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A b s t r a c t. The article presents a multifunctional characte- 
risation of biocomposite materials through the systematic deter-
mination of physical properties. Two specimens were synthesised: 
a substrate comprising 100% straw (density 326.57±33.29 kg m⁻³) 
and the other composed of 70% straw and 30% sawdust (den-
sity 190.94±12.87 kg m⁻³) with the mycelium of a Schizophyllum 
commune Fr. 1815 strain. Mechanical characterisation revealed 
differential modulus values ranging from 166.75 to 587.87 kPa, 
with enhanced formulation demonstrating a 3.65-fold improve-
ment, achieving 1 541.40 kPa (R2 = 0.96-0.98). Thermal property 
evaluation employed the plane source methodology with uncer-
tainties below 5%. Both specimens exhibited exceptional thermal 
insulation with conductivity coefficients of 0.0477±0.0008 and 
0.0480±0.0011 W m⁻¹ K⁻¹. Statistical analysis confirmed no signi- 
ficant difference (t = 0.3870, p = 0.7046), with variation coeffi- 
cients of 1.57 and 2.34%. Thermal diffusivity reached 0.128± 
0.0043 × 10⁻⁶ m² s⁻¹ and 0.130±0.0042 10⁻⁶ m² s⁻¹ (p = 0.7404). 
Electrical characterisation across 40 to 110 MHz revealed fre-
quency-dependent transitions with exponential correlations (R2 = 
93.64 and 95.50%). Sample B demonstrated inductive character-
istics up to 95.15 MHz transition frequency. Pearson correlation 
analysis established a strong negative correlation for sample A 
(r = -0.8361, p < 0.0001) versus a moderate positive correlation 

for sample B (r = 0.2461, p = 0.0004). These findings establish 
quantitative structure-property relationships fundamental to mul-
tifunctional engineering applications.

K e y w o r d s: biocomposite, mechanical properties, thermal 
parameters, electrical characteristics, innovative material

1. INTRODUCTION

Biocomposite materials represent a significant advance-
ment in contemporary materials science, constituting the 
synergistic integration of natural fibres within polymer 
matrices to achieve a confluence of environmental sustain-
ability and engineering functionality (Ahmadi et al., 2025; 
Chen et al., 2023). These materials embody the transition 
from conventional synthetic composites towards bio-based 
alternatives, fundamentally addressing the imperative for 
renewable resource utilisation whilst maintaining requisite 
mechanical performance characteristics for advanced engi-
neering applications (Hamdi et al., 2024; Khouaja et al., 
2025). Mycelium-based biomaterials provide a sustainable 
solution by converting lignocellulosic waste into biode-
gradable, fully bio-based composites suitable for packaging 
and construction applications. Most mycelium-based mate-
rials are grown on agricultural waste materials; the most 
commonly used are white-rot fungi from the genera 
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Ganoderma, Pleurotus, and Trametes. S. commune, com-
monly known as the “two-leaf” mushroom, is a widespread 
pathogen that attacks living and injured plant tissue and is 
also an aggressive invader of trees, causing a disease clas-
sified as white rot (Takemoto et al., 2010). The species 
S. commune rapidly colonises more than 260 species from 
150 plant genera (Cooke, 1961) through lesions caused by 
other pathogens.  Mycelium-based materials are renewable 
and recyclable and can replace, among others, various plas-
tics. A mycelium-based material is a composite consisting 
of a natural reinforcement or filler, such as hemp fibres, 
and fungal mycelium. The mycelium is a dense network of 
thin strands called hyphae that grow and fuse together into 
a solid material. The mycelium acts as a three-dimensional 
matrix that binds the natural substrate into a lightweight 
material, comparable to expanded polystyrene.

The technological evolution of biocomposite systems 
has progressed substantially from primitive applications 
utilising natural reinforcements in traditional construction 
materials to sophisticated engineered composites incorpo-
rating contemporary fibre modification methodologies and 
advanced interfacial optimisation strategies (Yadav et al., 
2022). Modern biocomposite technologies facilitate the 
development of materials exhibiting mechanical proper-
ties comparable to synthetic analogues whilst maintaining 
inherent biodegradability and substantially reduced envi-
ronmental impact profiles (Paulsingarayar et al., 2025; 
Suherman et al., 2024).

Contemporary research in biocomposite character-
isation encompasses comprehensive multidisciplinary 
evaluation of mechanical, thermal, and electrical proper-
ties, with particular emphasis on elucidating fibre-matrix 
interfacial phenomena and optimising adhesion mecha-
nisms through advanced surface treatment methodologies 
(Chougala et al., 2025; Shen et al., 2024). Current inves-
tigations systematically address the inherent limitations of 
natural fibres, specifically their hydrophilic characteristics 
and consequent incompatibility with hydrophobic polymer 
matrices, through implementation of sophisticated chemi-
cal and biological treatment protocols (Saada et al., 2024).

Mechanical characterisation of biocomposite systems 
employs advanced testing methodologies, including the 
evaluation of strain-dependent mechanical behaviour 
through compression testing with differential modulus 
analysis. These investigations reveal complex viscoelastic 
responses characterised by frequency-dependent stor-
age and loss moduli, with differential modulus values 
demonstrating strain-dependent behaviour patterns and 
enhancement factors exceeding 3.5 in optimally formu-
lated systems (Paulsingarayar et al., 2025). Contemporary 
mechanical evaluation encompasses tensile, flexural, and 
impact resistance assessments, with systematic investi-
gation of interfacial shear strength properties to establish 
structure–property relationships (Chougala et al., 2025).

Thermal property characterisation represents a critical 
research domain encompassing precise measurement of 
thermal conductivity, thermal diffusivity, and specific heat 
capacity utilising dynamic plane source methodologies 
(Božiková et al., 2021; Bojković N. et al., 2023). Recent 
investigations employing transient plane source techniques 
have achieved measurement uncertainties below 5% for 
thermal conductivities ranging from 0.01 to 2 W m⁻¹ K⁻¹, 
demonstrating exceptional thermal insulation properties 
competitive with those of conventional building materials 
(Mizera et al., 2017). Systematic thermal analyses reveal 
thermal conductivity values ranging from 0.048 to 0.27 W 
m⁻¹ K⁻¹ for various biocomposite formulations, substantial-
ly outperforming traditional materials including wood and 
concrete in insulation applications (Chen et al., 2023; Zine 
et al., 2023).

Electrical characterisation through impedance spectros-
copy represents an emerging research frontier providing 
fundamental insights into ionic conductivity mechanisms, 
interfacial polarisation phenomena, and frequency-depen-
dent dielectric relaxation processes (Pramono et al., 2017; 
Zhang W.  et al., 2022). Contemporary investigations employ 
precision impedance analysis across extended frequency 
ranges of 40 to 110 MHz, revealing characteristic frequen-
cy-dependent transitions from inductive to capacitive 
behaviour and establishing quantitative structure-property 
relationships essential for applications in biosensor tech-
nologies and biodegradable electronics (Kirubakaran et al., 
2024). Since research on the mechanical performance of 
mycelium-based materials is very limited, the principal 
objective of this investigation encompasses comprehensive 
multifunctional characterisation of biocomposite materials 
through the evaluation of integrated mechanical, thermal, 
and electrical property, establishing quantitative correla-
tions between microstructural features and macroscopic 
performance characteristics. 

The research pursues three fundamental aims: determi-
nation of strain-dependent mechanical behaviour through 
systematic compression testing incorporating differen-
tial modulus analysis; precise measurement of thermal 
transport properties employing the dynamic plane source 
methodology with rigorous uncertainty quantification; and 
comprehensive electrical characterisation through imped-
ance spectroscopy across extended frequency ranges with 
systematic evaluation of frequency-dependent phenome-
na. The research contribution encompasses simultaneous 
evaluation of mechanical, thermal, and electrical proper-
ties with statistical validation protocols, establishing an 
extensive property database to inform optimal biocompo- 
site formulation strategies for multifunctional engineering 
applications. 
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2. MATERIALS AND METHODS

The samples used in the experiment were obtained 
by mixing a substrate comprising 100% straw and com-
posed of 70% straw and 30% sawdust with the mycelium of 
a Schizophyllum commune strain from the FCB070 
ProFungi Laboratory, Serbia. In both formulations, the 
mycelium served as a natural bio-based binder that inte-
grated lignocellulosic particles into a coherent composite 
structure. The reference material (sample A Fig. 1a) consist-
ed of 100% straw, whereas the modified material (sample B 
Fig. 1b) consisted of 70 straw and 30% sawdust.

The moisture content and temperature conditions used 
during biocomposite fabrication were selected to ensure 
reproducible mycelial growth and structurally stable 
composites. The lignocellulosic substrate was adjusted to 
a moisture content from 59.6 to 72.5% (wet basis), provid-
ing sufficient water availability for fungal colonisation while 
avoiding the formation of free-water zones detrimental to 
aerobic growth. The inoculated substrates were incubated 
under controlled mesophilic conditions at 21.5-23.4°C, 
followed by post-growth drying at 40-60°C to terminate 
biological activity and stabilise the mechanical, thermal, 
and electrical properties of the mycelium-based compos-
ites. Prior to inoculation, the substrates were homogenised 
to obtain a uniform distribution of the lignocellulosic frac-
tion and fungal inoculum. The inoculated material was then 
placed into moulds of defined geometry, where the samples 
were formed during mycelial growth. No additional syn-
thetic binder was used during sample preparation.

For the determination of biocomposite sample densi-
ties, dimensional characteristics were measured 5 times for 
each sample using vernier callipers (Nónius, Hoffmann 
GmbH, Germany) with an accuracy of ±0.05 mm. The 
specimens’ masses were determined using Kern analytical 
scales (Kern and Sohn GmbH, Germany) with an accu-
racy of ±0.01 g. Volumetric density was calculated as the 
ratio of mass and volume of the sample. Density values 
of 326.57±33.29 kg m⁻³ for the mould-additive sample B 
and 190.94±12.87 kg m⁻³ for the reference sample A were 
obtained, thereby enabling subsequent quantitative assess-
ment of the mould additive’s influence on the physical 
properties of the biocomposite. 

In mycelium-based composites, the final material pro- 
perties are strongly affected by the substrate composition, 
particle size, growth environment, and post-growth treat- 
ment; therefore, these parameters should be stated expli- 
citly for reproducibility. Prior to inoculation, the sub-
strates were homogenised and conditioned to the required 
moisture content, because water availability and nutrient 
balance directly influence fungal colonisation and the in- 
tegrity of the mycelial binding network (Houette et al., 
2022; Elsacker et al., 2020). The inoculated substrate was 
then placed into moulds of defined geometry and incubat-
ed under controlled conditions until complete colonisation 
was visually confirmed. After the growth stage, the samples 
were dried to stop further biological activity and stabilise 
the material structure before testing (Jiménez-Obando et 
al., 2025). 

The mechanical properties of two biocomposite mate-
rials were evaluated through compression testing using 
a custom-built testing apparatus developed at the Faculty 
of Engineering (Slovak University of Agriculture in Nitra, 
Slovakia). The testing system consisted of a force sensor 
with a maximum capacity of 1 000 N and an accuracy of 
±0.4%, coupled with a displacement sensor exhibiting ±1% 
accuracy. All compression tests were conducted at a con-
stant loading rate of 10 mm min⁻¹. Four specimens from 
each biocomposite material were prepared by cutting into 
prismatic shapes for mechanical evaluation. 

The compression testing was performed using a par-
allel-plate configuration, where samples were positioned 
between two metal plates, with the upper loading plate 
featuring a circular geometry of 79 mm diameter to ensure 
uniform stress distribution across the specimen surface. 
Compression loading was applied incrementally until the 
onset of visible material damage, characterised by localised 
failure at the contact interface between the specimen and 
the metal loading plate. Due to sensor limitations, the maxi-
mum applied force was restricted to approximately 800 N 
to prevent sensory overload. Force-displacement curves 
were recorded throughout the testing process, from which 
stress-strain relationships and the elastic module were sub-
sequently calculated.  

Fig. 1. Structure depiction of material: a) biocomposite sample A and b) biocomposite sample B.

a) b)
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Compression loading was applied within the safe oper-
ating limit of the testing system, and the maximum load 
was restricted to approximately 800 N to prevent sensor 
overload. Therefore, the endpoint of the test should be inter-
preted as the maximum accessible loading window of the 
apparatus and/or the onset of visible local damage, rather 
than unequivocal catastrophic failure of all specimens. This 
distinction is important because mycelium-based compos-
ites often exhibit progressive densification and may not fail 
abruptly within the selected loading interval (Houette et al., 
2022). Compressive stress σ defined by (Eq. (1)) was cal-
culated as the ratio of applied force F to the cross-sectional 
area of the specimen S, expressed as:

(1)

where: σ represents compressive stress (Pa), F denotes 
applied force (N), and S indicates the cross-sectional area  
(mm2). Compressive strain ε was determined from the 
dimensional changes during loading according to Eq. (2):

(2)

where: ε represents compressive strain (mm mm⁻¹), Δl 
denotes specimen shortening (mm), and l₀ indicates the 
original specimen height (mm). The elastic modulus was 
derived from the linear portion of the stress-strain relation-
ship according to Hooke’s law, expressed by Eq. (3): 

(3)

where: E represents Young’s modulus of elasticity (Pa) and 
a denotes the regression coefficient (Pa). The elastic mod-
ulus E was determined as the slope of the linear regression 
line fitted to the stress-strain data in the elastic deformation 
region.

Four specimens per passage were tested mechanically; 
therefore, the mechanical dataset should be considered ex- 
ploratory. Although the average trends are informative, the 
low number of replicates limits the power of formal sta-
tistical inference between formulations. Previous studies 
on mycelium-based composites commonly emphasise the 
strong sensitivity of compressive properties to density, 
substrate architecture, and post-processing, which further 
supports the need for larger test sets in future studies 
(Jiménez-Obando et al., 2025). Therefore, the present me- 
chanical results are interpreted primarily as comparative 
trends rather than definitive population-level values.

Thermal parameters were investigated by the dynamic 
plane source (DPS) method, as presented in ISO 22007-2, 
which utilises a planar double-spiral nickel sensor that 
serves as both an electric heater and a resistance thermom-
eter simultaneously. The dimensions of the thermal-test 
specimens were 65 × 65 × 12 mm. Before measurement, 
the samples were conditioned in the dried and stabilised 

state obtained after the post-growth treatment described 
above. The thermal measurements were carried out under 
laboratory temperature conditions corresponding to the mea- 
suring environment used for the DPS analysis. When a con-
stant current passes through the sensor, an instantaneous 
areal heat flux q0 is generated, and the resulting transient 
temperature field in the two identical half-spaces of the 
specimen is described by the heat-conduction Eq. (4): 

(4)

where: a – thermal diffusivity (m2 s-1), T – absolute tem-
perature (K), t – time (s), cρ – volume heat capacity (W m-3 

K-1), r – distance from the heat source (m)
For the dimensionless time parameter τ = at/rs

2 restricted 
to the fitting window 0.5<τ<2, the mean temperature rise of 
the sensor ΔT(t) is defined by Eq. (5):

(5)

where: λ – is thermal conductivity (W m-1 K-1), rS – is the 
mean radius of the outermost spiral of the probe, and G(τ) 
is Green´s function factor. 

The result of measuring thermophysical parameters is 
influenced by several factors, the effect of which can be 
corrected by the following means: To minimise finite- 
geometry errors, the thermal penetration depth  
must remain below 70% of the specimen’s half-thickness 
throughout the selected measurement time window. The 
surface source is placed between two flat, parallel specimen 
halves and clamped with a normal force of approximately 
25 N to minimise thermal contact resistance. The sensor’s 
voltage response, corresponding to a self-heating of less 
than 5°C, is digitised with a resolution better than 1 mK and 
processed by software. If the specified experimental condi-
tions are met, the measurement uncertainty of this method 
remains below 5% for thermal conductivities in the range 
of 0.01-2 W m⁻¹ K⁻¹.

Measurement methodology for electrical characterisa- 
tion of biocomposites – the electrical properties of the bio- 
composites were characterised through impedance spec-
troscopy, focusing on the complex impedance Z (Eq. (6)) 
and the phase angle φ. Measurements were performed 
using a precision impedance analyser (Agilent 4294A) 
in a four-terminal-pair (4TP) configuration to minimise 
lead resistance and stray capacitance effects. The frequen-
cy range was set from 40 to 110 MHz with a logarithmic 
sweep of 10 points per decade to capture both interfacial 
polarisation and bulk dielectric responses:

(6)
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A small AC excitation signal (1 V amplitude) was 
applied to ensure linear material response while avoiding 
electrochemical degradation at the electrode-sample inter-
face. The phase angle resolution was maintained at a value 
of ±0.1° through internal phase-locked loop synchronisa-
tion and instrument warm-up stabilisation. 

Impedance Z is a complex quantity defined by Eq. (7) 
as:

(7)

where: Z’ represents the real part of impedance (Ω) and 
Z’’ is the imaginary part of impedance (Ω), reflecting 
the material’s ability to resist and store electrical energy, 
respectively. In biocomposites, impedance analysis reveals 
critical insights into ionic conductivity, interfacial pola- 
risation, and dielectric relaxation, which are influenced 
by the material’s microstructure and hydration state. 
Understanding these properties is crucial for applications 
such as biosensors, tissue engineering scaffolds, and bio-
degradable electronics, where electrical interactions with 
biological systems significantly impact functionality and 
performance. Additionally, the frequency-dependent impe- 
dance response helps distinguish between bulk material 
properties and electrode effects, enabling optimisation of 
composite formulations for specific biomedical or energy 
storage applications.

3. RESULTS AND DISCUSSION

The selected mechanical, thermal, and electrical pro- 
perties of biocomposite materials were evaluated to char-
acterise their multifunctional performance and establish 
structure-property relationships for potential engineering 
applications.

3.1. Mechanical properties of biocomposite materials under 
compression loading

The compression testing of the biocomposite specimens 
revealed distinct viscoelastic behaviour with progressive 
deformation phases and strain-dependent elastic moduli. 
The loading diagram presented in Fig. 2a demonstrates 

the stress-strain relationship for the 3-point biocomposite 
material, calculated as the average response from four iden-
tical specimens. Compression testing was conducted over 
a deformation range of 0-75%.The loading diagram pre-
sented in Fig. 2b demonstrates the stress-strain relationship 
for the 3-biocomposite material, calculated as the average 
response from four identical specimens. Compression test-
ing was conducted over a deformation range of 0-54%. 
The compression response of both mycelium-based com-
posites exhibited a strain-dependent behaviour typical of 
porous bio-based cellular materials. At low deformation, 
the response was associated with initial rearrangement of 
the internal porous structure, whereas at higher strain le- 
vels, progressive densification contributed to the increase 
in apparent stiffness.

Deformation behaviour and elastic response – the 
mechanical response exhibited three distinct phases during 
compression loading. Initially, elastic deformation was ob- 
served up to approximately 10% strain, followed by a tran- 
sition to viscoelastic and plastic deformation regimes at 
higher strain levels. This behaviour is consistent with bio- 
composite materials, where different deformation mecha-
nisms become activated at increasing stress levels.

The differential modulus of elasticity was determined 
from the linear portions of the loading curves according to 
Young’s law of elasticity, calculated as the slope of the tan-
gent to the differential sections of the stress-strain curves. 
This approach provides more accurate representation of the 
material’s stiffness characteristics across different strain 
ranges compared to conventional secant modulus calcu-
lations. In our case, the experimental dependence can be 
described by the exponential nonlinear function (Eq. (8)) 
with a coefficient of determination of R2 = 0.9969 and 
RMSE = 10.57 kPa (Fig. 2a):

. (8)

Figure 2b presents the loading diagram, which can be 
characterised by Eq. (9). The coefficient of determination 
was R2 = 0.9970 and RMSE = 12.33 kPa:

(9)

Fig. 2. Relation between compressive stress and deformation for: a) sample A and b) sample B.  

a) b)
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3.1.1. Strain-dependent elastic modulus

Table 1 presents the differential modulus values for the 
3-point biocomposite at various deformation ranges. The 
modulus values demonstrated significant strain depen-
dence, ranging from 166.75 kPa at low strains (0-10%) to 
587.87 kPa at intermediate strains (30-50%).

The accuracy of the differential modulus determina-
tion was consistently high, with measurement uncertainties 
ranging from 0.15 to 2.00%, indicating excellent repeat-
ability and reliability.

Comparative analysis with the enhanced 3-biocompo- 
site material revealed substantially improved mechanical 
properties, with differential modulus values approximately 
3.65 times higher across all tested strain ranges (Table 2). 
The 3-biocomposite exhibited modulus values ranging 
from 851.42 kPa (0-10% strain) to 1 541.4 kPa (10-30% 
strain).

The strain-dependent modulus behaviour reflects the 
complex microstructural response of biocomposite materi-
als under compression. At low strain levels, the relatively 
low modulus values indicate initial matrix-dominated defor-
mation, where the polymer matrix accommodates applied 
stress through elastic deformation mechanisms (Bodur 
and Bakkal, 2019). The progressive modulus increase sug-
gests enhanced load transfer to the reinforcing phase as the 
matrix approaches its elastic limits.

This behaviour is characteristic of natural fibre-reinfor- 
ced biocomposites, where mechanical response is governed 
by matrix properties and fibre-matrix interface characteris-
tics. The differential modulus approach provides valuable 
insights into these progressive deformation mechanisms 
(Combrzyński et al., 2016).

The compression response of both mycelium-based 
composites exhibited a strain-dependent behaviour typical 
of porous bio-based cellular materials. At low deformation, 
the response was associated with initial rearrangement of 
the internal porous structure, whereas at higher strain lev-
els, progressive densification contributed to the increase in 
apparent stiffness.

The approximately 3.65-fold increase in differential 
modulus observed for sample B should be interpreted as an 
experimentally observed difference between the two tested 
formulations. A plausible explanation is that the presence 
of sawdust modified particle packing, local density distri-
bution, and stress transfer through the mycelium-bound 
structure (Al-Bahadly, 2019).

The viscoelastic nature of both materials, evidenced by 
the progressive transition from elastic to plastic deformation 
beyond 10% strain, aligns with theoretical predictions for 
hierarchically structured biological materials (Kochańska 
and Bajer, 2012). This behaviour provides advantageous 
properties for applications requiring energy absorption and 
damage tolerance (Senthilkumar et al., 2022).

The high coefficient of determination values (R2>0.96) 
confirms the validity of the linear regression approach, 
essential for the reliable characterisation of the mechanical 
properties of biocomposite materials.

3.2. Thermal parameter results

The thermal conductivity measurements revealed sta-
ble and consistent values for both biocomposite samples 
under investigation. Sample A exhibited a mean thermal 
conductivity of 0.0477 W m⁻¹ K⁻¹ with a standard devia-
tion of 0.000751 W m⁻¹ K⁻¹, while Sample B demonstrated 
a mean value of 0.0480 W m⁻¹ K⁻¹ with a standard devia-
tion of 0.00112 W m⁻¹ K⁻¹. The coefficients of variation 
were 1.57 and 2.34% for Samples A and B, respectively, 
indicating excellent measurement reproducibility, with 
Sample A exhibiting superior precision. Statistical analysis 
using an unpaired t-test confirmed no significant difference 
between the thermal conductivity values of the two samples 
(t = 0.3870, df = 14, p = 0.7046). The F-test demonstrated 
homogeneous variances (F = 2.227, p = 0.2802), further 
supporting the statistical equivalence of both samples. 
This consistency suggests robust manufacturing process-
es, which are critical for potential commercial applications 
(Brzyski et al., 2017).

The measured thermal conductivity values demonstrate 
excellent thermal insulation properties consistent with 
high-performance natural fibre composites reported in re- 
cent literature (Neto et al., 2021). These values substantially 

Ta b l e  1. Differential modulus of elasticity for 3-point biocom-
posite material

Deformation 
range
(%)

Differential 
modulus

(kPa)

R2

(-)

0-10 166.75 >0.98

10-30 319.54 >0.98

30-50 587.87 >0.98

0-50 379.35 >0.96

Ta b l e  2. Comparative differential modulus of elasticity

Deformation 
range
(%)

3-point
(kPa)

3-biocomposite
(kPa)

Enhancement 
factor

(-)

0-10 166.75 851.42 5.10

10-30 319.54 1541.40 4.82

30-50 587.87 1422.10 2.42

0-50 379.35 1487.50 3.92
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exceed the performance of conventional building mate- 
rials, which typically exhibit thermal conductivities rang-
ing from 0.13 W m⁻¹ K⁻¹ for wood to 2.3 W m⁻¹ K⁻¹ for 
concrete (Bojković J. et al., 2023). When compared to other 
natural fibre insulation materials investigated in recent stu-
dies, which reported thermal conductivity values between 
0.0333 and 0.0438 W m⁻¹ K⁻¹ (Mawardi et al., 2021), the 
present biocomposite samples demonstrate competitive 
thermal insulation performance. The statistical equivalence 
between the samples (Fig. 3) indicates the reliability of the 
production methodology and suggests promising potential 
for consistent commercial-scale manufacturing.

The very small difference in thermal conductivity bet- 
ween samples A and B (Fig. 3a)  suggests that the partial 
replacement of straw by sawdust did not substantially modi- 
fy the dominant heat-transfer pathways within the tested 
density range. This is consistent with literature indicating 
that thermal transport in mycelium-based composites is 
governed primarily by overall porosity, density, and inter-
nal air volume (Wildman et al., 2026).

The thermal diffusivity measurements demonstrated 
consistent behaviour across both biocomposite samples 
under investigation. Sample A exhibited a mean thermal 
diffusivity of 0.128 10⁻⁶ m² s⁻¹ with a standard deviation 
of 0.00425 10⁻⁶ m² s⁻¹, while Sample B demonstrated 
a mean value of 0.130 10⁻⁶ m² s⁻¹ with a standard deviation 
of 0.00422 10⁻⁶ m² s⁻¹ (Fig. 3b). Both samples exhibited 
identical measurement ranges of 0.0130 10⁻⁶ m² s⁻¹, and 
the nearly identical standard deviations indicate compara-
ble material uniformity throughout the composite structure. 
Statistical analysis using an unpaired t-test confirmed no 
statistically significant difference between the thermal dif-
fusivity values of the two samples (t = 0.3368, df = 17, 
p = 0.7404). The F-test analysis validated variance homo-
geneity between the samples (F=1.018, p = 0.9907), further 
supporting the statistical equivalence and demonstrating 
excellent measurement precision with low coefficients of 
variation.

The measured thermal diffusivity values indicate effi-
cient heat transfer characteristics within the biocomposite 
microstructure, representing the rate of temperature change 
propagation through the material matrix (Parker et al., 
1961). These measurements fall within the typical range 
reported for wood-based materials, which commonly 
exhibit thermal diffusivity values between 0.08 and 0.143 
10⁻⁶ m² s⁻¹.

According to established literature, thermal diffusivity 
in natural fibre composites is significantly influenced 
by fibre orientation and matrix-fibre interface proper-
ties (Abbas et al., 2020). The low coefficient of variation 
observed in both samples validates the measurement preci-
sion and confirms material uniformity across the composite 
structure (Zhang L. et al., 2022). The statistical equivalence 
between the samples suggests consistent microstructural 
characteristics and reinforces the reliability of the manufac-
turing process for achieving reproducible thermal transport 
properties.

3.3. Impedance analysis results

The impedance measurements revealed distinct 
frequency-dependent electrical characteristics for both bio- 
composite samples A and B. The relationships between 
impedance Z and frequency f are exponential functions for 
both biocomposite samples (Fig. 4).

The regression curve of impedance A is represented by 
Eq. (10), where R2 was 93.64%:

(10)

The regression curve of impedance B is described by Eq. 
(11), where R2 was 95.50%:

(11)

The regression analysis of impedance Z exhibited 
characteristic patterns that reflect the underlying electrical 
structure of the biocomposite materials, which is in good 
agreement with Beltrán-Pitarch et al. (2019).

Fig. 3. Thermal conductivity (a) and thermal diffusivity (b) of biocomposite samples with 95% confidence intervals.
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Biocomposite B demonstrated a predominant inductive 
character in the frequency range from 40 to 95.15 MHz, 
indicating that the imaginary component of impedance 
increased proportionally with frequency according to ZL = 
jωL (Bieńkowski et al., 2023). A notable transition occurred 
at 95.15-95.70 MHz, where the material character shifted 
from inductive to capacitive. This frequency-dependent 
transition is characteristic of biocomposite materials where 
the balance between conductive and dielectric components 
changes with applied frequency (Marković et al., 2019). 
The positive phase-angle region observed for sample B 
(Fig. 5) is interpreted here as an apparent inductive-type 
response of the measured specimen-electrode system rath-
er than direct evidence that the biocomposite behaves as 
a classical inductive component. In heterogeneous bio- 
based materials, such behaviour may arise from a combi-
nation of distributed charge transport pathways, interfacial 
polarisation, electrode effects, and moisture-dependent ion-
ic conduction, especially at higher frequencies (Mayne et 
al., 2023). The observed frequency-dependent electrical 
behaviour suggests possible relevance for future sensing or 
frequency-responsive bio-based material concepts (Gandia 
and Adamatzky, 2024).

The capacitive behaviour at higher frequencies follows 
ZC = 1/(jωC), where impedance decreases with increasing 
frequency (Dolainski et al., 2024). This transition indicates 
that dielectric properties dominate over conductive charac-
teristics at higher frequencies, resulting in energy storage 
rather than energy dissipation (Fig. 4).

Statistical correlation analyses of electrical parame-
ters – the Spearman correlation analysis between the phase 
angle and the frequency – provided significant insights into 
the electrical behaviour of both biocomposites. For bio-
composite A, a strong negative correlation (r = -0.8361, 
p < 0.0001) was observed, suggesting that as frequency 
increases, the phase angle decreases substantially, indi-
cating a transition from capacitive to resistive behaviour 
(Aubrecht et al., 2006). Biocomposite B exhibited a moder-
ate positive correlation (r = 0.2461, p = 0.0004), indicating 
that the phase angle increases with frequency, consistent 
with the inductive character observed in the impedance 
analysis (Khaled et al., 2017). The statistical significance 
(p < 0.05) confirms that these relationships are not due to 
random variation. The contrasting correlation patterns sug-
gest fundamental differences in electrical microstructure 

Fig. 4. Nonlinear dependency for impedance values on frequency for samples A and B.

Fig. 5. Nonlinear dependency for phase angle values on frequency for samples A and B. 
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and charge transport mechanisms (Pathania and Singh, 
2009), potentially arising from variations in filler concen-
tration or interfacial properties.

The difference in the substrate composition between the 
straw-only material and the straw-sawdust material likely 
affected not only the mechanical response but also the elec-
trical and thermal behaviour through changes in particle 
packing, internal pore structure, and moisture distribu-
tion. Straw particles generally create a more open fibrous 
architecture, whereas the addition of sawdust may increase 
packing efficiency and reduce the characteristic pore size, 
thereby modifying stiffness and possibly the pathways 
for heat and charge transfer. Similar structure-property 
relationships have been discussed in recent studies on 
mycelium-based composites, where substrate architecture 
was identified as a major determinant of multifunctional 
behaviour (Wildman et al., 2026). 

Additional remarks related to applicability – The 
intended application of mycelium-based biocomposites in 
construction and insulation systems also raises the issue of 
flammability and fire safety. Although flammability testing 
was not included in the present experimental design, this 
property should be systematically evaluated in future work 
using relevant standardised fire-testing procedures before 
the material is considered for structural or building-in-
sulation use. In this context, the present study should be 
regarded as a multifunctional characterisation of mechani-
cal, thermal, and electrical performance, while fire-related 
behaviour remains an important subject for subsequent 
investigation.

CONCLUSIONS
The developed biocomposite presents substantial poten-

tial for real-world application across multiple industry 
sectors due to its remarkable set of engineered properties 
and demonstrated performance benefits. One of the most 
significant results is the enhancement of the differential 
modulus of elasticity, where the optimised biocomposite 
reached 1 541.40 kPa at 10-30% strain, amounting to a 3.65-
fold improvement over the unmodified sample across all 
strain intervals. This pronounced viscoelasticity and stress-
strain resilience make the material especially suitable for 
structural uses in energy-absorbing panels, impact-resistant 
components, and advanced construction systems requiring 
both flexibility and strength.

The measured thermal conductivity of 0.048 W m⁻¹ 
K⁻¹, substantially lower than that of common construction 
materials like concrete and wood, places this biocomposite 
among the most effective sustainable insulation materials 
available. This property, in conjunction with the demon-
strated manufacturing consistency validated by narrow 
statistical variances, makes the material an excellent candi-
date for applications in passive house building envelopes, 
modular sustainable architecture, and thermal barriers in 
energy-intensive industrial settings.

Electrically, the investigation revealed a unique fre-
quency-dependent transition from inductive to capacitive 
behaviour, occurring above 95 MHz, enabling precise con-
trol over its dielectric properties. This tunability positions 
the biocomposite as a promising substrate for eco-friend-
ly electronics, including biodegradable sensors, RFID 
systems, and intelligent packaging capable of condition 
monitoring for perishable or high-value goods. In addi-
tion, the high repeatability and scalability of manufacturing 
processes position this material as a practical platform for 
widespread industrial deployment.

In summary, the key outcomes of this work-superior 
mechanical resilience, outstanding insulation performance, 
and frequency-tuneable electrical behaviour-emphasise 
the utility of the developed biocomposite for sustainable 
construction, next-generation biosensors, smart-packag-
ing, and impact-attenuating advanced materials, creating 
new opportunities across technological and environmental 
domains.
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