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Abstract

Bracket fungi such as Fomes fomentarius (“tinder fungus”), have strong, light and tough fruit bodies that make them inter-
esting role-models for bio-inspired, biodegradable applications. So far, little is known about the relation between their
microstructure and mechanical properties, information needed for designing novel composites. The fruit bodies (mycelia)
of tinder fungus are hierarchically structured honeycomb foams. The mycelium has a transversely isotropic microstructure
with open porosity on the nano- and micro-length scales. The lowest resolution porosity appears as elongated tubes that
extend from beneath the woody upper surface down towards the lower side that faces the ground. The tube walls are made
of a network of hollow, fibrous cells (hyphae), mainly consisting of chitin. When tested mechanically, the material shows the
typical compressive stress/strain curve of foams, where an initially linear course is followed by an extended plateau region.
The as-harvested material exhibits pronounced viscoelastic recovery, but the tube walls are visibly damaged. Compared
with the transverse direction, the load-bearing capability and energy absorption parallel to the tube long axis are ~5 and ~ 10
times higher, respectively. Unexpectedly however, the energy absorption efficiency is similar for both loading directions.
Buckling of the tubes and cracking of their walls are the main damage mechanisms, and the damage zones coalesce into
deformation bands as it is typical for foams. Drying leads to~7 times higher plateau stresses, damage becomes extensive,
and the mycelium loses its viscoelastic recovery capability. Interestingly, rehydration restores the properties of the wet state.
It is compelling to imagine an adaptive role to natural dry/wet conditions.

Keywords Bracket fungus - Natural foam - Mycelium - Mechanical properties - Failure mechanism - Hierarchical
microstructure

1 Introduction

Bracket fungi grow on trees, usually when their hosts are
weakened or dead. They play an important ecological role in
decomposing wood by breaking down cellulose and in some
cases also lignin [1]. The fruit bodies of the fungus are light,
strong and tough, and the connection to the tree is strong
(e.g. well able to support the body weight of a perched adult
human). Consequently, and due to an extremely low density,
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they presumably have an extraordinary specific strength,
likely due to some hierarchical structure. From a materials
point of view, bracket fungi are interesting role models for
the development of strong, tough, light and biodegradable
materials. Surprisingly, little is known about how they attain
their mechanical properties.

A common European species is Fomes fomentarius, also
known as tinder fungus. This bracket fungus has reportedly
been used for making leather-like materials, for instance, for
protective clothing. Further, it has a long history of medical
uses for antiseptics and as wound dressing [2] and was often
used as tinder for starting fires [3]. The fruit body of Fomes
fomentarius is hoof-shaped and has a hard, wood-like upper
surface, on the side facing sunlight (Fig. 1). On the lower
side, facing the ground, pores are visible. These pores are
portals to tubes that extend all the way across the structure
up to just beneath the upper surface (to a structure named
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lower
surface

Fig.1 a Tinder fungus (Fomes fomentarius) growing on a fallen
beech: the fungus has a typical hoof shape with a smooth, rounded
lower (left) and a layered upper side (right) where layers represent
(yearly) growth cycles; b survey of upper and lower surfaces, facing
towards sunlight and the ground, respectively, showing the attach-
ment zone to the tree; ¢, d) specimen preparation: ¢ sectioning of

trama). The tube walls are formed by an interconnected net-
work of long microscopic biologial cells known as hyphae.
The hyphae release spores, necessary for fungi reproduction,
and the tubular arrangement in a structure with pores open
to the ground facilitates delivery of the spores out of the
fruit body [3].

Macroscopically, the fruit body encases the mycelium
core where hyphae connect the fungus to the tree. Three
types of hyphae are known in the fruit bodies of Fomes
fomentarius, vegetative, skeletal and binding hyphae. The
latter type is capable of branching and of forming intimate
interconnections [3].

The fungal cell walls form an exoskeleton establishing a
load-bearing, structure. It is a nanocomposite, mainly com-
posed of glycoproteins, glucan and chitin, whereby a-chitin
is predominant [4]. Glucan and chitin form a basket-like
scaffold around the plasma membrane linked by hydrogen
bonds [5, 6].

Although little is known about the mechanical properties
of the fruit bodies of bracket fungi, there have been many
reports on the mechanical properties of chitin networks or of
chitin based composites [7-11]. Excluding cellulose, chitin
is the most abundant biopolymer in nature. It occurs inter
alia in the exoskeleton of insects and shell fish and in the cell
walls of fungi. Chemically, chitin resembles cellulose while
one of the hydroxyl groups on each monomer is replaced
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the slice (marked by yellow lines in panel b) into bars “1” to “9”,
each~1 cm wide; d one of the bars cut into blocks “A” to “F”, yield-
ing compression cubes with edge lengths of ~1 cm (black asterisks
in panels c,d denote the side of the fungus that in nature, faces the
ground)

by an acetyl amino group. Chitin exhibits a wide range of
desirable properties including biocompatibility, biodegrada-
bility, and bacteriostatic attributes. However, it usually lacks
sufficient mechanical properties for most applications with
reported values varying extensively. Hassanzadeh et al. [8,
9] prepared self-assembled chitin fiber networks and studied
their mechanical properties in macroscopic tensile tests. The
group reported values for the Young’s modulus in wet sam-
ples of ~1 MPa, and in dry samples of ~2 GPa. The tensile
strength reaches ~ 150 MPa [9] which is much lower than the
values that other groups reported for single chitin fibers, on
the order of 4 GPa (cited in [12]). For a- and B-chitin fibers,
1.6 GPa and 3 GPa have been measured, respectively [11].
To improve on the low mechanical stability, a variety of
chitin-based composites has been developed and character-
ized mechanically [13].

The fungi hyphae grow in a branched network, estab-
lishing the so-called mycelium. Stock and Thomas [14]
reported a value of about 24 MPa for the tensile strength
and an elastic modulus of about 140 MPa of single hyphae
of the fungus Saccharopolyspora erythraea. For cell walls
of single hyphae of Aspergillus nidulans, an elastic modu-
lus of 110 MPa was measured by atomic force microscopy
[15]. The mycelium of fungi cultivated in the laboratory
comprises an isotropic hyphae network demonstrating elastic
behavior at low strains, and exhibiting strain hardening with
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increasing tensile loads [16]. Under compression, the myce-
lium behaves like an open-cell foam where the compressive
yield stress ranges from 40 to 80 kPa, depending on the
density of the samples. The elastic moduli were similar in
tension and compression, but varied between 0.6 and 2 MPa
as a function of density [16].

All in all, only little is known about the mechanical prop-
erties of bracket fungi foams, and even less is known about
the relationship between microstructure and mechani-
cal properties of the hyphae network in their fruit bodies.
Here, we report on 2D and 3D microstructural analyses and
mechanical tests on fruit bodies of Fomes fomentarius. We
combine testing with light and scanning electron microscopy
to evaluate the influence of hydration on the deformation
behavior and the failure characteristics.

2 Materials and methods
2.1 Material and specimen preparation

A tinder fungus (Fomes fomentarius) was collected from
a dead beech tree (Potsdam, Germany). From the orienta-
tion of the fruit body (see Fig. 1) it can be seen that the
fungus grew only after the tree was fallen. Figure la gives
an impression of the relative shape and size of this typical
tinder fungus individual. The fruit body used for the tests
was ~35 cm by ~25 cm wide and ~ 15 cm thick at its con-
nection to the tree (Fig. 1b). After harvesting and during a
month of storage until processing, the sample was main-
tained under ambient environmental conditions similar to
those found in the forest. To make compression cubes, the
fruit body was first cut into~2 cm thick slices. One slice
from the center of the fungus (Fig. 1b - bottom, yellow lines)
was then cut into bars (Fig. 1¢) using a sharp knife. The bars
were subsequently sectioned vertically and longitudinally
to produce cubes with edge lengths of ~1 cm (Fig. 1d). All
preparation steps took place under ambient conditions within
a time span of ~5 h. Only cubes with a visibly homogeneous
structure were included in mechanical testing. Regions with
interfaces at the trama and to the woody upper surface, and
cubes containing weaker interfaces corresponding to growth
layers, were excluded. The water content in the wet state
was 43 wt-%, determined for one specimen by the weight
loss due to drying in a circulating-air oven at 60 °C for 20 h.

2.2 Microstructural characterization

For microstructural and fractographic investigations, com-
pression loaded cubes were observed by light microscopy
with a Keyence VHX-5000 digital microscope (Keyence
Deutschland GmbH, Neu-Isenburg, Germany) and by

scanning electron microscopy (SEM; Phenom XL, Thermo
Fischer Scientific, the Netherlands). The SEM was used in
the low vacuum, backscattered electron mode at a pressure
of 60 MPa with an accelerating voltage of 5 keV which
allowed imaging of the samples without coating. The cut
surface of an unloaded specimen and the fracture surface
of a cube broken manually along the axis of the myce-
lium tubes were also imaged, as reference.

To assess the three-dimensional organization of inter-
nal structural elements, a specimen was imaged by micro-
computed tomography (UCT; Bruker microCT Skyscan
1172, Kontich, Belgium) with a spatial resolution of 5 um.

2.3 Mechanical tests

Twenty-one cubes underwent compression testing in a
UTS universal testing machine with a crosshead speed of
10 mm/min and a pre-load of 0.5 N. To investigate the
influence of the loading orientation on the compression
behavior, the cubes were randomly allocated to one of two
groups, loaded either parallel (II) or perpendicular (L) to
the orientation of the tubes. Further, the groups were sub-
divided into specimens tested i) after storage under ambi-
ent conditions for 2 to 4 h after preparation (“wet”: ny=2;
n,; =3), ii) after storage under ambient conditions for a
week (“dry”: ny=06; n;, =7) and iii) after storage under
ambient conditions for a week followed by rehydration in
tap water for 40 min (“rehydrated”: nj;=2; n; =1). Load
and displacement were measured by a 2 kN load cell and
an in-built displacement transducer. The exact dimensions
of each specimen were measured with callipers directly
before mechanical testing to calculate stress and strain.
Based on calibration tests, the tests ended automatically
when a load of 0.5 kN (wet specimens) or 1.5 kN (dry and
rehydrated specimens) was reached.

The stress/strain curves were evaluated according to
the German standard for compression testing of foams
(DIN 50134) [17]. Accordingly, the plateau stress o, was
determined as the average stress between 20% and 40%
strain. For some specimens, the strain range had to be
shifted slightly. The densification strain &4, is defined
as the strain at a stress value of 1.3 x o, [17]. The energy
absorption, W, was calculated by integrating the stress/
strain curves for each strain up to the densification strain,
and energy absorption efficiency, W,, was derived by relat-
ing the energy absorption to the energy absorption of a
theoretical material with a constant plateau stress equal to
the maximum stress measured in the plateau region [17].
The loading modulus m of the cellular solid was calcu-
lated from the slope of the initial quasi-elastic regime,
indicated by the quasi-linear major increase in the stress/
strain curves at the beginning of loading.
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3 Results
3.1 Microstructure

The fruit body of Fomes fomentarius has a hierarchical,
transversely isotropic, tubular microstructure. On the
millimeter to centimeter length scale, elongated rod-like
structures are visible. They have a preferred orientation
and are nearly perfectly aligned, as seen in the 3D volume
reconstruction of the uCT data and the SEM micrograph
of a fracture surface in Fig. 2a, b. Light microscopy of

Fig.2 Microstructure of tinder
fungus (Fomes fomentarius): a
volume reconstruction of uCT-
data showing the anisotropic
construction of the fruit body;
the cut-out corner highlights
that the mycelium is arranged in
hollow tubes; b SEM micro-
graph of a fracture surface
demonstrating clearly the paral-
lel organization of the tubes
formed by the mycelium; c light
micrograph of a cross-section
depicting the tubular arrange-
ment of the fruit body and the
fibrillar structure of the tube
walls; d—g SEM micrographs of
longitudinal sections (vertical
tube orientation), demonstrating
d the fibrous structure of the
tube walls, e the dense network
and the hollow structure (black
arrow) of the fibrous hyphae, f
and g the entanglement of the
hyphae, forming a three-dimen-
sional network
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cross-sections reveals that the rod-like structures are hol-
low tubes (Fig. 2c¢). On this length scale, the fruit body
is a foamy material with a honeycomb-like structure.
The aligned tubes result in open macro porosity.

Figure 2c shows that each tube shares its walls with the
neighbouring tubes without an interface. Further it suggests
that the tube walls consist of a fibrous material. In biologi-
cal terms, the visible “fibers” are the hyphae of the fungus.
At higher magnification (Fig. 2d), the fibrous structure is
well visible. Higher magnifications show that these fib-
ers are tightly connected and that they are hollow (Fig. 2e,
black arrow). The hyphae form a dense, entangled, intimate
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network with a slightly predominant orientation parallel to
the long axis of the tubes (Fig. 2d-g). Thus, on the sub-
millimeter to micrometer length scale, the material of the
walls is an open porous foam, with a relatively low poros-
ity between the hyphae. However, the fibers themselves, the
hyphae, are hollow (Fig. 2e, black arrow), increasing the
porosity of the mycelium immensely.

3.2 Compression tests

During compression loading, the fungus shows the typical
deformation behavior of elastomeric honeycombs and typ-
ical foams (Fig. 3). The basic shapes of all curves are simi-
lar: initially, there is a linear increase in stress (“region I””),
followed by a plateau region (“II’) with nearly constant

parallel

Stress (MPa)

Stress (MPa)

REHYDRATED

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

stress values. With further compression, densification
leads to a pronounced increase in stress (region “III”)
where the material increasingly resists additional defor-
mation. This is specifically well visible for the dry and for
the rehydrated specimens that were loaded to higher forces
than the wet specimens.

The material sustains ~5 times higher stresses in the
plateau region when loaded parallel to the long axis of the
tubes as compared to loading in the orthogonal direction
(Table 1). While the transition from the initially stiffer
behavior (region I) to the plateau region (II) is clearly vis-
ible for most specimens loaded parallel to the long axis
of the tubes, there is a more gradual transition between
regions I and II for the transversely loaded specimens.
Furthermore, for the latter loading orientation, the stress

12
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Fig. 3 Stress/strain curves from compressive loading of tinder fungus cubes with different moisture contents: loading a parallel, b transverse to

the long axis of the tubes

Table 1 Results of the

N . Parallel Transverse
compression tests (m=loading
modulus, o, =plateau stress, Dry Wet Rehydrated Dry Wet Rehydrated
€4ens = densification strain,
W=energy absorption for m (MPa) 15-31 6-11 2-5 14 04 0.5
Edens> W, =energy absorption o, (MPa) 2-4 0.5-0.8 0.5-0.7 0.1-0.6 0.1 0.1
efficiency for &gep,) Egons () 06-0.7 0506  0.6-07 03-04 05 0.4
W (MJ/m?) 1.3-2.0 0.3-0.4 0.2-0.4 0.08-0.2 0.04-0.05 0.03
W, (%) 60-76 71-74 58-62 53-61 45-52 57
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in the plateau region continues to increase, with a very
low rate.

After drying, all specimens show ~7 times higher stresses
in the plateau region in comparison with the wet and rehy-
drated states. The increase in plateau stress upon drying is
especially pronounced if the cubes are compressed parallel
to the long axis of the tubes. Some dry specimens exhibit a
stress drop at the transition to the plateau region, and undu-
lating stress fluctuations are seen for all dry, parallel loaded
samples. It is specifically interesting that the transversely
loaded, dry specimens do not show these stress fluctuations.

Independent of the hydration state, energy absorption
(Fig. 4, Table 1) is~ 10 times higher for specimens loaded
parallel to the long tube axis than for those loaded orthogo-
nal to it. Further, in all cases, we observe a linear increase
over the course of loading. Corresponding to the higher
loads endured, dry specimens exhibit higher energy absorp-
tion than wet and rehydrated samples.

Energy absorption efficiency was calculated at the den-
sification strain. The values are summarized in Table 1. In
contrast to absolute “energy absorption”, “energy absorp-
tion efficiency” depends less on loading direction and hydra-
tion state. It is generally lower (~ 10-25%) in transversely
loaded specimens than in specimens loaded parallel to the
tube axis. Curiously, differences between hydration states
are negligible.

3.3 Failure behavior

The failure behavior for compression along or orthogonal
to the long axis of the tubes differs significantly. Further,
for both loading orientations, striking differences are seen
between dry and wet/rehydrated states. The wet and the
rehydrated specimens nearly fully recovered their original
length after unloading, regardless of the orientation of the

Q
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DRATED
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0.0 0.2 04 0.6 0.8 10
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tubes. The photographs in Fig. 5 depict this behavior for two
typical specimens loaded along the tube axis.

The main failure mechanisms for loading along the tube
axis are delamination of tubes and cracking between them,
together with buckling of these partially separated tubes.
This damage is more confined and the cracks are narrower in
the wet/rehydrated states (Figs. 5 top, 6a). On some surfaces,
the buckled or partially broken tubes seem to have shifted
parts of material over neighbouring regions (Fig. 6b). In con-
trast, the amount of damage is much more pronounced in the
dry state and the cracks/delaminations often run through the
whole length of the specimen. This leads to a significant and
permanent decrease in height of the dry specimens, accom-
panied by an increase in width in the orthogonal directions,
due to macroscopic buckling and shearing-off of large parts
of the sample (Figs. 5 bottom, 6¢).

When the fruit body is loaded orthogonal to the tubes,
they deform and cracks form in the walls, developing shear
bands (Fig. 7). As for the longitudinal loading case, there
are fundamental differences between dry and wet/rehy-
drated specimens. The latter exhibit significant relaxation
after unloading, despite cracked tube walls. In contrast, the
tubes of the dry specimens deform permanently with exten-
sive shear band formation. However, cracking is not as pro-
nounced as for the longitudinal loading case, and shearing-
off is only rarely observed.

4 Discussion

The mycelium of the fruit bodies of Fomes fomentarius
establishes a hierarchically structured, hybrid honeycomb
where the tube walls are made of an open-cell foam. The
mechanical response in our samples is comparable to the
stress/strain relationship of technical honeycombs and
foams [18]. Overall, a similar stress/strain behavior is

b 30
transverse

25
2.0
15

10 ; REHY-
DRATED

Energy absorption (MJ/m3)

0.5
WET

0.0

Fig.4 Energy absorption during compressive loading of tinder fungus cubes with different moisture contents: loading a parallel, b transverse to

the long axis of the tubes
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Fig.5 Photographs of two typi-
cal specimens loaded along the
tube axis showing the influence
of hydration on failure: while
the wet specimen shows nearly
full recovery of the height after
unloading, despite clearly vis-
ible microstructural damage,
the dry specimen remains com-
pressed and shows much more
destruction of the structure

Fig.6 Light micrographs of typical wet and dry samples compres-
sion loaded along the tubes: a survey of two wet specimens showing
cracking and delamination (top) and formation of shear bands (bot-
tom); b magnified view of the surface of a wet specimen with cracks/

observed during compression loading of either dry or wet
fungus specimens. Nevertheless, the typical regions of the
curves are much less pronounced in the wet state, especially
if the tubes are loaded in the transverse direction (Fig. 3b).

The tubular honeycomb structure of Fomes fomentar-
ius exhibits transverse isotropy, such that the deformation

preload postload

. ————— -d-q:r ,J s

J
l

N

delaminations and signs of shearing; ¢ survey of two orthogonal sur-
faces of a dry specimen, showing extensive delamination and shear-
ing-off of parts of the specimen

depends strongly on whether load is applied along the tube
axis (out-of-plane) or across the tube axis (in-plane).
Usually, in technical honeycombs loaded parallel to the
long axis of their cells, the deformation initiates with bend-
ing of the cell walls followed by collapse due to elastic
buckling [18]. Note that in the mycelium, the equivalent
to typical honeycomb cells are the “tubes”, a term we use
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Fig.7 SEM micrographs showing cross-sections of fruit bod-
ies loaded in compression orthogonal to the long tube axis (loading
direction vertical): a in the wet state, the tubes recover their shape
after unloading even though walls in the shear band are broken (white
arrows and inset); b in dry fruit bodies, the tubes remain significantly
compressed and layers of higher and lower densification are observed,
oriented 45° to the loading direction (white dotted lines). The inset
shows cracked walls with permanently displaced fracture ends

to avoid confusion with biological cells. In the dry state,
the mycelium exhibits irreversible deformation by a mecha-
nism similar to technical honeycombs (Fig. 6¢). In contrast,
mycelium specimens in the wet state recover their original
shape (Figs. 5 top, 6a). Hydration therefore determine the
failure mechanisms including buckling, cracking, delamina-
tion and formation of shear bands (Figs. 5, 6). Cracks pro-
ceed along connections between neighbouring tubes, some
of which open up exposing inner, concave surfaces. Oth-
ers expose outer, convex surfaces, such that “closed” and
“opened” tubes are observed next to each other. The most
important mechanisms of damage response were buckling
of the tubes and cracking of their walls, accompanied by the
formation of deformation bands.

Surprisingly, in the dry state, Fomes fomentarius exhibits
compressive strength values in the range of dry balsa wood
(0.3-2.1 MPa and 4.6-17.2 MPa in the directions orthog-
onal and parallel to the length of the wood fiber, respec-
tively [19]). Similar to technical honeycombs [18] Fomes
fomentarius is significantly stiffer when loaded out-of-plane
(Fig. 3a, b). The elastic moduli of the fungus are much lower
than those of balsa wood, presumably due to the composition

@ Springer

and structure of the tube walls. Compressive elastic mod-
uli of the balsa wood vary between 13 and 172 MPa and
between 0.9 to 5.9 GPa orthogonal and parallel to the wood
fiber, respectively [19]. Both, fungus and balsa wood, have
a honeycomb structure, but the structural units of the light
balsa wood honeycomb exist on a much smaller length scale
in the range of micrometers.

Investigations on mycelium grown in the laboratory sug-
gest a rather small compressive stiffness (0.6-2 MPa) and
strength (40-80 kPa) of the hyphae network [16]. For trans-
verse loading, we measure similar stiffness and strength
values for the fruit bodies as those reported previously for
laboratory-grown mycelium. Our values are much higher;
however, when the specimens are loaded parallel to the tube
axis, indicative of synergistic activity between neighbouring
tubes. On the length scale of biological cells, the walls of the
fungus tubes are made from an open cell foam: the hyphae
are entangled in 3D and form a dense, but nevertheless per-
meable network (Fig. 2d). The pores in this network are ~5
pm wide (Fig. 2e). Differences in the arrangement of the
hyphae between the natural and the laboratory-grown myce-
lium may play a role in the mechanical properties reached.
We hypothesize that both the slightly preferential organiza-
tion of the hyphae in the tube walls as well as the honeycomb
structure contribute significantly, specifically to the higher
stiffness. This is due to the support the hyphae and the tubes
give each other when they are loaded along their long axis.

Surprisingly, Young’s moduli measured on cell walls of
single hyphae were much higher (110 MPa) [15] than both
the values reported for laboratory-grown mycelium [16] and
those measured here for natural fruit bodies. Porosity in the
tube walls and non-favourable orientations of the fibrous
cells with respect to the loading direction may safely be
assumed to explain this stiffness drop from the component
to the structure. Even though there is a preferential orienta-
tion of the hyphae long axis parallel to the long tube axis,
this is not pronounced and a relatively high proportion of
hyphae is oriented differently (Fig. 2d,e). Nevertheless, the
properties of the hyphae likely strongly influence the damage
mechanisms and the recovery capability, due to a viscoelas-
tic behavior of the wet polymeric material, and the turgor
pressure that typically exists inside the cells.

In the wet state, the material revealed an astounding capa-
bility for viscoelastic recovery after unloading, even if the
mycelium is visibly and quite extensively damaged. Damage
mechanisms are similar in wet and dry samples; in the dry state,
however, the material behaves more brittle and loses its recov-
ery capabilities. Furthermore, only dry, parallel loaded samples
showed undulating stress fluctuations. It is particularly interest-
ing that the transversely loaded, dry specimens do not show
these stress fluctuations suggesting that buckling, shearing-off
and damage band formation are more continuous processes in
the wet specimens, and appear intermittently in the dry samples.
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Hydration plays an important role since, following rewetting,
the fungus fully regains the capacity to recover to the origi-
nal length as observed in the wet state. It is conceivable that
a more effective load transfer in the wet samples due to the
action of different water fractions adds to a more homogeneous
and continuous load transfer during formation of the damage
bands. We hypothesize that the viscoelastic recovery is mainly
due to interactions between water and the organic components
of the cell walls (glycoproteins, glucan and chitin). Energy-
elastical recoiling of the organic macromolecules is possibly
supported by the turgor-pressure and the entanglement of the
hyphae. Water is stored in the fruit bodies in different propor-
tions. Some water is located in the honeycomb tubes and in the
pores between the hyphae. This water fraction is retained by
relatively low capillary forces, which are likely higher between
the hyphae, due to the smaller size of the gaps. Further, some of
the water found in pores and interstices between the hyphae is
presumably bound even stronger by adhesion to the glycopro-
tein and glucan molecules, surrounding chitin in the hyphae cell
walls. All these water compartments are released during com-
pression loading. The sudden release of water during loading
suggests that the adhesion forces are overcome by the externally
applied pressure. A third fraction of water is found on the scale
of the cells, because the hyphae are filled with liquid, separated
by valve-like structures. The “valves” hinder or allow liquid
flow, depending on the pressure applied. The work necessary
to displace this liquid within the cells largely depends on its
viscosity and thus on the velocity of deformation [18]. Unex-
pectedly, the material is not stronger in the wet state (Fig. 3,
Table 1) which is similar to the behavior of wood [20-22]. This
hints to the existence of a fourth water compartment, similar to
one discussed in wood. Gibson [23] suggested that hydrogen
bonding between the polymer strands is weakened by water
bridges between cellulose chains. More recent studies suggest
moisture uptake and swelling at the interfaces of cellulose and
hemicellulose which causes separation of the polymer chains
leading to opening of hydrogen bonds [24, 25]. So far, no such
studies have been reported for fungi, but similar mechanisms
are conceivable for their hyphae cell walls, where glucans and
chitin are also bound via hydrogen bonds.

A very interesting observation was the regaining of the
mechanical properties after re-wetting of the air-dried speci-
mens. It seems unlikely that the interior of the cells can be
refilled and the turgor pressure can reappear by soaking in
water. We hypothesize that air-drying does not completely dehy-
drate the cells. In that case the change in properties between
the wet/rehydrated and the dry states would mainly be due to
the influnce of the water fractions outside the cells. This would
suggest that the influence of the water fractions attached to the
organic macromolecules and within the honeycomb tubes is sig-
nificantly stronger than the movement of liquid within the cells.

As for all biological materials the answer to the question
why these organisms developed their specific structure in

the course of evolution is complex and cannot be answered
solely by mechanical considerations. Forces acting on tree
fungi mainly arise from gravity, due to their own weight
which may reach several kilograms. Further, the fungi might
have to endure occasional dynamic loading by animals and,
in winter, additional static snow loads. To withstand these
forces, the connection to the tree must be strong, enduring
bending and shearing loads, and the fruit body must have a
high bending resistance. One must not forget, however, the
important purpose for the hollow structure in the reproduc-
tion cycle of the fungus. The tubes in the fruit body point-
ing downwards are designed to release spores by gravity.
These spores then become hyphae in the soil until they find
entrance into a tree [3].

This work reports results for specimens from one single
individual. Similar to wood and other biological material the
properties of individual organisms may differ from other indi-
viduals of the same species to a relatively great extent. Regional
and temporal climate differences determine the availability of
water and nutrients. These differing conditions influence the
growing plant structure and therefore the mechanical proper-
ties of the material [3]. For individuals from one, relatively
narrow habitat, we therefore expect different properties for the
different growth layers, because of weather changes over the
years. As our compression cubes were retrieved from all growth
layers of the fungus, we assume that yearly changes influence
the scatter of our results. While we cannot rule out that the
precise mechanical property values of Fomes fomentarius
individuals from different habitats with significantly different
climate conditions strongly vary from what we measured, we
hypothesize that the influence mainly affects the mechanical
property values and less the deformation and fracture behavior
per se. Further investigations are under way to elucidate these
intriguing questions.

Currently addressed strategies comprise composites of
agricultural waste fibers in a matrix of laboratory-grown
mycelium [26]. State-of-the-art additive manufacturing
processes offer a wide array of possibilities to design and
manufacture novel engineering structures, based either on
polymeric precursors, such as chitin networks or laboratory-
grown mycelium, as in the natural blueprint, or on metals
or ceramics to possibly achieve significantly higher strength
and energy absorption levels.

5 Conclusions

The structure and mechanical properties of a naturally grown
bracket fungus Fomes fomentarius resemble an anisotropic
lightweight foam. The microstructure observed on different
length scales in 2D and 3D correlates with the deformation
behavior and damage mechanisms following compression
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of centimeter-sized cubes. Our observations lead to the fol-
lowing main conclusions:

e The fruit body of Fomes fomentarius has a hierarchical,
transversely isotropic, tubular microstructure, consist-
ing of an open-porous network of hyphae that forms a
honeycomb on the millimeter to centimeter length scale.
The hyphae themselves contribute a significant fraction
of closed porosity.

e Compression loading leads to stress/strain curves with
a plateau and densification region typical for open-cell
foams and honeycombs. We observed a strong influ-
ence of the water content and the loading direction with
respect to the tube axis.

e While the open porous hyphae network seems to con-
tribute less to the stiffness and strength of the fruit body
foam, it is important for the viscoelastic recovery capa-
bility.

e In the dry state, the natural foam sustains higher loads,
but it reacts more brittle. Following rewetting, the bio-
material regains the recovery properties of the wet state.

e Further work is necessary to unravel the influence of bio-
logical variability, the mechanisms behind the different
behavior in the wet as compared to the dry condition, and
to the recovery of the properties after rewetting.

The fruit bodies of bracket fungi exhibit an interesting
structure with surprising recovery properties in the wet state.
They are therefore alternative blueprints for the develop-
ment of materials for lightweight applications, specifically
for anisotropic loading conditions.
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