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ARTICLE INFO ABSTRACT

Keywords: Bracket fungi sporocarps present promising environmentally friendly alternatives to harmful and wasteful
Mechanical testing structural applications with their high strength-to-weight ratio mechanical properties. Kingdom Fungi is esti-
Mus}]_room mated to have over three million species, yet only 4% of the species have been described by mycologists, and
Eg?}z ores their mechanical behavior has been under-explored. This work aims to characterize the material behavior and
Hyphae mechanical properties of bracket fungi as a whole through micro-mechanical tensile testing combined with

microstructural imaging and analysis of two representative species. The context layer from three distinctive fresh
bracket sporocarps is used in this study. At the microstructure level, the bracket fungi have a preferred alignment
in the hyphal network, which correlates to the radial direction. The bracket fungi exhibit an anisotropic me-
chanical behavior with higher ultimate tensile strength and elastic modulus in the radial direction, while the
strain to failure is higher in the transverse direction. However, the bracket fungi exhibit an isotropic energy
absorption, or toughness, behavior, with no statistically significant difference between the radial and transverse
directions. The characterization of anisotropic mechanical properties and isotropic energy absorption will inspire
the exploration of bracket fungi as a viable alternative to applications in various industries, such as aerospace
and agriculture.

Biomechanical engineering

1. Introduction wasteful applications in aerospace, clothing, agriculture, and structural

materials (Ghazvinian and Giirsoy, 2022; Meyer et al., 2020; Amobonye

According to one estimate, Kingdom Fungi has between 2.2 and 3.8
million species, but mycologists have only described around 150,000
species (Hawksworth and Liicking, 2017). Mycologists from different
geographical regions are still discovering and studying more species to
add to the ever-growing field of mycology and mycology-focused engi-
neering (Hawksworth and Liicking, 2017; Liicking et al., 2021). Fungi
have been an integral part of the human diet and disease treatment for
centuries (Valverde et al., 2015). Beyond their common uses, the resil-
ient fungi adapt to geographically different regions, climates, and
different food sources using robust structures (Sterflinger et al., 2012;
Naranjo-Ortiz and Gabaldon, 2019). Due to the robustness of their
structures, researchers have specifically evaluated and studied
mycelium-based composites and the fungal sporocarps’ mechanical
behavior in the past few years (Porter and Naleway, 2022; Miiller et al.,
2021; Pylkkanen et al., 2023; Klemm et al., 2024). Due to their signifi-
cant mechanical properties, fungi have been a trending topic as an
environmentally friendly alternative to environmentally harmful and
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et al., 2023; Ongpeng et al., 2020). While fungi cover a range of fungus
types, filamentous fungi are of particular interest because of their
macrostructural mechanical properties (Porter and Naleway, 2022;
El-Enshasy, 2007; Wosten, 2019; Bueno and Silva, 2014; Porter et al.,
2023; Ogawa et al., 2012).

Filamentous fungi comprise hyphae as their basic cellular unit with
chitinous cell walls (Islam et al., 2017; Zabel and Morrell, 2020). Fila-
mentous fungi reproductive sporocarps range about two orders of
magnitude in strength, from soft-textured and low-strength sporocarps
similar to a dish sponge to hard-textured and high-strength sporocarps
similar to hardwood (Porter and Naleway, 2022; Miiller et al., 2021;
Klemm et al., 2024; McGarry and Burton, 1994). Many high-strength
sporocarps are found in various genera in the order Polyporales and
are commonly known as “polypores” (Richter et al., 2015). Polypores
are unique because they have many densely arranged tubes with fertile
inner surfaces that form and release spores (Miettinen et al., 2012;
Vlasenko, 2013; Kauserud et al., 2008). Polypores with large, stalkless,
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and woody sporocarps are also known as bracket fungi (Yoshimoto,
1970; Bishop, 2020). These bracket fungi grow on fallen and standing
woody tree trunks and have a strong mechanical attachment to the tree,
which requires tools such as a hammer and chisel or significant human
force to remove them (Miiller et al., 2021; Vlasenko, 2013; Cristini et al.,
2023). The physical strength of the woody bracket sporocarp is attrib-
uted to its cellular structure (Pylkkanen et al., 2023).

Bracket fungi sporocarps are lightweight with a hard bracket or
shelf-like shape and woody texture (Miiller et al., 2021; Bishop, 2020;
Zjawiony, 2004). Looking at the cross-section, bracket fungi sporocarps
have three distinct layers: 1) crust, 2) context, and 3) tubes, as seen in
Fig. 1. The crust is a thin, rigid layer presumably protecting the sporo-
carp (Klemm et al., 2024; ud-Din and Mukhtar, 2019; Petersen, 1987).
The context layer is a fleshy tissue sandwiched and enclosed between the
crust and tube layers (Porter et al., 2023). The context layer’s thickness
varies depending on the species, but it is usually the thickest layer
containing the structure’s bulk to support the sporocarp’s structure
(Miiller et al., 2021; Porter et al., 2023; Hattori et al., 2014). Although
the context is dense, formed from hyphae, and comprises most of the
sporocarp tissue, it keeps the sporocarp lightweight (Miiller et al., 2021;
Porter et al., 2023; Schmidt et al., 2023; Elsacker et al., 2019). In many
species, such as those of the genus Ganoderma, the size of the sporocarp
is directly related to the thickness of the context (Luangharn et al., 2020;
Glen et al., 2009; Wang et al., 2012a; Xing et al., 2018; Ryvarden, 2000).
The tube layer is the bottom layer of the sporocarp, which is the part
facing towards the ground (Miiller et al., 2021; Klemm et al., 2024;
Porter et al., 2023). The parallelly arranged tubes are normal to the
context to allow the spores to drop out of the pores by gravity (Money
and Fischer, 2009). Considering the different roles of each layer, un-
derstanding the mechanical behavior of the context layer, which com-
prises most of the sporocarp tissue, is vital to explaining the mechanical
properties of bracket structure.

Experimental mechanics research on fungal sporocarps is still pre-
liminary. While the structural and mechanical properties of fungal
sporocarps vary for different species, the current research findings are
species-specific (Porter and Naleway, 2022; Miiller et al., 2021;
Pylkkanen et al., 2023; Klemm et al., 2024). To fully understand the
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mechanical and microstructural behavior of bracket sporocarps,
researching multiple species is paramount to capture natural variation
and identify common themes. Therefore, mechanically testing and
comparing the context layer of multiple species due to its abundance,
support role, woody texture, and dense hyphae network in the sporocarp
can allow a better understanding of all mechanical behavior and
microstructure and better highlight the significant structural elements
that provide these properties in bracket sporocarps.

In this paper, we studied three bracket fungi sporocarps from two
distinct species of bracket fungi to describe the general material and
mechanical behavior of bracket sporocarps via micro-mechanical testing
coupled with microstructural imaging and analysis. The mechanical and
material characterization of bracket context allows for a comprehensive
understanding of the bracket’s structural and physical properties. The
characterization may lead to exploring a sustainable, green material
alternative in various fields and inspire more bioinspired designs.

2. Materials and methods
2.1. Sample collection and DNA extraction and barcoding

Three bracket fungi sporocarps were foraged from the Wasatch
Mountain Range in northern Utah, United States, growing on fallen dead
trees. The bracket fungi were kept fresh and hydrated from the day they
were obtained to testing in a controlled and refrigerated environment,
with no longer than 14 days before testing.

DNA was extracted from the context layer using a lysis buffer and
incubation process to confirm the identity of the fungus, and then uni-
versal DNA barcode sequences from the nuclear ribosomal internal
transcribed spacers (ITS) were generated. The ITS was amplified using
the Agaricomycetes-specific PCR primers, ITS-8F (5-AGTCGTAA-
CAAGGTTTCCGTAGGTG-3") and ITS-6R (5-TTCCCGCTTCACTCGCAGT-
3") (Dentinger et al., 2010). The DNA was cleaned using a combination of
exonuclease I and shrimp alkaline phosphatase, then Sanger sequencing
was performed at the DNA sequencing core at the University of Utah
(Bradshaw et al., 2022). Voucher specimens are deposited in the fungal
collection of the Garrett Herbarium, University of Utah (UT).

W: 12 mm X Th: 3 mm x L: 7 mm

Tree
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Fig. 1. Schematic showing the different layers in bracket fungi, hierarchical structure, tensile test samples, and coordinate system used to define directionality for
mechanical tests and microstructure analysis. (A-B) The radial (R) direction is associated with the bracket fungi’s growth direction, while the transverse (T) direction
is perpendicular to the growth direction. (B) The cross-section of bracket fungi shows three layers: crust, context, and pores. (C) The tensile test samples for the R and
T directions and the hyphal network at the microstructure show the hyphae aligned in the radial direction. Scale bars in (A) and (B) = 1 cm, while the scale bar in (C)

= 50 pm.
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Each of the three bracket fungi was also processed into smaller sec-
tions depending on the growth direction, radial (along the growth di-
rection), and transverse (against the growth direction) while
maintaining the integrity of the context layer for the following material
and mechanical testing techniques. The preparation process involved
isolating the context layer and avoiding weak interfaces.

2.2. Chemical characterization

Fourier-transform infrared spectroscopy (FTIR) was used to compare
the chemical compositions of the three bracket sporocarps. A Thermo
Scientific Nicolet iS50 FTIR Spectrometer with OMNIC software
(Thermo Fisher Scientific, Waltham, MA, USA) was used for the chem-
ical composition comparison. One FTIR sample per sporocarp was used
to collect the three spectra. A sample from each bracket fungi sporocarp
was placed onto an attenuated total reflection window and securely
compressed into place by a diamond tip to collect the spectra data. The
experiment was set up to collect 32 scans with a data spacing of 0.482
cm~!. The spectra wavenumbers range for the collected samples was
800-3600 cm™!, and the absorbance range was 0.028-0.23.

2.3. Uniaxial micro-mechanical testing

Uniaxial tensile tests were performed on the fresh and hydrated
sporocarp context layer to assess their mechanical properties in a mode
similar to pull-off predation (Zhao et al., 2022). A Psylotech MicroTest
System (Psylotech Incorporated, Evanston, IL, USA) equipped with a
434 N load cell was used to conduct the uniaxial tensile tests until
fracture. All tested context samples had a span of 7 mm between the
grips and were fixed into clamps with a 1.2 Nm torque to avoid slippage.
All uniaxial tensile tests on the context were performed with a
displacement speed of 25 pm/s. For each sporocarp, two groups were
tested based on orientation from the fungus’s context, radial (n = 9) and
transverse (n = 9). These orientations were chosen due to the fungus’s
growth direction, where the radial direction is the growth direction, and
the transverse direction is the perpendicular direction to the bracket
fungus’s growth. The stress and strains were calculated from the
force-displacement data output from the tensile test. Using the
stress-strain curves, the elastic modulus, E, ultimate tensile strength,
Ouss, Strain to failure, ¢, and toughness were calculated in MATLAB. E
was calculated by finding the stress-strain slope, while o, was calcu-
lated by finding the maximum stress before failure. The strain to failure
was defined as the maximum percent strain at failure. The toughness
was defined as the area under the stress-strain curve, interpreted as the
energy absorbed during deformation per unit volume. A total of 54
samples were used for the uniaxial micro-mechanical tensile test and the
mechanical properties calculations.

2.4. Microstructure imaging and characterization

The context layer of each sporocarp was examined by microstruc-
tural imaging before and after mechanical testing using scanning elec-
tron microscopy (SEM) (FEI Quanta 600 FEG-ESEM, Hillsboro, OR, USA)
to characterize the hyphae alignment orientation, diameters, and den-
sity. For the microstructure imaging and characterization, all samples
were secured on aluminum stubs via conductive PELCO isopropanol-
based graphite paint and then coated with gold-palladium. SEM imag-
ing was conducted using an accelerating voltage of 20 kV and a spot size
of 5 nm. All characterization analyses were performed using ImageJ
software (Schneider et al., 2012).

For pre-test characterization, three samples (n = 3) were prepared
from each sporocarp. Images were collected from two distinct areas
within each sample, resulting in a total of six images per sporocarp to
ensure consistent measurements. For hyphae characterization, 20 indi-
vidual hypha were measured per image for the hyphae alignment
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orientation and diameter, resulting in 120 measurements. To measure
the density, the threshold was adjusted to account for all the hyphae in
the image. Then, the percentage of the area the hyphae cover was
measured, resulting in six measurements per sporocarp.

For post-test characterization, three samples (n = 3) were prepared
from the transversely mechanically tested samples and were imaged
from the top view. Two distinct images were collected per sample in the
region between the clamps and fracture point for each sample. The
process used in the pre-test characterization for hyphae alignment
orientation characterization was used. Similarly, a total of 120 mea-
surements for each sporocarp were recorded for the hyphae alignment.

2.5. Statistical analysis

Statistical analyses were performed using MATLAB software. Statis-
tical significance was determined by performing two-tailed, two-sample
t-tests on the mechanical properties data from the micro-mechanical
uniaxial tensile test, and the microstructure characterization data from
SEM images. The significance level for all presented data was set at o =
0.05.

3. Results and discussion
3.1. DNA extraction and barcoding

DNA sequencing confirmed the bracket fungi to belong to two
distinct species: 1) Ganoderma applanatum (Polyporales: Polyporaceae)
(Fig. 2 (A)), also known as artist’s conk, which is a close relative of one
of the most popular species of Ganoderma known for medicinal use (Jo
et al., 2009; Jeong et al., 2008; Luo et al., 2016; Cheng et al., 2024); 2)
Fomitopsis ochracea (Polyporales: Fomitopsidaceae) (Fig. 2 (B and C)), a
recently discovered bracket fungus found in northern North America
(Ginns, 2017; Haight et al., 2016, 2019). The DNA sequencing of
Ganoderma applanatum is 100% identical to 59 sequences in GenBank;
42 are identified as G. applanatum, 1 as G adspersum, 1 as G lipsiense, and
15 as unidentified. The Fomitopsis ochracea’s DNA sequence is most
closely related to sequences of Fomitopsis ochracea, (see supplement).
DNA sequences generated to validate species identification are submit-
ted to GenBank (Accessions PQ700181, PQ700179, PQ700180). Garrett
Herbarium UT-M accession numbers for the voucher specimens are
UT-M0002380 for Ganoderma applanatum and UT-M0002381 and
UT-M0002382 for the two Fomitopsis ochracea. Ganoderma applanatum
and the two Fomitopsis ochracea, will be referred to as G. applanatum,
F. ochracea (I), and F. ochracea (II), respectively, throughout the
manuscript.

3.2. FTIR chemical characterization

FTIR was used to collect the spectra for the three bracket fungi
sporocarps as shown in Fig. 2 (D). The figure shows consistent peaks for
each of the spectra curves for G. applanatum, F. ochracea (I), and
F. ochracea (II). The similar peaks demonstrate that the chemical
composition is the same for all three tested samples. All the chemical
components expected in fungi are present due to the same chemical
composition of OH, NH, lipids, proteins, chitin, and polysaccharides
(Naumann et al., 2015; Mohacek-Grosev et al., 2001). Of note, the
chemical composition and peaks are consistent with previous reports on
the same and other bracket fungi in the Agaricomycetes class (Kaya
et al., 2015; Wang et al., 2012b). The FTIR spectra confirm that there
were no significant chemical changes between the three tested
sporocarps.

3.3. Uniaxial micro-mechanical testing

3.3.1. Ultimate strength and elastic modulus
The tensile micro-mechanical testing was done on the context layer
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Fig. 2. Images of the three sporocarps of bracket fungi used in the study and their chemical composition, using Fourier-transform infrared spectroscopy (FTIR). (A)-
(C) show images of the bottom and front views of G. applanatum, F. ochracea (1), and F. ochracea (II), respectively. All scale bars = 1 cm. (D) shows the chemical
composition data (n = 1), where all chemical components in fungi are present in the three studied bracket fungi.

in two groups for each of the three bracket fungi sporocarps and the data
is displayed in Fig. 3. The ultimate tensile strength, o, was statistically
significantly higher (p < 0.05) in the radial direction than the transverse
direction for all three sporocarps, as shown in Fig. 3 (A). The mean of oy
in the radial direction was 154%, 123%, and 174% higher than in the
transverse direction for G. applanatum, F. ochracea (1), and F. ochracea
(ID), respectively. Similarly, the elastic modulus, E, was also statistically
significantly higher (p < 0.01) in the radial direction than the transverse
direction, as seen in Fig. 3 (B). The mean of E in the radial direction was
318%, 212%, and 755% higher in the radial direction than the trans-
verse direction for G. applanatum, F. ochracea (I), and F. ochracea (1I),
respectively. The results in Fig. 3 (A and B) are further reinforced by the

stress-strain curves for all tensile tests, as presented in Fig. 3 (C). The
stress-strain curves of one representative test per group for each sporo-
carp in Fig. 3 (C) show the anisotropic mechanical behavior of the
context layer. The radial direction shows a higher slope of E and a higher
oy before failure compared to the transverse direction, aligning with
the results in Fig. 3 (A and B). These trends are evident in other fungi
when studying the effects of the directionality when subjected to
compression and tensile tests, further establishing the anisotropic
behavior of fungi (Porter and Naleway, 2022; Miiller et al., 2021;
Pylkkanen et al., 2023; Klemm et al., 2024). Klemm et al. performed a
compression test and reported the tube layer’s compressive strength as
448% higher in the radial direction than the transverse for the bracket



Ihsan.S. Elnunu et al.

£ 2 F ' ' _ T
& 1.5F . .
£ s
2 1t 1
=
wn B
(o]
% 0sl _ B
E L =m . == =
'5 L L L L L L
R T R T R T
G. applanatum F. ochracea (1) FE ochracea (11)
E 0.06 N
o
m
_g“ 0.04 1 . .
3 + :
3 3
= 0.02} : 1
mm N
7]
< —_ e
=000p : e ‘ : ]
R T R T R T
G. applanatum FE ochracea (I) F. ochracea (I1)
\ . = == G. applanatum (R)
1B I, AN g, G. applanatum (T)
i VA oy ™, = == F. ochracea (I) (R)
% U f oy, —— F. ochracea (1) (T)
=I A N, " — == F. ochracea (II) (R)
o g 1 —— F. ochracea (IT) (T)
a4 I ,p’ \ b
2050 -
A z ;'.:""MM
,
0 . , , , . .
0 10 20 30 40 50 60
Strain [%]

Fig. 3. Box and whisker plots (A-B) and stress-strain curves (C) for all tensile
tests comparing the context layer’s (A) ultimate tensile strength, oy, and (B)
elastic modulus, E, for each of the three bracket fungi sporocarps and testing
orientations (n = 9): radial (R) and transverse (T). The R direction is statistically
significantly higher ((A): p < 0.05 and (B): p < 0.01) than the T direction for all
three sporocarps. (C) The stress-strain curves of one test per group for each
sporocarp show the anisotropic, direction-dependent mechanical behavior
leading to higher o, and E in the R direction.

fungus, Fomes fomentarius (Klemm et al., 2024). Miiller et al. also re-
ported higher strength from a compression test for the tube layer in the
radial direction for the hydrated Fomes fomentarius, where the average
compressive strength was 550% more than the transverse direction
(Miiller et al., 2021). Pylkkanen et al. reported the compressive strength
of the tube and the context layers, where they showed a 300% and 195%
higher strength for the radial direction for the tube and context layers,
respectively (Pylkkanen et al., 2023). Furthermore, Pylkkanen et al.
(2023) also reported the mean ultimate tensile strength, o,, and elastic
modulus, E, for the context layer as 5.8 MPa and 0.3 GPa, respectively.
When comparing these values to the current results for o, (1.2, 0.93,
and 1.60 MPa) and E (0.33, 0.0772, and 0.1548 GPa) for all three spo-
rocarps tested, similar trends were observed despite the tests having
been conducted on a wide variety of bracket fungus species. Other
well-studied fungi species such as Pleurotus eryngii, Agaricus bisporus,
Pleurotus spp., and Lentinula edodes also exhibit an anisotropic me-
chanical behavior and a change in the behavior of the stress-strain curve
resulting in direction-dependent 6, and E (Porter and Naleway, 2022;
Ogawa et al., 2012; McGarry and Burton, 1994). In Pleurotus eryngii, the
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load-compression ratio curves for the stipe also showed a dependence on
the growth direction for the mechanical behavior where the perpen-
dicular (i.e., radial) direction for the upper part of the stipe and the
lower part of the stipe exhibit a maximum force of 200% and 75% higher
than the parallel (i.e., transverse) direction, respectively (Ogawa et al.,
2012). Agaricus bisporus exhibits a 431% increased E in the stipe’s lon-
gitudinal direction versus the transverse direction (McGarry and Burton,
1994).

3.3.2. Strain to failure

In contrast to oy and E results, the strain to failure, &, was statis-
tically significantly lower (p < 0.002) in the radial direction than the
transverse direction for all three sporocarps, as shown in Fig. 4. The & in
the transverse direction showed a mean percent increase as compared to
the radial direction of 158%, 52%, and 168% for G. applanatum,
F. ochracea (1), and F. ochracea (1), respectively. The stress-strain curves
of all the tensile tests in Fig. 3 (C) show the statistically significant in-
crease in strain in the transverse direction as compared to the radial
direction. These results suggest the bracket fungi experience more strain
while stretching in the transverse direction to absorb more energy.
Pylkkénen et al. (2023) showed the mean strain to failure, ¢, for the
context layer from a tensile test as 4.3%, lower than the current results,
ranging from 9.7% to 51%. However, they highlighted the complicated
behavior they experienced during their tests, including an initial failure
not experienced in the current tests.

3.3.3. Toughness

The absorbed energy during deformation, known as toughness, ex-
hibits no statistically significant difference (p > 0.25) between the radial
and transverse directions for all three bracket fungi sporocarps as seen in
Fig. 5. The results in Fig. 5 suggest that although the bracket fungi
demonstrate an anisotropic behavior for oys, E, and &, the energy
required to deform the bracket fungi is the same regardless of the growth
direction or loading alignment orientation. Because of the fungi’s
structure, the mechanical properties are complex, similar to other bio-
logical materials with complex structures, such as bone, skin, wood, and
nacre (Naleway et al., 2015; Ha and Lu, 2020). The current toughness
results from the three bracket fungi sporocarps average 0.34-0.880
MJ/m®, which align with published toughness results on the context
layer of another bracket fungus, Fomes fomentarius, averaging 0.2 MJ/m?
(Pylkkanen et al., 2023). Critically, these toughness results demonstrate
that, despite the anisotropy in the oy, E, and & data, these properties
are able to balance in a way that provides directional isotropy in the
energy necessary for failure in bracket fungi sporocarps.
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3.4. Microstructure imaging analysis

3.4.1. Pre-test characterization

The dense hyphae network in the context layer demonstrates a
preferred orientation alignment for the three bracket fungi sporocarps,
as shown by the SEM images and the histograms in Fig. 6. As visualized
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in Fig. 6 (A-C), Fig. 6 (D) shows approximately 60% of G. applanatum’s
hyphae, 87% of F. ochracea (I)’s hyphae, and 66% of F. ochracea (II)’s
hyphae are oriented within the —15° to 15° range, with the majority of
the hyphae aligning around 0°, which corresponds to the radial direc-
tion. The clear alignment in the context layer elucidates the anisotropic
mechanical behavior for 6., E, and &f shown in Figs. 3 and 4. Of note,
previous literature that studied the bracket fungi’s context also indi-
cated a preferential orientation alignment at the hyphae network scale,
pointing to the radial direction (Porter and Naleway, 2022; Pylkkanen
et al., 2023).

The context’s hyphae diameter measurements shown in Fig. 7 (A)
were statistically significantly different (p < 0.02) between all three
bracket fungi sporocarps. Different fungi species have previously been
shown to have different hyphae diameters (Pylkkanen et al., 2023;
Bartnicki-Garcia et al., 2018), therefore these current results are not
surprising. Although the diameters differ statistically significantly be-
tween bracket fungi sporocarps, the mechanical behavior trend is the
same, as shown in Figs. 3 and 4. The context’s hyphae density mea-
surements shown in Fig. 7 (B) were only statistically significantly
different between G. applanatum and F. ochracea (II) (p < 0.01). All three
bracket fungi’s hyphae networks were dense, with the median points of
the % area the hyphae occupy being 77%, 92%, and 91% for
G. applanatum, F. ochracea (I), and F. ochracea (II). Bracket fungi, which
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Fig. 6. Representative SEM images of the alignment orientation in the hyphal network in the context layer and their distribution before mechanical testing. (A)-(C)
show representative SEM images of G. applanatum, F. ochracea (1), and F. ochracea (II), respectively. All scale bars = 50 pm. (D) shows histograms of the measured
percent alignment orientation distribution for all three bracket sporocarps (n = 120), where 0° represents the radial direction.
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Fig. 7. Box and whisker plots comparing the context layer’s (A) hyphae’s
diameter measurements (n = 120) and (B) hyphae’s density measurements (n
= 6) for each of the three bracket fungi sporocarps. (A) shows the hyphae’s
diameter measurements are statistically significantly different between the
three sporocarps (p < 0.02). (B) shows the hyphae’s density measurements are
only statistically significantly different (p < 0.01) between G. applanatum and
F. ochracea (II).

have a trimtic hyphal system, tend to be the densest of all fungi due to
having all types of hyphae in their hyphal network (Porter and Naleway,
2022; Kirk et al., 2008), which aligns with these current results.

3.4.2. Post-test characterization

The anisotropic mechanical behavior for higher o, and E is
explained by the pre-test hyphal alignment in the radial direction;
however, it does not explain the increase in deformation in the trans-
verse direction, as shown by & in Fig. 4. Examining the transverse di-
rection samples after mechanical testing via SEM indicated that the
hyphae network lost the preferential alignment shown in Fig. 6. The
hyphae network, after testing, is exhibiting a chaotic distribution,
without preference towards the 90° transverse direction as visualized in
Fig. 8 (A-C) and demonstrated in the data in Fig. 8 (D). The chaotic
distribution suggests the hyphae changed and sacrificed their alignment
while deforming, which increased the energy absorption by deforming
the samples statistically significantly more before failure, as shown in
Fig. 4. This change in the network alignment to absorb more energy is
seen in other biological materials, such as collagen fibrils and spider silk,
where the fibers uncoil and slide during deformation under tension
(Rosenberg et al., 2023; Elnunu et al., 2024; Piorkowski et al., 2020),
suggesting a similar process here.

3.5. Bracket fungi biomechanical behavior

The three examined sporocarps of bracket fungi, G. applanatum,
F. ochracea (1), and F. ochracea (II), showed consistent mechanical and
microstructural behaviors, which aligned with previous reports thus
suggesting that all bracket fungi have the same mechanical and micro-
structural trends and behaviors, which are governed by the alignment
and directionality of their hyphae. This was further supported by the
FTIR data, which demonstrated that there were no significant changes in
the chemical composition of the three sporocarps, and the lack of
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substantial variation in the hyphae diameter and density, both of which
suggest that the observed results can be primarily attributed to the hy-
phae alignment. The mechanical data substantiated that bracket fungi
are able to provide a balanced approach to their mechanical properties
with varying anisotropic mechanical behavior in oy, E, and &, that
results in isotropic toughness. This mechanical behavior can be attrib-
uted to a proposed model (diagrammed in Fig. 9) for the bracket’s
microstructural behavior when stressed. This model suggests that the
hyphae’s alignment within the context is related to the bracket’s growth
(with hyphae aligned in the growth direction, Fig. 9 (A-C)) and that,
when strained in the transverse direction, these hyphae can reorient into
a chaotic pattern, thus allowing for increased toughness and energy
absorption before failure (Fig. 9 (D and E)). The energy absorption is
evident in the fractured samples after the tensile test, where the samples
exhibit signs of crack bridging and fiber pull-out, as shown in Fig. 8 (E).
The bracket fungi growth behavior is unique and offers advantages to
adapt and release spores efficiently. Bracket fungi’s shelf-like structure
growing outward from the tree trunk allows for maximizing the fungus’
surface area to absorb nutrients from the tree trunk (Ginns, 2017). Some
bracket fungi, such as G. applanatum, are perennial, which requires the
fungi to grow and absorb more nutrients from the host efficiently
(Mawar and Ram, 2020). The bracket fungi’s anisotropic mechanical
behavior allows for growing outward from the tree trunk. The hyphae’s
preferred radial alignment allows for the necessary mechanical advan-
tage for the bracket fungi to grow radially to form a large shelf-like
structure. The isotropic mechanical behavior protects the bracket
fungi from deformation, i.e., damage. Because the bracket fungi grow
outward from the tree, various weather conditions and predators may
cause damage to the fungus with varying forces from different directions
(Watkinson et al., 2015). Therefore, the deformation absorption in an
isotropic manner allows for better damage-resistant properties. Despite
the low E and oy, the bracket fungi’s lightweight, porous, and
damage-resistant properties make it a viable alternative to existing
fragile materials used in aerospace applications, such as aerogels (Porter
et al., 2023).

4. Conclusions

This work utilized uniaxial tensile mechanical testing and micro-
structure imaging to study three sporocarps from two different species of
bracket fungi and describe their context layer’s material and mechanical
behavior. This work allows an understanding of bracket’s context layer
in general rather than in specific species.

e The bracket sporocarps exhibit anisotropic mechanical behavior in
their strength, elastic modulus, and strain to failure. The bracket
fungi’s ultimate strength and elastic modulus increased statistically
significantly (p < 0.05 and p < 0.01) along the radial direction versus
the transverse direction in all three tested sporocarps. In contrast, the
strain to failure was significantly lower (p < 0.002) in the radial
direction than the transverse direction.

e Energy is absorbed in an isotropic manner, as shown by the tough-
ness, revealing no statistically significant difference between the
tested samples in bracket’s radial and transverse directions.

e The hyphae’s dense network, which makes up the body of filamen-
tous fungi and, in this case, bracket sporocarps, shows a clear
alignment of the hyphae. The hyphae’s alignment is primarily
responsible for the anisotropic, direction-dependent mechanical
properties.

e When strained, the hyphae’s network realigns to form a more

chaotic, less aligned distribution during uniaxial tensile testing

against the alignment direction, providing more strain and energy
absorption before failure.

Bracket context mechanical properties and microstructural mea-

surements are related to the alignment of hyphae. The bracket fungi

utilize this alignment in growing large shelf-like structures radially



Ihsan.S. Elnunu et al.

Journal of the Mechanical Behavior of Biomedical Materials 163 (2025) 106841

50% 1

Percentage [%]
(5]
)
S

S O O O
o o O O

-60
0

G. applanatum F. ochracea (1) F. ochracea (11)

= eleoBohol =2 =
g e - e
Angles [°]

WL /2 s WU € S x WU 7 AN

Fig. 8. Representative SEM images of the alignment orientation in the hyphal network in the context layer, their distribution after mechanical testing for the
transversely mechanically tested samples, and the fracture behavior after testing. The SEM images and data are from the region between the clamp and the fracture
point for the transverse orientation samples. (A)—(C) show representative SEM images of G. applanatum, F. ochracea (1), and F. ochracea (II), respectively after
mechanical testing. All scale bars = 50 pm. (D) shows histograms of the measured percent alignment orientation distribution for all three bracket fungi sporocarps (n
= 120), where 0° represents the radial direction. (E) shows the fracture behavior of the transversely tested samples after the tensile test.

from a tree. The context also offers a necessary mechanical advan-
tage of damage resistance by absorbing the deformation from various
weather and predator forces from all directions in an isotropic
manner.
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