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Pure mycelium materials (PMMs) are novel sustainable materials that could for instance be used as a foam,
cellular scaffold, or as an alternative for textile, leather, or meat. Here, mechanical properties of the PMM of the
fungus Schizophyllum commune were studied when exposed to different levels of relative humidity (RH) and after
submersion in water. Exposure to increasing RH resulted in a more flexible PMM. For instance, exposure to 95 %
RH decreased the Young’s modulus from 467 to 3.7 MPa and increased elongation at break from 1 % to 18.5 %.
Similar properties were found after submersion in water, enabling reshaping the PMM in a mould. Notably, the

PMM showed shape memory when it was exposed to cycles of drying in a 90° angled shape, wetting, drying at
180°, and submersion in water. The material reached a mean percentage of shape recovery completeness of 49 %,
55 %, and 66 % in the first, second and third cycle, respectively. The capacity to store and release potential
energy was not affected during these cycles. Together, a living PMM with hygromorphic shape memory is
described for the first time, which may be used for instance in smart switches or valves.

1. Introduction

Research on mycelium composites and pure mycelium materials
(PMMs) has grown rapidly during the last two decades [1,2]. Life cycle
analysis has demonstrated that these materials provide a sustainable
alternative to materials that are currently on the market [3-5]. PMMs
have various applications including the use as foam, cellular scaffold, or
as a textile, leather, or meat alternative [6]. The fungal strain has a
significant impact on the properties of the PMM. For instance, deletion
of the hydrophobin gene sc3 of Schizophyllum commune leads to
increased PMM density, thereby improving mechanical properties
compared to the wild-type [7]. The wild-type and Asc3 PMMs are
characterized by a Young’s modulus of 913 MPa (similar to high density
polyethylene) and 2727 MPa (similar to polyvinylchloride), respec-
tively, and an elongation at break of 1.3 % and 2.6 % when the strains
are grown in the light and at high CO» [7]. Environmental growth
conditions also impact the properties of these materials [7,8]. For
instance, growth in the dark and high CO; results in a Young’s modulus
of 550 and 1237 MPa for the wild-type and Asc3, respectively, while the
elongation at break is 1.4 % and 1.9 % [7]. In addition, PMM properties
can be modulated during and after growth by physical and / or chemical
processing [2,9]. Natural plasticizers such as glycerol can be used to
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increase flexibility [10] or to enhance flexibility and strength when
combined with biobased binder and vegetable tannin [11]. For instance,
treatment of S. commune PMM with 32 % glycerol results in a Young’s
modulus of 3 MPa and an elongation at break of up to 29.6 % [10],
which is similar to that of elastomer-like materials. On the other hand,
submersion in water for 24 h followed by drying increases the Young’s
modulus to 1257 MPa and an elongation at break of 1.2 %, when
compared to 468 MPa and 1.5 %, respectively, for untreated PMM [10].
In the case of Ecovative’s manufactured PMM this is accompanied by a
denser surface and an increased availability of hydroxyl groups, thereby
affecting the wettability [12].

Recently, the use of PMMs as smart materials has been explored.
Smart materials can sense and respond to their environment and / or
internal state and change their functions based on a predetermined
purpose [13]. The use of PMMs as smart wearables and electronic de-
vices has been assessed [14-16]. Shape-memory materials (SMMs) are a
subgroup of the smart materials. SMMs exhibit programmable move-
ments, like bending, twisting, or contraction in response to external
stimuli [17]. SMMs can be programmed by deforming it into a tempo-
rary shape by applying external stress. Exposure to an external stimulus
removes the internal structural barrier and initiates the recovery of the
original shape [17]. For instance, shape recovery can be triggered by
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water [13,18]. Recent studies have demonstrated that compressed
sponge-like material from Pleurotus eryngii [19] and Agaricus bisporus
[20] mushrooms exhibit water-triggered shape recovery.

Here, the interaction of living S. commune PMM with water was
studied. It is shown that water acts as a plasticizer and that it can be used
to reshape the PMM. In fact, water can be used as an external stimulus
for programmed bending of the mycelium material.

2. Material and methods
2.1. Strains and culture conditions

The S. commune wild-type strain 4.39 (MATA41 MATBA41, CBS
341.81) and the isogenic FL1 strain (MATA43 MATB43) that expresses a
chimeric sc15::GFP gene [21] were used in this study. Strains were
cultured for 5 days at 30 °C in the light in 55 mm diameter Petri dishes
containing 10 ml minimal medium (MM) [22] solidified with 1.5 % agar
(MMA). The culture was homogenized in 100 ml MM for 30 s at
18.000 rpm using a Waring Blender (Waring Laboratory, Torrington,
England) and transferred to a 250 ml Erlenmeyer for a 24 h growth
period in the dark at 30 °C and 200 rpm. The resulting pre-culture was
homogenized for 30 s at 18.000 rpm. Aliquots of the homogenized
mycelium (200 mg wet weight) were used to inoculate 1.2 L MM with
25 pg ml~! chloramphenicol contained in a 2 L Erlenmeyer. Cultures
were grown for 7 days in the dark at 30 °C and 200 rpm. Mycelium films
of 0.023 g cm ™2 (0.23 g wet weight cm~2; for exposure to increasing RH
and immersion in water) or 0.030 g cm 2 (0.31 g wet weight cm™2; for
shape memory experiments) were harvested by vacuum filtering 300
and 400 ml of the culture, respectively, using a Melitta® coffee filter in a
Biichner funnel (120 mm diameter) connected to a vacuum pump
(Leybold, Divac 1.2 L, Cologne, Germany). The harvested mycelium
films were covered with cellophane (Embalru, Nijverdal, Netherlands)
and dried for 2 days at room temperature. The thickness of the PMM was
measured along the length of the sample using a digital length gauge
device (Heidenhain-Metro MT 1200, Traunreut, Germany) at 3 random
positions.

2.2. Mechanical analysis of PMMs

Dried mycelium films were cut in dog bone shapes according to ISO
standard 527 type 5 A. The effect of moisture on tensile properties was
tested by conditioning samples at 20 °C in the dark for 17 h at 40, 60, 70,
80 and 95 % relative humidity in a climate-control chamber (MD1400,
Snijders, Tilburg, NL), while wet samples were submerged in deminer-
alised water (dH20) at room temperature for 10 min or 24 h prior to
testing. After conditioning, thickness and mass were measured within
2 min before tensile testing. Tensile tests were performed at room
temperature with a material testing machine (LS5, Lloyd Instruments/
Ametek, PA, USA) using a 1 kN load cell and a preload force of 0.25 N at
2 mm min ! test speed. For each treatment, 3-5 samples were tested.
The Young’s modulus was extracted with Rstudio using numerical
differentiation.

2.3. Shape recovery of PMMs

For shape memory tests, harvested wet mycelium was cut into 2
x8 cm strips and placed to dry for 2 days at room temperature at an
angle of 90° halfway the sample (Fig. 1). Samples were rehydrated in
dH»0 for 10 min and dried flat (i.e. at a 180° angle) within a plastic
frame at 60 °C for 24 h. After drying, samples were submerged in dH;0
at room temperature and their bending was monitored by filming using
an Iphone 11 Pro at 1080p and 30 fps at a height of 20.5 cm under
ambient light conditions.
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Fig. 1. Shape memory cycle. Blue arrows represent step in dH,O; red arrows
represent drying step either at room temperature (RT) or 60 °C.

2.4. Modelling shape recovery of PMMs

Adobe Premiere Pro 2022 was used to resize videos and to add
timecodes. Shape recovery over time was recorded using the angle tool
in ImageJ Fiji. Bending angles were recorded every min starting 10 sec
after immersion and normalized (%) giving a measure of shape re-
covery completeness over time (P(t)) (Eq. 1). Eq. 1 incorporates the ratio
of the coordinates of the unit circle as described by the trigonometric
functions x = rcos(at —b) and y = rsin(at — b). The inverse tangent that
is produced by this ratio (tan™! (at —b)) was fixed to (0,0) by subtracting
tan~!( —b). The inverse tangent was changed into a hyperbolic tangent
after observation of the data. Resultant formula was then transformed
into a standard logistic growth equation using Euler’s formula and

o % From the shape of the data and the

behavior of the samples it was clear that a counteracting motion was
present whose contribution to the overall curve was decreasing expo-
nentially, leading to the addition of the term d".

rewritten to -

c+1

— A4t _
PO =d -1y

+k @
Where t is the time (t > Osec), while the minimal and maximal bounds of
Eq. 1 are given by

d'+k —(c+1) and d* + k, respectively, where d determines the speed
at which P moves towards equilibrium k. Equilibrium k is defined by

. . . _p—ab
relation of coefficients ¢ +if,;,

so that when a and b approach infinity, k approaches c. a is the location
parameter and is the t value where P follows the curve d° — 1C++el,,,+
0.5(c + 1) — 1, i.e. halfway between the respective minimal and
maximal bounds of Eq. 1. b is the so-called hill coefficient [23], that
functions as the measure of curve sensitivity.

Eq. 1 was differentiated to give the shape recovery velocity over time

(P(t)) (Eq. 2).

at maximal measures of t when 0 <d < 1,

b(c+1)eba

P(t) = In(d)d" — (1 + eble-a))?

(2

The shape recovery velocity P° was differentiated to give the shape
recovery acceleration over time (P(t)) (Eq. 3).
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To calculate the potential energy of the hinge of the sample, P, P’ and
P'were converted into radians by multiplying with 0.5z, giving the
angular displacement (6), velocity (o) and acceleration (o) over time,
respectively. Maximum velocity (0ma.x) and acceleration (Omay1, ®max2)
were obtained by differentiating m and o at 0, giving the points in time
t,andt,; ,t.2, respectively. An adequate endpoint of the curve over time is
needed to not categorically underestimate mean kinematic properties
>t, and >t,. For curves where a # 0, this endpoint was obtained by
taking the maximum of 6. For curves where a = 0, function o = 0.001k
was used to determine t at the end of the curve (now called t,). To this
end, the zeroin algorithm was used, using the R package rootSolve and
verified using the Newton-Rhapson root finding algorithm. Use of
function w = 0.001k gave function completion rates > 0.91k.

The potential energy is equal to the kinetic energy at t,. The kinetic
energy of the sample is defined as E; = 1Io?, where E; is the kinetic
energy and I is the moment of inertial = %msrz, where m; is the mass of
the sample. The kinetic energy consists of two counteracting rotational
forces (a clockwise and counter clockwise torque) that act over distance
s. Torgue (7) was calculated by multiplying o with the moment of inertia
L

Angular velocity in a non-vacuum medium causes drag. To calculate
the drag, added mass moment of inertia was not taken into account. The
drag torque effected on the sample by the medium (water) at variable
angular velocities is given by 1y = Cypw?r*w where 14 is the torque
caused by drag, C; is the drag coefficient for a rectangular flat plate with
an aspect ratio of two (1.15) [24], p is the density of the medium (water;
0.9982 kg dm™3), r is the length of the leaf (i.e. the part of the PMM
moving) and w is the width of the leaf (Supplementary Fig. 1).

2.5. Scanning electron microscopy

Pieces of PMM (5 x5 mm) were attached to an aluminium SEM
specimen stub with carbon adhesive disc (Agar Scientific, Essex, UK).
Micrographs were acquired using the Phenom ProX Desktop SEM
(Thermo Fisher Scientific, Waltham, USA) at 10 kV acceleration voltage.
Porosity and fiber size were determined using 8-bit SEM images
analyzed with ImageJ Fiji. For porosity, seven SEM images of surfaces
and longitudinal cross-sections were processed per treatment by
applying the Yen thresholding method to segment the pores from the
solid fibrous surface and converted to binary images. Porosity was
calculated as a percentage of the total image area occupied by pores.
Fiber size was measured by manually determining the diameter of hy-
phae on SEM images (three images per treatment, 10 hyphae each) at
the surface of the material.

2.6. Regrowth experiment

Pieces of PMM (5 x5 mm) were cut from each of the replicates (n =
4) after 0-3 cycles of shape recovery. Pieces were washed two times at 4
°C for 1h in ultra-pure water containing 10 pg ml~! benomyl and
transferred to MMA supplemented with 10 pg ml~! benomyl and, in the
case of the FL1 strain, 25 pg ml~! phleomycin. GFP fluorescence was
assessed after 4 days of incubation at 30 °C using a Leica MZ16FA (Leica,
Mannheim, Germany) equipped with a GFP3 filter and fluorescent light
from a Leica EL6000.

2.7. Statistics

Differences in material and mechanical properties were assessed in
Rstudio using ANOVA with Bonferroni post hoc corrections (p < 0.05).
Model significance and quality was assessed using the Levenberg-
Marquardt algorithm for nonlinear regression provided in the
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minpack.lm package [25] and the Akaike information criterion,
respectively.

3. Results
3.1. Material properties of humid and water treated mycelial films

The effect of water on PMM properties was assessed by exposing
dried mycelium sheets to different levels of relative humidity (RH) and
to submersion in water. Treatment with increasing RH resulted in a
density increase and a reduced strength. For instance, mycelium mate-
rial exposed to 40 % and 95 % RH had a density of 412 and 578 kg m 3,
respectively, and a Young’s modulus of 467 and 3.7 MPa (Table 1).
Elongation at break did not differ for mycelium films exposed to
40-70 % RH (ranging between 1.0 % and 2.0 %), while at 80 % and
95 % increased elongation was observed with values of 6.5 % and
18.5 %, respectively (Table 1, Supplementary Fig. 2 A).

The density of samples submerged in water for 10 min or 24 h
increased even more compared to humidity treatment; i.e. to 806 and
894 kg m ™3, respectively, which was accompanied by a 3.1- and 3.4-fold
increase in weight when compared to the weight at 40 % RH (Table 1).
Similar to 95 % RH exposure, PMMs submerged in water showed an
increased elongation at break and a decreased Young’s modulus
compared to samples exposed to 40-70 % RH. The elongation at break
and the Young’s modulus of PMM after submersion in water were 16.6
and 18.8 % and 2.5 and 1.9 MPa after submersion in water for 10 min or
24 h, respectively.

The increased flexibility of the material when exposed to high RH or
submersion in water, illustrated by the increased elongation at break,
enabled reshaping of flat S. commune PMM using a mould (Supple-
mentary Fig. 3).

3.2. Shape recovery of mycelium films

PMM originally dried in a 90° angled shape was submerged in water
and dried flat (i.e. at an angle of 180°) at 60 °C for 24 h (Fig. 1). When
submerged in water, the PMM partially recovered its original 90° angle
shape (Fig. 2, Supplementary Video 1). The material initially moved
away from the 90° angle shape toward a local equilibrium point with an
angle > 180° where clockwise and counterclockwise forces cancel each
other out, hereafter called the undershoot. This was followed by
movement towards the 90° angle shape to reach an angle close to 90°,
called the overshoot, after which the material moved again away from
the 90° to reach its final angle. This final angle represents the measure of
completeness, which is in between 0 % (angle 180°) and 100 % (angle
90°). To accurately follow PMM kinematics and interpolate above-
mentioned critical points, the measure of shape recovery completeness
over time (P(t)) was described by a function that consists of two coun-
teracting components (Eq. 1), modelling the angles of undershoot,
overshoot and the final angle. The speed to reach the undershoot and
overshoot were modelled with Eq. 2, while the model dictates that the
time to reach the final angle is infinite.

Supplementary material related to this article can be found online at
doi:10.1016/j.mtcomm.2024.109784.

During the first two min after submersion of the flat PMM in water,
samples initially bent from 180° to reach an undershoot of 206°
(Table 2) at a maximum speed of 4.5 + 3.1 mrad st (Table 3). The
undershoot was followed by bending in the opposite direction to reach
an angle of 132° 8 min later (Table 2) with a maximum speed of 3.4 +
1.8 mrad s~ ! (Table 3). This overshoot was followed by bending in the
reversed direction again to reach a final angle of 136°, which represents
a measure of completeness of 49 % (Table 2).

After shape memory was recorded for 20 min, the material was
exposed to a second cycle of drying at 90°, wetting, drying at 180°, and
submersion in water. This resulted in a final angle of 131° (i.e. measure
of completeness of 55 %), while an angle of 120° (i.e. measure of
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Table 1
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Material properties of S. commune PMM exposed to relative humidity (RH) and submersion in water. o, ¢, and E indicate maximum tensile strength, elongation at break,
and Young’s modulus, respectively (mean + confidence interval). Letters in superscript indicate which samples were significantly different.

Treatment Thickness (mm) Mass (g) Density (kg m~3) o (MPa) e (%) E (MPa)

40 % RH (a) 0.59 + 0.18%8 0.16 + 0.02°8 412 + 7348 3.4 £ 0.88%8 1.0 £ 0.198 467 + 167"
60 % RH (b) 0.55 + 0.07%8 0.17 + 0.03°8 456 + 90°8 3.0 &+ 1.28°8 1.8 + 0.3%8 242 + 9648
70 % RH (c) 0.62 + 0.19%8 0.19 + 0.05%8 470 + 6358 2.8 + 1.52°% 2.0 + 1.4%8 172 + 131%¢8
80 % RH (d) 0.56 + 0.21%8 0.22 + 0.13% 575 + 740%8 1.8 + 1.86° 6.5 + 8.07¢°8 41 + 83*P

95 % RH (e) 0.68 + 0.08 8 0.26 + 0.01>>58 578 + 63%58 0.9 + 0.08%¢ 18.5 + 3.3%¢ 3.7 £ 1.7%°¢
10 min submersion (f) 0.92 + 0.06%¢ 0.49 + 0.09%¢ 806 + 89%° 0.5 £ 0.15¢ 16.6 + 2.0¢ 2.5 + 0.6%¢
24 h submersion (g) 0.91 + 0.13*¢ 0.54 + 0.08%¢ 894 + 82%° 0.4 + 0.05%¢ 18.8 + 2,174 1.9 + 0.7%¢

Fig. 2. Shape recovery of PMM at different time points. Start 20 s; maximum undershoot 3 min; maximum overshoot 15 min; end 20 min.

completeness of 66 %) was obtained in the 3rd cycle (Table 2). No sig-
nificant relation was found between the time needed to reach the
maximum over- or undershoot angles and the number of shape memory
cycles (Data not shown). In addition, neither were significant differences
observed between shape memory cycle and rotational speed and accel-
eration, nor between the time needed to complete movements towards
the overshoot, undershoot, and final angle (Table 3). Together,
S. commune PMM shows shape memory during subsequent cycles
without a change in the capacity to store and release potential energy
from formation and breaking of hydrogen bonds.

3.3. Material properties of mycelial films after shape memory cycles

Shape memory cycles impacted the material properties of the PMM.
Samples shrank after the first cycle reducing the surface area from 6.4 to
4.6 cmz, while thickness (from 0.74 to 0.69 mm) and density (from 451
to 582 kg m~3) were not statistically different (Table 4). After three
cycles, surface area and thickness had further decreased to 4.3 cm? and
0.41 mm, respectively. As a result density had significantly increased to
908 kg m 3 (Table 4). The reduced thickness and increased density were
accompanied by a more homogenous surface and interior (Fig. 3).
Moreover, hyphae were flattened and seemed to have fused after three
shape memory cycles, resulting in a decrease in surface porosity and an
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Table 2

Shape recovery of S. commune PMM that was initially dried in a 90° angled shape
followed by rewetting and drying at 180°. When exposed to water, the PMM
initially showed an undershoot (bending away from the original 90° angled
shape), followed by bending in the opposite direction to reach an overshoot
(bending towards the original 90° angled shape to reach the lowest angle),
followed by bending again in the opposite direction to reach its final angle (i.e.
the measure of completeness (%) at t = ). Values are given + confidence
interval.

Cycle  Time to Angle of Time to Angle of Final angle ()
reach undershoot reach overshoot / measure of
undershoot 0 overshoot 0 completeness
(s) (s) (%)

1 119 + 30 206 + 16 644 + 181 132 +£ 30 136 £23/49
+ 26

2 6+ 26 185+ 8 811 +189 118 +21 131 +22/55
+25

3 69 + 90 184 £ 6 599 +£377 108 +£11 120+ 14 /66
+ 15

increased fiber size (Fig. 3CD, Supplementary Table 1). The elongation
at break was not significantly affected by the number of cycles ranging
between 0.9 % (0 cycles) and 1.3 % (three cycles) (Table 4, Supple-
mentary Fig. 2B). In contrast, both maximum tensile strength and the
Young’s modulus increased from 3 to 15.6 MPa and from 371 to
1369 MPa, respectively, after three cycles. A strong positive correlation
was shown between density and the Young’s modulus and density and
the maximum tensile strength (r = 0.85 and 0.91, respectively).

3.4. Regrowth

Pieces of S. commune PMM were placed on MMA to assess whether
the material was still viable after the shape memory cycles. Pieces of the
wild-type strain were still able to grow after three shape memory cycles
despite the drying steps at 60 °C for 24 h. To exclude that this result was
due to contamination, the GFP expressing, phleomycin resistant FL1
strain was exposed to three shape memory cycles. Pieces of FL1 that had
been exposed to 1-3 shape memory cycles displayed green fluorescing
hyphae (data not shown) that grew on MMA with 25 pg ml~! phleo-
mycin (Supplementary Fig. 4). This shows that the S. commune PMM is
still living despite being exposed to up to three drying steps at 60 °C for
24 h.

Table 3
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4. Discussion

Exposure of dried S. commune PMM to high humidity or immersion in
water resulted in a transition from a rigid to a flexible material. As a
result, the PMM could not only be reshaped manually but also displayed
shape memory. These findings show that PMM not only can be used as a
fixed shape material, such as a textile or leather substitute material, but
also in applications where the shape has to be changed, such as in a
circuit breaker.

Submersion of the S. commune PMM in water resulted in a reduced
strength (from 467 MPa to as low as 1.9 MPa) and an increased elon-
gation at break (from 1.0 % to as high as 18.8 %). This plasticizing effect
was used to reshape the PMM, for instance, from a flat sheet to an open
cube. Notably, strength and elongation at break could be stepwise
modulated by changing the RH of the environment. For instance, the
elongation at break of PMM increased from 1.0 % to 6.5-18.5 % at 40,
80 and 95 % RH, respectively, while the reversed could be observed by
reducing the RH. Thus, the morphology of a PMM can be modulated on
demand by increasing the RH, after which strength is regained by
lowering the RH.

The morphology of the S. commune PMM could not only be reshaped
manually but also by an induced shape memory by immersion in water.
This was shown by a cycle of drying the PMM in a 90° angled shape,
immersion in water, drying flat (i.e. at 180°), and again immersion in
water. The PMM partially recovered its original 90° angle shape
reaching a final angle ranging between 120 and 136° during the first 3
cycles and a final angle of 125° after the tenth cycle (Data not shown).
Also, the capacity of the PMM to store and release potential energy was
not affected by increasing the number of shape memory cycles. Other
biopolymer materials that show water-sensitive bending-memory
behavior include cellulose nanopaper [26], chitosan/glycerol films [27,
28] and starch-based [29], collagen [30] and keratin [31] materials.
Collagen fiber [30] and cellulose nanopaper [26] SMMs still display
shape memory after 5 and 10 cycles, respectively. The S. commune PMM
shows a similar performance. Yet, the durability of the PMM is to be
improved since it became more fragile after going through multiple
cycles. This may be achieved by genetic modification [7] and / or
chemical treatment such as treatment with biobased binder and vege-
table tannin [11] or Ca®" crosslinking [19].

Despite the sustained performance of the S. commune PMM, its mass
reduced by 24 %, while its density and Young’s modulus increased 2-

Kinematic properties of S. commune PMM during three shape recovery cycles. Time to reach maximum rotational speed towards undershoot is not applicable because of

the inherent properties of the model. Values are given + confidence interval.

Cycle  Time to reach Maximum Time to Maximum Time toreach =~ Maximum Time to reach Maximum Time to reach Maximum
maximum rotational reach rotational maximum rotational Maximum positive Maximum negative
rotational speed maximum speed rotational speed positive acceleration negative acceleration
speed towards rotational towards speed towards acceleration (mrad s72) acceleration (mrad s2)
towards undershoot speed overshoot towards final final angle (s)
undershoot (mrad s ) towards (mrad s ™) angle (s) (mrad s ™)

(s) overshoot
(s)
1 NA 4.5 + 3.1 287 + 38 34+18 725 + 108 0.2+ 0.2 125 + 141 29+3 391 + 35 1.1+0.9
2 NA 1.3 +£55 207 +£101 21+1.6 1121 + 433 0.2+ 0.3 24 +76 34+9.1 387 £ 165 0.4+ 0.5
3 NA 14+1.2 256 + 151 3.2+1.9 777 + 420 0.2+ 0.4 83 + 160 1.6 £ 1.0 374 £ 194 1.0+1.2
Table 4

Material properties of S. commune PMM exposed to shape memory cycles. o, €, and E indicate maximum tensile strength, elongation at break, and Young’s modulus,
respectively (mean + confidence interval). Letters in superscript indicate significantly different samples.

Treatment Thickness (mm) Surface area (sz) Mass (g) Density (kg m’3) c (MPa) e (%) E (MPa)

Cycle 0x (a) 0.74 + 0.06%¢ 6.4 + 0.2>%4 0.21 + 0.01%¢ 451 + 25%4 3.0 £ 1.26%¢ 0.9 +£0.3 371 & 32>¢d
Cycle 1x (b) 0.69 + 0.11%4 4.6 + 0.3 0.19 + 0.02¢ 582 + 91¢ 6.1 + 2.62¢ 0.8 £ 0.4 844 + 215%%4
Cycle 2x (c) 0.50 + 0.09%° 4.4+01° 0.16 + 0.02* 749 + 181° 10.3 + 2.23%4 0.8 +0.2 1338 + 196*°
Cycle 3x (d) 0.41 + 0.10*° 4.3 +0.2%0 0.16 + 0.03%" 908 + 149*P 15.6 + 5.12*P¢ 1.3+ 0.9 1369 + 571*P
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Fig. 3. Morphology of the PMM of S. commune. Scanning electron microscopy of the surface (A, B) and longitudinal cross section (C, D) of S. commune PMM before

(A, C) and after (B, D) three shape memory cycles. Scale bars represent 100 pm.

fold and 3.7-fold, respectively, during the three shape memory cycles.
Probably, the repeated immersion in water washes away water-soluble
proteins and polymers [10]. The increase in density after three cycles
was primarily observed at the upper and lower regions of the
cross-section using SEM images. Results show that the water-soluble
components as well as the density and the strength of the material do
not contribute to the shape memory property of the S. commune PMM.

Shape recovery from 180° towards 90° was accompanied by several
stages. Samples initially bent from 180° to an angle > 180° (under-
shoot), followed by bending in the opposite direction towards 90°
(overshoot), and then again moving in the opposite direction away from
the original 90° to reach a mean final angle of 120-136°. Modelling
showed that this behavior can be explained by two counteracting forces.
It is hypothesized that the hyphae in the inner part of the hinge of the
PMM are compressed. This part would follow a simple exponential
declining growth model (i.e. d) when rehydrated. This force acts fast
and long lasting and declines asymptotically. In contrast, the hyphae in
the outer part of the hinge are proposed to be stretched and follow a
logistic growth model that is characterized by a lag phase, followed by a
short period of exponential force (i.e. H%(},a), Supplementary Fig. 5). In
the model, the inner part would eventually determine the final angle
because calculations show that drag is negligible in the system.

The PMM shape recovery mechanism is hypothesized to result from
the repeated association and dissociation of hydrogen and ionic bonds
within and between cell wall polymers. This is inferred by preliminary
experiments that indicate that shape recovery occurs in polar, but not
apolar, solvents. In addition, the solvent should be able to solvate (cat)

ions because preliminary experiments show that shape recovery occurs
in water, dimethyl sulfoxide (DMSO), dimethylformamide (DMF) and
acetic acid, but not in ethanol or 2-mercaptoethanol. The fact that DMSO
and DMF preferentially solvate cations suggests that these ions are the
most important for shape recovery, which may be due to their interac-
tion with the B-glucans and proteins in the cell wall [32]. An additional
role in PMM shape recovery may be attributed to disulfide bridges, as
low percentages of 2-mercaptoethanol and acetamide in water promote
shape recovery completeness (to 100 % completion). Preliminary ex-
periments also indicate that complete shape recovery can be obtained by
increasing the thickness of the PMM.

Living PMM was used in this study. Part of the hyphae within the
PMM were even able to grow after three memory cycles comprising a
drying step of 24 h at 60 °C. Indeed, S. commune is known to be xero-
philic, capable of preserving viability of its fruiting bodies for a mini-
mum of two years in a desiccated state [33]. This is quite remarkable
considering the fact that S. commune does not form survival structures
like chlamydospores. Ganoderma lucidum does make these spores. PMM
of this fungus occasionally regrows after drying at 50 °C for 15 h [34] or
drying at 60 °C for 72 h [35]. Although living PMM was used in this
study, experiments indicate that the same results can be obtained with
dead PMM. This is based on the finding that the ability to regrow was
reduced after each memory cycle without impacting the memory
properties.

5. Conclusions

Exposure of dried PMM of S. commune to high humidity or immersion
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in water resulted in a transition from a rigid to a flexible material.
Strength and elongation at break could be stepwise modulated by
changing the RH of the environment. Strength reduced from 467 MPa to
as low as 1.9 MPa, while elongation at break increased from 1.0 % to as
high as 18.8 %. By immersion in water, it was shown that the
S. commune PMM not only can be reshaped but also shows shape
memory. After drying at 180°, the PMM partially recovered its original
90° angle shape reaching a final angle ranging between 120 and 136°
after up to 10 shape memory cycles. Storage and release of potential
energy were not affected during these cycles. Modelling showed that the
shape memory behavior can be explained by two counteracting forces.
The hyphae in the inner part of the hinge of the PMM are proposed to be
compressed. Upon rehydration, this part would follow a simple expo-
nential declining growth model, its force would act fast and long lasting.
On the other hand, the hyphae in the outer part of the hinge are pro-
posed to be stretched and would follow a logistic growth model that is
characterized by a lag phase, followed by a short period of exponential
force. Although living PMM was used in this study, experiments indicate
that the same results can be obtained with dead PMM. Together, a PMM
with programmable bending is described for the first time. Preliminary
experiments indicate that shape recovery also occurs at high RH. In fact,
by varying RH the PMM may be “frozen” in the undershoot or overshoot.
Thus, use of RH instead of immersion of water may result in a two-way
rather than a one-way SMM. Results suggest that PMMs can for instance
be used as smart switches or valves, or as hydration indicators. It is
tempting to speculate that shape recovery is also used by the fruiting
bodies of S. commune. Its split gills close during drought but reopen
under wet conditions to disperse spores [33], which may be facilitated
by controllable shape recovery.
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