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a b s t r a c t 

Little is known about the mechanical and material properties of hyphae, the single constituent material 

of Agaricomycetes fungi, despite a growing interest in fungus-based materials. In the Agaricomycetes (the 

mushrooms and allies), there are three types of hyphae that make up sporocarps: generative, skeletal, 

and ligative. All filamentous Agaricomycetes can be categorized into one of three categories of hyphal 

systems that compose them: monomitic, dimitic, and trimitic. Monomitic systems have only generative 

hyphae. Dimitic systems have generative and either skeletal (most common) or ligative. Trimitic systems 

are composed of all three kinds of hyphae. SEM imaging, compression testing, and theoretical modeling 

were used to characterize the material and mechanical properties of representative monomitic, dimitic, 

and trimitic sporocarps. Compression testing revealed an increase in the compression modulus and com- 

pressive strength with the addition of more hyphal types (monomitic to dimitic and dimitic to trimitic). 

The mesostructure of the trimitic sporocarp was tested and modeled, suggesting that the difference in 

properties between the solid material and the microtubule mesostructure is a result of differences in 

structure and not material. Theoretical modeling was completed to estimate the mechanical properties 

of the individual types of hyphae and showed that skeletal hyphae make the largest contribution to me- 

chanical properties of fungal sporocarps. Understanding the contributions of the different types of hyphae 

may help in the design and application of fungi-based or bioinspired materials. 

Statement of Significance 

This research studies the material and mechanical properties of fungal sporocarps and their hyphae, 

the single constituent material of Agaricomycetes fungi. Though some work has been done on fungal hy- 

phae, this research studies hyphae in context of the three hyphal systems found in Agaricomycetes fungi 

and estimates the properties of the hyphal filaments, which has not been done previously. This charac- 

terization was performed by analyzing the structures and mechanical properties of fungal sporocarps and 

calculating the theoretical mechanical properties of their hyphae. This data and the resulting conclusions 

may lead to a better design and implementation process of fungi-based materials in various applications 

using the properties now known or calculated. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1

w

f

m  

o

m

u

m

h

d  

e  

p

e

r

t

h

1

. Introduction 

There are estimated to be millions of species of Fungi in the 

orld, many of which have yet to be discovered. These fungi are 

ound across the world in many different biomes and environ- 

ents [ 1 , 2 ]. To enable this success, fungal structures have a range

f mechanical and physical properties to fit their varied environ- 

ents [3] . In recent years, there has been a growing interest in 

sing fungi as part of innovative, more environmentally friendly 
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anufacturing methods for common products. Several companies 

ave used fungi as an environmentally friendly alternative to tra- 

itional materials such as packing materials [ 4 , 5 ], bricks [6] , and

ven fabrics [ 4 , 7 ]. Designing and creating fungal products is made

ossible by an understanding of fungi and their mechanical prop- 

rties. 

One characteristic feature of fungi is their constitutive mate- 

ials. Most natural materials have multiple constitutive materials 

hat make up their basic structures. For example, bone is a com- 

ination of two constitutive materials: collagenous fibers and hy- 

roxyapatite crystals [8] . However, there is only one constitutive 

aterial for most species in the Agaricomycetes, which includes 

https://doi.org/10.1016/j.actbio.2022.04.011
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2022.04.011&domain=pdf
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ost mushroom-forming fungi: filamentous hyphae with chitinous 

ell walls. Hyphae are fibrous structures made up of fungal cells 

9] . Hyphae can agglomerate and fuse to form mycelia, the veg- 

tative portion of most Agaricomycetes [10] . Additionally, hyphae 

an come together and fuse to form fungal structures, including 

ycelial fans, rhizomorphs, and sporocarps (mushrooms). All the 

ifferent fungal structures made by filamentous Agaricomycetes are 

ade up of the agglomeration of this single hyphal building block 

11] . 

Agaricomycetes fungi reproduce by spreading spores produced 

y sporocarps. Spores then can begin to produce hyphae as they 

erminate. These initial hyphae are called generative hyphae and 

re present in all filamentous Agaricomycetes fungi ( Fig. 1 a). These 

yphae can be characterized by their septa, making divisions along 

he hyphal filament to prevent nuclei from moving from section to 

ection during the growth process. These hyphae may also have 

ome branching along the filaments [11] . As the name suggests, 

hese generative hyphae can generate into other types of hyphae, 

epending on the organism [12] . 

During the life of some fungi, the generative hyphae can later 

evelop into skeletal ( Fig. 1 b) or ligative (binding) hyphae ( Fig. 1 c).

oth skeletal and ligative hyphae have thick walls and lack septa. 

keletal hyphae are unbranched, forming long, continuous fila- 

ents that are generally oriented along a specific direction[12]. 

imilar to the skeletons in vertebrates, skeletal hyphae act as a 

yphal framework [12] . Ligative hyphae are unique in their highly 

ranched structure. These complex branching structures can wind 
ig. 1. Hyphal systems. A: Monomitic hyphal system with only generative hyphae 

green). B: Dimitic hyphal system with generative (green) and skeletal (yellow) hy- 

hae. C: Trimitic hyphal system with generative (green), skeletal (yellow), and lig- 

tive (purple) hyphae. (For interpretation of the references to colour in this figure 

egend, the reader is referred to the web version of this article.) 
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round and bind hyphae together [ 11 , 12 ]. The combination of these 

ifferent hyphal types can create many unique properties and 

tructures. 

These three different types of hyphae can combine to make 

istinct hyphal systems. Based on their hyphal systems, Agari- 

omycetes fungi are categorized as one of three types: monomitic, 

imitic, or trimitic fungi ( Fig. 1 ). Monomitic fungi have only gen- 

rative hyphae ( Fig. 1 a). Monomitic fungi include soft mushrooms, 

any of which are grown and sold commercially, such as white 

 Agaricus bisporus ), oyster ( Pleurotus spp.), and shiitake ( Lentinula 

dodes ). Dimitic fungi are generally composed of generative hy- 

hae and skeletal hyphae ( Fig. 1 b), though there are some, such 

s the genus Laetiporus , which are composed of generative and lig- 

tive hyphae [ 11 , 13 ]. Trimitic fungi contain all three types of hy-

hae ( Fig. 1 c) and include many shelf and bracket fungi known to 

e tough and even woody in nature. 

These different types of hyphae and fungi, and the various 

axa they include, have been studied at length [ 11 , 12 , 14–16 ]. This

xisting literature primarily focuses on the study of hyphae and 

ungi from a biological or ecological perspective. Existing research 

n the biomechanics of fungi focuses on natural processes, such 

s growth, spore release, and digestion [17–23] . However, limited 

ork has been done on the material properties, structural proper- 

ies, and their connection to physical or mechanical behavior [24] . 

urthermore, the contributions of the individual hyphal systems 

o these properties are unknown. An abundance of research has 

een done on other natural structures and their inherent benefits 

 8 , 25–28 ], laying the groundwork for the creation of bioinspired 

aterials. Understanding the properties of fungi afforded by their 

onstituents and structures may lead to a better understanding of 

heir natural success in the wild, the ability to model and predict 

ungal behavior, and inspiration for fungus-inspired materials and 

esigns. 

In this study, we characterize material and mechanical proper- 

ies of filamentous fungi and relate the macroscale properties to 

he micro-structures in each type of hyphal system (monomitic, 

imitic, and trimitic). We used three mushrooms representative 

f the three hyphal systems and performed compression testing, 

maging analysis and theoretical modeling to better understand 

his connection. This understanding of the biomechanics of fungi 

ill advance the current knowledge of hyphal structures and their 

mpact on properties on a larger scale. This characterization could 

rovide a basis for better incorporation of fungi into environmen- 

ally friendly products and inform bioinspired designs. 

. Materials and methods 

.1. Sample choice and collection 

Three sample types were used to analyze the different hy- 

hal systems. White mushrooms ( Agaricus bisporus , Fig. 2 a,b) [29–

1] were used as a representative monomitic sporocarp with only 

enerative hyphae. Maitake mushrooms ( Grifola frondosa , Fig. 2 d,e) 

 29 , 32 , 33 ] were used as a representative dimitic sporocarp with

enerative and skeletal hyphae. Reishi mushrooms ( Ganoderma 

ingzhi , Fig. 2 g,h) [ 12 , 14 , 29 , 34 ] were used as a representative trim-

tic sporocarp, having generative, skeletal, and binding (ligative) 

yphae. Note that, when viewed in axial cross-section, the Reishi 

ushrooms displayed two distinct structures. Therefore, both the 

op and bottom of these sporocarps were analyzed throughout this 

tudy. All three representative sporocarps are shown in Fig. 2 . The 

porocarps of fresh white and maitake mushrooms and a dehy- 

rated reishi mushroom were procured from local retailers. Fresh 

porocarps were dehydrated at 40 °C for 10 h in a Magic Mill®

ood dehydrator (Royalux Inc., Spring Valley, NY, USA). Samples 

aken from the dehydrated white, maitake, and reishi mushrooms 
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Fig. 2. Representative sporocarp samples. Images of the monomitic white mushroom (A and B), dimitic maitake mushroom (D and E), and trimitic reishi mushroom (G and 

H) are shown from a side view. The location from which compression and imaging samples were taken are shown (C, F, and I). The solid face of the representative sample 

cubes represents the axial face, and the striped faces represent the transverse faces. Note that trimitic samples are broken into top (black cube) and bottom (white cube) 

samples. Scale bars all represent 4 cm. 
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ill be referred to as monomitic, dimitic, and trimitic samples, re- 

pectively. 

.2. Structural imaging and characterization 

Structural analysis was completed by imaging the hyphal sys- 

ems. Imaging samples were made by breaking or cutting por- 

ions off the dehydrated sporocarps for each type of hyphal sys- 

em for both axial face and transverse face imaging ( Fig. 2 c,f,i). 

maging samples were affixed to aluminum sample holders us- 

ng carbon tape and coated with ∼20 nm of gold-palladium. At 

east three representative images were taken from each imaging 

ample in an FEI Quanta 600FE-ESEM scanning electron micro- 

cope (Hillsboro, OR, USA) at an accelerating voltage of 5 kV and 

pot size of 3 nm. Three representative images were taken of each 

ample type (monomitic, dimitic, trimitic-top, and trimitic-bottom) 

long each face (axial and transverse). Measurements of the hy- 

hal orientation of the images was completed using ImageJ soft- 

are [35] . The orientation of the hyphae was measured by convert- 

ng the image to black and white, and then measuring the pores 

s ellipses. The angle of the major axis of the ellipses was mea- 

ured, and compared to the angle of the axial direction (for images 

f the transverse face) or the transverse direction (for the axial 

ace). 

.3. Mechanical testing 

Compression testing was completed to characterize the me- 

hanical properties of the different samples. Compression samples 

ere made from the dehydrated monomitic, dimitic, and trimitic 

amples. Compression samples were taken from pileus (monomitic, 

rimitic) and stipe (dimitic) context, and hymenophore (trimitic) 

rom the sporocarps of each specimen ( Fig. 2 c,f,i). Due to differ- 

ntiation within the sporocarp, a longitudinal section through the 

ileus of the trimitic samples were split into top (pileus context) 

nd bottom (hymenophore) sections. Twelve compression samples 

ere made for each sample type: monomitic, dimitic, trimitic-top, 
274 
nd trimitic-bottom. Compression samples were roughly 6 mm tall, 

nd with a 50 mm 

2 cross-sectional area. The cross-sectional area 

f irregularly shaped compression samples was calculated by tak- 

ng an image of the sample and using ImageJ software to calcu- 

ate the area. The area of compression sample with rectangular 

ross sections was calculated by measuring the edges with calipers. 

hese areas were used to calculate the stress during compression. 

he height of each sample was measured with calipers. The height 

as used to calculate the strain during testing. All measurements 

ere made by measuring on the millimeter scale with two decimal 

laces of precision. Six of the compression samples of each sample 

ype were compressed axially, meaning perpendicular to the axial 

ace. The other six samples were compressed transversely, meaning 

erpendicular to the transverse face. Samples were all compressed 

sing an Instron 4303 with a 30 kN load cell. A cross-head rate of 

 mm/min was used in all tests. 

After obtaining the stress-strain behavior of the sporocarp sam- 

les, material properties were calculated using MATLAB (Math- 

orks, Natick, MA, USA). The compression modulus (denoted E) 

as calculated by finding the slope of the linear portion of each of 

he curves. The compressive strength was calculated by finding the 

tress of the plateaus, which occurred after yielding. In the cases 

here no obvious plateau existed, the compressive strength was 

etermined to be the point before bulk compression, indicated by 

he sharp increase of the slope of the curve. 

.4. Density calculation 

The density of each of the sporocarp types was calculated us- 

ng the volume and mass of the dehydrated compression samples 

rior to compression. The volume was calculated by measuring the 

ross-sectional area and height of each sample. The mass of each 

ample was then measured by weighing them on a scale. Density 

as calculated by dividing the mass of each sample by the respec- 

ive volume. Twelve samples of each sporocarp type (monomitic, 

imitic, and trimitic-top) were used in calculating the average den- 

ity for each type of sample. 
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Fig. 3. Representative SEM images of the hyphal systems found in the monomitic (A, B), dimitic (C, D), trimitic-top (E, F), and trimitic-bottom (G, H) samples. Both axial 

faces (A, C, E, G) and transverse (B, D, F, H) faces are shown. Scale bar represents 100 μm (A, B, C, D, E, F) and 250 μm (G, H). 
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.5. Statistical analysis 

Statistical significance was determined by completing two- 

ailed, two-sample t-tests. Pairwise comparisons were completed 

or each type of sample. In all cases, statistical significance was de- 

ermined using a confidence level of α = 0.05. 

. Results and discussion 

.1. Structural imaging and analysis 

Hyphal systems were visible in the images taken from each of 

he representative sporocarp samples ( Fig. 3 ). Each of the sporo- 

arp samples showed a porous structure, though the trimitic-top 

amples appear more dense ( Fig. 3 e,f). There was little difference 

etween the images taken from the axial and transverse faces of 

he monomitic imaging samples ( Fig. 3 a,b). Both faces showed a 

oosely woven hyphal system. In contrast, the different faces of the 

imitic samples showed a difference in how hyphae were oriented. 

he hyphae on the axial face of the dimitic samples were ori- 

nted along the transverse direction ( Fig. 3 c). The transverse face 

f the dimitic imaging samples ( Fig. 3 d) appeared more similar to 

onomitic samples, where there was no clear orientation. Simi- 

arly, the hyphae on the axial face of the trimitic-top samples were 

ransversely oriented ( Fig. 3 e), whereas no clear orientation ex- 

sted on the transverse face. Of interest, the trimitic-bottom sam- 

les showed a clear mesostructure of axially oriented microtubules 

ormed by fused hyphae ( Fig. 3 g,h). 

Microstructural directionality of the sporocarps was determined 

y analyzing the hyphal orientation in each of the samples ( Fig. 4 ).

here was a relatively even distribution of pore direction for both 

he axial and transverse faces of the monomitic samples ( Fig. 4 a,b). 

he transverse faces of the dimitic and trimitic-top samples 

howed a similar even distribution of hyphae angle ( Fig. 4 d,f). The 

rimitic-bottom samples were omitted due to the presence of the 

xially oriented microtubule mesostructure that makes up the hy- 

enophore of the sporocarp. The monomitic, dimitic, and trimitic- 

op samples did not contain any mesostructures from the hy- 

enophores of the respective sporocarps (gills for the monomitic 

nd pores for the dimitic and trimitic). The hyphae on the axial 

aces of the dimitic and trimitic-top showed a preferential orienta- 
275 
ion, which aligned with the direction of transverse loading com- 

leted for mechanical testing ( Fig. 4 c,e). 

The hyphal systems seen through SEM imaging are consistent 

ith what has previously been studied about these different sys- 

ems. Each of the sporocarps is composed of these hyphal fila- 

ents, without any additional constituent materials. Yet, these fila- 

ents remain separate, rather than fusing into a single mass. This 

reates porous materials that are less dense than solid material. 

his porosity assists in the translocation of nutrients and fluids, 

hich is an essential role of hyphae [ 36 , 37 ]. The effects of the

ifferentiated hyphae can also be seen in the dimitic and trimitic 

ungi. Skeletal hyphae are known to grow according to a specific 

rientation [12] , and both sporocarps that contain skeletal hyphae 

how a preferential orientation in the structure made by these hy- 

hae ( Fig. 3 c,e). The addition of the ligative hyphae, which bind to- 

ether the generative and skeletal hyphae, contributes to the more 

ense structure seen in the trimitic-top images ( Fig. 3 e,f). The im- 

ges of the trimitic-bottom samples show that these microtubule 

ores, used for spore dispersal are formed by hyphae [38] , just as 

n the other portions of sporocarp samples. All of these sporocarps, 

ith their diverse shapes and structures are created by the orga- 

ized agglomeration of hyphae. 

.2. Mechanical testing 

All three types of hyphal structures showed behavior typical of 

olymers and biopolymers under compressive loading ( Fig. 5 ). All 

amples showed some quasi-linear behavior as loading began. Af- 

er yielding, the stress generally plateaued, which was indicative of 

he compressive strength of the sample. After this plateau, stress 

ramatically increased as the internal structure collapsed, and the 

ulk material was compressed (not shown in Fig. 5 ). While all the 

amples demonstrated this general stress-strain behavior, the indi- 

idual values for the modulus, strain at yielding, and compressive 

trength varied widely between the different types of fungi as well 

s the orientation of compressive loading. 

.2.1. Compression modulus 

The compression modulus of the samples increased with the 

ncreasing number of hyphal types ( Fig. 6 , Supplementary Table 

). There was a statistically significant difference between all the 

alculated average values of the compression modulus for each 
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Fig. 4. Representative density histograms of the hyphal orientation of the axial and transverse faces of each of the representative sporocarps. The pore orientations of the 

axial faces of imaging samples are shown using dark graphs (A, C, E) and the pore orientations of the transverse faces are shown using light graphs (B, D, F). For each graph, 

the vertical axis represents the proportional density of pore orientation. Zero degrees represents alignment with the direction of compression. Dotted lines represent the 

direction of transverse compression, and solid lines represent the direction of axial compression. 
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ample type tested in the axial direction. The average compres- 

ion modulus values of the transversely loaded sample types also 

ad statistically significant differences, except for comparing the 

imitic transverse and the trimitic-bottom transverse compres- 

ion samples. For both orientations, there was a trend of increas- 

ng modulus values with more hyphal types. Monomitic samples 

ad the smallest average modulus for both orientations (roughly 

.079 MPa in both orientations), followed by dimitic samples in the 

iddle (0.618 MPa for axial, 2.376 MPa for transverse), and trim- 

tic samples having the largest average modulus values. The highest 

ompression modulus was relatively similar for both loading ori- 

ntations, with trimitic-bottom samples having the highest average 

odulus when loaded axially (6.073 MPa) and trimitic-top samples 
ig. 5. Representative stress-strain behavior under compression of monomitic, 

imitic, and trimitic sporocarp samples. M: monomitic; D: dimitic, T T : trimitic-top, 

 B : trimitic-bottom. Stars represent approximate location of where the compression 

tress was calculated. 

F

a
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276 
or transverse (6.510 MPa). The maximum compression modulus 

alue, which came from a trimitic-top sample compressed trans- 

ersely, was at least 76 times as large as the average value of the 

onomitic samples tested in either the axial or transverse direc- 

ion. 

The compression modulus represents how stiff a material is un- 

er compressive loading. There is a general trend of larger com- 

ression modulus values moving from monomitic to dimitic to 

rimitic samples ( Fig. 6 ). This trend suggests that the addition of 

yphae increases the stiffness of the sporocarps under loading. Be- 

ause skeletal hyphae act as a support structure [12] , the increased 

odulus between the monomitic and dimitic sporocarps suggests 

hat this structural support can provide not only a framework for 
ig. 6. Boxplots comparing the compression modulus of each of the hyphal systems 

nd orientations (A: axial, T: transverse). Mean values are shown using a plus sign 

 N = 6). Samples with the same Greek letter above the box indicate there is no 

tatistically significant ( p < 0.05) difference between the two sets of data. 
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Fig. 7. Boxplots comparing the compression strength of each of the hyphal systems 

and orientations (A: axial, T: transverse). Mean values are shown using a plus sign 

( N = 6). Samples with the same Greek letter above the box indicate there is no 

statistically significant ( p < 0.05) difference between the two sets of data. 
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he shape of the structure but also enhance the stiffness of the 

porocarp. The addition of ligative hyphae in the trimitic sam- 

les further increases the stiffness of the sporocarp. As the liga- 

ive hyphae bind the generative and skeletal hyphae together, the 

icrostructure is reinforced, affecting the sporocarp properties on 

he macroscale. However, the degree to which the modulus is en- 

anced is also based on the orientation of the sporocarp during 

oading. 

The comparison of the axial and transverse data gives insight 

nto the effects of orientation on mechanical resistance. Isotropic 

roperties are not dependent on directionality, whereas anisotropic 

roperties are dependent on directionality. The modulus of the 

onomitic samples was isotropic, as there was no statistically sig- 

ificant difference in the modulus when loaded axially or trans- 

ersely. Functionally, this means that when the cap of this sporo- 

arp is loaded, it will be as stiff in one direction as another, pro- 

iding no added mechanical strength based on directionality. Both 

he dimitic and trimitic sporocarps demonstrated anisotropic be- 

avior with respect to the modulus, meaning there was a statisti- 

ally significant difference for each of the dimitic and trimitic sam- 

les when comparing the compression modulus from axial load- 

ng to the modulus from transverse loading. The anisotropic be- 

avior of these sporocarps indicates that there is a larger resis- 

ance to loading in the transverse direction. These sporocarps have 

xially oriented hymenophores, which are essential to reproduc- 

ion. The monomitic, dimitic, and trimitic-top compression sam- 

les were taken from areas of the sporocarps where the respec- 

ive hymenophores (the gills of the monomitic and pores of the 

imitic and trimitic) were not present. As the compression data of 

he trimitic-bottom samples suggests, these reproductive structures 

re not as stiff when loaded transversely. Having a portion of the 

porocarp structure away from the hymenophore that is stronger 

nder transverse loading may help sporocarps weather predatory 

ttacks or mechanical loading that might otherwise hamper or de- 

troy the reproductive ability of the sporocarp. This transverse re- 

istance is also aided with the structure framework provided by 

keletal hyphae. This increased resistance could help the sporo- 

arps in their natural environments if they are more likely to 

ncounter attacks or other loading scenarios from one direction. 

hese reproductive structures may also help to improve the me- 

hanical properties of the sporocarp. The layered nature of the 

rimitic sporocarp, the axially oriented bottom section to the trans- 

ersely oriented top section, is like other layered structures found 

n other natural materials. Fish scales, insect exoskeletons, and 

balone all have layered structures, which affect the material stiff- 

ess and improve its mechanical resistance [25] . This is achieved 

y the layering of materials with different stiffnesses. Thus, the 

hange in structure and orientation in the trimitic sporocarp likely 

mproves the overall mechanical resistance of the sporocarp. 

.2.2. Compressive strength 

Like the average compression modulus, the compressive 

trength of the samples increased with the addition of hyphal 

ypes ( Fig. 7 , Supplementary Table 1). All axial compression sam- 

les showed a statistically significant difference in their average 

ompressive strength values. All sample types that underwent 

ransverse loading had statistically significant differences between 

heir average compressive strength values, except between the 

rimitic-top and trimitic-bottom average stress. Monomitic samples 

ad the smallest compressive strength (approximately 0.125 MPa) 

n both loading orientations. Dimitic samples maintained larger 

verage compressive strength under loading (0.801 MPa for ax- 

al, 2.063 MPa for transverse). When tested in the axial orienta- 

ion, trimitic-bottom samples had the largest average compressive 

trength of 6.296 MPa, more than 50 times as large as that of the 

onomitic samples. Trimitic-top samples had the largest average 
277 
trength value for the transverse orientation (4.409 MPa), more 

han 35 times as large as that of the monomitic samples. 

The compressive strength represents the maximum stress the 

porocarps can reach before the sample is fully densified and com- 

ressed as a bulk material. This stress can be maintained while 

ontinuing to compress the material, increasing the strain it expe- 

iences. However, this stress also occurs after yield, meaning that 

ome damage has already been done to the structure or material 

y the time this stress is achieved. Maintaining this level of stress 

uring loading allows the sporocarps to further deform and resist 

oading without the complete destruction of the structure, even 

f there is some damage done. Sporocarps with higher compres- 

ive strength have an advantage in surviving loading scenarios that 

ight permanently damage or destroy weaker structures. 

The compressive strength of the sporocarp samples showed 

nisotropic behavior in both the dimitic samples and the trimitic- 

ottom samples. Both the monomitic and trimitic-top samples 

howed no statistically significant difference between the com- 

ressive strength during axial and transverse loading, suggest- 

ng isotropic behavior. The compression properties (both modu- 

us and strength) of the dimitic sporocarps were both anisotropic. 

he trimitic sporocarps exhibited both isotropic and anisotropic 

ehavior, depending on the property of interest and the loca- 

ion of the sample on the sporocarp. The compression modulus 

howed anisotropic behavior for all trimitic samples. The com- 

ressive strength, on the other hand, was only anisotropic for the 

rimitic-bottom samples, which had a lower compressive strength 

hat showed a statistically significant difference from the samples 

hat were loaded transversely ( Fig. 7 ). Other types of fungi with 

hese tubular structures, characteristic of fungi in the Polypore or- 

er of fungi, have been shown to have similar mechanical resis- 

ance to loading as was seen in this study [39] . When loaded either

xially or transversely, the trimitic-top samples showed no statis- 

ically significant difference in the compressive strength. Thus, the 

op of the representative trimitic sporocarp can maintain its max- 

mum working stress no matter the direction of loading. This in- 

reased strength could protect the lower portion of the sporocarp, 

hich is responsible for the dispersal of spores and propagation of 

he organism. 
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.2.3. Effects of mesostructure 

While the presence of more types of hyphae in a hyphal system 

an give a sporocarp added mechanical resistance to loading, the 

ifferences between the two types of trimitic samples indicate that 

he mechanical properties are also dependent on the mesostruc- 

ures created by the sporocarps. The top of the representative trim- 

tic sporocarp was essentially composed of bulk material. The bot- 

om of the sample, on the other hand, has micro-tubules (see 

ig. 3 g,h). These tubule structures increase the fertile surface area 

nd facilitate spore dispersal [38] , and they also affect the sporo- 

arp’s mechanical properties, as seen in Sections 3.2.1 and 3.2.2 . 

his tubular structure is commonly found in other natural mate- 

ials, such as ram horn, crab exoskeleton, horse hooves, and else- 

here, and is known to increase the mechanical properties of the 

aterial when loaded parallel to the tubules by effectively employ- 

ng this structure that allows for a higher modulus and strength 

ith less bulk material [25] . 

We can calculate theoretical values for the compression mod- 

lus and compressive strength for these types of structures 

o compare to the actual measured quantities. As shown in 

ections 3.2.1 and 3.2.2 , the top and bottom of the representative 

rimitic sporocarp have different structures with different proper- 

ies. It is possible that the difference in properties could be a re- 

ult of a difference in materials. By comparing the actual values of 

he compression modulus and compressive strength of the trimitic 

porocarps to expected values calculated by known models, it may 

e determined whether the difference in properties is purely due 

o structural difference of the mesostructures or if there may be 

ome difference in the material. The compression modulus of this 

ype of structure, compressed in the axial direction (i.e., parallel to 

he microtubules), can be modeled using the following equation, 

dapted from [25] : 

E 

E d 
= 

(
1 − V 

2 
p 

)
, (1) 

here E is the modulus of the porous material, E d is the modulus 

f the dense material, and V p is the volume fraction of the pores. 

q. (1) can be rearranged to solve for the porous material modulus 

 Eq. (2) ) and the dense material modulus ( Eq. (3) ): 

 d = 

E 

1 − V 

2 
p 

, (2) 

 = E d 
(
1 − V 

2 
p 

)
. (3) 

Using Eqs. (2) and (3) , the trimitic-top and trimitic-bottom 

amples can be compared. The average trimitic-top transverse 

ompression modulus can be used as the dense material, and the 

verage trimitic-bottom axial compression modulus can be used as 

he porous. The volume fraction of the pores is V p = 0.3, which 

as estimated through the analysis of SEM images of the bottom 

urface of the trimitic sporocarp (using ImageJ). Using Eqs. (2) and 

3) , the theoretical values for the moduli of both the dense ma- 

erial ( E d ) and the porous material ( E ) are calculated. A theoret-

cal compression modulus for the dense material was calculated 

sing Eq. (2) and compared to the actual values from the mi- 

rotubule section (trimitic-bottom axial). Then a theoretical com- 

ression modulus of the microtubule structure was calculated us- 

ng Eq. (3) and compared to the modulus of the dense material 

trimitic-top transverse). In both cases, calculated and actual val- 

es of the moduli were relatively similar, with a percent error of 

bout 2.5% when calculating either the modulus of the dense ma- 

erial or the porous material (see Table 1 ). 

The compressive strength, σ c, of microtubular structures when 

ompressed parallel to the length of the microtubules can be ex- 
278 
ressed as 

c = 

E d 
(
1 − V 

1 / 3 
p 

)
ε p f 

νd 

, (4) 

here E d is the compression modulus of the dense material, V p 

s the volume fraction of pores, εpf is the strain at failure of the 

orous microtubular structure, and νd is Poisson’s ratio of the 

ense material (adapted from [25] ). Because chitin is the primary 

omponent of cell walls in the fungi examined, the Poisson’s ra- 

io of the dense material can be estimated using the Poisson’s ra- 

io of chitin ( νd = 0.25) [40] . The volume fraction of pores used 

o calculate the compressive strength is the same as was used to 

alculate the structure’s moduli ( V p = 0.3). The average strain at 

ailure of the trimitic-bottom axial samples was used to determine 

he failure of the microtubular structure ( εpf = 0.73) and the aver- 

ge trimitic-top transverse compression modulus was used to de- 

ermine the modulus of the matrix ( E d = 6.5096 MPa). The percent 

rror between the actual and the calculated compressive strength 

as only 0.19%, indicating that the calculated and observed values 

ere almost identical ( Table 1 ). 

When loaded axially, the trimitic-bottom samples achieved 

early three times the compression modulus and twice the com- 

ressive strength when compared to the axially loaded trimitic-top 

amples. The trimitic-top samples achieved a similar average mod- 

lus to the axially loaded trimitic-bottom samples when loaded 

ransversely. Layered structures increase the mechanical resistance 

f an overall structure and are found in many natural materi- 

ls, such as arapaima scales and abalone [25] . However, the ara- 

aima scales and abalone layers are composed of different mate- 

ials or constituent concentrations [ 41 , 42 ]. The equations used to 

alculate the moduli and compressive strength assume that the 

ense and porous materials are the same. Thus, the small per- 

ent error when modeling the compression modulus and compres- 

ive strength ( Table 1 ) suggests that the top and bottom layer of 

he representative trimitic sporocarp are the same materials. This 

s consistent with what is known about fungi and the fact that 

hey are known to create their different structures using a single 

onstituent [11] . The different mesostructures of the top and bot- 

om layer of the trimitic sporocarp, made by the same constituent 

aterial and organized into distinct structures, provide properties 

hat would not be possible with only solid material. This increased 

echanical resistance afforded by the combination of layer orien- 

ations gives the representative trimitic sporocarps an added sur- 

ival advantage by ensuring a damage-resistant structure, all with 

ts single microstructural constituent material: hyphae. 

.2.4. Effects of hydration 

The growing interest in fungus-based materials makes under- 

tanding fungal properties a vital aim. Fungi have been used to 

ake alternative packaging materials [ 4 , 5 ], fabrics [ 4 , 7 ], and even

ricks [6] . These applications are likely to be the first of many 

ungi-based environmentally friendly approaches to manufactur- 

ng materials. Each of these uses fungi in a dry, dehydrated state. 

ungal sporocarps are known to be hydrophilic. Across different 

pecies, the moisture content of different sporocarps can range 

rom roughly 17 to 89% depending on the species, age, and soil 

n which the sporocarp grew [43] . As such dehydrated sporocarps 

ay not offer a good model of wildtype sporocarps. Understand- 

ng the effects that hydration can have on fungi is important, 

ut knowing the dehydrated properties allows for a foundation of 

nowledge for how fungi may be grown and used in innovative ap- 

lications such as leather or packing materials [ 5 , 9 ]. As such, each

f the sporocarp types was also tested in a hydrated state and the 

echanical data from these test are included in the Supplemen- 

ary Materials. This data showed that hydration can drastically af- 

ect the mechanical resistance of sporocarps, with both the modu- 
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Table 1 

Calculated values and percent error for the compression modulus of the dense material, compression mod- 

ulus of the microtubular structure, and compressive strength of the microtubular structure from the trim- 

itic samples. Actual values were from the trimitic-top transverse samples (E d ), the trimitic-bottom axial 

samples (E, σ c ). 

Variable of Interest Equation Actual Value [MPa] Calculated Value [MPa] Percent Error [%] 

E d (2) 6.5096 6.6737 2.46 

E (3) 6.0731 5.9237 2.52 

σ c (4) 6.2955 6.2834 0.19 

Table 2 

Average density of monomitic, dimitic, and trimitic-top samples. 

Sporocarp Type Number of samples Average Density [g cm 

−3 ] 

Monomitic 12 0.107 

Dimitic 12 0.229 

Trimitic-Top 12 0.341 
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us and the strength of the samples at least an order of magnitude 

maller than the dehydrated samples. 

.3. Theoretical modeling of hyphal properties 

Using known models of cellular solids, the relative contribu- 

ions of the generative, skeletal, and ligative hyphae to the macro- 

copic mechanical properties can be estimated. For the dimitic and 

rimitic-top samples, there is reinforcement in the transverse di- 

ection due to the orientation of the skeletal hyphae. By using the 

ompression data ( Figs. 6 , 7 , Supplementary Table 1) and average 

ensity ( Table 2 ) for each type of sporocarp, the theoretical prop- 

rties of each type of hyphae can be calculated. For consistency in 

alculating theoretical properties across sporocarp type, the com- 

ression and density values of the transversely compressed sporo- 

arp samples were used. As seen in Fig. 3 , the sporocarp sam- 

les are porous, cellular solids, with the hyphae acting as the solid 

dges of the cells. The modulus of the solid portion of the cells can 

e estimated using (adapted from [44] ) 

 s = E p 

(
ρs 

ρp 

)2 

, (5) 

here E s is the compression modulus of the solid material, E p is 

he modulus of the porous material, ρs is the density of the solid 

aterial, and ρp is the density of the porous material. Because the 

ain constituent material of fungal cells is chitin [45] , the den- 

ity of the solid material was estimated using the density of chitin 

 ρs = 1.425 g/cm 

3 ) [46] . The porous modulus E p was the modulus

alculated using compression testing (see Fig. 6 ) for the respective 

porocarp compression samples. The density of the porous material 

p was the average density for each type of sample ( Table 2 ). 

Like the modulus, the compressive strength of the solid portion 

f the sporocarp can be modeled as (adapted from [44] ) 

s = 

σp 

0 . 3 

(
ρs 

ρp 

) 3 
2 

, (6) 

here σ s is the compressive strength of the solid material, σ p is 

he compressive strength of the porous material, ρs is the density 

f the solid material, and ρp is the density of the porous material. 

sing the density of chitin ( ρs = 1.425 g/cm 

3 ), the calculated den- 

ity of compression samples, and the compressive strength of each 

ample (see Fig. 7 ), total compressive strength of the solid hyphae 

aterial can be calculated for each sample. 

Because the solid material of each sporocarp is hyphae, the in- 

ividual mechanical properties from Eqs. (5) and (6) can be calcu- 

ated for each type of hypha. Doing so assumes that the contribu- 
279 
ions of each of the hyphal types to the overall mechanical proper- 

ies of the sporocarps are additive. The properties of the generative 

yphae can be found by applying Eqs. (5) and (6) to the monomitic 

amples. Because dimitic samples are a combination of generative 

nd skeletal hyphae, the theoretical properties of skeletal hyphae 

an be calculated by subtracting the properties of the generative 

yphae from the theoretical values of the dimitic samples. In a 

imilar manner the theoretical values of the mechanical contribu- 

ions of ligative hyphae can be found by looking at the theoretical 

alues of the trimitic hyphae and subtracting the properties of both 

he skeletal and generative hyphae. Using this process further al- 

ows for the calculation of the overall contribution of each of these 

ypes of hyphae in a trimitic sporocarp sample ( Table 3 ). 

Generative hyphae had both the smallest theoretical modulus 

nd compressive strength of the three types of hyphae, whereas 

keletal hyphae had the greatest modulus and strength. In trim- 

tic fungi, where all three types of hyphae are present, the addi- 

ion of both ligative and skeletal hyphae contribute to a greater 

odulus and strength than is possible in the dimitic or monomitic 

ungi. The skeletal hyphae, which align and reinforce the sporo- 

arp in a given direction [12] , provide the greatest contribution 

o the strength and modulus of the trimitic hyphal system. The 

keletal hyphae have a modulus that is more than three times 

s large as that of the generative hyphae and a yield strength 

early five times as large ( Table 3 ). While the skeletal hyphae have

he single largest contribution to the mechanical properties of the 

porocarps, the ligative hyphae potentially made the difference in 

he greater strength and stiffness achieved by the trimitic sporo- 

arp. The ligative hyphae bind together the generative and skele- 

al hyphae together [ 11 , 12 ]. This binding likely allows for an in-

reased stiffness and strength as the material is stretched or com- 

ressed, increasing the modulus of the hyphal system. While the 

imitic sporocarp compression samples had a marked increase in 

trength and stiffness compared to the monomitic hyphae, the ad- 

ition of ligative hyphae in the trimitic compression samples was 

oughly double of the dimitic samples compressed in the same 

irection. 

The modulus values calculated ( Table 3 ), are lower than the cell 

all moduli of other fungal hyphae, as measured in previous liter- 

ture. Zhao et al. [47] reported the cell wall of wildtype hyphae of 

spergillus nidulans to have a dolulust of approximately 110 MPa. 

tocks et al. [48] estimated the cell wall of Saccharopolyspora ery- 

hraea hyphae to have a modulus of roughly 140 MPa. While nei- 

her of these species are in the Agaricomycetes class of fungi, as 

as used in the current study when selecting representative sporo- 

arps, this range gives an idea of the properties of the outer 

all of the hyphal filaments. The lower modulus values calculated 

 Table 3 ) would reflect the differences within the different types 

f hyphae of each system. Skeletal and ligative hyphae are known 

o have a thicker cell wall than generative hyphae and different 

tructures that would affect the properties of the overall hyphal fil- 

ments [11] . These differences between the different types of fungi 

nd how they affect the properties of the hyphal filaments offer 

n interesting avenue of research in how structure of the hyphae 

ffect its mechanical properties. 
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Table 3 

Theoretical mechanical properties of different hyphal types and the proportion of their contribution in trimitic fungi, 

where all are present. Note that the modulus refers to the compression modulus of the hyphae, and the strength refers to 

the compressive strength of the hyphae. 

Property Contribution 

Modulus [MPa] Contribution to Modulus [%] Strength [MPa] Contribution to Yield [%] 

Generative Hyphae 14 12 18 14 

Skeletal Hyphae 78 69 89 71 

Ligative Hyphae 21 19 18 15 
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Fig. 8. Ashby plot showing the specific modulus versus the specific strength of sev- 

eral natural materials, including representative sporocarps and the theoretical val- 

ues of generative, skeletal and ligative hyphae. Values for other natural materials 

are adapted from [45] . 

t

i

s

o

F

[

s

r  

f

a

a

c

s

m

c

p

t

B

c

c

d

s

v

b

q

T

f

Properties of natural materials come from a combination of 

onstituent materials and structure. Many natural materials have 

ew constituent materials [49] . Nevertheless, the structures created 

y natural materials allow for unexpected properties. For example, 

one uses a combination of collagen and hydroxyapatite as its con- 

tituent materials. However, the measured mechanical properties 

re greater than would be expected by using the rule of mixtures 

49] . This increase in properties is due to the structures created by 

he constituents at different length scales, such as rotating layers 

 25 , 49 ]. Agaricomycetes fungi have many different structures and 

roperties, yet only have their single constituent: hyphae. The dif- 

erentiation of hyphae allows for Agaricomycetes fungi to achieve 

reater resistance to mechanical loading without the addition of 

ore constituents. 

The range of properties made possible by the different hyphal 

ystems facilitates the success of fungi in a wide range of environ- 

ents. Many soft sporocarps, such as the representative monomitic 

nd dimitic sporocarps, have a higher water content and a shorter 

ifespan than trimitic sporocarps [ 43 , 50 ]. This increase in water 

ontent of these sporocarps may allow the sporocarps to develop 

apidly and continuously release spores [50] . These softer species 

ust balance the need for more pliable material properties to as- 

ist in spore dispersal and growth with mechanical resistance in 

mperfect conditions. In contrast, tougher sporocarps, such as the 

epresentative trimitic sporocarp, must maintain their mechanical 

esistance to help ensure their longevity and chance for reproduc- 

ion without sacrificing properties or structures necessary for bio- 

ogical processes. 

Fungal sporocarps maintain strength while remaining pliable. 

y normalizing the compressive strength and compression mod- 

lus using the density of the respective sporocarp densities, the 

roperties of the representative sporocarp samples can be com- 

ared to other natural materials ( Fig. 8 ). Monomitic sporocarps 

ave a specific modulus that is more than an order of magnitude 

maller than materials such as leather or cork but have a similar 

pecific strength. Trimitic sporocarp samples, which were shown 

o be the strongest and stiffest of the fungal sporocarps tested, 

chieve a specific strength similar to or greater than cancellous 

one or wood despite having a specific modulus that is more than 

n order of magnitude smaller. 

The theoretical strength and modulus values of the three types 

f hyphae can also be normalized, assuming the hyphae have a 

ensity of 1.425 g/cm 

3 , as was used in theoretical calculations 

 Fig. 8 ) [46] . Both the specific strength and modulus of the gen-

rative hyphae are nearly an order of magnitude larger than what 

as achieved by the structure of the monomitic sporocarp. The 

pecific strength and modulus of the ligative hyphae were larger 

han the trimitic-top sporocarp samples, but similar to the trimitic- 

ottom sporocarp samples. The specific strength and modulus of 

he skeletal hyphae was greater than any of the sporocarp samples 

nd achieved a specific strength greater than that of wood ( Fig. 8 ).

nterestingly, though each of the theoretical specific modulus val- 

es of the hyphae are greater than the sporocarp samples without 

ny mesostructures (monomitic, dimitic, and trimitic-top), the way 
p

280
hat these filaments form a porous network allows for a more flex- 

ble structure. 

An advantage of hyphae being the single constituent of fungal 

tructures is the ability to heal without the combination of any 

ther materials. Hyphae are able to seal off after initial damage. 

ollowing initial damage, hyphae are then able to begin regrowth 

51] . Wounds in fungi can heal as hyphae recognize genetically 

imilar hyphae. These hyphae are then able to fuse together and 

epair damage [ 52 , 53 ]. This ability to regrow and fuse may give

ungal sporocarps an added advantage over other natural materi- 

ls which are not able to heal as effectively, such as trees. Unlike 

 tree that has specific nutrient transport sections [54] , the sporo- 

arps can sustain some damage due to yielding and maintain es- 

ential functions so long as they do not catastrophically fail, thus 

aking different fungal structures damage resistant [ 24 , 55 ]. 

The results of this study are limited to the representative sporo- 

arps tested. While these sporocarps are expected to represent the 

roperties of other monomitic, dimitic, and trimitic hyphal sys- 

ems, future work could expand this to sporocarps of other species. 

y selecting phylogenetic pairs with similar representative sporo- 

arps, it could be determined whether the properties presented are 

onsistent for the separate hyphal systems or if the properties are 

ependent on a species-specific trait. However, this greater under- 

tanding of hyphal systems and the mechanical properties of indi- 

idual hyphal systems may allow for the creation of more fungal- 

ased products or bioinspired materials. 

In designing and manufacturing materials, the properties re- 

uired for the application must be met by the material chosen. 

here is an interest in using fungi to manufacture goods such as 

aux leather or packing material. This environmentally friendly ap- 

roach to manufacturing materials may continue and further ex- 
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and as the material and mechanical properties of fungi are tested 

nd described. While many of the companies that make these 

ungi-based materials do not disclose their proprietary process in 

aking their products [ 4 , 7 , 9 ], common genera of fungi used in-

lude Ganoderma and Pleurotis , which are trimitic and monomitic 

ystems, respectively [9] . Knowing the properties of these hyphal 

ystems aids in creating and using accurate models to describe the 

ehavior that could be used to design and of fungi-based materials 

n a more cost-effective manner by limiting the effort and time to 

row or make the material before gaining an idea of what kind of 

roperties are to be expected. 

. Conclusions 

This study employed imaging, mechanical testing, and theoreti- 

al modeling to characterize not only the mechanical properties of 

ungal sporocarps, but also the contribution of individual types of 

yphae. Using these methods and the analysis of the distinct re- 

ults led to the following conclusions: 

• The addition of hyphal types in the three representative Agari- 

comycetes sporocarps resulted in enhanced mechanical proper- 

ties of the sporocarps at the macroscale. Both the compression 

modulus and the compressive strength increase going from the 

representative monomitic to dimitic to trimitic hyphal systems. 

This increase in mechanical resistance likely suits the specific 

environments of each type of sporocarp to promote survival 

long enough to reproduce. 

• Hydration affects the mechanical properties of sporocarps. 

Though moisture content differs between taxa, fluctuations in 

the environment cause changes that may create a less hos- 

pitable environment for spore dispersal and germination. The 

heightened mechanical resistance of dehydrated sporocarps, 

which would be experienced in drier times during the year, 

may allow for increased survival time in which to reproduce. 

• Hyphae, the single main constituent of filamentous Agari- 

comycetes sporocarps, form many different structures that 

can perform different functions. These structures can include 

mesostructures necessary for spore dispersal that also pro- 

vide additional strength to the structure, as in the case of 

the representative trimitic fungi. Modeling indicates that these 

mesostructures are formed by the same material as the rest of 

the sporocarp, and that the increased mechanical properties are 

not the result of differences in material makeup. 

• The theoretical compressive strength and compression modulus 

of the generative, skeletal, and ligative hyphae can be calculated 

using known models for cellular solids. This modeling of indi- 

vidual properties demonstrates that the skeletal hyphae make 

the biggest difference in the compressive stress of fungal sporo- 

carps. Furthermore, this ability to model and predict mechani- 

cal properties may allow for the better design of fungal-based 

or fungal-inspired materials. 
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