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Abstract
Rapidly intensifying global warming and water pollution calls for more efficient and continuous
environmental monitoring methods. Biohybrid systems connect mechatronic components to
living organisms and this approach can be used to extract data from the organisms. Compared to
conventional monitoring methods, they allow for a broader data collection over long periods,
minimizing the need for sampling processes and human labour. We aim to develop a methodology
for creating various bioinspired entities, here referred to as ‘biohybrids’, designed for long-term
aquatic monitoring. Here, we test several aspects of the development of the biohybrid entity:
autonomous power source, lifeform integration and partial biodegradability. An autonomous
power source was supplied by microbial fuel cells which exploit electron flows from microbial
metabolic processes in the sediments. Here, we show that by stacking multiple cells, sufficient
power can be supplied. We integrated lifeforms into the developed bioinspired entity which
includes organisms such as the zebra mussel Dreissena polymorpha and water flea Daphnia spp.
The setups developed allowed for observing their stress behaviours. Through this, we can monitor
changes in the environment in a continuous manner. The further development of this approach
will allow for extensive, long-term aquatic data collection and create an early-warning monitoring
system.

1. Introduction

The Earth has been facing a global ecological crisis for
decades. Climate change, oil spills and other anthro-
pogenic catastrophic events have contributed to a
water quality crisis and have caused the freshwa-
ter supply to diminish [1]. Rapid worsening of the
water quality leads to a chain of events that can cause
the ecosystem to collapse and eventually, threaten
the existence or well-being of many species of anim-
als and plants. The best way to support preventative
measures to these destructive processes is extensive
water monitoring and global sharing of the data on
the water quality [1].

Aquatic ecosystems are complex and affected
by a multitude of biotic and abiotic factors [2].
Traditional environmental studies are carried out
with the use of ‘classical’ sensors or surveys based on
traditional water sampling techniques [3–5]. While
these methods have relatively high precision, they are
also time and money-consuming [6–8]. Probes and
sensors often require frequent maintenance and large
amounts of energy [9]. Moreover, environmental
monitoring surveys based exclusively on traditional
sampling methods can be too infrequent or incon-
sistent to accurately determine the water quality [10,
11]. Time limitations also slow down the monitoring
process by reducing the amount of data points that
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Figure 1. Schematic representation of the concept ‘lifeform in the loop’. The biohybrid entity is powered by multiple microbial
fuel cells partially covered with mud. Within the non-biodegradable core (light grey), all necessary electronics (dark grey), such as
the power management parts, storage devices, the main CPU board and communication devices, are contained. Multiple
biohybrid organs (yellow zoom-in box) include an organism hosting part (green) and electronics serving as an observation unit
(grey), connected to the main core. The core is stationed and held to the substratum by a biodegradable structure (red).

can be collected at a certain time and make the mon-
itoring less extensive [10–12]. Additionally, due to the
complexity of the aquatic ecosystems, tracking indi-
vidual biotic and abiotic parameters might often res-
ult in an incomplete survey as it neglects to account
for their mutual interaction [13].

Here, we propose a concept of utilizing organ-
isms (lifeforms) that are adapted by natural selec-
tion to the specific ecosystem, as biological sensors
in a novel type of robotic entity. Certain organ-
isms have a high sensitivity to changes in the eco-
system. Additionally, they are self-sustaining, which
means that the biohybrid entity requires little to no
maintenance, in contrast to classical probes which
need frequent cleaning and calibration [9]. The main
features of these biohybrid entities are their self-
actuation and self-powering with the use of low-
power devices and energy harvesting. The collection
of lifeforms and their responses form an ‘artificial
organism’ that creates a symbiotic relationship with
the mechanical parts. Such an active biohybrid agent
is currently developed by the project Robocoenosis
[14]. This entity uses several living organisms instead
of mechatronic components and, thus by defini-
tion, is a biohybrid robotic system [15]. This paper
presents the concept of underwater biohybrid entit-
ies for environmental monitoring and the first res-
ults obtained from the built setup. A schematic rep-
resentation of the biohybrid entity, its structure and
the concept of ‘lifeform in the loop’ can be found in
figure 1.

Experiments and long-term monitoring missions
as well as method development are performed in
two Austrian lakes: Lake Millstatt and Lake Neusiedl.
Their differences in water quality and biodiversity
enable the incorporation of a wide selection of organ-
isms. The lifeforms investigated are taken directly
from those lakes and used only for experiments in
their respective habitats. In this paper, the following
major questions are investigated:

• Q1: Can living organisms be used as complement-
ary sensors for ‘classical sensors’ formonitoring the
overall water quality?

• Q2: Which biotic and abiotic parameters can be
measured with the use of organisms as sensors?

• Q3: What are the optimal ways to incorporate life-
forms into the biohybrid entity structure?

• Q4: What are the optimal ways to monitor the
organisms’ behaviours with the use of an auto-
mated setup?

• Q5: Canmicrobial fuel cells (MFCs) supply enough
energy for the functioning of the robot under real-
life conditions in long-term aquatic monitoring?

2. Methods

2.1. Organisms investigated
To answer the research questions, several organisms
were investigated in the context of being used as living
sensors. Lifeforms for the first tests were selected
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Figure 2. Top: Zebra mussel (Dreissena polymorpha) (A)
mounted on a wooden board (B). A red tag (C) is placed on
the top valve to augment mussel movements and enable
visual tracking.

based on the following criteria: (1) sensitivity to one
or more of the changing environmental parameters,
(2) feasibility of their observation and (3) high avail-
ability in the lake of interest. By following these cri-
teria, we constructed biohybrid organs that can track
changes in the water and ensure no transfer of life-
forms between habitats.

2.1.1. Zebra mussel
First experiments were carried out using zebra mus-
sels Dreissena polymorpha (Pallas, 1771) (figure 2).
This species was chosen due to its sedentary lifestyle,
quick reaction to external stimuli and abundance in
the studied lakes [16]. Their constant filtering of the
water makes them highly receptive to various changes
in water chemistry. Toxins, changing temperature,
fish kairomones or conspecific alarm substances can
cause a stress-related response which often shows in
valve movements [17]. In the case of D. polymorpha,
stress reactions include the closing of the valves for a
longer period or fluttering movements [18]. D. poly-
morpha is particularly sensitive to low oxygen and
irritation caused by the physical presence of small
invertebrates [16, 17, 19]. Different environmental
cues generate different stress reactions and the cause
of stress can be determined through the process of
elimination [18].

Figure 3. Daphnia sp. specimen under a microscope with
several internal and external anatomical parts marked
(compound eye, antennae, carapace, intestine and heart).

2.1.2. Zebra mussel—field experiments
The observation was done with the use of video
recording and automated movement tracking. Four
mussels were attached in front of the camera setup
andmonitored daily. Due to their relatively small size,
generally not exceeding 5 cm, a tag is placed on the top
valve to augment the movements and enable easier
valve detection (figure 2) [20]. In case the valve gaping
decreases significantly over a long period, an alarm is
triggered.

Zebra mussels were collected from Lake Millstatt
before the experiments took place in May of 2022.
Mussels could be found underneath rocks and were
gently detached manually. To test the feasibility of the
method, four zebra mussels were attached in front of
the Raspberry Pi camera using the method presented
in figure 2. Pictureswere taken every 30 s for 15min. A
suddendisturbance (a dropped rock)was caused once
throughout the experiment, to observe the mussels’
reactions. In addition to observing the behaviour of
an individual mussel, their collective responses were
also noted in order to determine their ‘group agree-
ment parameter’ (the degree to which all individu-
als react homogeneously to a stressor). This part of
the underwater setup corresponds to the ‘Biohybrid
Organ’ presented in figure 1.

2.1.3. Water flea Daphnia spp
Another organism that was tested as the biological
element in a biohybrid entity organ was the water flea
Daphnia spp. (Müller, 1785) (figure 3). This genus
of cladocerans has been widely used for toxicological
tests by pharmaceutical companies and when study-
ing the effects of various chemicals and heavy metals
on animal physiology, e.g. heartbeat [21, 22, 23].
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Figure 4. Underwater setup with (A): a light source for background illumination (B): built-in camera piece (C): flow-through
chamber with swimming animals and (D): raspberry Pi module as the data storing device.

Numerous studies documented a specific response to
certain chemicals, for example, decreased swimming
speed when exposed to copper [24–26]. Daphnia’s
reaction to the changing environment is also instant-
aneous and apparent to register with an automatic
setup.

For the first analysis, various swimming beha-
viours were chosen for toxicity tests. The behaviour
was divided into ‘normal’, ‘spinning’ and ‘inhibited’.
These behaviours can then be treated as degrees
of stress with movement inhibition being the most
severe. Erratic swimming or ‘spinning’ is considered
to be a continuous and extreme escape behaviour that
occurs in response to acute stressors, such as highly
toxic levels of certain substances [27].

For experiments with Daphnia, a special flow-
through cage was built into the underwater monit-
oring system (figure 4). To allow Daphnia to display
their normal behaviour, the animals are in constant
contact with the surrounding waters. A Raspberry
Pi camera facing the cage records Daphnia’s reac-
tion to potential toxins present in the environment.
This part of the underwater setup corresponds to the
‘Biohybrid Organ’ presented in figure 1.

The behavioural tests were performed both under
laboratory conditions and in the field. Field experi-
ments aimed at testing the feasibility of the method
and Daphnia’s well-being within the flow-through

cage. Laboratory trials were carried out as a calibra-
tion of the ‘normal’ and ‘disrupted’ swimming beha-
viour. Here, an increasing salinity was chosen as the
stressor.

Firstly, salinity was increased from 0 ppt to 4 ppt
over 10 s. This salinity is within the tolerance range
of Daphnia, however here, the focus is placed on the
rapid change, rather than the parameter itself. Further
analysis of the swimming patterns was performed.
The Daphnia’s swimming trajectories were divided
into 1: < 180◦ and 2: > 180◦. This divide represents
‘smooth turns’ and ‘sharp turns’.Daphnia under nor-
mal conditions moves in a straight line interrupted
by sharp hopping and sinking movements, whereas
under sub-optimal conditions, their spinning beha-
viour results in a smoother and curved trajectory. A
Chi-square test was performed on this data to com-
pare the distribution between the Daphnia (stressed
and unstressed) and turning sharpness (sharp or
smooth).

Another series of experiments was performed to
calibrate the sensor to an increasing salinity. Five
Daphnia specimens were placed in Petri dishes with
aquariumwater andwere allowed to acclimate for one
hour. Salt solutions were added to each dish while
recording continuously. The salinity levels used were
2.5 ppt, 3 ppt and 4.5 ppt (n= 65, 50 and 50 respect-
ively with n = 30 for control experiments). Acute
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Figure 5. A Picture of the microbial fuel cell module. The
MFC consists of a cathode chamber (A) and anode
chamber (B) connected to the main biohybrid entity with a
wire (C). Figure Reproduced from [28]. CC BY 4.0.

immobilization and spinning behaviour were noted
for each dish every hour for 22 h. Movement inhibi-
tion was noted for every individual who showed no
or close to no movement for over 15 s per record-
ing. In cases where an individual displayed no move-
ment for over 15 s after which short-term spinning
was observed, the reaction was treated as a movement
inhibition. Spinning was noted for every individual
who showed a rapid circular movement at least once
throughout the 30 s recording period. The Kruskal–
Wallis test was performed on the obtained data to
test for differences in immobilisation between differ-
ent salinities. The results of the behavioural changes
after 22 h in different salinity levels are displayed in
figure 8.

2.1.4. MFCs
The biohybrid entity is designed for ultra-long
runtimes. This is made possible by the use of energy
harvesting and low-power electronic parts. Energy is
generated using MFCs (figure 5). Here, a modifica-
tion of the traditional MFC was used, known as the
benthic microbial fuel cells (BMFCs) [29]. This type
of fuel cell extracts electricity from natural processes
occurring in the sediments. They are typically com-
posed of two chambers, one containing an anode and
another containing a cathode, separated by an ion-
permeable membrane [29]. The anode chamber is
buried in the sediments while the cathode chamber is
exposed directly to the water layer. Anaerobic respir-
ation processes are carried out by the bacteria present
in the anoxic sediments.

Additionally, the MFCs can be used as a bio-
sensor thanks to their continuous dependency on
the benthic bacteria. Bacterial activity is reflected in
the current obtained by the MFC giving an insight
into the bacterial community and the presence/ab-
sence of oxygen and other electron acceptors. This
concept called ‘ecosystem hacking’ allows ecosystem

monitoring to be carried out by direct observation of
the organisms [30].

The main limitation of the MFCs is their low
current provided. Here, attempts to scale up the
power output have been performed with the bur-
rowing of a power-management system together with
the anode connected to multiple cathodes [29]. Six
stacked MFCs, connected by a super-capacitor, were
constructed. The preliminary tests were carried out
under laboratory conditions and in the field, in the
Venetian Lagoon. This was to (1) test their scaling
up by stacking the cells and (2) test their usability
as an autonomous power source for an underwater
biohybrid entity. Each cell was controlled by a micro-
controller. The current produced by each individual
cell and by the collective charge was measured.

2.1.5. Low-power electronics and software
One of the main challenges with constructing
biohybrid entities is ensuring their optimum func-
tionality while minimizing energy requirements.
In order to simplify and optimise its structure, a
dual processor is implemented. An ultra-low-power
STM32 (an Arm M4-based platform) serves as the
heart of the biohybrid. This operates in connection
to an operational module which performs complex
computations in a power-efficient manner. For this
module, several boards from Speed, equipped with
RISC-V processors are used. As these boards con-
sume relatively larger amounts of energy, they are
switched on and off by the main board, for short
periods of time. Achieving a low-power design must
be aimed for by both the electronics side and the
software. A proper design of the operating software is
crucial formaximising computational capabilities. To
reduce the energy consumed, the software is run on
the STM32. One of the main challenges is reducing
the time it takes to start the computational module,
the energy storing and re-conversion. For this reason,
the biohybrid entity is programmed to use the energy
when and as it is harvested. Ultra low-power deep
learning accelerators (such as the Ambiq Apollo) can
be used to predict times of the peak power collected.
Another task of the power regime is to allow the entity
to emerge and submerge using electrical and mech-
anical energy stored in the device. This approach is
energy-efficient as it is only needed to trigger the
device.

3. Results

Here, the results are focused on testing the feasib-
ility of the methodology and the biohybrid design.
The setups constructed were tested both in the field
and under laboratory conditions. Through them, we
were able to gather data on the organisms’ behaviour
and the applicability of the MFCs for underwater
biohybrid entities.

5
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Figure 6. Results of an experiment performed with an underwater monitoring setup. Four zebra mussels were attached to a
wooden board in Lake Millstatt. (A) The distance between the top valve and the wooden board was tracked for each mussel
separately (1–4) for 13 min, taking a photo every 30 s. (B) Average degree of valve opening, taken as a percentage of the maximum
opening. After 500 s (approximately 8 min) a disturbance was caused in the surrounding water.

3.1. Zebra mussel
To test the feasibility of the zebra mussel as a sensor
in the biohybrid entity, a series of field experiments
were carried out. The movement tracking for the
zebra mussel was carried out by calculating the dis-
tance between the top valve and the wooden plat-
form (figure 2). By using this approach, the biohybrid
entity was able to measure the valve movements,
i.e. the well-being of the mussel.

The measurements of the valve movements (as
taken from the top valve coordinates) from each of
themussels are presented in figure 6(A). The degree of
the opening was then converted to percentages, with

the maximum degree of openness representing 100%
and an average was taken (figure 6(B)). The results
showed simultaneous and quick closing movements
(high group agreement parameter) to the sudden dis-
turbance in the environment (a rock dropped in the
proximity of the experiment location). This shows
that this bioinspired setup is able to detect the dis-
tress of the mussel with simple valve tracking. It also
confirmed that the quick valvemovements are a short
and immediate reaction to physical stress.

In this particular experiment, a specific reaction
was expected, therefore it was of merit to use an aver-
age opening as the monitor of stress. In case of an
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Figure 7. Post-processed footage of live Daphnia inside the underwater setup. White shapes indicate Daphnia. (A): Processed
footage of Daphnia’s swimming trajectory under normal conditions (B): processed footage of Daphnia’s swimming trajectory
immediately after exposure to a stressor, here, increased salinity. The trajectories shown are a 30 s-long sample of footage taken
every 5 min over an 8 h period. The scale bar shown in (A) and (B) corresponds to both images. The analysis of the data obtained
during these experiments can be found in section 3.2.

unknown stressor, various statistical approaches will
be used and applied to the group ofmussels which are
expected to show similar valve patterns.

3.2. Daphnia
The first experiments were conducted using an
underwater setup. Setup testing was done in the lakes
of interest, while trials including stress reactions were
conducted under laboratory conditions. The results
from both tests are presented in figure 7. Swimming
trajectories of Daphnia under normal conditions in
their natural habitats form a semi-straight line with
sharp turns (figure 7(A)). Shortly after conditions
become unfavourable, i.e. the salt is added, the tra-
jectories changed visibly (7(B)) with the swimming
being relatively smoothly curved and having a circular
trajectory. The Chi-square test was performed on the
data (‘stressed’ and ‘unstressed’ against ‘sharp turns’
and ‘smooth turns’). The results of the Chi-square
tests showed a statistically significant difference in the
swimming trajectory X2(1,N= 898) = 4.66,p< 0.5.
Stressed Daphnia are more likely to present smooth
turning than Daphnia under normal conditions.

Next, in order to further calibrate the sensor, the
reaction to three salinity levels (2.5, 3 and 4.5 ppt, also
‘low’, ‘medium’ and ‘high’) was tested. The behaviour
change was observed for each salinity over 22 h. Both
the movement inhibition and spinning were at their
lowest levels at the lowest salinity. At the highest salin-
ity Daphnia showed increased spinning within the
first 3 h of exposure after which the animals became
immobile (figure 8).

Various time steps (1 h, 5 h, 10 h and
22 h) were compared regarding the spinning and
movement inhibition. The Kruskall–Wallis test

showed significant differences in movement inhib-
ition between each group and the control at all of
the time steps. There was no significant difference
in the movement inhibition and spinning behaviour
between the low and medium salinity at the 22 h
mark. Regarding the spinning behaviour, significant
differences were found between low and high salin-
ity at 5 h and between medium and high salinity at
the 22 h mark (p< 0.5). The differences in move-
ment inhibition were significantly different between
all groups at the 5 h and 10 h mark (p< 0.001). At
the 22 h mark, only the difference between low and
medium salinity was not significant.

3.2.1. MFC
Preliminary experiments on the MFCs were carried
out in the field. The voltage obtained from each indi-
vidual cell and their collective voltages are presented
in figure 9. The voltage was observed to rise gradually
as the bacterial activity intensified. Once it reached
a limit of 500 mV or the bacterial activity stabilized,
the discharge of the capacitor was triggered into the
super-capacitor which was then able to power the
biohybrid. This was a sufficient amount of energy to
perform 10 measurements per day, store them and
allow data transmission. This shows that the MFCs
are a sufficient energy source for low-power electron-
ics and are able to trigger periodicmeasurements over
long experiment runtimes.

4. Discussion

In this paper, the first results of the development
of underwater bioinspired entities are presented. It
was shown that living organisms give promising
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Figure 8. Behavioural responses of Daphnia to varying salinity levels (0, 2.5, 3 and 4.5 ppt) with time. The behaviours investigated
were spinning and movement inhibition. The whiskers of the box plots represent Q1 (lower whiskers), Q2 (box with the median
line) and Q3 (upper whiskers reaching maximum).

results for being extensions of traditional sensors
for environmental monitoring. We also show that
MFCs are a sufficient energy source and have the
potential to become an environment-friendly power
supply.

The concept of a ‘lifeform in the loop’ has
been successfully used in research investigating the
use of bio-inspired robots with terrestrial plants,
fish swarms and honeybees [31, 32]. This concept
introduces a methodology for ‘ecosystem hacking’
where insight is gained through observation of
the natural processes occurring between the organ-
ism and its environment [30, 33]. This leads to
the creation of an early-warning system which
aims to successfully detect sudden changes in the
environment. Additionally, other features of the
biohybrid entity, such as its biodegradability and

autonomy can be transferred to other fields such
as passive monitoring, classical robotics etc [2, 34].
The overall contribution of this project to various
branches of science and industry is presented in
figure 10.

4.1. MFCs
For this biohybrid entity for environmental mon-
itoring, the MFCs are used as an environmentally
friendly and autonomous power source. Harvesting
electricity from electrogenuous bacteria has been pre-
viously researched and tested extensively in the labor-
atory and non-aquatic fields [35–37]. Their usabil-
ity in underwater projects has also been recognised
in recent studies [2, 38]. As mentioned previously,
the main challenge with using the MFCs is their low
currents produced. Studies showed that MFCs are

8



Bioinspir. Biomim. 19 (2024) 015001 W Rajewicz et al

Figure 9. Results of the experiments testing the voltage produced by the microbial fuel cells. (A): Voltage produced by each of the
six microbial fuel cells (various colours) and (B): Voltage gathered by the super-capacitor charged by microbial fuel cells (black).
Figure Reproduced from [14]. CC BY 4.0.

Figure 10. A schematics illustrating the overall impact of the concept of biohybrid entities as tools for environmental monitoring
and fields it draws inspiration from. The grey box represents the field of biohybrid entities, which here are built by combining (1)
robotics (purple), (2) using lifeforms as sensors (dark green) and (3) biodegradability (light green). Blue boxes specify ways in
which our research draws from and influences other fields. Dark green fields represent the ongoing research regarding the
usability of lifeforms as sensors and it leads further to gain more information on the organisms used (knowledge in the field of
nature). Purple fields represent the research on robotics and it further leads to engineering sciences as a broader field. We draw
knowledge on various materials from the field of engineering, and in turn, provide research on novel methods that can be applied
to traditional robotics. This research gains provides a new type of data to the natural sciences (yellow box) and draws the
knowledge needed to identify the changes in the environment.

difficult to scale up and when connected together,
a voltage reversal might occur [39]. Here, we show
that stacking multiple MFCs, connected by a super-
capacitor provides enough energy for experimental
runtimes with the use of low-power electronics.
Previous studies and experiments have also found
this to be a successful method of scaling up benthic
MFCs [29].

4.2. Organisms as sensors
The preliminary results obtained from experiments
with mussels showed that they are a good indicator of
a disruption in the environment. Their valve move-
ments are quick responses, of which the frequency
can potentially specify the stressor. More tests regard-
ing this behaviour will be performed. As this species
has been recognised as particularly sensitive to low

9
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oxygen levels [16], it is worth investigating this and
other parameters in relation to the aforementioned
behaviour.

For the final design of the biohybrid entity, a lar-
ger number of mussels is recommended to account
for any organism-specific differences in behaviour.
However, for the experiment described in this study,
four specimens were sufficient to observe the disrupt-
ing effect of the disturbance. Additionally, various
statistical analyses will be applied to read other pos-
sible stress behaviours. In terms of a water pressure
change, such as the one in this study, it is sufficient to
observe the average behaviour across all animals, as
their reaction is predictable and the stressor is known.
For future monitoring, individual measurements will
be considered additionally to the group behaviour to
account for any differences in the responses.

In the case of Daphnia, the swimming patterns
gave a clear indication of a change in the environ-
ment. Here, spinning, also described as ‘smooth turn-
ing’, and movement inhibition were investigated as a
stress response. Results indicated thatDaphnia under
stress is more likely to present smooth turns that
are a disruption to their normal hopping and sink-
ing pattern. It was also shown that movement inhib-
ition is directly correlated to increasing salinity and
can be used as one of the sensor calibration para-
meters. Based on these results, it can be advised to
divideDaphnia’s swimming pattern into ‘mobile’ and
‘immobile’ and then further to ‘normal’, ‘spinning’
and others.

Detecting spinning behaviour opens the door
to faster detection of disruption as it often occurs
immediately after the exposure and with lower stress
levels. This creates degrees of stress on which the
biohybrid entity can base decisions, such as sound-
ing an alarm, increasing the frequency of the analysis,
relocating etc. These and other behaviours, such as
sinking, decreased speed or swarming, are worth fur-
ther investigation to determine the levels ofDaphnia’s
reactions. The sensor will also be calibrated against
other stressors such as heavy metals, pesticides and
Diesel.

4.3. Challenges
As shown before, the concept of ‘lifeform in the
loop’ is worth further investigation. We show that
information on the ecosystem can be drawn, from
a simple observation of the movement. This, how-
ever, comes with new challenges that must be over-
come to provide reliable results. Organisms’ beha-
viour is a low-precision sensor which creates certain
difficulties when analysing the data. Certain paramet-
ers can cause various responses when acting separ-
ately or combined, showing the complexity of the
aquatic ecosystems [13]. This makes it difficult to
identify the source of stress precisely. For example,
the valve movements of the zebra mussel are influ-
enced by a variety of factors, some of which might

not be relevant to the monitoring mission (phys-
ical irritation, predator presence etc) [18]. One of
the ways to overcome this challenge is by perform-
ing detailed data analysis comparing the behaviour of
multiple organisms and identifyingwhether the beha-
viour is caused by chronic or acute stress. For this
approach, a thorough understanding of the species
biology and ecology is essential. Here, well-researched
species were purposefully chosen in order to focus
on biohybrid entity development, rather than purely
biological research. Once the method is established,
more organisms will be incorporated into the setup.
Besides the two organisms described previously, sev-
eral other ideas will be investigated, such as the swan
musselAnodonta cygnea,Hydra and representatives of
the group Chironomidae.

It is important to mention that this concept does
not aim to replace the traditional monitoring usu-
ally performed with the use of sampling and classical
sensors. It offers a complementary method to already
establishedmonitoring programs, in order to provide
different, additional types of data on the investigated
water body. Sample-based surveys and sensor meas-
urements are reliable and effective methods for mon-
itoring water quality. Sensors are a widely available
and easy-to-obtain source of data on a specific set of
parameters of interest. They can also be used continu-
ously which is of merit in case of a sudden environ-
mental change and gathering large amounts of long-
term data. However, due to their narrow spectrum,
it is unfeasible to use them for all environmental
factors, some of which may be crucial to the over-
all water quality. Similarly, sample taking provides
precise information on the investigated substance
(i.e. heavy metals), however, each substance requires
a specific methodology (i.e. burning) which must be
planned and prepared and usually prevents draw-
ing other information from the sample. However, the
overall state of the ecosystem can often include factors
unaccounted for during traditional monitoring sur-
veys. Parameters for which there are no sensors, for
example, unknown toxins or diseases, can affect the
entire water body without being detected by routine
measurements.

Here, we proposed an early-detection system
whose main role is to detect a disruption in the envir-
onment early enough to induce additional measure-
ments from the scientists in the management of the
respective water bodies. In case the alarm is set off by
the biohybrid entity, samples or sensor data still must
be taken in order to confirm the source of the disrup-
tion. Analysing specific stress responses and compar-
ing them between the observed organisms can help to
narrow down the pool of potential stressors, although
the need for human intervention is not completely
disregarded. Therefore, it is important to stress that
the proposed system provides a different type of data
that will complement that obtained from sensors and
sample taking.
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Certain steps are taken to increase the robust-
ness of this approach. The biohybrid entity can draw
conclusions and assumptions about the ecosystem
by combining the responses of multiple organisms.
Different species will exhibit different reactions to
certain stimuli, thanks to which we can detect a broad
range of environmental changes.

4.4. Similar initiatives
The concept of using organisms as natural sensors
has been previously investigated in other contexts
[18, 40]. Similar approaches have been implemented
in recent years for laboratory-based monitoring. To
mention one prominent example, a product designed
by AquaDect uses various species of mussels as an
early-warning systembased on their valvemovements
[41]. Similarly, the design of another organism-based
piece of equipment, Daphtox, provides early detec-
tion of various changes in the water quality [42]:
up to 10 living Daphnia swim in a water cham-
ber constantly supplied with treated water. Using
image analysis, a deviation in their swimming pat-
tern can sound an alarm informing about a poten-
tial toxin in the water. Also, Lab-on-a-Chip systems
have been recently used to develop complex integ-
rated biosensors with trained aquatic arthropods (e.g.
ostracods) with interesting potential for biomonitor-
ing tasks [43].

While these approaches are highly effective, we
offer to develop those methods into novel, ultra-low
power, autonomous biohybrids for in-situ observa-
tions. This will help to reduce the cost of the mon-
itoring missions and reduce significantly the need for
maintenance. Usually, traditional sensors require fre-
quent and careful up-keeping, as well as calibration
[9]. Organisms are able to self-calibrate and self-
sustain which greatly reduces the need for human
interference with the system.

To avoid the transport of species to a new hab-
itat and to prevent changes in the environment, only
local organisms are investigated [44, 45]. The well-
being of the organisms used has to be considered
at all times to accurately perceive their natural reac-
tions during experiments. The concept of biohybrid
entities as devices for long-term environmental mon-
itoring has shown promising results worth further
investigation.

4.5. Outlook
Project Robocoenosis aims to develop the methodo-
logy for creating biohybrid entities (biohybrids) for
environmental monitoring. Large segments of this
bioinspired entity are meant to be biodegradable and
remain in the environment after the mission is ter-
minated. This minimizes the negative impact of the
biomonitoring missions on the habitat. This part of
the project is under development and is not shown
in this work. The system powered by the MFC allows
the creation of a self-sustaining monitoring system.

Paired with organisms that are adapted to surviv-
ing in their habitats, it has the potential to provide
an extensive long-term and continuous database.
Thanks to the long lifespan of mussels and the con-
tinuous breeding ofDaphniawithin the experimental
setup (data not shown) we can create an entirely self-
reliant system. Further research will be focused on
these aspects within the next years.
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Alemdar H, Lennox B, Şahin E, Arvin F and Schmickl T 2022
A minimally invasive approach towards “ecosystem hacking”
with honeybees Front. Robot. AI 9 791921

[31] Schmickl T et al 2013 ASSISI: Mixing animals with robots in
a hybrid society Biomimetic and Biohybrid Systems vol 8064,
ed N F Lepora (Springer) pp 441–3

[32] Wahby M, Heinrich M K, Hofstadler D N, Neufeld E,
Kuksin I, Zahadat P, Schmickl T, Ayres P and Hamann H
2018 Autonomously shaping natural climbing plants: a
bio-hybrid approach R. Soc. Open Sci. 5 180296

[33] Ilgün A et al 2021 Bio-hybrid systems for ecosystem level
effects ALIFE 2021: The 2021 Conf. on Artificial Life (Online,
July 2022) pp 41–51

[34] Albaladejo C, Sánchez P, Iborra A, Soto F, López A J and
Torres R 2010 Wireless sensor networks for oceanographic
monitoring: a systematic review Sensors 10 6948–68

[35] Walter X A, You J, Winfield J, Bajarunas U, Greenman J and
Ieropoulos I A 2020 From the lab to the field: self-stratifying
microbial fuel cells stacks directly powering lights Appl.
Energy 277 115514

[36] Ieropoulos I A, Greenman J, Melhuish C and Horsfield I
2012 Microbial fuel cells for robotics: energy autonomy
through artificial symbiosis ChemSusChem 5 1020–6

[37] Tsompanas M-A, You J, Philamore H, Rossiter J and
Ieropoulos I 2021 Neural networks predicting microbial fuel
cells output for soft robotics applications Front. Robot. AI
8 633414

[38] Buitrón G and Cervantes-Astorga C 2013 Performance
evaluation of a low-cost microbial fuel cell using municipal
wastewaterWater Air Soil Pollut. 224 1470

[39] Oh S-E and Logan B E 2007 Voltage reversal during
microbial fuel cell stack operation J. Power Sources
167 11–17

[40] Kirsanov D, Legin E, Zagrebin A, Ignatieva N, Rybakin V
and Legin A 2014 Mimicking Daphnia magna bioassay
performance by an electronic tongue for urban water quality
control Anal. Chim. Acta 824 64–70

[41] Bownik A and Wlodkowic D 2021 Advances in
real-time monitoring of water quality using automated
analysis of animal behaviour Sci. Total Environ.
789 147796

[42] Soldán P 2021 Improvement of online monitoring of
drinking water quality for the city of Prague and the
surrounding areas Environ. Monit. Assess. 193 758

[43] Romano D, Rossetti G and Stefanini C 2022 Learning on a
chip: towards the development of trainable biohybrid
sensors by investigating cognitive processes in non-marine
Ostracoda via a miniaturised analytical system Biosyst. Eng.
213 162–74

[44] Ren J et al 2021 An invasive species erodes the performance
of coastal wetland protected areas Sci. Adv. 7 eabi8943

[45] Havel J E, Kovalenko K E, Thomaz S M, Amalfitano S and
Kats L B 2015 Aquatic invasive species: challenges for the
future Hydrobiologia 750 147–70

12

https://doi.org/10.1063/5.0072653
https://doi.org/10.1063/5.0072653
https://doi.org/10.3390/s90402862
https://doi.org/10.3390/s90402862
https://doi.org/10.2112/JCOASTRES-D-15-00143.1
https://doi.org/10.2112/JCOASTRES-D-15-00143.1
https://doi.org/10.1111/1365-2664.12428
https://doi.org/10.1111/1365-2664.12428
https://doi.org/10.1016/j.ijheh.2017.10.011
https://doi.org/10.1016/j.ijheh.2017.10.011
https://doi.org/10.1007/978-3-319-01568-2_12
https://doi.org/10.1162/isal_a_00366
https://doi.org/10.1039/D0CS00120A
https://doi.org/10.1039/D0CS00120A
https://doi.org/10.1016/j.cbpb.2003.11.003
https://doi.org/10.1016/j.cbpb.2003.11.003
https://doi.org/10.1016/j.anbehav.2014.08.014
https://doi.org/10.1016/j.anbehav.2014.08.014
https://doi.org/10.1007/s10750-019-04007-0
https://doi.org/10.1007/s10750-019-04007-0
https://doi.org/10.1007/s10530-012-0197-x
https://doi.org/10.1007/s10530-012-0197-x
https://doi.org/10.1007/s10530-013-0498-8
https://doi.org/10.1007/s10530-013-0498-8
https://doi.org/10.1007/s00442-005-0027-2
https://doi.org/10.1007/s00442-005-0027-2
https://doi.org/10.4172/2167-1206.S1-005
https://doi.org/10.4172/2167-1206.S1-005
https://doi.org/10.1371/journal.pone.0080960
https://doi.org/10.1371/journal.pone.0080960
https://doi.org/10.1016/j.aquatox.2016.08.010
https://doi.org/10.1016/j.aquatox.2016.08.010
https://doi.org/10.1007/s00128-008-9588-1
https://doi.org/10.1007/s00128-008-9588-1
https://doi.org/10.1093/plankt/23.8.797
https://doi.org/10.1093/plankt/23.8.797
https://doi.org/10.1002/etc.5620140106
https://doi.org/10.1002/etc.5620140106
https://doi.org/10.1007/s00422-021-00902-9
https://doi.org/10.1007/s00422-021-00902-9
https://doi.org/10.1016/j.jpowsour.2018.05.042
https://doi.org/10.1016/j.jpowsour.2018.05.042
https://doi.org/10.3389/frobt.2022.791921
https://doi.org/10.3389/frobt.2022.791921
https://doi.org/10.1007/978-3-642-39802-5_60
https://doi.org/10.1098/rsos.180296
https://doi.org/10.1098/rsos.180296
https://doi.org/10.1162/isal_a_00396
https://doi.org/10.3390/s100706948
https://doi.org/10.3390/s100706948
https://doi.org/10.1016/j.apenergy.2020.115514
https://doi.org/10.1016/j.apenergy.2020.115514
https://doi.org/10.1002/cssc.201200283
https://doi.org/10.1002/cssc.201200283
https://doi.org/10.3389/frobt.2021.633414
https://doi.org/10.3389/frobt.2021.633414
https://doi.org/10.1007/s11270-013-1470-z
https://doi.org/10.1007/s11270-013-1470-z
https://doi.org/10.1016/j.jpowsour.2007.02.016
https://doi.org/10.1016/j.jpowsour.2007.02.016
https://doi.org/10.1016/j.aca.2014.03.021
https://doi.org/10.1016/j.aca.2014.03.021
https://doi.org/10.1016/j.scitotenv.2021.147796
https://doi.org/10.1016/j.scitotenv.2021.147796
https://doi.org/10.1007/s10661-021-09534-9
https://doi.org/10.1007/s10661-021-09534-9
https://doi.org/10.1016/j.biosystemseng.2021.11.004
https://doi.org/10.1016/j.biosystemseng.2021.11.004
https://doi.org/10.1126/sciadv.abi8943
https://doi.org/10.1126/sciadv.abi8943
https://doi.org/10.1007/s10750-014-2166-0
https://doi.org/10.1007/s10750-014-2166-0

	Organisms as sensors in biohybrid entities as a novel tool for in-field aquatic monitoring
	1. Introduction
	2. Methods
	2.1. Organisms investigated
	2.1.1. Zebra mussel
	2.1.2. Zebra mussel—field experiments
	2.1.3. Water flea Daphnia spp
	2.1.4. MFCs
	2.1.5. Low-power electronics and software


	3. Results
	3.1. Zebra mussel
	3.2. Daphnia
	3.2.1. MFC


	4. Discussion
	4.1. MFCs
	4.2. Organisms as sensors
	4.3. Challenges
	4.4. Similar initiatives
	4.5. Outlook

	References


