Journal of

Manufacturing and
Materials Processing

Article

Auxetic Systems Fabricated Using Mycelia-Based Composites

Claudia Cadinu 17, Ruben Gatt 17, Renald Blundell >3, Joseph N. Grima 1

check for
updates

Academic Editor: Samir Allaoui

Received: 20 August 2025
Revised: 16 October 2025
Accepted: 18 October 2025
Published: 28 October 2025

Citation: Cadinu, C.; Gatt,R.;
Blundell, R.; Grima, J.N.; Farrugia, P.-S.
Auxetic Systems Fabricated Using
Mycelia-Based Composites. |. Manuf.
Mater. Process. 2025, 9,353. https://
doi.org/10.3390/jmmp9110353

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Pierre-Sandre Farrugia "*

1 Metamaterials Unit, Faculty of Science, University of Malta, MSD2080 Msida, Malta;
cadinuc@gmail.com (C.C.); ruben.gatt@um.edu.mt (R.G.); joseph.grima@um.edu.mt (J.N.G.)
2 Physiology & Biochemistry, Faculty of Medicine & Surgery, University of Malta, MSD2080 Msida, Malta;
renald.blundell@um.edu.mt
3 Centre for Molecular Medicine, Biomedical Sciences Building, University of Malta, MSD2080 Msida, Malta
4 Chemistry Department, Faculty of Science, University of Malta, MSD2080 Msida, Malta
*  Correspondence: pierre-sandre.farrugia@um.edu.mt; Tel.: +356-2340-2178

Abstract

In an era of increasingly problematic global waste management, innovative materials can
hold the key to a circular economy. Within such a context, this work aimed at manu-
facturing, potentially for the first time, auxetic material (i.e., materials with a negative
Poisson’s ratio) using mycelia-based composites (i.e., materials made by growing fungi
on a biodegradable substrate). The fabrication of the auxetic biomaterials was undertaken
using both direct growth methods in purposely designed molds and through subtractive
manufacturing of commercially available mycelia panels. In the former case, various
substrates were employed, differing in sawdust granulation and nutrient content. Fur-
thermore, enhancements in the form of scaffolds and hay were considered with the aim of
improving the cohesion and elastic properties of the end product. Mechanical testing of
the samples produced showed that both manufacturing methods can produce structures
capable of exhibiting a negative Poisson’s ratio. At the same time, the intrinsic brittle nature
of mycelia-based composites limits the compactness and cohesion of the end products. In
this context, the different methodologies employed to improve these properties yielded
some promising results. Thus, while this work showed that indeed auxetic biomaterials
can be fabricated, the manufacturing methods still require further improvement to produce
better-performing specimens.

Keywords: mycelia-based composites; MBCs; biomaterials; auxetic; negative Poisson’s ratio

1. Introduction

Global yearly municipal solid waste (which includes only residential, commercial,
and institutional waste) currently exceeds two billion tons [1]. Of this, only about 62%
is disposed of in a controlled manner, with almost half of this (corresponding to 30%
of the global total) ending up in landfills [1]. Of the rest, around a third of the actively
managed waste (corresponding to 19% of the global total) is recycled, while some 21%
(corresponding to 13% of the global total) is used to generate energy [1]. In particular,
recent estimates indicate that out of the 359 million tons of plastics manufactured annually,
more than half ends up in landfills with only around 19.5% being recycled [2]. The extent
and poor management of waste can lead to environmental pollution and contribute to
climate change [1,3,4].

The amount of waste generated is expected to continue increasing in the near future [5].
At the same time, the natural available resources are finite, with their availability being on
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the decrease [6,7]. This makes the adoption of sustainable strategies for waste management
an urgent need, leading many countries to shift towards a circular economy. The concept of
a circular economy goes beyond the simple notion of recycling items when they are being
disposed of. Instead, products are designed from the outset with the reuse of the materials
at the end of their life cycle in mind [5-9]. The idea is to maximize the length of time a
resource can be utilized and concurrently minimize waste.

One way of moving towards a circular economy is to replace existing products with
bio-based materials that are synthesized from living organisms. Thus, at the end of their
life cycle, the material should, in principle, be completely compostable, leaving minimal
residual waste, if any. In this context, one of the most commercially successful large-scale
materials made from living organisms, which is currently available, is based on fungi [10].
The production process involves growing fungi on a substrate, generally consisting of
organic waste, such as sawdust or hay, leading to the formation of what are known as
mycelia-based composites (MBCs) [11]. The formation of MBCs is made possible thanks to
the mycelium, a complex network of thin filaments known as hyphae, which constitutes
the vegetative structure of fungi. This biologically active network decomposes and binds
organic materials using mechanical forces and hydrolytic enzymes, essentially acting as a
natural adhesive [12-15]. The growth process is stopped at some point through heating
or dehydration [11,16]. Composites produced this way generally have mechanical and
physical properties comparable to expanded polystyrene and similar foams [11,17-20]. This
makes them ideal to replace fossil-fuel-based plastics and foams in applications such as
packaging [13] and acoustic insulation [21,22].

Another innovative type of material that has increasingly attracted attention is one
that has a negative Poisson’s ratio [23-44]. Systems with this property are usually referred
to as auxetic [26]. They possess the unusual ability of contracting (expanding) laterally
when uniaxially compressed (stretched). This behavior allows them to show enhanced
capabilities compared to their conventional counterparts, including, amongst others, in-
creased impact resistance [27], energy absorption [28], vibration control [29-31], and sound
absorption [23-25]. These properties of auxetic systems are in common with those of MBCs.

The overlap of desirable properties observable in fungi-based biomaterial and auxetics
suggests that combining the two can lead to products that would be able to outperform
conventional materials while at the same time being biodegradable and environmentally
friendly. Essentially, the introduction of auxetic patterns in the MBCs is expected to enhance
the already good acoustic and impact absorption attributes of the fungi-based biomaterial.
It can also improve other aspects, such as producing lighter-weight materials compared
to the original fungi-based biomaterial, given the need to introduce the voids required for
the deformation. Furthermore, the end product can also lead to innovative applications, as
will be discussed in this work. Notwithstanding the potential advantages in combining the
auxetic and MBCs, to the knowledge of the authors, it does not seem that any investigation
in this direction has been reported in the literature thus far.

On the good side, fabrication of auxetic biomaterials is facilitated by the fact that many
auxetic structures can be manufactured through the use of perforations, both in 2D [45-47],
as well as in 3D [48]. The perforations themselves can thus serve as blueprints for the
creation of molds where the mycelia can be grown.

With these considerations, this work is aimed at investigating, possibly for the first
time, the viability of manufacturing auxetic systems using MBCs as the base material. In the
main, this was undertaken by growing mycelia in purposely designed molds. Furthermore,
subtractive manufacturing was also used to fabricate auxetic biomaterials from readily
available mycelia panels. The results obtained indicate that the MBCs manufactured
can indeed exhibit a negative Poisson’s ratio. At the same time, the brittle nature of



J. Manuf. Mater. Process. 2025, 9, 353

30f22

(a) Chiral

(b) Re-entrant

;s
() Rigid units %

(1)

(1)

3¢ <<

the composites poses a limit on their performance. In order to counteract this, various
enhancements were considered. These were shown to exhibit different degrees of success
in improving the behavior of the composites.

2. Materials and Methods
2.1. Design and Fabrication of the Molds

The first step taken in the manufacturing of auxetic systems using MBCs was to
consider which of the structures that exhibit a negative Poisson’s ratio are best suited to
accommodate the growth of the mycelia. Generally speaking, there are three major designs
that lead to auxetic behavior: these being chiral structures [49-54], re-entrant cells [55-59],
and rotating rigid units [60-63] (Figure 1).

Ligaments (i) (iif) § %

(ii) (iii)

K i ¢S i

Figure 1. Examples of the three major auxetic designs: (a) showcases the chiral systems with
(i) illustrating the anti-tetrachiral [52], (ii) the tetrachiral [52], and (iii) the meta-tetrachiral [64];
(b) showcases the re-entrant systems with (i) illustrating the re-entrant hexagonal honeycomb [55,65],
(ii) the star-4 system [66,67], and (iii) the double arrow head [58]; (c) showcases the systems of rigid
units with (i) illustrating the rotating square system having diamond shaped perforations [60,63],

Chiral systems consist of nodes linked together in some way through ligaments
(Figure 1a). Applying stresses along the sides will induce a moment at the nodes, making
them rotate. In turn, this will cause the ligaments to bend, changing the dimension of the
structure. On the other hand, re-entrant cells are characterized by arrow-shaped ligaments
(Figure 1b). Under loading, the force exerted causes a change in the angle of the V-shaped
tip. This results in an overall change in the size of the system. Regarding rigid units, as
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their name implies, these consist of rigid elements connected at corners or edges (Figure 1c).
When loaded, the rigid parts are induced to rotate relative to one another with the joints
acting as hinges, leading to an auxetic behavior. In 2D, the shapes are usually polygonal or
derived from these in some way. It should be stressed that the above represent the ideal
behavior of the structure and, in practice, other deformation mechanisms can act.

A review of these three types of systems immediately indicates that chiral and re-
entrant systems require relatively thin ligament elements to achieve a negative Poisson’s
ratio. This is not ideal for MBCs for two reasons. The first is that it allows very little
space for the growth of the mycelia, most likely resulting in a relatively weak structure.
Furthermore, the bending of the ligaments made of MBCs can easily lead to their failure.

Comparatively speaking, rigid units are much less porous than chiral and re-entrant
systems, providing significantly more space where the mycelia can be grown and allowed
to create a compact structure. The major foreseeable downside to rigid units is represented
by the relative high stresses that can occur at the joints. However, these can be mitigated by
rounding the corners at the joints, for example. Various designs can be used to do this, as
illustrated in Figure 1c.

Based on these considerations, the rigid unit mechanism, with rounding at the corners,
appeared to be the most promising to fabricate auxetic systems with MBCs as the base
material. For this purpose, the rotating squares system [60,63,71] was chosen because of its
simplicity. The shape of the voids (or perforations) between the rigid units was selected to
have a stadium design. This type of shape has the added advantage of being relatively easy
to produce using subtractive manufacturing, potentially providing an alternative pathway
for the fabrication of the structure. The critical component then was constituted by the
choice of the dimensions, particularly that of the minimum distance between the holes
(labeled as s in Figure 1c). It is known that if this distance is too large, it would suppress
the auxetic behavior [72]. On the other hand, if it is too small, then it would create a weak
point in the base material. A compromise choice had to be found in the investigations
that followed.

Once the auxetic structure to utilize was identified, the next step was to create the
corresponding mold. The minimum distance s (Figure 1(ciii)) between the perforations was
set to 5 mm. This measurement was chosen as a trade-off between allowing sufficient space
for the mycelia to grow while at the same time preserving the auxetic mechanism. As for
the perforations, the straight edge of the stadium was chosen to have a length 2 = 10 mm
while the radius of the semicircle was selected to be r = 5 mm (Figure 1(ciii)). Essentially,
this meant that the central rectangular part of the stadium shape was, in fact, a square. It
followed that the resultant unit cell had a squarish layout with a side length of 40 mm.
Then, based on the printer dimensions and previous experiment experience, the mold for
this initial investigation was designed to accommodate 2 x 2 unit cells.

Once the dimensions were set, the mold could be constructed with ease of demolding
in mind. For this purpose, a modular design was adopted consisting of the base and top
(or lid) containing the stadium perforations, the four side walls (with opposite sides having
the same layout), and the inserts that prevent the composite from closing the holes (see
Figure 2). The internal dimensions of the base were 80 x 80 mm. Considering the 5 mm
thickness of the side walls, the overall footprint of the mold was 90 x 90 mm. The internal
height was chosen to be 2 cm, which is similar to the thickness of the mycelia panels that
can be found on sale. The required parts were hence designed using the computer-aided
design (CAD) software Autodesk Inventor Professional and then printed using a Bambu
Lab X1-Carbon 3D printer with biodegradable PLA basic filament (SKU: A00-W1-1.75) as
printing material. As can be noted from Figure 2f, the base, lid, and side walls were fixed
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together using eight bolts with fly nuts. On the other hand, the inserts were held in position
using a push-fit mechanism.
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Figure 2. Components of the auxetic mold. (a—f) represent CAD models of the base, top, two types
of sides, inserts, bottom with sides, and bottom with the inserts, respectively, while (g-i) show the
3D-printed parts of the mold, illustrating, respectively, the bottom with sides and bolts, bottom with
inserts, and the fully assembled mold.

Furthermore, as discussed by Elsacker et al. [73], adequate airflow within the substrate
is important to maintain a controlled micro-climate during the incubation process of the
mycelia and foster growth. Thus, in order to ensure proper ventilation of the substrate
throughout the mold, holes were included in the design of the inserts. As illustrated in
Figure 2d, these consisted of four sets of five circular holes, two of which were along the
centerline on each of the flat surfaces, and the other two were along the centerline of the
curved surfaces. The diameter of the holes was set to 1.5 mm.

The molds prepared were then to be filled using substrate and mycelia mixtures so as
to produce composites, the shape of which is illustrated in Figure 3. The way this was done
is detailed in the following sections.

i".w

80 mm

20 mm

Figure 3. CAD illustration of the auxetic composite that could be created using the molds.
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2.2. Procedure Followed for Auxetic MBCs Grown on an In-House Substrate Mix
2.2.1. Substrate and Inoculum Preparation

After carrying out an extensive literature review and initial testing, Trametes versicolor
was chosen as the fungus to manufacture the composites. Major considerations for the
selection included the availability of the fungus, established growth potential, known best
practices to enhance growth, ability to show suitable mechanical properties, and absence of
toxicity. This was then procured in the form of grain spawn from the MRCA Mushroom
Research Center (Innsbruck, Austria).

The other components of the substrate on which the fungus was to be grown, namely
gypsum (calcium sulfate), beech wood sawdust (having a granulation of 0.75-3 mm), and
wheat bran, were all sourced from the same supplier as the grain spawn. Furthermore,
in order to be able to produce more compact composites, the beech wood sawdust was
refined to a particle size of less than 180 um using an electric grain miller (Lejieyin, Model
1000A; UK). The process involved four milling cycles of 1 min each, with a 3 min cooling
interval in between. The milled sawdust was subsequently sieved using a Retsch AS 200
sieve shaker that was equipped with a test sieve (ISO 3310-1, body: 316L stainless steel,
mesh: stainless steel, dimensions: 200 mm x 50 mm; Germany).

For the experiments, five different substrates were considered, namely Si with
i=1,...,5. The composition of these per unit amount (1 kg) of substrate as expressed
in ratios is given in Table 1. The composition of S1 was derived based on information
gathered from literature [74-76] and preliminary trials. The main difference is that a finer
granulation sawdust was employed. Finer granulation of sawdust was meant to provide
more compactness to the composite. In terms of the investigation, S1 was meant to act as
the base or reference substrate. As for the compositions S2, S3, and S4, these had higher
wheat bran, gypsum, or both compared to S1, as can be noted from the amounts (in terms
of mass per kilogram). This was done at the expense of the sawdust content. The intent
was to determine if performance was dependent on nutrient composition. Considering S5,
in this case, the regular sawdust was meant to provide a concentrated source of nutrition,
much like wood chips are generally used [74].

Table 1. Summary of the composition of each substrate per 1 kg.

Substrate Symbol Fine Sawdust (Particle Regular Sawdust (Particle = Wheat

Gypsum/g  Water/g

and Name Size <180 um)/g Size < 710 um)/g Bran/g
S1—Fine granulation 260.95 - 215.40 67.43 456.22
sawdust substrate
52—High wheat 126.35 - 35000 6743 45622
bran substrate
S53—High 24837 - 215.41 80.00 456.22
gypsum substrate
S4—High wheat bran 113.78 - 350.00 80.00 456.22
and gypsum substrate
S5—Mixed 130.47 130.47 215.41 67.43 456.22

granulation substrate

Substrate preparation involved mixing the ingredients in batches of 300 g and then fill-
ing the autoclavable polypropylene bags. The substrates were sterilized using an autoclave
at 125 °C for 35 min and cooled overnight before inoculation.

2.2.2. Scaffoldings and Substrate Enhancements

In an attempt to improve the compactness and flexibility of the MBC produced, the
use of scaffolds and substrate enhancements was considered. The former consisted of
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planar grids (Figure 4) that were to be inserted in the substrate with the aim of enhancing
the binding of the resultant MBC. Two different grid designs were utilized, both of which
were based on the same auxetic pattern employed for the molds, but each characterized
by its own distinct geometric layouts (Figure 4). The first configuration (referred to as the
S-pattern hereafter) was developed by superposing stadium-shaped perforations onto a
regular square grid, having the grid line widths wg and an out-of-plane height ks both
equal to 0.5 mm, while the holes had a side length Is = 2 mm. As for the stadium-shaped
perforations, these were slightly larger than those used for the mold so as to ensure proper
alignment with both the mold and the inserts. The values of 2 and r were 10.4 mm and
5.2 mm, respectively. As a consequence, the minimum distance between the stadium-
shaped perforations was sg = 4.4 mm.

DO
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Figure 4. Details of the two grid configurations: (a) presents a CAD drawing of the S-pattern with
a blow up of a unit cell and the geometric parameters while (b) shows a 3D-printed version, and
(c) illustrates a CAD drawing of the C-pattern with a blow up of a unit cell and the geometric
parameters while (d) shows a 3D-printed version.

The second configuration (referred to as the C-pattern in what follows) was derived by
drawing an outline of width wc o = 1 mm and out-of-plane height ic o = 3 mm around the
stadium-shaped perforations. Similarly to the S-pattern, the values of a and r were taken to
be larger than those of the mold, namely 10.4 mm and 6.9 mm, respectively. In this way, the
minimum distance between the perforations was sc = wc o =1 mm. The outline was then
superposed on the same square grid used for the S-pattern to fill in the space created by
the intersection of the four semicircles. The square grid had the same dimensions as those
used for the S-pattern, namely square holes of side length Ic g = 2 mm, with the width
wc G, and out-of-plane height hc g being both equal to 0.5 mm. Considering the design
of the C-pattern, the use of the relatively thick outline was expected to act as a structural
reinforcement. Hence, the C-pattern was expected to provide greater rigidity compared to
that offered by the S-pattern.
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These scaffolds were designed using the CAD software Autodesk Inventor Profes-
sional. They were then manufactured with a Bambu lab X1-carbon 3D printer (China) using
the same biodegradable PLA employed for the molds (Figure 4).

An alternative way of enhancing the compactness of the MBC was to incorporate hay.
Generally speaking, hay or straw can be used as a substrate in itself [77-80]. However,
in this case, it was used with the aim of supplying fiber. Essentially, the strands of hay
can extend a relatively large distance compared to sawdust, thus helping the binding of
the material across broad stretches by the mycelia network. Furthermore, hay is relatively
flexible, a property that was expected to help with the bending capabilities of the final
product. About 100 g of this was sourced locally. It was then sterilized using the same
methodology adopted for the in-house substrate. The hay was then cut into pieces small
enough to fit into the mold before being added to the substrate while filling these containers.

2.2.3. Specimen Preparation

The inoculation of the substrate and the filling of the molds were carried out under
sterile conditions using a laminar flow hood. All molds were sterilized with 70% alcohol
prior to use. Subsequently, a layer of tape was added on the outer side of the bottom surface
to ensure that the stadium perforation inserts remained fixed during the filling process and
growth period.

At this stage, to prevent the composite from adhering to its container during the
growth phase, wax paper was placed between the sample mixture and the mold. The wax
paper for the base and top sections was laser-cut to produce the auxetic pattern using an
L8 Laser Engraver (China). On the other hand, those employed for the sidewalls were
manually cut and secured using adhesive tape.

Once the containers were ready, a total of 14 specimens were prepared, with the details
of their compositions being given in Table 2. The procedure to fill the molds depended on
the type of additional reinforcement used as follows:

e  Inclusion of S-pattern: Three grids were placed in the mold, positioned between layers
of approximately 5 g, 10 g, 10 g, and 5 g of inoculated substrate.

e Inclusion of C-pattern: Only two grids were placed in the mold, positioned between
10 g layers of the inoculated substrate, as the C-pattern scaffolding was thicker than
the S-pattern one.

e Inclusion of fiber reinforcements: Two layers of hay, each containing approximately
0.2 g, were distributed like a mesh between 10 g layers of the inoculated substrate.

Once ready, the samples were incubated in a grow tent placed in an air-conditioned
room kept at a temperature of between 25 to 30 °C. To maintain a high relative humidity,
two containers filled with distilled water were placed inside the tent. The development
of the samples was constantly monitored to ensure optimal growth. After four weeks, it
was determined that the samples were too dry. This most likely resulted from the use of
very fine sawdust. Hence, based on previous experience, it was decided to continue the
growth after improving hydration retention. In order to do so, the samples were placed in
transparent plastic bags with their end wrapped around a relatively thick layer of cotton.
To seal the contents of the bag, an elastic band was subsequently tightly wound around
its open end. Distilled water was periodically poured on the cotton to keep it moist and
ensure sufficient humidity. After six days in the sealed environment, the samples were
carefully removed from the molds and the plastic bags and returned to the grow tent for a
further incubation period of ten days.

After the growth period was over, most samples were dried by heating in an oven
for 4 h at 110 °C. The choice was based on preliminary testing, which showed that this
procedure ensured that the moisture content was not excessively reduced, allowing the
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samples to maintain their compactness. At the same time, the temperature and the duration
of the heating should have killed the fungi so that their growth would not resume. The
only samples that were not treated in this way were E2, F1, and F2, since these were not
considered to be compact enough to undergo the drying process. A summary of the general
steps involved in the preparation of the samples is given in Figure 5.

Table 2. Summary of the composition of the auxetic MBCs obtained from in-house mixtures. It
should be noted that in naming the samples, a letter was used to identify the batch composition, and
a number was used to distinguish between the specimens within the batch.

Samples Name Substrate Scaffoldings and Substrate Enhancements
ﬁ; S-pattern
Bl S1—Fine granulation sawdust substrate Ha
B2 Y
g; C-pattern
D1 .
D2 S52—High wheat bran substrate
El S3—High sum substrate
E2 B EYP S-pattern
E; S4—High wheat bran and gypsum substrate
Gl . .
G2 S5—Mixed granulation substrate
Substrate and inoculum Specimen Incubation Oven
preparation preparation heating
« Mix substrate * Sterilize molds
ingredients * Attach wax paper to e
* Autoclave prepared == m()ld - —p H
substrates * Fill molds Tl tang]

¢ Inoculate the substrate

)

Figure 5. Flowchart summarizing the different stages of sample manufacturing.

2.3. Procedures Using Subtractive Manufacturing on Ready-Made Mycelia Panels

The auxetic structure chosen for the study can be manufactured with relative ease
from planar panels using subtractive manufacturing. To investigate the feasibility of
this fabrication methodology in the case of biomaterial, ready-made mycelia panels were
purchased from GROWN bio. The panels were quoted to measure 49.0 x 34.0 x 2.5 cm.

To perforate the mycelia panels, a computer numerical control (CNC) milling machine
(Bridgeport Interact Series 1; USA) was employed. Initial attempts indicated that cutting
samples with a minimum separation between stadium-shaped perforations of s = 5 mm
resulted in the structure breaking apart during manufacturing. In order to take this
into consideration while, at the same time, keeping the proportions of the auxetic MBCs
compatible with those grown in the laboratory, it was decided to double all the geometric
dimensions used so that these became s = 10 mm, 2 = 20 mm, and r = 10 mm. It followed
that the corresponding unit cell had a square layout with side lengths of 80 mm, while
the 2 x 2 unit cell samples had side lengths of 160 mm. Based on these dimensions, four
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prototypes were produced. They were labeled Pi, where the letter identifies the sample
type and the number i =1, ..., 4, the specific specimen.

2.4. Mechanical Tests in Compression

Samples that were sufficiently compact were mechanically tested under compression
using a Testometric universal testing machine (M350-20CT; UK) equipped with a load cell
of 490.3 N (Serial Number: 31931). The samples were placed on a fixed lower mounting
plate and compressed by an upper grip plate connected to the load cell. The compression
rate was adjusted so that the axial strain rate was 0.01 (or 1 %) per minute. This should
have ensured a quasi-static deformation.

To measure the Poisson’s ratio, eight black dots were marked on the sample, delineat-
ing the central unit cell. The deformation was then recorded at a rate of 1 frame per second
(FPS) with a Daheng imaging camera (MER2-630-60U3M; China) having a resolution of
3088 x 2064 px and mounted with a Get Cameras lens (LCM-5MP-08MM-F1.4-1.5-ND1;
China) possessing a focal length of 8 mm. The camera and lenses were stably fixed and
leveled horizontally in front of the sample. Subsequently, the axial and transverse mea-
surements of the distance between the dots were calculated using an in-house pattern
recognition Python script, having an in-built calibration procedure. For this purpose, a
reference object of known dimensions was placed close to the specimen during the testing
to serve as a reference scale for length measurements. It consisted of a white square on a
black background (Figure 6).

Figure 6. Illustration of the compression test performed on a sample. Also shown are the eight black
dots marked on the specimen and the reference object (bottom right).

In detail, the first step in the digital image correlation (DIC) analysis was image scaling
based on a known reference dimension. The user then selected four predefined areas
marked with dots. Each selected region was defined as a 100 x 100-pixel region of interest
(ROI). Within each ROI, the Shi-Tomasi corner detection and Good Features to Track
algorithms, as implemented in OpenCV, were used to identify points suitable for tracking.
The centroid of each detected region was then calculated. The centroids corresponding to
the leftmost and rightmost markers were used to determine the horizontal dimension of the
unit cell, while the topmost and bottommost markers define the vertical dimension. Optical
flow, implemented through OpenCV (Version 4.5.5), was employed to track the apparent
motion across successive frames. For each image, the horizontal and vertical distances
between the computed centroids were calculated, assuming negligible shear deformation
within the unit cell. From these distances, axial and transverse strains were obtained. The
Poisson’s ratio was determined as the negative slope of the best-fit line to the strain data,
derived via linear regression, and the standard error of the slope was taken as the measure
of uncertainty.
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3. Results and Discussion
3.1. Qualitative Assessment of the Samples
3.1.1. Samples Produced Using the In-House Mixes

In general, the samples produced using the in-house mixes were rather compact at
the end of the fabrication process (Figure 7). However, this appeared to have significantly
reduced the substrate’s ability to retain moisture. In fact, after four weeks of incubation, the
material appeared overly dry and had poor adhesion. It was for this reason that additional
hydration and extension of the growth period were undertaken. This had the effect of
improving the cohesion of the end product.

Figure 7. Illustration of a sample grown using the in-house mix (namely C1).

It should be further noted that once demolded, all of the specimens showed signs
of mold contamination to some degree or another. Furthermore, samples E2, F1, and F2
exhibited poor structural integrity, making them too fragile and insufficiently compact to
be tested.

3.1.2. Samples Produced Using Subtractive Manufacturing

Samples fabricated through subtractive manufacturing appeared overall fragile
(Figure 8). In fact, two of the four prepared were visibly broken near or at the mini-
mum distance between the perforations and could not be mechanically tested. The fact that
the samples lacked the white skin at places where they were machined certainly reduced
their compactness. Furthermore, the rather coarse sawdust used, coupled with the lack of
compactness intrinsic in these types of composites, meant that machining the parts caused
damage beyond the location where the perforations were meant to be produced.

Figure 8. Auxetic MBCs samples fabricated via subtractive manufacturing. The top row shows
samples P1 (left) and P2 (right), while the bottom row presents P3 (left) and P4 (right). It is
visually evident that P3 and P4 were damaged at or around the position of minimum distance
between perforations. The uneven and fragmented surface produced where the composites have
been machined is also clearly observable.
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3.2. Mechanical Properties Under Compression
3.2.1. Samples Produced Using the In-House Mixes

The transverse ¢, vs. axial €; strain graphs obtained from the samples manufactured
using the in-house mix that could be successfully mechanically tested are shown in Figure 9,
with the average Poisson’s ratio being reported in Table 3. As can be noted from the table,
all of the samples exhibited a negative value relatively close to —1, which is the theoretical
Poisson’s ratio for the ideal rotating square mechanism. (It should be noted here that
derivatives of the rotating square system, having different perforation patterns, are all
expected to have the same Poisson’s ratio under the general idealized assumption that
hinging at the midsections is the only deformation mechanism. In practice, the value
is expected to depend on the separation between holes as discussed above.) The most
negative results were observed in samples having an S-pattern type scaffolding, with
sample D1 attaining a value as low as —0.987 £ 0.005. The results thus confirm the ability
of mycelia-based composites to undergo auxetic deformation under compressive stress, at
least when supported by internal scaffolds.
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Figure 9. The transverse to axial strain variation of the two sets of results (shown in gray and black)
obtained for samples grown using the in-house mix, with (a) presenting those for Al, (b) A2, (c) C1,
(d) D1, (e) D2, and (f) G2.
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Table 3. The Poisson’s ratios together with the corresponding uncertainties and the Pearson correla-
tion coefficient obtained for the auxetic composites grown using the in-house mixtures. It should be
noted that in naming the samples, a letter is used to identify the batch composition, and a number is
used to distinguish between the specimens within the batch.

Pearson
Samples Name Poisson’s Ratio Uncertainty Correlation
Coefficient
Al —0.876 0.001 0.9997
A2 —0.811 0.001 1.0000
B1* BDL n/a n/a
B2 * BDL n/a n/a
C1 —0.758 0.003 0.9979
C2** BDL n/a n/a
D1 —0.987 0.005 0.9947
D2 —0.885 0.003 0.9975
E1 ** BDL n/a n/a
E2 ¢ BDL n/a n/a
F1 #** BDL n/a n/a
F2 ##x BDL n/a n/a
G1 *** BDL n/a n/a
G2 —0.844 0.001 0.9996

* Samples broke immediately upon testing. ** Samples exhibited out-of-plane buckling during the mechanical
testing. *** Samples were too fragile to test. BDL stands for below the detectable limit.

A further interesting feature that can be observed from Figure 9 is that the composites
displayed a constant negative Poisson’s ratio over relatively large strains that, many a
time, exceeded 10%. This is unlike many other materials, where Poisson’s ratio tends to be
highly dependent on the strain [81-86]. At the same time, the dependence of the Poisson’s
ratio on the strain is not optimal for applications like impact loading [27,87-89] where
auxetic deformations can enhance energy absorption. It should further be noted that in
most cases, the two sets of results show good agreement, especially at small strains. The
divergence at higher strains could have resulted from many factors, including, in particular,
the nonuniform composition of the composite and nonlinear distortion at higher strains.
The stress—strain relations given in the Supplemental Material further support the latter.

Of particular relevance is the fact that many of the samples were able to recover their
original dimensions after the load was removed. An example is shown in Figure 10 for the
case of sample Al. This suggests that the structures could possibly undergo repeated defor-
mation cycles without breaking, a behavior that is essential for any potential applications.

Figure 10. Sequence of compression test images for sample Al. Starting from the left, the images
show the initial state, maximum deformation under compressive load, and recovery after unloading.
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Before proceeding, it is important to note that samples Bl and B2, which had hay
mixed with the substrate, broke almost immediately during testing. This occurred below
what we considered to be the detectable limits of the measuring instruments being used.
Consequently, no result could be derived. Similarly, specimens C2 and E1 buckled in
the out-of-plane direction during testing, indicating insufficient compactness within the
composite. The lack of internal cohesion was, in fact, demonstrated by the separation of the
scaffold and substrate layers during testing, as shown in Figure 11. Thus, while internal
scaffolding can be a factor in enhancing the auxetic behavior of the bio-composite, the
ability of the mycelia to bind with and across it is equally important. This means that any
internal scaffolding placed inside the composite has to be carefully designed so as to allow
the mycelia to attach and intertwine with it. In this context, the use of sawdust with a
granulation that is able to infiltrate the scaffolds can help in compacting the composite. It
was for this reason that the study used a finer granulation of sawdust.

Figure 11. Illustration of the failure of Sample C2 through out-of-plane buckling. It can further be
noted that the internal scaffolding elements are detached from the rest of the composite, indicating
insufficient cohesion. This was possibly due to the fact that the C-pattern scaffolding is rather thick,
limiting the ability of the mycelia to bind with and across it.

3.2.2. Samples Produced Using Subtractive Manufacturing

In the case of samples produced through subtractive manufacturing, the transverse ¢,
vs. axial g1 strain graphs are shown in Figure 12, with the average Poisson’s ratio being
reported in Table 4. (The stress—strain relations are given in the Supplementary Material).
Once again, the value calculated and the graphs indicate that the specimens show a negative
Poisson’s ratio, even though the value measured is not as negative as that obtained from the
samples grown on the in-house mix. Notwithstanding, the results show that, in principle,
it is possible to obtain an auxetic biomaterial through subtractive manufacturing.

The higher-than-expected values for the Poisson’s ratio might have been the result
of the typical coarse granulation of the substrate used to manufacture the panels and the
fact that machined parts were not covered with the white skin that provides compactness
and cohesion to the composite. The former limitation can be overcome through the use
of a finer granulated substrate in the fabrication process. As for the latter, it is possible
to deactivate the mycelia by simply dehydrating the composite rather than killing them
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with a heat treatment. This would allow for further growth after the machining of the
composite, permitting not only the formation of the white skin but also the binding of
any part broken during the milling. Even so, the resulting process might turn out to be
more cumbersome than growing the MBC directly in the desired form. It should further be
mentioned that the different dimensions used between the in-house grown and subtractive
manufacturing samples could also account for some of the discrepancies in results obtained
by the respective prototypes.
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Figure 12. The transverse to axial strain variation of the two sets of results (shown in gray and black)
obtained for samples fabricated through subtractive manufacturing, with (a) showing those for P1
and (b) P2.

Table 4. The Poisson’s ratios together with the corresponding uncertainties and the Pearson correla-
tion coefficient obtained from the sampled fabricated using subtractive manufacturing.

Pearson
Samples Poisson’s Ratio Uncertainty Correlation
Coefficient
P1 —0.563 0.002 0.9969
P2 —0.602 0.001 0.9993
P3 BDL n/a n/a
P4 BDL n/a n/a

BDL stands for below the detectable limit.

Another positive aspect of the observed behavior of the samples is that they are able
to exhibit a linear transverse to axial strain variation over an extended strain range. On
the other hand, the samples showed limited recovery after the loading was removed.
This once again suggests that direct growth methodologies are a better option to produce
auxetic biomaterials.

3.2.3. Further Considerations

From the results, it is clear that it is possible to manufacture auxetic structures using
mycelia-based composites. Thus, the primary objective of this work, namely to provide a
proof of concept, can be considered to have been attained. At the same time, the values
of the Poisson’s ratio showed variation depending on the substrate composition, produc-
tion methods, growth conditions, and enhancement incorporated. The best results were
obtained from the MBCs that were grown in molds having the desired auxetic shapes. In
particular, incorporating scaffolds at the manufacturing stages appears to provide a reliable
methodology for enhancing auxetic behavior. However, in such cases, it is important that
the design is such that the mycelia can bind both to and across the scaffolding, ensuring
cohesion across the composite. Otherwise, under loading, the two components can detach,
which happened to a number of samples. One way of ensuring improved binding is to use
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finer granulation sawdust that is able to infiltrate the pores of the scaffolding. However,
observations indicate that it might be harder for the finer-grained sawdust to retain an
adequate level of moisture for the mycelia to thrive. This could be due to the fact that the
finer sawdust has a larger surface-to-volume ratio, and, as such, the evaporation of water
can happen more easily than with larger granulations.

The alternative enhancement to the substrate that was considered, namely the inclu-
sion of fibers in the form of hay, did not provide conclusive results in this study. One
possible reason for this was that the mycelia did not manage to bind sufficiently well with
the hay. This could have been another consequence of the lack of proper retention of hydra-
tion by the finer sawdust that limited mycelia growth. Thus, it is very much possible that
with improved formulation of the substrate and growth conditions, fiber enhancements
could also lead to the desired auxetic behavior.

Analysis of the results derived from the samples grown using the in-house mix (Table 3)
does not clearly establish whether increasing the nutrients improved the auxeticity of the
MBC. While the lowest Poisson’s ratio was attained by sample D (which was grown on
a substrate that was rich in wheat bran), comparable results were also demonstrated by
samples Al and A2 (which did not have any increase in nutrients). Even the use of mixed
granulation (Sample G2) appears to give results of comparable magnitude. Given the
slow growth observed in view of the lack of hydration retention, it is difficult to derive
definite conclusions.

Considering the performance of auxetic MBCs obtained through subtractive manu-
facturing, these exhibited a less negative Poisson’s ratio compared to those grown on the
in-house mixture. It is very much possible that the machining processing has weakened
the compactness of the composite. In addition, the white coating that provides cohesion to
MBCs is absent around the machined part. While the limit observed could be, at least in
part, overcome by using substrates with a finer granulation and deactivating rather than
killing the mycelia so as to allow for further growth post-machining, the methodology
will most likely turn out to be more cumbersome than growing the MBC directly in the
desired form.

The viability of the combination of auxetics with mycelia-based composites that has
been demonstrated in this work opens a whole new way of fabricating systems exhibiting
a negative Poisson’s ratio. At the same time, auxetic biomaterials are expected to inherit
the beneficial properties of both of their parent materials. This can open opportunities for
novel applications. One of these could be an auxetic biodegradable pot as illustrated in
Figure 13. The pot can expand radially to accommodate the growth of the plant. At the
same time, the plant can be repotted by simply placing the filled auxetic pot into a bigger
one. The MBC making up the pot will simply degrade with time and combine with the
surrounding soil. This has the added advantage of reducing the use of plastics.

Figure 13. An auxetic pot illustrating the potential use of auxetic biomaterials.
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Notwithstanding the promising outcome of this study, before auxetic biomaterials
can be put to use, there is a need to overcome the various limitations observed during
the investigation. These mainly stem, directly or indirectly, from the inhomogeneous
composition of MBCs and the elastic properties of the mycelia holding the substrate together.
In particular, these make MBCs rather brittle, disintegrating with ease, especially in the
absence of a thick external skin. Furthermore, their inhomogeneity naturally introduces a
large variance in the values of their mechanical properties. While methodologies presented
in this work do provide possible avenues that can lead to improvement in their elastic
behavior, the results are still to be considered only indicative. Much more work is required
to optimize both the substrate and enhancement composition. More specifically, in order to
ensure compactness and elastic behavior, there is a need to study the extent of colonization
of the substrate by the mycelia through techniques like scanning electron microscopy,
field emission scanning electron microscope, and staining. The results of the investigation
can allow for a quantitative assessment of the microscopic structures within the MBCs.
Additionally, in order to properly assess the effects of each enhancement, a relatively larger
number of samples needs to be obtained and tested. The measurements will then allow the
use of statistical methods to provide a more quantitative assessment of the comparative
effectiveness of each enhancement considered. There is also the need to design a fabrication
methodology that allows for consistent results. This is particularly challenging given the
relatively random composition of MBCs. Such investigations were considered beyond the
purpose of this study, which was mainly intended to provide a proof of concept.

Apart from the Poisson’s ratio, further investigations should also look more in-depth
into the stress—strain relations and the Young’s modulus. The optimal auxetic biomaterial
should not only have a consistent negative Poisson’s ratio but also behave elastically
and exhibit a relatively large Young’s modulus. Preliminary analysis (see Supplementary
Material) indicates that elastic behavior can be attained up to a strain of 5%. However,
more in-depth investigations are necessary in order to devise the substrate composition
and fabrication method to optimize all these characteristics.

4. Conclusions

This study investigated the possibility of fabricating auxetic structures using myecelia-
based composites through two different methodologies. The first involved the cultivation of
the mycelia in purposely designed molds, while the second used subtractive manufacturing
of commercially available mycelia panels. For this purpose, a derivative of the rotating
square model that has stadium-shaped perforation was chosen as the auxetic structure.

The study showed that:

- Auxetic biocomposites can effectively be manufactured.

- The specimens tested exhibit a negative Poisson’s ratio that can be close to —1 under
compression, the theoretical value for the ideal rotating squares model.

- The samples can show a constant Poisson’s ratio over relatively large compressive strains.

- The prototypes can recover to their original shape after the loading is removed.

- Various enhancements can be used to improve the cohesion and elastic properties
of the composites, including the use of finer granulation sawdust, scaffoldings, fiber
reinforcements in the form of hay, and increased nutrients.

- Production of auxetic biomaterials through direct growth appears to be more viable
than using subtractive manufacturing.

- Specimens grown using finer granulation sawdust and relatively thin scaffolds seemed
to provide better results.

- Itis possible to grow mycelia-based composites in molds that have complex shapes.

- The possibility of creating an auxetic pot made of mycelia-based composites.
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Notwithstanding that the investigation achieved its primary aim, namely, to provide a
proof of concept that auxetic biomaterials can be manufactured, a number of limitations
were observed. These include the following;:

- Cohesion of the biomaterial can easily lead to its breakup under mechanical loading.

- The use of relatively thick scaffolds prevents proper bonding of the mycelia
across them.

- The growth time of the fungi is relatively long, limiting the production rates and
requiring extensive storage.

- The use of finer sawdust requires good-quality hydration methodologies.

- Further studies are required to determine the best substrate and enhancements leading
to optimal cohesion and mechanical properties of the auxetic biomaterials.

In consequence, further studies should focus on the following:

- Determine the extent of colonization of the substrate by the mycelia.

- Optimize the design of the scaffolds.

- Quantitatively assess the efficacy of each enhancement used.

- Enhancing the cohesion of the substrate.

- Investigate how substrate composition and enhancements affect the elastic behavior
and Young’s modulus of the auxetic biomaterials.

- Derive methodologies for the fabrication of large-sized auxetic biomaterials on a large
scale, having consistent mechanical properties.

The introduction of an auxetic pattern in MBCs is expected to enhance the biomaterial
impact loading and vibrational control properties. In particular, the perforations required
to produce auxetic behavior are expected to decrease the amount of substrate material
necessary to create packaging, while at the same time, improving its protective properties.
This can not only lead to a reduction in the production expenses but also transportation
and handling costs in view of the lighter weight of the protective packing layer. This work
has also shown that it is possible to manufacture MBCs with complex shapes, even in 3D.
These can even have mechanical functionality. Such results can find use not only in the case
of auxetic structures, but also for the creation of other products. It is, hence, expected that
this work has provided a potential gateway to novel products, particularly in the fields of
packaging and vibrational control. It is, therefore, hoped that this work can spur further
research into the production of auxetic biomaterials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmmp9110353/s1, Section S1 The stress-strain relations; Figure S1: The
stress-strain relations obtained for samples grown using the inhouse mix; Figure S2: The stress-strain
relations obtained for samples fabricated through subtractive manufacturing.
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