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growing/adaptive robots.

illumination on and off.

sensorial fusion.

Background: A fungal skin is a thin flexible sheet of a living homogeneous mycelium made by filamentogs fungus.
The skin could be used in future living architectures of adaptive buildings and as a sensing livin

Results: In experimental laboratory studies we demonstrate that the fungal skin is cagable f
cal and optical stimulation. The skin reacts differently to loading of a weight, remo e wej

Conclusion: These are the first experimental evidences that fungal materia
‘skeletons’in architecture and robotics but also as intelligent skins capable fo
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Introduction
Flexible electronics, especially electronic skins [1-3

tactile sensing [4—7] are embedded. The
are capable of low level perception [
developed as autonomous adaptive
cal designs of electronic skins inclu
tor and pressure sensors integtated in ic substrate
[11], micro-patterned polydime iloxane with carbon
a large-area film syn-
en film [14], multilay-
bbons [3], Polyethylene
er electrodes [16], digitally

nductive polymer [19].
ing designs and implementations are
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ity to self-repair and grow. Such properties are
and could be necessary, when an electronic skin
ged in e.g. unconventional living architecture [20],
oft and self-growing robots [21-24] and development
of intelligent materials from fungi [25-28]. Based on our
previous experience with designing tactile, colour sensors
from slime mould Physarum polycephalum [29-31] and
our recent results on fungal electrical activity [32-34] we
decided to propose a thin layer of homogeneous myce-
lium of the trimitic polypore species Ganoderma res-
inaceum as a live electronic skin and thus investigate its
potential to sense and respond to tactile and optical stim-
uli. We call the fungal substrate, used in present paper,
‘fungal skin’ due to its overall appearance and physical
feeling. In fact, several species of fungi have been pro-
posed as literal skin substitutes and tested in wound heal-
ing [35-40].

The paper is structured as follows. We introduce the
protocol for growing the fungal skin and the methods of
electrical activity recording in "Methods" section. Pat-
terns of electrical activity of the fungal skin are analysed
in "Results" section. Results are considered in a wider
context and directions of future studies are outlined in
"Conclusion” section.
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Methods

Potato dextrose agar (PDA), malt extract agar (MEA)
and malt extract (ME) were purchased from Sigma-
Aldrich (USA). The Ganoderma resinaceum culture
used in this experiment was obtained from a wild
basidiocarp found at the shores of Lago di Varese, Lom-
bardy (Italy) in 2018 and maintained in alternate PDA
and MEA slants at MOGU S.r.l. for the last 3 years at 4
°C under the collection code 019-18.

The fungal skin was prepared as follows. G. resina-
ceum was grown on MEA plates and a healthy mycelium - A
plug was inoculated into an Erlenmeyer flask contain- ; . LA R
ing 200 ml of 2% ME broth (MEB). The liquid culture g, ) '}
flask was then incubated in a rotary shaker at 200 rpm 04
and 28 °C for 5 days. Subsequently, this liquid culture 03 Lt \\Vw\
was homogenised for 1 min at max. speed in a sterile 1L 35000 4ol o s SS000 60000

Time, sec

Waring laboratory blender (USA) containing 400 mL of
fresh MEB, the resulting 600 mL of living slurry were
then poured into a 35 by 35 cm static fermentation tray.
The slurry was let to incubate undisturbed for 15 days
to allow the fungal hyphae to inter-mesh and form a
floating mat or skin of fungal mycelium. Finally, a living
fungal skin c. 1.5 mm thick was harvested (see texture
of the skin in Fig. 1a), washed in sterile demineralised
water, cut to the size 23 cm by 11 ¢m and placed ontoa
polyurethane base to keep electrodes stable duri
electrical characterisation steps (Fig. 1b).
The electrical activity of the skin was meas
lows. We used iridium-coated stainless
mal needle electrodes (Spes Medica Syc.I’

Potential, mV

1.2X10° ' 1.4x10° ' 1.6x10°

Time, sec

d

Fig. 1 Recording of electrical activity of fungal skin. a Close-up
texture detail of a fungal skin. b A photograph of electrodes inserted
into the fungal skin. ¢ Train of three low-frequency spikes, average
spike’s width there is 1500 s, a distance between spike peaks is
3000 s and average amplitude is 0.2 mV. d Example of several train of
high-frequency spikes. Each train Ty, = (Ayy, Wy, Pyy) is characterised
by average amplitude of spikes Ay, mV, width of spikes Wy, sec
and average distance between neighbouring spikes’ peaks Py, sec:
Tap = (2.6,245,300), Ty = (1.7,160,220), Tor = (1.6,340, 340),
Tgnh = (2.5,240,350), Tj = (2.5,220,590), Ty = (26,290, 440)

Electrical responses to tactile loading and illumina-
tion are distinctive. An example of several rounds of
stimulation is shown in Fig. 2a. The fungal skin responds
to loading of a weight with a high-amplitude wide spike
of electrical potential sometimes followed by a train of
high-frequency spikes. The skin also responds to removal
of the weight by a high-amplitude spike of electrical
potential.

An exemplar response to loading and removal of
weight is shown in Fig. 2b. The parameters of the fungal
skin responses to the weight being placed on the skin are
the following. An average delay of the response (the time
from weight application to a peak of the high-amplitude
spike) is 911.4 s (0 = 1280.1, minimum 25 s and maxi-
mum 3200 s). An average amplitude of the response

array of LEDs, 36 white LEDs and 12
W, illumination on the fungal skin was

Results

Endogenous electrical activity of the fungal material is
polymorphic. Low and high frequency oscillations pat-
terns can emerge intermittently. A train of four spikes in
Fig. 1c is an example of low frequency oscillations. Trains
of high-frequency spikes are exemplified in Fig. 1d.
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ponse to mechanical and optical stimulation. a Exemplar recording of fungal skin electrical activity under tactile and optical

unse is following by a train of spikes'r. A response to the removal of the weight is labelled p. ¢ Exemplar response of fungal skin to
ation, recorded on three pairs of differential electrodes.'L* indicates illumination is applied, ‘Lo’ illumination is switched off. d A train of spikes

spike (marked ‘s’ in the example Fig. 2b) is 0.4 mV (0 =  average energy consumed per current unit, associated to
0.2, minimum 0.1 mV and maximum 0.8 mV). An aver- the response, is approximately 0.5 J/A. A train of spikes
age width of the response spike is 1261.8 s (0 = 1420.3, (marked T’ in the example Fig. 2b), if any, following
minimum 199 s and maximum 4080 s), meaning that the the response spike usually has 4 or 5 spikes. The fungal
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skin responds to removal of the weight (the response is
marked ‘p’ in the example Fig. 2b) with a spike which
average amplitude is 0.4 mV (o = 0.2, minimum 0.2 mV
and maximum 0.85 mV). Amplitudes are less indica-
tive than frequencies because an amplitude depends on
the position of electrodes with regards to propagating
wave of excitation. An average width of the spike is 774 s
(o = 733.1, minimum 100 s and maximum 2000 s. A
response of the fungal skin to removal of the weight was
not observed in c. 20% of differential electrode pairs. The
average response time is 385.5 s (o = 693.3 s, minimum
77 s and maximum 1800 s).

Fungal skin’s response to illumination is manifested in
the raising of the baseline potential, as illustrated in the
exemplar recordings in Fig. 2c. In contrast to mechanical
stimulation response the response-to-illumination spike
does not subside but the electrical potential stays raised
till illumination is switched off. An average amplitude of
the response is 0.61 mV (0 = 0.27, minimum 0.2 mV and
maximum 1 mV). The raise of the potential starts imme-
diately after the illumination is switched on. The poten-
tial reaches its maximum and goes onto plateau in 2960 s
in average (o0 = 2201, minimum 879 s and maximum
9530 s). Typically, we did not observe any spike trains
after the illumination switched off however in a cou
of trials we witnessed spike trains on top of the r.
potential, as shown in Fig. 2d.

Conclusion
We demonstrated that a thin sheet of hom eous
living mycelium of Ganoderma yfsinaceum, ich
we named ‘fungal skin, shows pr electrical
responses to mechanical and optic tion. Can
we differentiate between the
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mechanical and optical stimulation? Definitely, see
Fig. 3a. The fungal skin responds to mechanical stimu-
lation with a 15 min spike of electrical potential, which
diminishes even if the applied pressure on the skin
remains. The skin responds to optical stimulation by
raising its electrical potential and keeping it raisad till
the light is switched off.

Can we differentiate the responses to loa
removal of the weight? Yes. Whilst amplitudes o

weight is 2.4 times shorter than
of the weight (385 s versus 911
are 1.6 times wider than ‘r

plication is, in some
ponse of slime mould to
[30]. The following events

ion as a train of high-amplitude
spikes, ret ormal oscillatory activity. This might
indicate sorye universal principles of sensing and infor-
processing in fungi and slime moulds.
ensing fungal skin proposed has a range of advan-
comparing to other living sensing materials, e.g.
liitne mould sensors [29-31] electronic sensors with
iving cell components [41], chemical sensors using liv-
ing taste, olfactory, and neural cells and tissues [42] and
tactile sensor from living cell culture [43]. The advantages
are low production costs, simple maintenance, durabil-
ity. The last but not least advantage is scalability: a fun-
gal skin patch can be few microns and it can be grown to
several metres in size.

response

Stimulus is St is
applied

remo

Response to pressure/load

Response to illumination

a

of 0.01 g glass capillary tube. Redrawn from [30]

WWWWW

S5mV

5000 sec

b

Fig. 3 a A scheme of the fungal skin responses to mechanical load and optical stimulations. b Slime mould P. polycephalum response to application
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In future studies we will aim to answer the following
questions. Would it be possible to infer a weight of the
load applied to the fungal skin from patterns of its elec-
trical activity? Would the fungal skin indicate directional- 9.
ity of the load movement by its spiking activity? Would it
be possible to locate the position of the weight within the

fungal network? Would it be possible to map a spectrum  10.

of the light applied to the skin onto patterns of the skin’s
electrical activity?
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