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spikes gate notations
j\\f OR r+y
A~ SELECT y
XOR TDy
SELECT x
NOT-AND Ty
AND-NOT xy
AND xy

Table 1: Representation of gates by combinations of spikes. Black lines show the potential
when the network was stimulated by input pair (01), red by (10) and green by (11).
Adamatzky proposed this representation originally in [3].

pressure. A coverage frequency at node x is a number of iterations values
of excitation variable uy exceeded 0.1, normalised by maximum coverage fre-
quency amongst the nodes. The coverage frequency is illustrated in Fig. 8.
The coverage frequency is maximum around the areas of pressure application
and might even reflect a distance, not an Euclidean distance but a distance
in the propagation metric of the mycelium networks, form the pressure ap-
plication site.

A third measure applied to discern geometry of pressure would be spik-
ing activity recorded on the electrodes. Examples of the spiking for all three
scenarios of pressure application are shown in Fig. 9. The patterns of spiking
activities might give us unique representations of the geometries of pressure
applications. The formal representation of the spiking patterns could be done
by distributions of Boolean gates in the spiking activity. This original tech-
nique has been developed by us in frameworks of cytoskeleton networks [3],
fungal colony [4] and ensemble of proteinoid microspheres [1].

A spiking activity of the mycelium network shown in Fig. 9 in a response
to stimulation, i.e. application of inputs (F1, F») = {(0,1),(1,0),(1,1)} via
impulses at the electrodes F4 and FEs, recorded from electrodes Ey,-- - , Eis.
We assume that each spike represents logical TRUE and that spikes occurring
within less than 2 - 10? iterations are simultaneous. Then a representation
of gates by spikes and their combinations can be implemented as shown in
Tab. 1. By selecting specific intervals of recordings we can realise several
gates in a single site of recording. In this particular case we assumed that
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Figure 9: Potential recorded on electrodes FEj, ..., F1o for initial scenarios of excitation
around electrode (a) Es, (b) E1, (¢) E; and Fs.
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spikes are separated if their occurrences are more than 10% iterations apart.
In the simulated scenarios, we found that the following Boolean functions can
be implemented on the electrodes Ey, ..., Fh5. Three OR gates are realised
on electrodes F3, Eg and Fi5. Ten SELECTy, where y=TRUE signifies initial
excitation around electrode Fj5, are realised on electrodes E3 and Eis. Fifty
SELECTz, where x=TRUE signifies initial excitation around electrode Fj,
are realised on the electrodes but F;, Eg and Ej;. Five NOT-AND gate, in
the form NOT x AND y, are realised on electrodes Es5, Fg and Ej5. The
implementation of logical functions on the electrodes will allow for logical
inference about geometries of pressure applied to insoles.

4. Discussion

Initial testing of insoles made of other materials (not reported here) con-
firmed the necessity to use a material compatible with the biological organ-
ism being utilised. For example, off-the-shelf hemp insoles (sourced from
six different manufacturers) showed poor fungal colonisation (possibly due
to unknown chemical processes to minimise bacterial growth which could
lead to undesirable foot wear odour). Further testing of bespoke insoles cut
from non-woven hemp matting (manufactured by Pemmiproducts, Germany)
showed improved colonisation by fungi but inconsistent electrical activity
(possibly due to inconsistent moisture level) and weak mechanical robust-
ness. Following a process of trial and error with different materials over
several months, capillary matting was identified as a strong candidate for
the desired functionality.

It was observed that the risk of unwanted bacterial infection during coloni-
sation of the insole could be reduced by keeping the insole inside a sealed local
environment (for example, plastic bag fitted with sub-micron air filter) that
mitigates airborne infection. Additionally, enclosing in a bag helps to prevent
the insole dehydrating by maintaining a high local air humidity. Keeping the
insole in darkness or low intensity light encourages its colonisation.

Optionally, forming the insole from two sheets of capillary matting allows
a sandwich to be formed with nutrient layer (such as Rye grain seeds) between
the top and bottom layer. This can allow the fungi to remain active for
longer. Insoles infused with flour paste were prone to infection (even with
sterilisation via autoclave).

The large internal volume and porous seals (long fabric zips) on the
growth tent containing test rig was prone to low humidity, even with an
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open container of water present. It was found adding a sheet of capillary
matting under the insole, see Fig. 2a, helped to maintain an adequate mois-
ture level in the insole for fungal activity. The end of the sheet was left in a
tray of de-ionised water which provided a source of moisture.

Oscillations in plant membrane are already know [10]. The physiological
role of such oscillations has been the subject of much speculation. It has
been hypothesised these oscillations are links to plants’ adaptive response to
environmental stresses [27].

The number of spikes (< 0.1mV) recorded over three ~30min periods
before, during after even compressive load are summarised in Table 2. Fur-
ther, it was observed that periodicity of electrical spikes changed when the
mycelium was under compressive load.

Table 2: Electrical response to weight (electrical spikes < 0.1mV)

Differential | 30 min period | 30 min period | 30 min period

channels before weight | during weight | after weight
Ch 1- 2 2 10 1
Ch3-4 2 6 0
Ch7-8 0 8 3
Ch9-10 0 7 2

Measurements indicate a layer of mycelium integrated into an insole shows
electrical response to mechanical stimulation with change in oscillatory ac-
tivity. In particular, the number of spikes increases under compressive load.
The response to removing weight is different to applying weight.

To examine this response in more detail, the distribution of the weight
across the insole was varied and applied in different regions (i.e., toe, heel,
whole). That was designed in order to be similar to the way people change
their weight distribution from heel to toe while walking. The number of
spikes in each time period were automatically counted by utilising SciPy,
an open-source collection containing mathematical algorithms and functions
built on an extension of Python (https://docs.scipy.org). In specific, the
function find_peaks was utilised to identify peaks with a prominence of 0.03
mV for this application. Then, a custom program was developed in Python
to calculate the time difference between two spikes. Histograms of the dis-
tribution of time differences between spikes in each insole region under no
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load, heel biased and toe biased load were produced and they were drawn
over the same axes to allow the comparison of the results as shown in Fig. 10.
Data visualization software Tableau was used to identify the potential (mV)
differences under no load, even load, heel biased and toe biased load for every
channel separately as shown in Fig. 11. The amplitude of spikes decreases
under even load application compared to no load application. No conclu-
sions could be made regarding the electrical activity under heel biased and
toe biased load. It was therefore, not possible to accurately discern the dis-
tribution of compressive loading across the insole from analysis of electrical
responses.

Experimentation identified the rate of occurrence of spikes is lower than
desirable to accurately infer the weight bearing when walking. However,
when standing for a period, electrical activity can be collected and analysed
to infer weight bearing which can be used for anatomical diagnostics [11, 6].
Continuous monitoring of feet could offer numerous medical/health benefits
[14, 33, 31]. For example, early detection of health related conditions (such as
knee injury) or tiredness. It can also be useful for sports training [35, 29, 21].

In the experimental setup described, sensory mapping is limited to ‘1.5D’
(8 pairs of differential electrodes in a row and limited vertical motion) how-
ever this could be expanded to ‘2.5D’ by mapping with a 2D distributed
array of electrodes across the insole. For example, needle electrodes replaced
by thin/flexible wires integrated into the capillary matting such that uninsu-
lated sections of the wires are spatially distributed and electrical connections
are realised to the edge of the insole.

Direct conversion of mechanical energy into electricity offers potential as
power source for various systems [28, 7, 32].

It was observed during the fabrication and testing of a diverse range of
prototype wearables (including clothing) that capillary matting offer supe-
rior durability over hemp matting (in particular on flexible clothing joints,
knees and elbows) and easy of interfacing to conventional fabrics (sewing and
gluing). Therefore, capillary matting might be useful substrate for a range
of smart fungal wearables.

Smart footwear offers benefits to safety footwear [12]. For example, au-
tomatic notification of injury to user and emergency services. Awareness of
foot activity might also be beneficial in various environments such as driving
(for example, enabling the vehicle to respond before the driver’s foot has
touched a pedal).

Simulation using FitzhHugh-Nagumo model numerically illustrated how
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Figure 10: Histograms of the distribution of time differences between spikes in each insole
region under a range of load condition.
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Figure 11: Graph showing decrease of amplitude when under even load compared to no
load application for Channels 1-2 and 13-14.
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excitation wave-fronts behave in a mycelium network colonising an insole
and shown that it is possible to discern pressure points from the mycelium
electrical activity.

5. Conclusions

Electrical activity (spiking) was recorded in mycelium bound composites
fabricated into insoles. The number and periodicity of electrical spikes change
when the mycelium is subjected to compressive loading. We have shown that
it might be possible to discern the loading from the electrical response of the
fungi to stimuli. The results advance the development of intelligent sens-
ing insoles which are a building block towards more generic reactive fungal
wearables. Electrical activity changes in both spatial and temporal domains.
Using FitzhHugh-Nagumo model we numerically illustrated how excitation
wave-fronts behave in a mycelium network colonising an insole and shown
that it might be possible to discern pressure points from the mycelium elec-
trical activity. Fungal based insoles offer augmented functionality (sensory)
and aesthetic (personal fashion).
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