
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/315593116

Physical and Mechanical Properties of Fungal Mycelium-Based Biofoam

Article  in  Journal of Materials in Civil Engineering · March 2017

DOI: 10.1061/(ASCE)MT.1943-5533.0001866

CITATIONS

119
READS

11,306

5 authors, including:

Some of the authors of this publication are also working on these related projects:

Biomaterials research View project

Landscape epidemiology View project

Feng Zhang

Harbin Institute of Technology

81 PUBLICATIONS   907 CITATIONS   

SEE PROFILE

Benjamin Still

University of Alaska Anchorage

14 PUBLICATIONS   316 CITATIONS   

SEE PROFILE

Philippe Amstislavski

University of Alaska Anchorage

10 PUBLICATIONS   286 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Philippe Amstislavski on 16 October 2017.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/315593116_Physical_and_Mechanical_Properties_of_Fungal_Mycelium-Based_Biofoam?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/315593116_Physical_and_Mechanical_Properties_of_Fungal_Mycelium-Based_Biofoam?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Biomaterials-research-2?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Landscape-epidemiology?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Feng-Zhang-176?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Feng-Zhang-176?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Harbin-Institute-of-Technology?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Feng-Zhang-176?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benjamin-Still?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benjamin-Still?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Alaska-Anchorage?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benjamin-Still?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philippe-Amstislavski?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philippe-Amstislavski?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Alaska-Anchorage?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philippe-Amstislavski?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philippe-Amstislavski?enrichId=rgreq-64614b8bc3f37be32b9573d20f4a1fd3-XXX&enrichSource=Y292ZXJQYWdlOzMxNTU5MzExNjtBUzo1NDk5ODE0OTkzOTYwOTZAMTUwODEzNzIxNTAyNA%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Physical and Mechanical Properties
of Fungal Mycelium-Based Biofoam

Zhaohui (Joey) Yang, M.ASCE1; Feng Zhang2; Benjamin Still, S.M.ASCE3;
Maria White4; and Philippe Amstislavski5

Abstract: This paper presents an innovative fungal mycelium-based biofoam. Three different mixing protocols with various substrate
materials, including wood pulp, millet grain, wheat bran, a natural fiber, and calcium sulfate, and two packing conditions were tested to
produce samples for physical, thermal, and mechanical property characterization. Dry density, thermal conductivity, elastic moduli, Poisson’s
ratio, and compressive strength were obtained. It was found that densely packed samples following Mixing Protocol II have the highest dry
density, elastic moduli, compressive strength, and comparable thermal conductivity, and have met or exceeded like characteristics of the
conventional polymeric thermal foams except dry density. The results demonstrate that this biofoam offers great potential for application as an
alternative insulation material for building and infrastructure construction, particularly in cold regions, or as light-weight backfill material for
geoengineering applications. DOI: 10.1061/(ASCE)MT.1943-5533.0001866. © 2017 American Society of Civil Engineers.

Author keywords: Fungal mycelium-based biofoam; Thermal conductivity; Elastic moduli; Compressive strength.

Introduction

Polymeric foams, such as polystyrene and polyurethane, are com-
monly used for thermal insulation and lightweight fill in infrastruc-
ture and housing construction. These hydrocarbon-based materials
are lightweight, hydrophobic, and resistant to photolysis. They are
not subject to decomposition or decay (Eben and Gavin 2011) and
create problems with respect to recycling, reuse, and landfill oper-
ation. More importantly, these polymeric foams are nonrenewable
and their production and use involve complex manufacturing proc-
esses, substantial energy inputs, and associated waste streams
(Bandyopadhyay and Basak 2007). Polymeric foams have been
shown to leach out or off-gas several toxins that bio-accumulate
in fish and wildlife, presenting a well-documented environmental
and public health problem (Padula et al. 2014; Hofer 2008). A re-
newable alternative to today’s conventional thermal insulation and
lightweight fill materials would substantially reduce the environ-
mental and public health burden of construction and promote
sustainable infrastructure development.

Biocomposites based on natural fibers, environmentally-
friendly composites of various biopolymers, typically reinforced
with natural fibers, provide promising renewable and biodegrada-
ble alternatives to petroleum-based polymeric materials (Dicker
et al. 2014; Gurunathan et al. 2015). Biomass products from agro-
resources, including polysaccharides and proteins, are one of many
types of environmentally biodegradable polymers. Polysaccharides
are the most widespread polymers in nature, playing essential roles
to sustain living organisms, and are commonly known as starch,
proteins, cellulose, chitin, and so on. Novel biocomposites based on
these natural materials form one of the emerging areas in polymer
science. For instance, Morreale et al. (2008) investigated the effects
of adding wood fibers on the physical properties of a corn-starch–
based biodegradable polymer. Moriana et al. (2011) synthesized a
starch-based biocomposite by adding natural fibers and character-
ized its thermomechanical properties. Paul et al. (2015) synthesized
a novel biocomposite formed by banana fibers infused with resin
made from banana sap. They characterized the mechanical, ther-
mal, and morphological properties and found the composite was
suitable for general nonfunctional components.

This paper focuses on a fungal mycelium-based biocomposite
that is grown rather than manufactured or synthesized. Mycelium,
the vegetative part of fungus, is a hollow structure consisting of a
mass of branching, hollow tubular, chitinous hyphae that provide
a fast-growing, safe, and inert material as the binding matrix for a
new generation of natural foams, or biofoams (Travaglini et al.
2014). As the mycelium grows, a network of branching hyphae,
primarily composed of chitin, binds together the nutritive substrate
consisting of biomass and creates a vast three-dimensional matrix.
Biofoams offer several additional advantages over polymeric
foams, including low cost of production, fast renewability, and car-
bon capture and storage, and can serve as replacements for the
petroleum-based polymeric materials for applications in insulation,
lightweight fill, packaging, noise control, and sandwich panels
(Travaglini et al. 2014). Several studies on this front have revealed
the unique mechanical properties and promising potential of
biofoams in engineering applications. Arifin and Yusuf (2013)
investigated the impact of mixing a ratio of rice husks and wheat
grain on the physical properties, microstructure, and porosity of a
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mycelium biofoam. Holt et al. (2012) investigated the manufactur-
ing of biodegradable molded packaging materials based on fungal
mycelium and cotton plant materials and found these materials
met or exceeded like characteristics of extruded polystyrene foam.
Pelletier et al. (2013) evaluated the acoustic performance of a
mycelium biofoam based on agricultural by-product substrates,
and results suggested an optimal performance in automotive road
noise control. Travaglini et al. (2013) investigated the elastic and
strength properties of mycelium biofoam in both tension and com-
pression and found the strength of the biofoam decreases with in-
creasing moisture content, and the compressive strength is almost
three times the tensile strength. Travaglini et al. (2014) further
investigated the flexural properties of mycology matrix core sand-
wich composites by four-point bend testing. In a recent article,
Travaglini et al. (2015) tested the maximum use temperature, odor
emission, and R-value of mycology materials and found they could
be an attractive alternative to current insulation materials.

This study presents the bioengineering processes for the devel-
opment of a white-rot fungal mycelium-based biofoam and char-
acterization of its physical, thermal, and mechanical properties.
Test results including dry density, thermal conductivity, Young’s
and shear moduli, stress-strain relationship, failure mode, and com-
pressive strength are presented. The effectiveness of the processes
and the impact of packing conditions and the addition of natural
fiber are discussed.

Description of Bioengineering Process

Several mixing, packing, and incubating protocols have been ex-
plored to find the most promising bioengineering process. Table 1
specifies the groups according to the mixing, packing, and incubat-
ing protocols. Three batches of samples, designated as SP, SL, and
SPL, respectively, were tested to evaluate the effectiveness of the
incubation protocol and test status on the properties. The samples
are right cylinders with a diameter of approximately 5 cm and a
height of approximately 6 cm formed by polycarbonate tubular
molds. The dried samples are slightly smaller than the mold dimen-
sions because of shrinkage of biofoam in the drying process.
Samples in SP and SL were incubated for 2 weeks, whereas

samples in SPL were the same as SL except that they were incu-
bated for additional 4 weeks before testing. All samples except
those in SL were dried in an oven set at 60°C for 24 h before test-
ing. The only difference between SP and SL is that the samples in
SP are dried, whereas samples in SL are live, and the difference
between SP and SPL is the additional 4-week incubation applied
to samples in SPL. Each batch had 30 samples, which were di-
vided into six groups (G1–G6) to evaluate various blends of
the biomass materials as a substrate and packing conditions for
colonization of selected white-rot saprotrophic fungi cultures har-
vested from Alaska in molds. The blends comprised macerated
sawdust pulp of Alaska birch (Betula neoalaskana) of 5 mm
or smaller in size, millet grain, wheat bran, a natural fiber, and
calcium sulfate.

In Mixing Protocol I, the feedstock ingredients (substrate) and
live fungi culture were mixed and packed in molds, then placed
in a temperature- and moisture-controlled incubator. In Mixing
Protocol II, the substrate and the fungi culture were incubated in
filtered polypropylene bags for a defined period before the blend
was macerated and packed into the cylindrical molds, permitting it
to reknit into a more structurally uniform and denser foam. Mixing
Protocol III was the same as Protocol I but with natural fiber
(50% of substrate’s dry weight) added during mixing. Two packing
conditions have been applied: loose and dense, the former being
naturally deposited without compaction and the latter with approx-
imately twice the original volume of materials packed. Fig. 1 illus-
trates the complete bioengineering process for Group 3 samples.
Birch sawdust from the local forestry industry and added nutrients
were mixed with a certain amount of water and pasteurized. Then,

Table 1. Group Specification according to Mixing, Packing, and
Incubating Protocols

Group
number Sample number

Mixing
protocol Packing

Incubation
time/weeks

Test
status

SP1 G1: SP01−SP05 I Dense Two Dried
SP2 G2: SP06−SP10 I Loose Two Dried
SP3 G3: SP11−SP15 II Dense Two Dried
SP4 G4: SP16−SP20 II Loose Two Dried
SP5 G5: SP21−SP25 III Dense Two Dried
SP6 G6: SP26−SP30 III Loose Two Dried
SL1 G1: SL01−SL05 I Dense Two Live
SL2 G2: SL06−SL10 I Loose Two Live
SL3 G3: SL11−SL15 II Dense Two Live
SL4 G4: SL16−SL20 II Loose Two Live
SL5 G5: SL21−SL25 III Dense Two Live
SL6 G6: SL26−SL30 III Loose Two Live
SPL1 G1: SPL01−SPL05 I Dense Six Dried
SPL2 G2: SPL06−SPL10 I Loose Six Dried
SPL3 G3: SPL11−SPL15 II Dense Six Dried
SPL4 G4: SPL16−SPL20 II Loose Six Dried
SPL5 G5: SPL21−SPL25 III Dense Six Dried
SPL6 G6: SPL26−SPL30 III Loose Six Dried

Fig. 1. Schematic of bioengineering sample preparing (images by
Philippe Amstislavski): (a) prepare the raw samples; (b) dry and
demold the samples

© ASCE 04017030-2 J. Mater. Civ. Eng.
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the slurry was inoculated with a culture of a Basidiomycete sapro-
trophic fungus, endemic to Alaska and incubated for a certain
period of time to achieve full colonization of the nutritive sub-
strate by vegetative mycelium. The inoculated slurry was either
mixed and loaded into cylindrical molds for further incubation
(Protocols I and III) or, in Protocol II, the inoculated substrate
was incubated in filtered polypropylene bags for a defined period,
after which it was macerated and repacked into the cylindrical
molds. The incubation took place within a defined humidity and
temperature range. The samples were dried in a dryer before
demolding for testing.

Testing Procedures

Tests were conducted to obtain the dry density, thermal conduc-
tivity, Young’s and shear moduli, and unconfined compressive
strength. The Transient Line Heat Source method built in KD2
Pro Thermal Analyzer (Decagon Devices, Inc. 2015) was used to
measure thermal conductivity. The KD2 Pro complies fully with
ASTM D5334-14 (ASTM 2014). The KS-1 needle with a diameter
of 1.3 mm and length of 6 cm has a valid range of thermal con-
ductivity from 0.02 to 2.00 W=ðm · KÞ and was used in this study.
During the tests, the needle was inserted into the sample from the
top or bottom surface.

The compressive strength was obtained by unconfined compres-
sion tests according to ASTM Standard D2166-13 (ASTM 2013).
Displacement control with a vertical strain rate of 2%=min was
applied. There was one exception from the ASTM standard: the
sample diameter-to-height ratio was larger than 1∶2 because of
equipment limitation. However, sufficient lubricant was applied
to the sample ends to minimize the end effect on strength. The
Young’s and shear moduli were measured by the compressional
wave (P-wave) or shear wave (S-wave) velocity method, as de-
scribed subsequently.

Experimental Setup for Elastic Modulus Measurement

The application of P-wave and S-wave velocity methods for meas-
uring the elastic moduli of civil engineering materials has become
increasingly popular for the convenience and nonintrusiveness of

the testing method (e.g., Shirley and Anderson 1975; De Alba et al.
1984; Dyvik and Madshus 1985; Lee and Carlos Santamarina
2005; Leong et al. 2005; Eseller-Bayat et al. 2013). In these
methods, piezoelectric bender elements (BEs) or piezoelectric disk
elements (PDEs) are employed to generate and detect the first
arrival of a P-wave or S-wave traveling through the subject mate-
rial, therefore enabling the measurement of P-wave or S-wave
velocity if the travel distance is known. Based on the elastic wave
propagation theory, the Young’s modulus, shear modulus, and
Poisson’s ratio can be evaluated by the following equation:

E ¼ ρV2
sð3V2

p − 4V2
sÞ

V2
p − V2

s
ð1Þ

G ¼ ρV2
s ð2Þ

μ ¼ V2
p − 2V2

s

2ðV2
p − V2

sÞ
ð3Þ

where E = Young’s modulus; G = shear modulus; μ = Poisson’s
ratio; Vp = P-wave velocity; Vs = S-wave velocity; and ρ = mass
density.

Fig. 2 illustrates the experimental setup for elastic moduli meas-
urement. This setup consists of a function generator (Agilent model
33521A), a power amplifier with filter (Krohn-Hite model 3364),
and a mixed signal oscilloscope (Agilent model 70104B). The
function generator was used to apply a sine or a step excitation
signal with a peak-to-peak amplitude of 1 V for the S-wave
velocity test and 4 V for the P-wave velocity test. The received
signal was filtered by a bandpass filter with the bandwidth fre-
quency ranging from 500 to 50 kHz and amplified accordingly.
Finally, the oscilloscope was used to acquire the wave signal data,
which was compared with the excitation signal for travel time
measurement.

As illustrated in Fig. 2, two pairs of BEs were laid in the top-
to-bottom direction and in the radial direction at the middle sample
height to measure S-wave velocity in the vertical (VVS) and hori-
zontal directions (VHS), respectively. The shear wave polariza-
tion is in the horizontal direction for both vertical and horizontal
direction measurements. Similarly two pair of PDEs were used to

Fig. 2. Diagram of wave velocity test setup (images by Feng Zhang)

© ASCE 04017030-3 J. Mater. Civ. Eng.
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measure the P-wave velocity in the vertical (VVP) and horizontal
(VHP) directions, respectively.

Wave Velocity Determination

Travel length and travel time need to be determined for evaluating
wave velocity. The travel length is determined by measuring the
tip-to-tip distance between the transmitter and receiver sensors.
The time domain analysis method is used to determine the travel
time. The P-wave first arrival is determined by the initial arrival of
the transmitted P-wave because it is much faster than any S-waves
in the system, as shown in Fig. 3. The determination of the S-wave
first arrival is more difficult because of near-field effects, interfer-
ence from faster P-waves in the system, and other factors. There are
a number of ways to minimize the error involved in the S-wave first

arrival determination, and the zero after first bump method was
used (Lee and Carlos Santamarina 2005), as illustrated in Fig. 4.
However, the total travel time determined as illustrated is not the net
travel time in the sample because there are system delays in the
peripheral electronics, which can be measured by contacting the
tips of the transmitting and receiving sensors. The system delay to
should be subtracted from the total travel time. The wave velocity is
calculated using the following equation:

V ¼ L
Δt

¼ L
t − t0

ð4Þ

where V = wave velocity; L = travel distance;Δt = net travel time; t
= total travel time; and t0 = system delay.

Results and Analyses

This section presents and analyzes the results from various tests
conducted for the three batches of samples. Only elastic moduli
and thermal properties were measured for SL samples because this
batch was later incubated for an additional 4 weeks (as identified as
SPL) for further testing.

Sample Description and Failure Modes

Figs. 5(a–c) present images of three representative samples
(e.g., SPL 12, SPL 17, and SPL 21) after the unconfined compres-
sion test to show the appearance of the biofoam and illustrate the
failure modes of the biofoam under compression. SPL 12 was
densely packed without natural fiber, SPL 21 was densely packed
with natural fiber visible on the sample, and SPL 17 was loosely
packed without natural fiber. One can observe from Fig. 5 that the
biofoam samples have a chitinous skin formed around all the sam-
ples because of the polycarbonate molds, which constrained the
mycelium growth in the radial direction and stimulated the gener-
ation of the outer skin when the expanding biomass of mycelium
came in contact with the molds and formed a fairly strong protec-
tive layer on the circumferential surface of the sample. The skin
was white when the sample was live and became off-white to beige
when the sample was dried in the oven. Such a skin did not exist on
the top and bottom surfaces of the samples because they were in
contact with air during the incubating process. The substrate ma-
terials such as sawdust and natural fiber are still visible on the top

Fig. 3. Determination of P-wave first arrival for sample SP15 in
vertical direction

Fig. 4. Determination of S-wave first arrival for sample SP15 in
vertical direction

Fig. 5. Typical failure modes in the white-rot fungal mycelium-based biofoam under unconfined compression test: (a) shear failure; (b and
c) bulging
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and bottom of sample surfaces or when the material is cut or
cracked.

In general, shear failure was observed for densely packed sam-
ples without natural fiber, as shown in Fig. 5(a) for SPL12, and
bulging for loosely packed samples, as evidenced in Fig. 5(b)
for SPL 17. When natural fibers were present, the samples all failed
in bulging, regardless of the packing condition, as evidenced in
Fig. 5(c) for SPL 21. The natural fiber prevented or minimized sur-
face cracking on the samples during the unconfined compressive
test. This is important because it would be more difficult for water
to seep into the samples under loading. It is also visible from Fig. 5
that loosely packed samples (e.g., SPL 17) experienced substan-
tially more plastic strain than densely packed samples after the
compression test, given that the residual height for SPL 17 was
noticeably shorter than the other two samples when their original
height was approximately the same.

Elastic Moduli

The elastic moduli, including Young’s and shear moduli, are basic
stiffness properties for evaluating elastic deformation for engi-
neering materials. Figs. 6 and 7 present the Young’s and shear
moduli in the vertical direction for SP, SL, and SPL batches
of samples, respectively. In general, the Young’s moduli for all
groups of samples are much higher than the shear moduli. The
packing condition has obvious impact on the stiffness, with
the dense samples exhibiting higher stiffness than the loose sam-
ples given the same mixing protocol, and this impact can also be
observed for other physical and mechanical properties presented
throughout this study.

One can observe from Fig. 6 that the Young’s modulus for SP
samples in G3 and G4 is clearly larger than that for SPL samples,
whereas the difference is not so obvious for other groups. The larg-
est Young’s modulus occurred for SP samples in G3 with a peak
value of 60 MPa. The Young’s moduli for SL batch samples are
generally the smallest, with a peak value of 15 MPa occurring
for G3 as well. Similar observations can be made for the shear
modulus from Fig. 7. The largest shear modulus occurs in G3 of
the SP batch, with a peak value of 24 MPa, and the smallest shear
modulus also occurs in the SL batch. These results show that
(1) both the Young’s and shear moduli for G3 samples in the
SPL batch are substantially smaller than those in the SP batch,
(2) the elastic moduli of live samples are substantially smaller than

those of dried samples with the same blend and packing conditions,
and (3) an additional 4 weeks of incubation time has a mostly neg-
ative impact on Young’s and shear moduli, particularly for G3 and
G4 samples.

Anisotropy of Elastic Moduli

Anisotropy presents in most natural materials such as wood and
soils. The elastic moduli in the horizontal direction were evaluated
with the BE and PDE, methods as mentioned in the “Experimental
Setup for Elastic Modulus Measurement” section, to examine
whether anisotropy is present in biofoams. Figs. 8 and 9 present
the elastic moduli in the horizontal direction in relation to those
in the vertical direction for the SP and SPL samples, respectively.
It is not surprising to observe anisotropy in elastic moduli from
Figs. 9 and 10. It is, however, astonishing to find that the Young’s
and shear moduli in the horizontal direction for all samples in the
SP and SPL batches are much higher than those in the vertical
direction. The linear regression equations between the moduli in

Fig. 6. Young’s modulus of SP, SL, and SPL in vertical direction

Fig. 7. Shear modulus of SP, SL, and SPL in vertical direction

Fig. 8. Elastic modulus anisotropy of SP samples
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the vertical and horizontal directions for the SP and SPL samples
are presented in Figs. 8 and 9, respectively. Specifically, the
Young’s and shear moduli in the horizontal direction (EH and GH)
are 60% larger than those in the vertical direction for the SP sam-
ples and 20–30% higher for the SPL samples. This strong elastic
modulus anisotropy was likely induced by two mechanisms: the
horizontal layers or fabric formed during packing of samples
and the strong skin formed on the circumferential surface of the
sample during incubation, as described in the “Sample Description
and Failure Modes” section. The mycelium grows in random
directions when the nutrients are uniformly distributed. The
anisotropy of the SP samples was probably induced by the chosen
packing method. As the mycelium keeps growing in the additional
incubation period for the SPL samples, it digests the wood pulp,
millet grain, and other nutrients, and gradually destroys the fabric
or layering pattern formed during the packing process. However,
because the samples are constrained by the cylindrical molds, the
mycelium will not be able to grow randomly but vertically when it
encounters the molds, therefore inducing a pattern in the internal

structure or anisotropy. The results indicate the anisotropy induced
by both mechanisms is strong, with the packing method inducing
even stronger anisotropy than the incubation method. Fig. 9 shows
much less scattering than Fig. 8, implying that the anisotropy in-
duced during the mycelium growth period is more consistent than
that induced by packing.

Poisson’s Ratio

The Poisson’s ratios of the SP and SPL samples in the vertical and
horizontal directions are computed using Eq. (3) based on the ratio
of P-wave and S-wave velocity and presented in Figs. 10 and 11,
respectively. One can observe from Fig. 10 that the Poisson’s ratio
for the SP samples varies between 0.15 and 0.45, as with many
other foam materials. No clear separation can be observed between
the Poisson’s ratio in the vertical and horizontal directions. How-
ever, one can clearly see from Fig. 11 that the Poisson’s ratio for the
SPL samples varies between 0.25 and 0.5 with much less scattering
due to more consistent anisotropy induced in the incubation pro-
cess, and the Poisson’s ratio in the horizontal direction is clearly
larger than that in the vertical direction.

Stress-Strain Relationship and Compressive Strength

Samples in the same groups of SP and SPL batches exhibit similar
stress-strain relationships in the unconfined compression test.
For example, Fig. 12 shows stress-strain relationships for G1–G6
samples of the SPL batch. In general, like for soil materials, the
stress-strain curve exhibits strain-softening behavior for densely
packed samples such as SPL02 and SPL12, and strain-hardening
behavior for loosely packed samples such as SPL08 and SPL17.
For the samples with natural fiber included in the substrate such as
SPL 21 and SPL26, the stress-strain relationships exhibit strain-
hardening behavior regardless of the packing condition because
the natural fiber serves to reinforce the biofoam and prevent shear
failure.

The compressive strength can be obtained from the stress-strain
relationships for each sample. It is defined as the peak stress when
a peak occurs in the stress-strain relationship (strain-softening
behavior) or the stress at 15% strain when no peak occurs in
the stress-strain relationship (strain-hardening behavior). Fig. 13
presents the compressive strength of the SP and SPL samples.
The compressive strengths for G3 samples are substantially larger

Fig. 9. Elastic modulus anisotropy of SPL samples

Fig. 10. Poisson’s ratio of SP samples

Fig. 11. Poisson’s ratio of SPL samples
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than other groups in both the SP and SPL batches. One can also
observe a substantial increase in the compressive strength when
the incubation time increases from 2 to 6 weeks, especially for
G3 samples.

Thermal Conductivity

Fig. 14 presents the thermal conductivity of the SP, SL, and SPL
samples. The thermal conductivity values of live samples (SL sam-
ples) are in the range of 0.13–0.40 W=ðm · KÞ, and those of dried
samples (SP and SPL samples) fall into a much smaller range,
i.e., 0.05–0.07 W=ðm · KÞ. The larger values and more scattering
in thermal conductivity of live samples are due to high moisture
content and varying packing conditions of the different blends.
The variation of thermal conductivity is still visible, but much
smaller for dried samples. This substantial drop in thermal conduc-
tivity for dried samples is expected and is because the varying
amount of moisture existing in the substrates and mycelium of live
samples is replaced with low-thermal-conductivity air during the
drying process.

Discussion

To allow further examination of the characteristics of different
groups of blends, the physical, thermal, and mechanical properties
such as dry density, Young’s and shear moduli, compressive
strength, and thermal conductivity of samples in each group were
averaged and are presented in Fig. 15. Higher values for Young’s
and shear moduli suggest less elastic deformation and better han-
dling performance during installation, whereas higher compressive
strength suggests less chance of damage when a large load is ap-
plied. Lower thermal conductivity is desirable for thermal insula-
tion materials. Fig. 15 shows that the average dry density of densely
packed samples is in a range of 240–265 kg=m3 for SP samples
and 230–280 kg=m3 for SPL samples. The average dry density of
loosely packed samples is in a range of 165–195 kg=m3 for SP
samples and 160–280 kg=m3 for SPL samples. The dry density
of loosely packed samples with natural fiber is considerably lower
than those without natural fiber. The impact of additional incuba-
tion time on density is mixed, with a slight increase observed
for G1, G3, and G4 samples and a slight decrease observed for
G2, G5, and G6 samples. Overall, this biofoam is much lighter than
water, soils, or most other materials used in the civil engineering
industry.

One can observe from Fig. 15 that the thermal conductivity of
the SPL samples is only slightly larger than the SP samples, even
if the SPL samples were incubated for an additional 4 weeks. It is
quite clear that the additional incubation time substantially de-
creases the Young’s and shear moduli for the G3 and G4 samples,
which have relatively higher moduli. The average Young’s modulus
of the G3 samples decreases from 50 to 30 MPa, and the shear
modulus decreases from 19 to 11 MPa, or by approximately 40%.
The decrease is very likely due to further fungal digestion of gran-
ular substrates such as millet grain and calcium sulfate, which
otherwise contributed to the elastic stiffness in the earlier stage
of mycelium growth. However, the compressive strength for all
groups sees noticeable gains with increasing incubation time, with
the largest absolute value increase occurring for G3 samples, from
350 to 570 kPa, or over 60%. The increase can probably be attrib-
uted to the growth of mycelium that serves as a random matrix
binding together the substrate. In summary, densely packed sam-
ples following Mixing Protocol II have the highest dry density,
Young’s and shear moduli, compressive strength, and comparable
thermal conductivity among all sample groups.

Fig. 12. Typical stress-strain relationships in unconfined compres-
sion test

Fig. 13. Compressive strength of SP and SPL samples

Fig. 14. Thermal conductivity of SP, SL, and SPL samples
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As mentioned before, Mixing Protocol III (i.e., samples in
G5 and G6) is the same as Mixing Protocol I (i.e., samples
in G1 and G2) but with natural fiber added. Comparing the
properties of G1 with G5, or G2 with G6 of the same packing
condition in either the SP or SPL batch, it is interesting to ob-
serve that the addition of natural fiber consistently increased the
Young’s and shear moduli and compressive strength, even when
the addition of natural fiber decreased the dry density. The natu-
ral fiber plays a positive role in the mycelium-based biofoam
overall structure because it helps increase the elastic stiffness,
changes the failure mode from potential shear failure to bulging
for dense samples, and prevents or reduces occurrence of sur-
face cracks.

Development of this biofoam is still in its early stage. How-
ever, the potential of such a biofoam can perhaps be demonstrated
by comparing its properties with Insulfoam (ARCAT, Inc. 2012),
an expanded polystyrene foam widely used as insulation material
in the building and infrastructure construction industry, particu-
larly in cold regions. The density of Insulfoam is in the range of
16–48 kg=m3, the thermal conductivity in the range of
0.03–0.04 W=ðm · KÞ, and the compressive strength in the range
of 69–400 kPa. The compressive strength of mycelium-based
biofoam meets or exceeds that of Insulfoam products, and the
thermal conductivity is slightly higher. The density is considerably

higher than Insulfoam and could be improved for practical
applications.

Conclusions

This paper presents an innovative fungal mycelium-based biofoam.
Three different mixing protocols with various substrate materials,
including wood pulp, millet grain, wheat bran, natural fiber, and
calcium sulfate, and two packing conditions were tested to produce
three batches of samples for physical, thermal, and mechanical
property characterization. Dry density, thermal conductivity, elastic
moduli including Young’s and shear moduli, Poisson’s ratio, and
compressive strength were obtained. Based on the findings from
this study, the following conclusions can be drawn:
1. This biofoam is relatively lighter weight than water, soils, or

most other materials used in the civil engineering industry;
2. Results show that densely packed samples following Mixing

Protocol II, i.e., G3 samples, have the highest dry density, elastic
moduli, and compressive strength;

3. The dried biofoam demonstrates good thermal conductivity,
which falls in the range of 0.05–0.07 W=ðm · KÞ. Live samples
possess higher conductivity because of the existence of
relatively high moisture content;

4. This biofoam exhibits fairly good elastic moduli when it is
dried. However, the live sample exhibits much lower elastic
moduli;

5. This biofoam exhibits strong elastic anisotropy, with Young’s
and shear moduli in the horizontal direction 20–60% larger than
those in the vertical direction. This strong elastic anisotropy can
be attributed to the packing method and a strong skin formed on
the circumferential surface of samples during the incubation
process;

6. This biofoam demonstrates excellent compressive strength, with
an average value of 350–570 kPa for G3 samples;

7. The incubation time has a small impact on the dry density and
thermal conductivity, a negative impact on the elastic moduli,
but a clear positive impact on the compressive strength;

8. The addition of natural fiber helps improve the elastic moduli
and compressive strength, changes the failure mode of densely
packed samples from shear failure to bulging, and prevents or
minimizes the occurrence of surface cracks during compression
tests; and

9. This biofoam has met or exceeded like characteristics of the
conventional polymeric thermal foams except dry density.
Future study of such a biofoam should focus on fire resis-

tance, water absorption issues, and the impact of environmental
conditions. This study, however, demonstrates that this fungal
mycelium-based biofoam offers great potential for application as
an alternative insulation material for building and infrastructure
construction, particularly in cold regions, or an alternative light-
weight backfill material for geoengineering.
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