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The abalone, a gastropod mollusk belonging to the Haliotidae family, has been a subject of research with a focus on its behavior in
response to various environmental factors, including temperature fluctuations and hypoxia. While existing studies have primarily
explored abalone behavior in relation to environmental changes, there remains a significant amount to be discovered regarding
their behavioral patterns. There are studies in which recordings of readings have been made (indirect methods) of the heart rate of
the abalone since it is believed that it is one of the parameters affected due to the changes in temperature and dissolved oxygen in its
environment. The main disadvantage of some procedures to measure heart rate in abalone is that an incision is made near the
heart, through this incision the measurement is made using the photoplethysmography technique. Another parameter that is
affected by these changes (temperature and hypoxia) is respiratory rate. Temperature is an important factor that can reduce oxygen
solubility and thus alter abalone respiration; so in this work, we propose to use the technique of photoplethysmography: a method
involving the measurement of changes in volume within a biological organ, which offers a unique opportunity to monitor these
changes. We adapt this technique to measure gill movements in abalone, a critical indicator of respiratory activity in these marine
mollusks. By utilizing a pulse oximetry setup and synchronous detection, we establish an innovative approach to gill movement
analysis. This approach employs a pulse train and synchronous demodulation technique, the train of pulses is guided through an
optical fiber to one of the respiratory orifices of the abalone to effectively detect and analyze the gill movements of abalone.
Additionally, the role of frequency of its gill movements is highlighted as another critical variable of interest within the broader
study of Haliotis fulgens, shedding light on the multifaceted nature of abalone behavior and responses to their surroundings. This
research contributes to a deeper understanding of abalone physiology and behavior, offering insights into their adaptation to
changing environmental conditions.

1. Introduction

Abalone holds significant commercial and economic impor-
tance in Mexico, with a particular focus on the west coast of
the Baja California Peninsula [1]. This region represents the
sole area within the Mexican Republic where abalone is both
harvested from the wild and cultivated [2]. In recent years,
there has been a noticeable decline in abalone catches. This
decline can be attributed to a combination of factors, includ-
ing the overexploitation of abalone fishing and the influence
of temperature fluctuations resulting from changing envi-
ronmental conditions [3]. These issues have raised concerns

about the sustainability and long-term viability of the aba-
lone industry in the region. Efforts to address these chal-
lenges and manage abalone resources effectively are crucial
to maintain the economic and ecological balance in this area.
Studies have shown that temperature is a significant factor
due to the vulnerability of abalone to thermal changes and
the ability of temperature to penetrate physical barriers, hav-
ing potentially serious effects on the structure of all macro-
molecules [4]; likewise and to a lesser extent, temperature
causes effects on abalone behavior, such as the selection of an
ideal thermal habitat [5]. Indeed, abalone behaviors and their
distribution can be significantly impacted by a range of
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environmental factors. Deoxygenation, for instance, can have
a profound effect on abalone distribution and may limit
population growth, as noted by Calderón-Liévanos et al.
[6]. Furthermore, various studies have explored how aba-
lones, including other species, respond to different environ-
mental variables. Some of these studies have investigated
responses to factors such as light quality (as shown in
Gao et al.’s [7] study) and food availability [8, 9]. Addition-
ally, there have been efforts to document the causes associ-
ated with different stressors, such as high temperatures,
elevated ammonium content, low levels of dissolved oxygen,
and high levels of other environmental factors, [10–12]. These
research efforts collectively contribute to a more comprehen-
sive understanding of how abalone populations respond to
their ever-changing environments, shedding light on the
complex interplay between abalone behavior and ecological
factors. However, there is a poor understanding of abalone
behavior due to the lack of continuous observation of envi-
ronmental variables and a lack of biological information of the
species [13]. Therefore, it is important to determine the bio-
logical characteristics of abalone to describe its behavior. The
blue abaloneHaliotis fulgens is the object of this study because
there are reports of environmental change effects such as
detachment of the organism from its substrates and even mor-
tality. Depledge et al. [14] proposed a noninvasive method of
measuring cardiac activity using an infrared emitter (LED) and
a phototransistor in selected invertebrates through an auto-
matic computer-controlled system. Employing the same prin-
ciple, but making some modifications, Chelazzi et al. [15] and
Dong and Williams [16] performed measurements in tropical
limpets. Through this noninvasive method, Chen et al. [17]
investigated heat tolerance in abalone. Morash et al. [18] ana-
lyzed abalone exposure to stressful events. These five studies
have the following characteristics: (a) they use a noninvasive
method, (b) the device requires a computer to perform the
measurements, and (c) an incision in the carapace (near the

heart) is necessary for the interaction between the specimen’s
body and the sensors.

For the present study, data collection was carried out at
the Centro de Investigaciones Biológicas del Noroeste (CIB-
NOR), Baja California, Mexico, in collaboration with CIATEC
A.C.

One of the main characteristics of the techniques used for
the measurement of physiological parameters in living beings
is not to discomfort or damage them or otherwise cause them
the least possible discomfort, which is why the technique
used par excellence is a noninvasive technique, specifically
for this case is photoplethysmography.

Photoplethysmography is an optical measurement tech-
nique that is used to measure volume changes in microvascu-
lar tissue [19] and has wide clinical application, for example,
pulse oximetry and cardiac pulse signaling. The principle of
operation is very simple: it requires a light source placed on
the skin, and once the light has interacted with the skin, either
by transmission or by reflection, it is collected and processed.
The interaction of light with living tissue is somewhat com-
plex (reflection, transmission, absorption, and scattering)
[20], and there are many factors that affect the amount of
light received by the sensor, such as the effect of pressure
exerted on the sensor [21]. Plethysmography techniques are
well-known; e.g., for obtaining cardiac pulse, a single light
source is used, and for pulse oximetry, two light sources at
different wavelengths are needed. We propose a noninvasive
device that uses the method of photoplethysmography as its
operating principle, without the need to use a computer for
measurement and without the need to make an incision in the
abalone shell. This device works as follows: a train of pulses is
generated by emitters, this signal passes through a pair of
optical fibers to interact with the surface of the abalone
skin, and the collected data are analyzed using the synchro-
nous demodulation technique, due to which it is possible to
recover the gill movement of the abalone [22, 23].
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FIGURE 1: Physiological diagram of the abalone. Figure obtained from [24].
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The purpose of this research is to evaluate gill move-
ments in abalone. The paper is organized as follows. Section
1 presents some previous studies related to the biological
characteristics of abalone. Section 2 details the design of
the system used to measure abalone, the processing to ana-
lyze the data generated by the system, and how it interacts
with abalone. Finally, Section 3 displays the information
obtained.

1.1. Abalone Structure. It is important to know the internal
structure of the abalone to be able to locate the point where
the measurement will be taken. Figure 1 shows its physiolog-
ical structure.

The external structure (exoskeleton) has holes that allow
part of the skin of the abalone to be in contact with the
external environment. These holes were used to introduce
optical fibers into the abalone and measure signals. In par-
ticular, data collection was performed close to the gills (Gill)
of the abalone.

2. Materials and Methods

2.1. Principle of Operation. Figure 2 provides a basic flow
diagram of the circuit designed for data collection in the
abalone. The microprocessor (PIC16F1615), through the
pulse width modulation (PWM) function, generated a pulse
train at a frequency of 122Hz. The same microprocessor
controlled an on and off system of red and infrared LEDs
(VSMD66694). This control allowed one LED to remain on
for a period of eight pulses (data sampling period and its
storage in memory) while the other remained off, and vice
versa (Figure 3). The emission of the beams affected the
surface of the abalone through an optical fiber. Once it inter-
acted with the skin of the abalone, the reflected light was
collected by another optical fiber and processed by a sensor
(TEMD7000) connected to a transimpedance circuit
(ADA4505-2ARMZ) and amplified to be converted into a
digital signal. The processor sent the data to the memory
(CY15V104QN).

The process of LED control, data collection, and storage
were performed for a period of 128 s (2.13min). The sam-
pling frequency of the signal was 1,950Hz. Once the data
were stored, they were retrieved or emptied into a computer
and processed by PYTHON.

The configuration of the analog system used is shown in
Figure 3.

Figure 4 illustrates the designed circuit mounted on a
system that allows retaining the circuit and moving it down-
wards until the optical fibers are in one of the holes of the
abalone.

2.2. Signal Processing Method. A pulse train was generated by
a microcontroller through the PWM technique. Each LED
(red and infrared) was turned on alternately by a synchroni-
zation circuit; while one LED was active, there were eight
pulses of reading and storage in memory, and the other LED
was inactive, and vice versa, as shown in Figure 5.

Equation (1) describes a pulse train [25]:

tp tð Þ ¼ sgn cos 2πftð Þð Þ ¼ sgnsgn cos ωtð Þð Þ: ð1Þ

For this case, a pulse train is applied that is defined by the
following form:

tp tð Þ ¼ sgn cos 2πftð Þð Þ ¼ Aþ sgnsgn cos ωtð Þð Þ; ð2Þ

where tp is the pulse train function, t is time, ω is the princi-
pal or fundamental frequency, and A is a constant.

Plethysmography [26–28] is a technique that allows visu-
alizing the variation in blood volume changes as a result of
flow variations, thus allowing the detection and measure-
ment of cardiac pulse, oxygen levels, and other biomedical
variables [29]. Herein, plethysmography is used to measure
gill movement.

The light beams were applied in the form of a pulse train,
as indicated in Equation (2). The light beam (red and infra-
red) had a frequency of 122Hz and was sampled at a rate of
1,950Hz (t¼ 5:12× 10−4 s). The signal was recovered by
reflection.

If a convolution low-pass filter is applied to the sampled
signal [30], the following equation is obtained:

Analog

Memory Processor On/control

Interface

Output/input

FIGURE 2: Basic diagram of the circuit used for data collection.
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FIGURE 3: Basic connection diagram for the analog data collection
system, where IR is an infrared LED, r is a red LED, R is the
resistance, Op is the operational amplifier, and GND is a ground
line.
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x tð Þ ¼ tp tð ÞÂ Ã
× Fpb ¼ Aþ B cos ωpt

À Á¼ Aþ B cos 2πfpt
À Á

;

ð3Þ

where ωp and fp are the angular frequency and the spatial
frequency of the carrier signal (tpðtÞ), respectively, and A and
B are constants. Figure 6 shows the signal recovered by
applying the low-pass filter, and Figure 7 shows the Fourier

spectrum of the recovered signal, displaying the oscillation
frequency of the light beams.

2.3. Synchronous Detection [23]. The synchronous detection
method is based on the theory of radio communication,
where the phase of an unknown signal is recovered by the
correlation of this signal with a sinusoidal signal of the same
frequency [22].

ðaÞ ðbÞ ðcÞ
FIGURE 4: Circuit designed for reading data in abalone (K029). The classification is a record that is assigned by CIBNOR. (a) Side view of test
sensor 1. (b) Side view of test sensor 2. (c) View of the fibers inserted in one of the pores of the abalone.
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FIGURE 5: Pulse train: on and off sequence for the LEDs. The pulse train frequency is 122Hz.
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FIGURE 6: Signal recovered by the sensor due to the light (red and infrared LEDs) reflected on the incident surface.
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If we consider that the signal derived from the movement
of the gills, PðtÞ can modulate a train of pulses, as indicated
in Equation (2), whose frequency (fp; p: carrier) is much
higher than that of the frequency of the branchial movement
(fr; r: branchial rhythm) and that this signal can be consid-
ered as a carrier signal, such that:

fr ≪ fp: ð4Þ

A relationship can be considered as follows:

y tð Þ ¼ P tð Þ½ � x tð Þ½ �
y tð Þ ¼ P tð Þ Aþ B cos 2πfpt

À ÁÂ Ã
:

ð5Þ

If this signal ratio is multiplied by two signals (sine and
cosine) of frequency almost equal to the carrier frequency,
the following equation is obtained:

y tð Þ½ � cos 2πfp0 t
À ÁÂ Ã¼ P tð Þ Aþ B cos 2πfpt

À ÁÂ Ã
cos 2πfp0 t

À Á
:

ð6Þ
If the previous expression is developed, the following

equation is obtained:

y tð Þ½ � cos 2πfp0 t
À ÁÂ Ã¼ AP tð Þcos 2πfp0 t

À Á
þ BP tð Þcos 2πfpt

À Á
cos 2πfp0 t

À Á
;

ð7Þ

where:

BP tð Þcos 2πfpt
À Á

cos 2πfp0 t
À Á

¼ BP tð Þ 1
2
cos 2π fp − fp0

À Á
t

À Áþ 1
2
cos 2π fp þ fp0

À Á
t

À Á� �

¼ B0P tð Þcos 2π fp − fp0
À Á

t
À Áþ B0P tð Þcos 2π fp þ fp0

À Á
t

À Á
;

ð8Þ
where B0 ¼ B

2 is a constant term.
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FIGURE 7: Frequency of oscillation of red and infrared LEDs.
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FIGURE 8: Recovered signal to which the low-pass filter has been applied (Equation (3)).
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The term fp − fp0 corresponds to low frequency, and fp þ
fp0 and 2πfp0 t correspond to high frequencies, if it is consid-
ered that fr ≪ fp.

By applying a low-pass filter (Butterworth type [28]), the
following equation is obtained:

y tð Þcos 2πfp0 t
À ÁÂ Ã

× Fbp
Â Ã¼ B0P tð Þcos 2π fp − fp0

À Á
t

À Á
:

ð9Þ

A similar analysis is applied for the following relation-
ship:

y tð Þ½ � sin 2πfp0 t
À ÁÂ Ã¼ P tð Þ Aþ B cos 2πfpt

À ÁÂ Ã
sin 2πfp0 t

À Á
:

ð10Þ

In addition, if fp0 ≈ fp and after applying a low-pass filter,
then, the following equation is obtained:

y tð Þsin 2πfp0 t
À ÁÂ Ã

Fbp
Â Ã¼ B0P tð Þsin 2π fp − fp0

À Á
t

À Á
: ð11Þ

There is no interest in recovering the phase but rather the
magnitude of PðtÞ. From the previous equation, the follow-
ing equation is obtained:

P tð Þj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B0P tð Þcos 2π fp − fp0

À Á
t

À ÁÀ Á
2 þ B0P tð Þsin 2π fp − fp0

À Á
t

À ÁÀ Á
2:

q

ð12Þ

Therefore, we have the following equation:

P tð Þj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y tð Þcos 2πfp0 t

À ÁÂ Ã
× Fbp
Â ÃÀ Á

2 þ y tð Þsin 2πfp0 t
À ÁÂ Ã

Fbp
Â ÃÀ Á

2:
q

ð13Þ

From Equation (13), gill movement is calculated.

–0.4

0 2 4 6
Time (s)

8 10 12

–0.2

0.0

0.2

0.4

A
m

pl
itu

de
 (m

V
)

FIGURE 9: Gill movement measured using the synchronous detection method.
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FIGURE 10: Branchial movement in abalone.
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3. Results and Discussion

Applying the described data analysis procedure, the following
results were obtained. Figure 8 shows the processed signal
obtained from the sensor, i.e., after applying Equation (3). It
can be seen that the signal is modulated by the second signal
which is the gill movement (Equation (5)).

After applying the procedure and Equations (9), (11),
and (13), the following result was obtained.

Figures 9 and 10 show the recovered signal and gill
movement. Applying Fourier transform to the data obtained,
the following frequency spectrum was obtained (Figures 9
and 10, frequencies of 2.19 and 2.27Hz, respectively).

The Fourier specter was obtained at frequencies of 2.19
and 2.27Hz (Figure 11). A total of 17 data points were col-
lected, and the analysis indicated a frequency of gill (Figure 12)
movement between 2 and 2.3Hz. Table 1 shows all the fre-
quencies obtained from the 17 measurements made, the
arithmetic mean of the data is 2.20176471 and its standard
deviation is 0.08216411, the standard deviation is very small
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FIGURE 11: Fourier spectrum of the data obtained by applying the synchronous detection method.
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FIGURE 12: Frequency spectrum of gill movement.

TABLE 1: Recorded gill frequencies of the 17 measurements.

Number of readings recorded Frequency obtained (Hz)

1 2.3
2 2.25
3 2.224
4 2.293
5 2.262
6 2.087
7 2.201
8 2.041
9 2.194
10 2.163
11 2.102
12 2.278
13 2.214
14 2.171
15 2.087
16 2.27
17 2.293
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which indicates that there is not much variability in the data
and that on the contrary, there is stability in the respiration
of the specimen.

While temperature is one of the very important physical
factors affecting marine animals, its increase reduces oxygen
solubility thereby altering respiration, or metabolic rate in
marine organisms [17]. In addition, it has been demon-
strated that gills are responsible for oxygen consumption in
anormoxic and hypoxic conditions and that they extract
oxygen efficiently [31]. Therefore, the proposed device pre-
sented here may allow a broader understanding of the behav-
ior of the gills in the studies that have been carried out on the
gill plates.

4. Conclusions

Abalone is a species that is being studied given its challenges
with regard to environmental changes. A method of detect-
ing the movement of gills in abalone was proposed. By means
of plethysmography and through a pulse train using the
synchronous demodulation technique, gill movement was
measured (frequency of 2.19Hz). The measurement of this
variable can provide better knowledge of the behavior of
abalone, and it is possible that other variables can be mea-
sured using photoplethysmography.

Data Availability

All data analyzed in this paper were processed with MATLAB
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