along which the mycelium digests the wood. Individual hyphae were not be observed,
and the images could not be used for a quantitative analysis due to the difference in staining intensities
for transverse and radial cuts. The hyphal growth through vessels was however confirmed by SEM,
which is in line with the growth strategies observed in white-rot fungal wood decay literature.

SEM showed the mycelium on all specimens grown for 4 weeks, except for spruce, to penetrate the
full depth of veneers with the same morphology. Hence, not only the degree of degradation but also the
depth of fungal penetration was insensitive to the ME concentration provided. Contrarily, the substrate
material type, density, and microstructure is crucial, where spruce did not facilitate fungal penetration.
This wood type either has a higher resistance to degradation byG. lucidum, or provides less penetration
pathways for the fungus regardless of its lower density, for example by the absence of large diameter
vessels. These cell types primarily hosted the hyphae in hardwood substrates, with a hardly branching
morphology and few µm diameter. Hyphae entered the vessels via both pit and cell wall penetration,
where their origin could not be traced. Hence the path and therefore penetration distance of individ-
ual hyphae remains undetermined. Nonetheless, in contrast to literature on MBC, this study is to the
best of our knowledge the first to report on a mycelium’s penetration depth inside the substrate material.



6
Combined discussion

The combined results of DCB testing and interface analysis imply that hyphae penetration and/or lignin
digestion facilitate a mycelium’s binding ability, but that it is the network grown in between veneers
which determines the mycelium’s fracture resistance. The first is confirmed by the inability of hyphae
to penetrate and overgrow spruce in comparison to beech, where also no adhering mycelium network
was formed. Contrarily, the strongest binding sample at 5% ME showed similar degrees of mycelium
digestion and/or penetration during analysis by optical microscopy, SEM, and FTIR, when compared to
the other ME concentration samples. Hence it is plausible that trends in the fracture resistance more so
result from the aerial mycelium network in between veneers, in line with the cohesive mycelium failure
found in fracture surface observations.

It should be disclaimed that this hypothesis partially results from the small-scale interface analy-
sis performed in the current study. The summary thereof in section 5.3.5 is based on observations
obtained from single samples of each specimen group, where SEM analysis was conducted on only
one cross section. Therefore, their results should be considered as a basis for generating hypotheses
rather than conclusive evidence of hyphae penetration pathways. Furthermore, these methods did not
provide a method to quantitatively evaluate the development of the aerial hyphae network.

The presented results could not distinguish between the individual contributions of the aerial hy-
phae density, and/or cell wall mechanical properties on its fracture resistance. As already described in
section 5.2.4, preliminary results in literature suggest the lower ME content to boost the initial mycelium
growth, but not limit the formation of cell wall chitin to provide the hyphae their stiffness [120]. Simulta-
neously, mycelium biomass measurements of Gantenbein et al. (2023) suggest that the intermediate
ME concentrations evaluated give rise to the densest mycelium, which will contribute to its crack resis-
tance [1]. Both factors have likely increased the 5% ME samples mycelium’s fracture toughness.

The highest GI found for 5% ME and the binding ability of mycelium grown from 0% ME ink suggest
that future MBC work can limit the supplement sugar content while reaching optimal mycelium binding.
This is in contrast to the results of Gantenbein et al. (2023), who found less than 0.5% dry mycelium
biomass for 0% ME ink in contrast to 4.5% when grown from 10% ME ink [1]. Similarly, the mycelium
in the current study was only able to overgrow 10% of the 0% ME ink petri dish surface after 12 days.
Hence it appears that the other ingredients in the ink, vivapur, agar, κ-carrageenan, and peptone, do
not facilitate the fungus’ growth, but do allow the transfer of a mycelium that can digest the complex
carbohydrates in lignocellulosic substrate materials and bind them together. This is an important result
for the future development of this bio-based material, limiting its use of nutritious resources.

This work is the first to capture the mycelium’s penetration inside lignocellulosic materials aimed
to use as MBC substrate materials, and furthermore combine it with mechanical testing results. Other
work has solely reported on the appearance of hyphae penetration. It is therefore not possible to com-
pare and contrast the penetration behaviour and binding mechanics to other work.

48



7
Conclusion

The work presented in this thesis comprised the development of a DCB setup based on the ASTM
D5528 standard, to evaluate the interlaminar fracture toughness GI ofG. lucidum grown in between two
wooden substrates. An analytical data procedure was used to quantify its binding behaviour on beech,
spruce, and hornbeam veneers. Inoculation of the lignocellulose by DIW of an optimised mycelium-
laden hydrogel allowed the automation and control of fungal placement, and to vary the additional
nutrients provided from 0% to 15% ME in the ink. After an optical evaluation of the fracture surface,
microscopy on stained cross section slices of the veneers and additional SEM imaging were used to
track the growth and digestive behaviour of the fungus throughout the substrate’s depth. The fungus’
ability to degrade the veneer’s lignin was furthermore confirmed by FTIR measurements. Using these
methods, the research questions presented in section 3.3 can be reflected on.

Testing setup and sample configuration
Research question 1: What are the essential steps in the mycelium-laden ink production procedure of
Gantenbein et al. (2023), to facilitate its use as a 3D printed inoculum in DCB samples [1]?
The mycelium-laden ink developed by Gantenbein et al. (2023) can be replicated in the lab environ-
ment of the Aerospace faculty [1]. The granulating mixing speed of 5,000 rpm is essential for obtaining
a homogeneous ink next to decreasing the agar content from 15% to 3.8%, which facilitate continuous
print lines usable as an inoculum in DCB specimens.

Research question 2: Can a DCB setup be developed and allow the quantification of GI of an ad-
hesive mycelium network between lignocellulosic substrate materials?
Wood veneers can be systematically inoculated with fungal ink, and are robust enough for DCB mea-
surements in the Zwick apparatus at the Aerospace faculty. Loading fixtures cannot be glued but should
be screwed to the beams. The weak adhesion of the porous mycelium matrix only allows an analytical
data evaluation approach which relies on the decrease in beam compliance, to determine GI at the
onset of delamination. It requires additional flexural testing to obtain the elastic modulus of DCB arms,
required in the data analysis.

GI measurements
Research question 3: Can we measure an effect on the mycelium’s GI of: (a) a prolonged growth time,
(b) an increased supply of easy digestible sugars in the inoculating ink, (c) a change in substrate ma-
terial, providing a different substrate chemistry and porosity?
Changing the growth time of G. lucidum on hornbeam from 3 to 5 weeks is found to increase its GI
with an order of magnitude from 0.129 J/m2 to an appearing stabilised value of around 1.5 J/m2 after
4 weeks. This stabilisation would occur somewhere in between 3 and 4 weeks of growth. The best
overgrown sample here reached 2.70 J/m2. When given 4 weeks growth, varying the ME concentra-
tion in the ink between 0%, 5%, 10% and 15% yields the highest GI of 1.83 J/m2 with 5% ME. Of this
specimen group, the highest measured value was 3.46 J/m2. The optimal ME concentration hence lies
in between 0 and 10%. Large variations in all specimen groups appear to result from varying degrees
of mycelium growth, despite being provided the same conditions. This reflects the sensitivity of the
fungal inoculation method, the limited control of the micro-environments, and the variability inherent to

49



50

biological materials. It limits a good comparison between the mycelium’s binding ability on hornbeam,
beech, and spruce as varying substrate material. The latter two were inoculated with an older fungus
from a different plate, which likely lowered its metabolism and thereby binding potential. Nevertheless,
a stronger binding on beech than spruce suggests a more important role of the substrate chemistry than
its density. Overall, observations of robuster mycelium growth on samples’ fracture surfaces show to
relate to higher GI values. More specifically, the overarching observation of cohesive mycelium failure
marks the higher importance of its generated gap-crossing aerial hyphae network than the interface on
its load carrying capability.

Interface evaluation
Research question 4: Does the mycelium’s substrate penetration and digestion change as a function
of the supplied amount of easy digestible nutrients, or with different substrate materials used?
Varying the supplied nutrient amount is not captured to vary the mycelium’s ability to penetrate and
digest the substrate. Optical microscopy shows that the mycelium fully grows within the 5 mm depth
of the hornbeam samples, as observed more prominently in SEM for 10% and 15% ME inoculations
compared to 0% and 5%. The hyphae travel primarily through vessel elements, which serve as a
central pathway for lignin degradation. Its degradation at the surface is confirmed by FTIR measure-
ments, which again does not show a strong correlation with the varied ME concentration provided.
Finally, SEM analysis indicates that the degree of substrate penetration is similar between hornbeam
and beech samples, whereas spruce exhibits limited colonisation throughout its depth. This difference
may be attributed to the absence of wide diameter vessel elements in spruce, the lower preference of
G. lucidum for digesting this wood type, and again the utilisation of an older fungal inoculum from a
different plate.

The presented novel approach towards studying the mechanics of MBC materials, and the mi-
croscopy observations throughout the substrate material’s depth, increase our understanding of the
material’s microstructure and micromechanics in the living state. This work serves a basis for future
work using the printing mycelium ink inoculation method for research on MBC at the Aerospace faculty,
aiming for its use in the automated manufacturing of these materials. It shows a promising pathway to-
wards the optimisation of its living mechanical properties, by controlled fungal and substrate placement
and the potentially orientation of the latter. Such continuation of this work would make a significant
contribution to the development of MBC materials, and thereby the transition towards an increased
applicability and use of these bio-based and sustainable materials.



8
Future work

8.1. Improvements to own work
DCB specimen preparation
The print design and inoculation method can be modified to enhance mycelium growth and reduce vari-
ation in DCB test results. Preliminary experiments with a parallel print design crossing the full veneer
width with a lower inner-line distance of 2.2 mm showed a 28% higher GI. The increased ink amount
likely caused a stronger aerial mycelium network. Future work should experiment with the ink sup-
ply and available veneer surface for binding, to establish an optimised fungal inoculum for automated
MBC production. However, the results still showed much variation, suggesting that a more robust al-
ternative inoculum could be spawn insertion, which is the current standard inoculation method in MBC
manufacturing [16, 11]. This approach provides a more mature mycelium with higher metabolic activity.
Although controlling the amount of inoculum and nutrients will be challenging, comparing the developed
mycelium’s strength and assessing the consistency in its fracture resistance would be valuable.

DCB testing and data analysis
Larger DCB specimens or a more sensitive testing setup would improve testing accuracy and data
processing. Increasing the specimen’s width would enhance adhesion and prevent rapid crack prop-
agation through the network, which limited the analytical data analysis as presented in section 4.2.3.
Lengthening the specimen would allow a longer GI evaluation and reduce edge effects. Such samples
would likely need support during testing, to prevent mycelium breakage caused by the sample’s weight.
Furthermore, using a more sensitive setup would allow for separate measurements of the veneer’s Exx
in each specimen, decreasing the errors stemming from veneer variability in 3PB tests as explained in
section 5.2.4. Lastly, rotating the setup with 90°would limit the specimen’s weight to induce mycelium
failure, and therefore also reduce inaccuracies and limitations of the analytical data analysis.

Where the current analytical data analysis relies on the beam’s clamped boundary conditions with
no influence on the elastic properties of the adhesive, an alternative method based on the elastic foun-
dation theory could be considered. Here one incorporates the elastic properties of the adhesive ahead
of the crack tip in the data analysis, which could even include the heterogeneities in the adhesive, as
presented by Heide-Jorgensen and Budzik (2017) [133]. The procedure models the arm as an unsup-
ported beam with a point load behind the crack tip, and a beam supported by an elastic foundation in
front of the crack tip. Due to the extremely low adhesion of the mycelium network, the tensile loading
affect would be significant. Therefore, this elastic foundation model could estimate the debonding more
accurately, when performed in combination with accurate tensile tests on the mycelium network.

Microscopy methods
The variable occurence of tangential and radial cuts in the optical microscopy method limited a sys-
tematic evaluation of the degradation capacity of the mycelium in different DCB specimens. Making a
pre-selection of the veneers to be tested based on their initial position in the tree could limit this variabil-
ity, and in combination with a stable staining method and microscopy setup facilitate a more systematic
analysis of the staining intensity by programs such as ImageJ.
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Other stains that are reported stain hyphal cell walls could be experimented with, for their ability to
track hyphae penetration in the substrate material. Examples are calcofluor white, lactophenol blue,
and analin blue [1, 134]. All are however also reported to stain lignocellulose materials, which could
complicate interpretation of the staining intensity.

8.2. Alternative testing methods
Mechanical testing
Given the vulnerability of the DCB specimens, it would be of interest to study more micromechanical
testing methods. Interfacial shear tests such as the single fibre fragmentation test (SFFT) and single
fibre pull-out test (SFPT) could be utilised to examine the interface between natural fibres and compos-
ite matrices with smaller specimens [135]. These methods necessitate the embedding of a fibre into
a block of matrix and securing it with a testing apparatus. To assess the feasibility of using a printed
mycelium grid as the matrix, experiments must verify whether the material can be gripped without caus-
ing significant deformation. If successful, these tests are in comparison to DCB likely to be more easily
transferrable to other fibres typically used in MBC, such as hemp and flax.

Interface evaluation
More laborious methods could be used to more accurately assess fungal degradation and/or penetra-
tion. Prominently appearing in literature are the Klason method and the glucosamine assay, both de-
structive testing methods. The first allows accurate quantification of the lignin content in lignocellulosic
materials, and thereby the degree of digestion by the fungus [136]. The latter quantifies the glucosamine
content in materials, a key components of chitin in the fungal cell wall [137]. Both approaches involve
several dissolution steps with acids and alcohols, and require final evaluation of sample absorbance by
either UV-VIS or FTIR. To assess the feasibility of employing these techniques at specific depths within
the wood veneer, such as by slicing the veneer with microtomy, experiments should be conducted.

8.3. Expansion of current work
The binding behaviour of a broader fungal species selection could be evaluated by means of the meth-
ods presented in the current study. As the growth and digestive behaviour of different white-rot species
causing different MBC mechanical properties, it would be interesting to study whether this could be
caused by a difference in the mycelium’s GI due to changes in its density or cell wall thickness and/or
composition [11, 16]. Furthermore, the adhesive properties of genetically modified mycelia could be
studied, where literature has already experimented with ycelium missing an essential gene encoding
for hydrophobins [138]. Working with this fungus could highlight the exact binding role played by the
interlocking penetration of the hyphae, regardless of the presence of these hydrophobic surface bind-
ing proteins. Lastly, working with non-lignin degrading fungi could provide an understanding in their
ability to play a binding role in MBC. These will have less penetrative capacities, but will harness the
lignocellulosic substrate material over a longer time period in MBC materials.

Also other substrates could be tested using the DCB method, to optimise mycelium binding. DCB
experiments on veneers of different densities and species in combinations with growth experiments on
grinded woods could mark the roles played by their ability to feed the fungus and provided penetrative
pathways facilitating its binding. Furthermore, tests on veneers with defects such as knots could predict
the changes in binding on more waste-based sources. Also the potential of surface treatments such as
delignification procedures could be evaluated. Work by Frey et al. (2018) showed an 25% decrease
in spruce density after a full acetic bleaching procedure [139]. Shortening treatment times, lowering
treatment temperatures, or lowering acetic acid concentrations could make it a controllable porosity
increasing surface treatment. In combination with the more simplified resulting surface chemistry this
could alter the mycelium binding, the benefits of which should be confirmed with experiments.
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A
Ink production procedure

The mycelium-laden ink production employed in this study, inspired by the work of Gantenbein et al.
(2023), followed the next procedure [1]:

1. Mix the cellulose based thickener in half of the total water amount with a spatula. Use a high
shear mixer (IKA T25 digital Ultra Turrax, equiped with a S 25 N dispersing element) to mix the
solution for 10 min at 10,000 rpm and let it rest for at least 15 minutes.

2. Mix the agar, κ-carrageenan, peptone, and ME for their concentration in the final mixture in half
of the total water amount, and manually stir until fully dissolved.

3. Manually mix the two mixtures.
4. Bottle the ink, shake it for homogenisation, and autoclave for 20 minutes at 121 ℃ (Hirayama

HG-50).
5. Before the mixture cools down, shake it for homogenisation of the mixture and poor 40 mL of

medium into 50 mL tubes. Let the mixture cool down, solidify, and store in the fridge.
6. Place a milk frother driven by a high speed mixer (Proxxon 28512) through a small hole in the lit

of the tube, and mix two minutes at 5,000 rpm to granulate the solidified mixture into the final ink.
7. Spread the amount of ink obtained from 3 tubes over 2 petri dishes, and inoculate with the fungus

obtained from an overgrown malt extract agar (MEA) plate.
8. Cover the petri dishes with parafilm, place in the incubator, and allow the fungus to overgrow the

plate at a temperature of 26°C and moisture content between 50 and 60% for 12 days.
9. Remove the fungal film developed with use of tweezers, and manually mix the remaining ink with

a spatula to redistribute the hyphae.
10. Load the mycelium-laden ink into a a 20 mL syringe, and centrifuge for 4 minutes at 2,000 rpm

to remove any entrapped air.
11. Cut the syringe side taps to fit the printer, attach the nozzle tip and load the ink through, to be

ready for printing.

All procedures described after the autoclaving in step 4 require working in a sterile environment,
to prevent contamination of the ink with other micro-organisms. Hence all materials should either be
ordered sterile, autoclaved, or thoroughly cleaned with 70% ethanol and sterilised in a flame. All work
was performed on a bench thoroughly cleaned with 70% ethanol, and in close proximity of a gas burner.
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B
FTIR peaks for lignocellulose

Peak (cm-1) Molecular category Assignment Source
2921 - alkyl C-H Beech [55]

1740 Hemicellulose non conjugated carbonyl, mainly xy-
lan’s uronic acids Beech [130]

1738 Hemicellulose unconjucated C=O xylan Beech [113]
1646 Lignin conjugated carbonyl groups Beech [130]
1596 Lignin aromatic skeletal vibration Beech [113, 130]
1505,1506 Lignin aromatic skeletal vibration Beech [113, 130, 55]
1462 Lignin C-H deformation Beech [113]

1425 Lignin, cellulose, hemicel-
lulose

C-H deformation in lignin and carbo-
hydrates, CH2 scissor vibrations Beech [113, 55]

1375 Cellulose, hemicellulose C-H deformation Beech [113]

1329 Lignin syringyl ring breathing with C-O
stretching Hornbeam [115]

1267, 1268
(shoulder) Lignin guaiacyl ring breathing Beech, hornbeam

[115, 113]

1244 Lignin, hemicellulose syringyl ring and C-O stretch in lignin
and xylan Beech [113]

1230, 1231 Lignin, hemicellulose guaiacyl and syringyl, C-O in xylan Beech [113, 55]

1223 Lignin guaiacyl ring breathing and C-O
stretching Hornbeam [115]

1158 Cellulose, hemicellulose C-O-C vibrations Beech [113]
1143 Cellulose, hemicellulose C-O-C vibration Flax [78]

1124 Lignin aromatic in plane C-H deformation
syringyl Hornbeam [115]

1122 Lignin aromatic skeletal and C-O stretch Beech [113]
986 Cellulose C-H deformation Flax [78]
898, 896 Cellulose C-H deformation Beech [113], flax [78]

Table B.1: FTIR peaks and their assignment for lignocellulosic materials.
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C
Optical microscopy images

Figure 37: Microscopy images of 20µm thick hornbeam veneer slices. Veneers were either non-degraded, heavily degraded
by G. lucidum, or inoculated with mycelium-laden ink of different ME concentrations. The latter samples were cut at three
different locations: their front, F, middle, M, and back, B, as highlighted in Figure 16. Cuts were either tangential, T, or in

between radial and tangential, R/T.
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