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1. INTRODUCTION 

The infrared (IR) light has a specific physical property useful 
when studying animals: it is not seen by those that are not 
sensitive to these frequencies. Discovered in 1800 by William 
Herschel, the first IR photoconductor was developed by 
Theodore Case in 1917, and it was based on the 
photoconductivity exhibited by a substance composed of 
thallium and sulphur (Tl2S) [1]. 

Nowadays, behavioural research on the monitoring of 
locomotor activity is strongly centred around video-analysis 
systems [2], while infrared (IR) photocells were the core sensors 
of many commercial and home-made devices from ’70 to ’90. IR-
based methods have several advantages: they are not intrusive, 
can work with 0 lux, produce output suitable for direct computer 
analysis, and they adapt to a lot of different conditions.  

One of the first applications of IR photocells in behavioural 
research has been to measure motor activity in rodents, at least 
since 1970 [3]. This technology has been used in behavioural 
research to record total distance travelled [4], spatial patterns of 

locomotion [5], immobility/freezing [6], hole pokes [7], time 
spent in specific areas/compartments of the apparatus [8], 
drinking and eating behaviour [9], non-invasive monitoring of 
vital parameters [10]–[15], environmental quality [16], [17], as 
well as food quality [18] and its conservation [19]. Another 
important application is chronobiological studies, and the IR 
revealed itself to be a perfect solution for the long-term 
monitoring of  locomotor activity in different animal species 
[20]–[26]. In every application, the (terrestrial or aquatic) animal’s 
dimensions and operative conditions determine the 
characteristics of the sensors, from the power of emission to the 
emission angle of the photobeam, and the viewing angle of the 
phototransistor. 

The aim of the current work was to design a system able to 
monitor locomotor activity of a small marine nudibranch (Melibe 
viridis) and a freshwater cave decapod (Typhlocaris salentina.) The 
small size of these animals (between 2 cm and 7 cm, with thin or 
transparent bodies) required a photobeam with a narrow angle 
of emission (maximum 10°) and a small diameter (3 mm). At the 
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same time, these animals need big aquaria (with 8 to 50 litres of 
capacity), the dimensions of which affect the IR LEDs with the 
characteristics aforementioned. IR LEDs do not work properly, 
or do not work at all, because of the attenuation effect of water 
on the photobeam. 

We present our approach based on an infrared laser 
microbeam-emitter read by an NPN (Negative-Positive-
Negative) phototransistor. 

2. MATERIALS AND METHODS 

2.1. General architecture of the system 

Figure 1 and Figure 2 show the structure of the measurement 
bench specifically designed and realized for the experiment. In 
this version, the system is conceived for a laboratory use, where 
aquaria recreate the environmental conditions typically found in 
nature. When animals pass through the IR barrier blocking the 
light, this is transformed into an electric pulse that signals the 
movement. For these kinds of animals, considering their 
dimensions and behavior, and the dimensions of the aquaria, we 
realized two solutions. The first solution, a matrix of 4 x 3 IR 
barriers based on OPV300-OP598 (placed at the bottom, in the 
middle, and close to the surface of the aquarium) was used for 
M.viridis, a benthonic animal able to move along the smooth walls 
of the aquarium (Figure 1). The second solution, a single line of 
3 IR barriers based on OPV332-OP598 (placed at the bottom of 
the aquarium), was realized for T. salentina, a benthic animal that 
cannot move on the smooth walls of the aquarium (Figure 2). A 
smaller number would not allow us to gather enough data, while 
a higher number would not provide more information, needlessly 
complicating the circuit. A suitable electronic card then collects 
the pulses generated from the barriers. The signals undergo 
electrical conditioning to adapt them to the input dynamic range 
of the analogue-to-digital converter on the electronic boards. 

2.2. Optoelectronic components 

The discrete components selected to generate the IR barriers 
are the OPV300 [27], the OPV332 [28], and the OP598 [29], all 
manufactured by TT Electronics. 

OPV300 is a high performance 850 nm infrared Vertical 
Cavity Surface-Emitting Laser (VCSEL). This product combines 
high-speed, high-output optical power and a concentric beam, 
making it an ideal transmitter for integration into all types of data 
communication equipment, as well as for reflective and 
transmissive switches. This device has been designed to be used 
for sensing applications, as well as air transmission of data, and 
the main characteristic is that the beam emission is perpendicular 

from the top surface. This feature makes it particularly suitable 
for applications in which low current joined with high on-axis 
optical power must be ensured. 

OPV332 is an infrared VCSEL, which, to obtain the same 
amount of output power, requires lower drive currents than 
LEDs, making it particularly suitable for low-power 
consumption applications such as battery-operated equipment. 
Nevertheless, for our application, the main characteristic is that 
the beam emission is perpendicular from the top surface. This is 
obtained by means of the dome lens packaging, which creates a 
narrow 4° beam angle from the device. Long distance 
applications benefit from this feature. 

A cross-sectional view of the oxidized VCSEL is shown in 
Figure 3. 

The VCSEL is driven by current: typically, the output is 
measured when the current exceeds a threshold, which is 
characteristic of each individual chip. The emitted angle is 
natively pretty narrow, but it can be even narrower with a dome 
lens (Figure 4). 

 

Figure 1. Electronic aquarium for Melibe viridis. 

 

Figure 2. Electronic aquarium for Typhlocaris salentina. 

 

Figure 3. Cross-sectional view of the oxidized VCSEL. 

 

Figure 4. VCSEL – Dome Lens – Emission Diagram 
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OP598 is an NPN phototransistor, in T1 package, specifically 
designed with a narrow receiving angle of 25°. The spectral 
relative response is shown in Figure 5. 

The characteristics of OPV300/OPV332 and OP598 match 
the application requirements. In terms of being optical: the 
emitter and receiver both have narrow viewing and receiving 
angles, and narrow angles bring high accuracy levels; while the 
optical power of the VCSEL is what is necessary to avoid being 
absorbed by the water. The current consumption relative to the 
light output of the beam is very low. 

2.3. Circuit 

The output signal of each optoelectronic emitter-receiver 
couple is conditioned by an MC3303 operational amplifier [30], 
connected in a differential configuration. This configuration 
works as a current-voltage converter, allowing to convert the 
current of the photodiode stimulated by the absence of light into 
voltage. This is then amplified, making it suitable for the input 
dynamics of the successive digital stage. The signals coming from 
the IR couples are then sent to an OR gate (74LS21 [31]) used to 
sum all signals. The output of the OR gate is not directly 
connected to Raspberry-Pi GPIO (General Purpose Input 
Output) digital I/O pins. The signal coming from the OR is sent 
to an LM 555 [32] set in monostable mode. The latter provides 
an impulse of 15 ms limited to + 3.3 Vdc that is compatible with 
GPIO input dynamics. Figure 6 shows a schematic view of the 
signal conditioning circuit reduced to only two IR sensors. 

Temporal resolution is a trade-off between the need to 
continuously monitor the movements and the real animal 
motion; experimentally estimated for these kinds of animals to 
be equal to 15 ms and + 3.3 Vdc, so that compatibility with the 
GPIO input dynamics is ensured. 

A Raspberry-Pi [33] model 3B+ is 
placed at the end of the 
measurement chain. It has a 64-bit 
quad-core processor running at 1.4 
GHz, and it represents a perfect 
compromise between technical 
needs, costs, and ease of use. 

Technically, its hardware features 
make this device suitable for all those 
measurements in which the 
variability of the parameter under 
investigation is low-frequency. 
However, the functional feature that 
makes it a winner is the large 
availability of open libraries and the 
possibility of programming it in a 
high-level programming language 
such as Python. This prerogative, 

from a technical point of view, is certainly an advantage, but the 
most important thing is the reconfigurability of the system with 
relative ease, even for non-experts in hardware and software. 
Hardware features include a dual-band 2.4 GHz and 5 GHz 
wireless LAN, Bluetooth 4.2/BLE, Gigabit Ethernet over USB 
2.0, and a PoE capability via a separate PoE HAT. The dual-band 
wireless LAN comes with modular compliance certification. The 
mechanical footprint Raspberry Pi 3 Model B+ is like that of 
previous models such as Raspberry Pi 2 Model B and Raspberry 
Pi 3 Model B. 

2.4. Software 

The system presented here is conceived for both field and 
laboratory applications. The computing capacity of Raspberry is 
suitable to manage data acquisition and data analysis, however, 
considering the particular laboratory application, we preferred to 
separate both stages, with the data analysis being successively 
performed on a personal computer. All the data analysis routines 
are already set to provide the locomotor activity of the animals 
in the computer. 

The acquisition software executes iterative indented time-
based multi-level cycles, the structure of which is shown in the 
flow chart in Figure 7. In the nucleus of the program, a cycle of 
50 ms is set to read the pin connected to the conditioning stage. 
Only a high level on the pin will indicate that the animal passed 
through the IR barriers. If the pin is high, an internal software 
counter is increased. Every minute the data counter is saved in a 
text file. This period is called the sampling frequency, and it is 
usually set to 1 minute, in order to have a high data resolution. 
This high resolution is not needed to study circadian rhythms, 
but it is very useful for the ultradian rhythms in the range of 

 

Figure 5. OP598 spectral relative response. 

 

Figure 6. Schematic of the signal conditioning stage. 

 

Figure 7. Flow chart of the acquisition software. 
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minutes or hours. Acquisition time is the length of time (minutes, 
hours, or days) over which we want to repeat the sampling cycle. 
In order to study the circadian rhythm, we typically consider 8–
10 days. Both the sampling frequency and the acquisition time 
could theoretically and technically be modified as desired, but 
this choice depends on the granularity of the successive data 
analysis, which, in order to be consistent, needs to respect the 
chronobiological constraints [34].  

2.5. Experimental phase 

A preliminary experiment was conducted in order to test the 
device and software. This experiment merely aimed to determine 
if the system detects animals’ movement and the 
chronobiological profile of their behaviour. 

Marine and freshwater invertebrates chosen for this research 
will be the object of future studies. 

We analysed the activity of Melibe viridis, in Figure 8, a non-
indigenous nudibranch, collected in October 2024 in Mar 
Piccolo Taranto (Taranto, Italy), using a hand-net during scuba 
dive, and stored in a 10-litre plastic tank. The second species is a 
cave-dwelling shrimp, Typhlocaris salentina (Caroli, 1923), in  
Figure 9, an endemic species of Salento, collected in the 
“Cunicolo del Diavolo” (LE, Pu/101 - Otranto, Italy), using a 
hand-net, and stored in a 10-litre plastic tank. 

2.6. Experimental procedure 

After capture, the animals were carried to the laboratory, 
where they were immediately and individually transferred into an 
8-litre plastic tank (20 × 20 × 20 cm³) at the temperature of 
(18 ± 1) °C. Melibe viridis was then exposed to a light-dark cycle 
(LD12:12) and T.salentina to continuous darkness (DD). The 
aquaria lacked pumps for the circulation and filtration of water, 
to avoid interference with the electronic monitoring system. 
Animals were kept using the water collected during the sampling. 

No food was provided during the tests to prevent the 
synchronization of activity rhythms upon feeding timing. 
Animals were monitored continuously for two days with a record 
every 1 minute. 

The device counted the number of photobeam interruptions 
every minute, storing this information and a timestamp in a file. 

2.7. Data analysis 

Although for this test we only recorded for two days, which 
is not sufficient for a complete chronobiological profile of the 
animals, we proceeded with the analysis. 

Qualitative analysis included a daily and hourly 
representations of the activity, using a double-plot actogram, 
while quantitative analysis comprised the total amount of 
locomotor activity, mean hourly locomotor activity, and Lomb–
Scargle periodogram in the range of 13–30 hours. 

In order to analyse the data, we used Calc, an Open Office 
spreadsheet for computation, and RhythmicAlly, an open-source 
program using R and Shiny. Statistical significance was set to 
p = 0.05. 

3. RESULTS AND DISCUSSION 

A simple visual check of the files showed the detection of the 
locomotor activity in both animals. 

A qualitative analysis by a double plot actogram showed a 
daily concentration of the activity for M. viridis, while it did not 
show any in T. salentina (Figure 10, left side). 

 

Figure 8. Melibe viridis. 

 

Figure 9. Typhlocaris salentina. 

 

Figure 10. On the left side the double-plot actograms (two days per line). On 
the right side the periodograms, the red lines show the significative level for 
p < 0.05. 
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In order to quantify the locomotor activity, we calculated the 
amount of activity during the 48 hours of monitoring. In total, 

we recorded 6,951 photobeam interruptions for M. viridis (48.1  

56.5, mean  SD), with an average of 2.41 per minute, and a total 

of 1,171 photobeam interruption for T. salentina (7.5  8.1, mean 

 SD), with an average of 0.41 per minute. 
As the last analysis, we verified the presence of circadian 

rhythmicity by Lomb–Scargle periodogram in the range of 13–
30 hours. As showed by the actogram, a circadian rhythm was 
present in M. viridis, while T. salentina did not show circadian 
rhythms (Figure 10, right side). 

The system presented and tested here is based on the changes 
made on the system previously developed for Lepidurus arcticus 
[35] and Gammarus setosus [36]. We maintained the same electronic 
circuit, but changed the optical sensors based on an infrared 
VCSEL laser barrier. 

Our results showed that the optical system and the electronic 
coupling with the old circuit are able to detect the movement in 
small aquatic animals inside medium and big aquaria. 

From an ethological point of view, these results show that the 
device can be useful to monitor the locomotor activity, including 
long-term monitoring needed to characterize the 
chronobiological parameters of these animals. 

We constructed an affordable system, which monitors the 
locomotor activity of aquatic animals without interfering with the 
animals’ behavior. The developed system has a logical and 
electronic simplicity that offers great flexibility, and it is easily 
expandable. It is important to notice that the system is not 
limited, and it can be used in other biological applications on 
behavioral and physiological monitoring, solving and offering a 
technology non-existent in the market. Our work here makes 
high-throughput animal behavior monitoring accessible to a 
broad range of scientists. 

The entire system is constructed with commercially available 
and affordable components. Our approach is based on open-
source hardware and software that can be shared among the 
scientific community for user-defined application and further 
development. The use and development of open-source software 
are encouraged by the European Commission to foster 
innovation by sharing knowledge and expertise, and it is a 
solution to a democratic access to science [37]. 

4. CONCLUSIONS 

In conclusion, we found the IR-actuated movement detector 
to be a highly sensitive and reliable device, in spite of its relatively 
modest cost. It is appropriate to a wide range of experimental 
protocols and data-recording systems. However, given the ease 
with which simple infrared sensors can be implemented, 
investigators would be wise to consider making their own, rather 
than purchasing functionally equivalent and much more 
expensive commercial sensors. 
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