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Abstract—This work presents a prototype of an artificial egg for
use in breeding centres for endangered birds. These eggs replace
the inert artificial eggs that are given to the birds while the natural
edg is incubated in the laboratory. When the chick hatches, it is
given to the parents to continue breeding. This first prototype of the
active egg is designed for the bearded vulture (Gypaetus barbatus),
simulating the sounds and movements of the chick inside, and
with the same appearance, size and weight as a natural one. The
movements and sounds of the active artificial egg are made at the
request of its caregiver and under his supervision and control in
real time via a wireless connection. The active artificial egg has
battery-powered circuitry inside that allows it to maintain wireless

Master

o7,

i

.n_l» : y

communication between the caregiver and the egg, because the egg must not perform autonomous physical actions at
any time. This prototype has been tested for three seasons on a foster male and a natural couple of birds with good results
because the birds have not rejected the prototype and have shown exactly the same behaviour exhibited when incubating
a natural egg. The electronic system has among other circuits a microcontroller, a small motor to produce vibrations that
simulate the movement of the chick and an mp3 player for the reproduction of sounds previously recorded on a microSD
card. A low power consumption system has been designed to increase the autonomy of the device.

Index Terms— Electronic egg, low power system, microcontroller.

[. INTRODUCTION

HE monitoring of wild animals to improve the conditions

of these animals or to preserve endangered species [1]
is a topic of great interest. The first way to get information
from the animals was to use field observers, as in [2] where
the behavior of apes is studied. Sometimes, the human access
to areas where wild animals live to study their behavior is
difficult due to problems such as the dense vegetation of their
habitats. Also, the human presence can stress the animals by
modifying their behavior and the information collected.

In order to solve these problems, in the early 2000’s
electronic devices began to be used to take data continuously
and in real time. Mobile sensors placed on animals have been
used. An example of this is GPS technology which is used for
animal tracking as in [3] where a system to monitor and track
the pink iguana in the Galapagos Islands is proposed; this work
shows a device packed inside a transparent PVC enclosure
which is attached to the body of the iguana and it is equipped
with a low-power transceiver and a set of sensors (temperature,
humidity, light sensor, GPS). As these species live in a habitat
without power supply the device includes a small solar panel
and a supercapacitor. GPS systems placed on animals are also
proposed in [4] where a GPS datalogger is used to track the
movements of African penguins and in [5] where GPS collars
placed on elks capable of remote transmission of data to a
command unit, are presented.

Nowadays, fixed sensors such as Wireless Sensor Networks
(WSNs5) are also widely used to retrieve information from an-
imals. WSN technology allows the design of low-cost systems
that facilitate this task of studying and monitoring of wildlife.
[6]- [7] show that one of the current applications of WSNs
is animal monitoring. [8] was one of the first proposed works
using WSNs to monitor wildlife; this works presents a network
of 32 nodes deployed on a small island for monitoring seabird
nesting environment. In the same context [9]- [10] show other
works proposed to monitor wildlife using WSNs. [9] presents
a WSN system developed to monitor the animal’s feeding
and drinking behaviors. Other WSN to monitor environmental
parameters (Temperature, Humidity and Light) that can alter
the health of cows on a farm producing stress and disease, is
proposed in [10].

These systems based on WSN have a power problem espe-
cially in outdoor environments. For this reason, in the develop-
ment of this type of devices it is very important to achieve low
power consumption. In [11]- [17] works with developments
of monitoring devices for animals with low consumption are
presented. [11] proposes a WSN deployed in Dofiana National
Park to collect information about the behavior of the animals
in the park. A study of power consumption of the system and
the analysis of the lifetime of batteries, is included. Other
analysis of power consumption of the motes is performed
in [12] where a network of five motes has been placed in
a plantation of lettuces; this work presents a ZigBee WSN



IEEE SENSORS JOURNAL, VOL. XX, NO. XX, XXXX

Fig. 1. Bearded vultures in the Breeding Centre of Cazorla (Spain).

to detect the presence of snails in the field using collected
environmental data by the WSN with the objective of avoiding
the damage that snails cause to agricultural plantations. Other
work that includes performances to achieve a reduction in
power consumption and improve the lifetime of batteries is
proposes in [13] where a WSN with low cost and low power
sensor nodes is developed to monitor the health of cows.
[14] presents the construction of a WSN for the monitoring
of long-tailed ducks which is an endangered specie in the
region of Artic; in order to reduce energy consumption, the
authors propose that nodes be active and inactive, effectively
increasing the system lifetime. In [15] the development of a
WSN to divert animal intrusions in the crop field is presented;
the power consumption of the nodes is reduced by including
the Sleep modes wherever necessary and solar panels. Finally,
with this same purpose, a very low consumption system for
remote monitoring of bee colonies is purposed in [16]- [17].
Focusing on the particular application of this work, numer-
ous studies of WSNs to monitor birds have been proposed
[18]- [22]. In these works, sensors are used to detect the
presence of birds by periodically collecting samples of bird
songs. Other works monitoring bird behavior are based on the
development of artificial eggs which collect information from
sensors [23]- [24]. In the field of recovery of endangered birds
and in particular, in the Bearded Vulture Breeding Centres
(Gypaetus barbatus) under the European Endangered Species
Programme (EPP), it is common to use plaster eggs to replace
natural ones in the incubation [25]. In this way, the valuable
natural eggs are incubated in the laboratory, especially at the
final stage of the process, in order to be able to carefully
control the embryonic development and attend to the delicate
process of hatching (especially in pairs with double eggs
laying or those that show alteration in their behavior during the
hatching phase). Fig. [T] shows the image of a pair of bearded
vultures in the Breeding Centre of Cazorla (Spain).
Furthermore, in the breeding system adopted by these
Centres, it is essential that the chicks are fed and cared by
parents. In this way, it is guaranteed that specimens will be
obtained with an adequate imprint on their species so that
they can reproduce normally when reaching sexual maturity,
which is the final objective of the process of reintroduction of
the species. But for that the bearded vultures do this natural

breeding (of the chick born in the laboratory and out of
parental care until then) it is of great importance that they keep
the incubation of the artificial egg until the chick is delivered
to them for adoption, because if they abandon it for any reason,
they will lose their love for taking care of a chick and they
will not be able to act as foster pair that season.

The artificial eggs that have been used for this purpose
are built with solid plaster. Specifically, [23] presents the
construction of an artificial egg for vultures that monitors
the internal temperature of the egg, humidity, carbon dioxide
levels, light intensity and egg rotation movements carried
out by the birds in order to obtain a better knowledge of
the actual incubation parameters. The system consists of
three modules. A module for data collection, processing and
storage, a module that receives the processed data and sends it
wirelessly, and finally, a repository of data in the cloud, which
can be consulted by researchers. The system in charge of
data collection, processing and storage is implemented using a
Raspberry Pi where a Microduino Core+ module, a Bluetooth
module, a calendar clock (RTC) and a weather station module
have been connected. The Raspberry Pi communicates with
these modules via the serial bus. It is placed near the egg
and receives the information collected by the egg’s sensors. It
also monitors weather conditions in the egg environment. All
this information is stored and uploaded to the cloud when the
system has Internet access.

Within this same purpose in [24] the incubation of bearded
vultures by artificial eggs with data loggers in the Pyrenees
is described. These eggs are equipped with three equidistant
temperature and rotation sensors along with two humidity
and two light sensors. The temperature sensors are located
at 120 degrees to each other, so that there is always one
in contact with the breast of the incubating bird and the
other with the bowl, because the temperatures are different.
Light sensors consist of photoelectric cells that when light
is received indicate that the bird has risen to move or to
receive the incubation relay in the pair. The stored data are
then transferred to a computer for analysis of the information.

However, none of these conventional artificial eggs can pro-
vide the stimulation received by the parents in the incubation
process when the chick moves within the egg or emits sounds
close to hatching. In fact, there are specimens that have the
ability to differentiate and reject plaster eggs and leave the
incubation process if they do not receive such stimulus from
the artificial egg. For this reason, it may be of great importance
to develop artificial eggs that are indistinguishable from the
natural ones and to have eggs that encourage the bearded
vulture to maintain incubation.

In order to solve this problem, we have developed an
active artificial egg. It is the first time in the world that an
egg is built whose purpose is not only to collect data of
incubation (temperature, humidity, frequency of turning, etc.)
but also to produce to the bearded vulture a similar stimulus
to that provided by a natural egg. In this sense, this work
presents the development of an artificial egg prototype with
a low power consumption that also makes measurements of
temperature and humidity in the egg, and it is capable of
emitting sounds analogous to those reproduced by the chick
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and generated similar movements to that developed by the
natural egg during the hatching process. So, the stimulation of
the hatching process of the bearded vulture is more satisfactory
and natural for the birds, and the possibility of rejection of the
artificial egg decreases.

The exterior of the active artificial egg presented in this
work is made of high resistance white plastic in order to
guarantee that the bearded vulture, a large and very strong
bird, cannot break it. It also allows remote interaction with
the device by the Breeding Centre Technician, extracting
information from sensors or executing commands (movements
of vibration and sound), without the need to access to the nest
in order not to disturb to the bird. The qualification of this
technician is essential to send the necessary signals to the bird
to produce the desired stimulus and to maintain the incubation
instinct intact until the moment when the egg is removed and
a chick is offered for adoption.

The structure of the article is as follows. Section [[lldescribes
the general structure of the system as well as the materials
used for the development of the artificial egg and size, range
and consumption restrictions to be achieved by the device.
The hardware design of the slave will also be discussed in
this section. The communication protocol used for sending
messages between the embedded system and the desktop
application managed by the Breeding Centre Technician is also
included. This section finishes with the development of the
software for the master and slave system, respectively. Results
of the consumption tests performed with the device will be
included in the Section The work will end by showing the
conclusions developed in Section

Il. MATERIALS AND METHODS

This work shows the construction of an active prototype
that is capable of handling the peripherals needed to emit
sounds, vibrations, measures of the rotations, humidity and
temperature measurements, receptions and emissions of radio
frequency messages, all this reducing power consumption. In
addition to consumption restrictions, an autonomy between 3
and 5 days must be achieved with a normal workload. When
the egg performs any physical action, it must be controlled
by the caregiver. It is not desired that the egg performs pre-
programmed autonomous actions, given the lack of experience
with these eggs.

The egg is made of a plastic called ABS (acrylonitrile
butadiene styrene). The most important properties of this
material are its resistance to impact and hardness. We have
chosen white ABS because it is the color closest to that of a
natural egg. Fig. 2fa), (b) and (c) show the initial prototype
and Fig. 2(d), (e) and (f) show the final prototype.

Taking into account that dimensions of a bearded vulture
egg are of the order of 90 mm in length, 68 mm in greatest
diameter (34 mm of radius) and a weight of 230 grams, the
construction of the prototype developed should have similar
dimensions. The exact measurements of the prototype de-
signed are 95 mm in outside height, 75 mm in greatest outside
diameter and a weight of 250 grams; the interior cavity of the
egg which includes the electronic device has 86 mm in internal

height and 45 mm in greatest internal diameter. The two parts
of the egg are joined by screw thread and it has been proven
to be a safe mechanism and no bird has broken or opened it.

About the weight, it should be highlighted that a bearded
vulture egg weighs around 180 grams. All the eggs of all
the birds lose weight when the incubation progresses due to
the evaporation of water from its interior as well as by the
metabolism of the chick that also emits carbon dioxide through
the pores of the eggshell. This weight loss is estimated to
be about 15 % from start to finish of incubation and if, for
some reason it is much less or much greater, the chances of
successful hatching are dramatically reduced.

As can be deduced from these data, we have developed an
egg whose weight and external measurements slightly exceed
the largest of the normal eggs of the species. This is because
all birds prefer slightly larger eggs than those of their species
because the bird interprets that a larger and heavier egg is more
probable to successfully develop into a stronger chick. They
do not lay such large eggs because of an obvious problem of
volume and because they cannot carry much weight for flight.
For this reason, the artificial eggs that are used to replace the
real ones in the Bearded Vulture Breeding Centres are heavier
than the natural ones and can reach 250 grams. The aim is to
make it easier for the bird to accept it and believe that it is a
natural egg.

On the other hand, the embedded system software has also
been developed to manage the internal peripherals of the
microcontroller, as well as the external peripherals that are
connected to it (communication module, sound player, vibrator
and sensors) to handle the requests received from the desktop
application.

The system follows a master/slave structure, as shown in
Fig. 3] The master is a desktop application with a graphical
interface, installed on a general-purpose computer. The de-
veloped graphical interface has been designed so that it is
easy to use by non-experts and is compatible with Microsoft
Windows operating systems. It communicates with the slave
wirelessly, using an XBee module connected via USB [26].
The design guarantees communication at a distance of at least
30 meters so that the egg can be controlled by the Breading
Centre Technician without being too close to the nest. A
communication protocol has been designed for communication
between master and slave.

The slave is an embedded system, capable of receiving
commands and sending answers to the master, operating
autonomously via a battery. When the slave receives a correct
command from the master, it executes it and sends an answer
to the master. The tasks that can be carried out are: to execute a
vibration during a specified time, to reproduce a sound inside
the egg, to send to the master information of temperature,
humidity, state of the battery and state of the system.

A. Hardware Design of the Slave

Fig. 4| shows the block diagram of the designed system.
It consists of the following blocks, which will be described
later: Control, Power Supply, Vibrator, Wireless Communi-
cation, MP3 Player, Inertial Measurement Unit (IMU), and
temperature and humidity sensor.
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Fig. 2. (a, b and c) First predrilled prototype; (d ,e and f) Final prototype.
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Fig. 3. General structure of the development system.
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1) Control Block: It consists of a development board from
the STElectronics company known as NUCLEO 303k8 [27],
equipped with a STM32F303K8 [28] processor with a 32-bit
Cortex M4 architecture and the circuits needed to program
it via USB, which allows flexible and fast prototyping. This
board has been selected, among other factors, for its small
size and low power consumption, which is one of the main
features of microprocessors with Cortex M ARM architecture.
In addition, these processors can be programmed using a
wide variety of high-level programming languages, and there
are companies such as ARM limited [29], IAR Systems [30]
and others that offer commercial compilers and development
environments for ARM, in addition to other free tools such
as those offered by ARM MBED [31]. Among the main
technical features of this microcontroller are a 64 Kbyte flash
memory, 12 Kbytes of SRAM, three low power consumption
modes (standby, stop and deepsleep), two ADC with selectable
resolution (12/10/8/6 bits), three 12-bit DAC channels, RTC
calendar with alarm and periodic wakeup, three USARTSs, up

to 11 timers that can be configured as PWM, one bus I2C and
fast I/O ports.

Fig.[3]shows the connection diagram of the NUCLEO 303k8
board. For its operation it uses a 3.3 V power supply, generated
by a Low DropOut regulator (LDO), whose characteristics will
be analyzed in the section corresponding to the power supply
block. The I2C bus enables fast mode to speed up communi-
cation with the IMU and the temperature and humidity sensor.
The STM32F303K8 includes configurable pull-up resistors
that can be connected to the I2C bus signals, but as these have
a value higher than 4K7¢), which is a recommended value
to achieve a high transmission speed, it has been preferred
to connect them externally. The description of the peripheral
control signals and their functionality will be given in each
subsection.

2) Wireless Communication Block: The Digi XBee SX 868
module is used for communication between master and slave
[32]. This is an 868 MHz RF module that operates be-
tween 863 MHz and 870 MHz, making it deployable in
several regions throughout the world including approved Eu-
ropean countries. The module can run either a proprietary
DigiMesh® or point-to-multipoint networking protocol. The
Digi XBee SX 868 also leverages 868 MHz and surrounding
frequencies for LBT + AFA (Listen Before Talk and Adaptive
Frequency Agility). This significantly reduces interference by
listening to the radio environment before any transmission
starts, and by using a frequency of 868 MHz it allows a
longer range than 2.4 Ghz modules, for the same transmission
power. On the other hand, this module is widely used, does not
require programming and has a high transmission power and
low power consumption compared to series 1 and 2 modules.
In addition, this module works as an independent co-processor
and incorporates an UFL connector that allows an antenna to
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Fig. 5. Control block schematic.

be connected for longer range communication with the master
system.

Although the system was initially designed for a single
master to control several slaves, the tests carried out at the
beginning of the project in the field led us to opt for a point-
to-point connection. This avoids errors that the caregiver could
make when selecting the slave egg. For this reason, Xbee
module has been configured to work in transparent mode.
When this mode is used, the XBee module pair works in
such a way that the data received by the serial line are
transmitted wirelessly. When an XBee receives data wirelessly,
it sends it through the serial line just as it received it. This
operating mode provides the same result as if both modules
were connected with a pair of cables. Fig. [6fa) shows the
wiring diagram of the Digi XBee SX 868 module.

The power supply of the XBee SX 868 module is 3.3 V
(VCC_XBEE) which, as will be shown later, is generated from
the battery voltage by an LDO regulator. The microcontroller
communicates with the XBee module using only two signals:
XBEE_TXD and XBEE_RXD. These two signals are used

to implement UART-type communication, which allows the
XBee module to be configured, receive commands from the
host and send status information about the execution of these
commands.

3) MP3 Player Block: For the reproduction of sounds the
prototype also incorporates a DFPLAYER MP3 player [33],
whose wiring diagram is shown in Fig. [[b). This player
was chosen because it has an adjustable sound level, uses
a microSD memory card as a sound storage, so that the
user can record the sounds to be played from a personal
computer, and also includes an amplifier. This module can
be controlled by the serial port which is connected to the
UART1 of the microcontroller via the PLAYER TXD and
PLAYER_RXD signals. The PLAYER_TXD signal connects
the transmission of the UART1 of the microcontroller to the
reception of the DFPLAYER MP3, and sends the configuration
and playback commands. The PLAYER _RXD signal connects
the transmission of the DFPLAYER MP3 to the reception
of the UART1 of the microcontroller, and through it the
microcontroller receives information about the state of the
MP3 player.

Busy pin of this module is activated at a low logic level
while the DFPLAYER module is playing a sound with a delay
of 19 milliseconds, and it is deactivated when the playback is
over. This pin is connected via the BUSY_PLAYER signal
to a port of the microcontroller, to check when a sound is
playing and to cut the power to the module once it finishes
the playback.

The DFPLAYER module operates in a power supply voltage
range between 3.2 V and 5 V, and its current consumption
values range is from 20 mA, without playing, to 200 mA,
playing.

The power supply pin is connected to the positive terminal
of the battery via a P-channel MOSFET. This reduces its power
consumption by not applying battery voltage to it when it is
not needed to play sounds.

A miniature loudspeaker with reference number
KDMG1200805 [34] is also used for sound reproduction.



IEEE SENSORS JOURNAL, VOL. XX, NO. XX, XXXX

us

[Reserved] [—=—X

RF_PAD [F2—X
VCC_XBEE

‘ i
1 6N 3.

[Reserved]

2 vee DI00/ADO 22—
XBEE_RXD < 3 pout DIO1/AD1 32—
XBEE_TXD 4| DINCONFIG Dio2/AD2 21—
<31 pio12 DI03/AD3 20—
6 | RESET DIOG/RTS 22
<7 DIO1O/RSSIPWMO  DIOS/ASSOC 28—
x—8 Dio11/PWMI VREF [-2L—
9| [Reserved] DIOY/ON/STEEP |28
%10 DIO8/DTR/SLEEP_RQ ~ DIO7/CTS [-22—X
11 6N DIo4 (24—
<121 po1o/sPI_ATTH [Reserved] F22—x
13 { 6N GND (22—
Al e e I

@)

VCC_Player

Fig. 6. (a) Wireless Communication block schematic; (b) Player block schematic.

12C_SCL

12C_SDA XX } ‘
VCC_bat .l .
- 498 a9 ¢2 == &Iy
i S b s I I 100nF
- < 4= 2 £ =
\ q+ 38883¢8
Pl g & g &
5 |18
o CLKIN GND
D1 - . /,»l LMGz
\ 2 ne v ne HIx L
)
b / 3{ne N (18—
SB-05-03Q-TL-E ¢ MOTOR
ol MPU-6050 PR
N v
' 51 ne Ne (14 0
bl | 6| AUx_DA vop (12 ﬂ—l—‘
Q2 2 o 5 c11 ci2
R Sh.ip| Ll
PWM_VIB t 529885 ¢k T 1oone | 10F
© Si1308EDL =<2 1 i
R6 oo d L
™ v U
' | = |
T = = INT_NUCLEO
o=
1000F | 100nF
| I
(@ (b)

Fig. 7. (a) Vibrator block schematic; (b) IMU block schematic.

The main characteristics of this component for which it
was selected are that it has dimensions of 12x3 mm, an
impedance of 8 (2, and a nominal and maximum power of
0.5 W and 0.6 W, respectively.

4) Vibrator Block: In order to simulate the behavior of the
chick inside the egg, slight vibrations must be generated. The
caregiver at each request, which is made from the master
system, adjusts the intensity and duration of the vibration.
A small motor has been used which generates a vibration
whose intensity depends on the applied input voltage. Since the
microcontroller ports do not provide sufficient output current
and, moreover, to protect the microcontroller, an N-channel
MOSFET has been used, whose reference is Sil308EDL [35].
Fig.[/(a) shows the electrical schematic of the vibrator control
circuit.

The MOSFET gate is controlled by a PWM output from the
303k8 core via the PWM_VIB signal. The MOSFET conducts
if this signal is logic high and, due to its very low resistance
between drain and source, a voltage of 3.3 V will be applied
between the terminals of the motor winding, so that the motor
will vibrate.
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RELATION BETWEEN THE VOLTAGE APPLIED TO THE MOTOR AND THE
CURRENT DRAWN.

Voltage (V) Current (mA)

33 52.1

2 37.9
1.7 32.6
1.5 29.1
1.4 24.9
1.3 21.1
1.2 18.9

1 16.6
0.8 15.1
0.6 12.5

The SB-05-03Q clamping diode is connected in parallel
with the motor to protect the MOSFET. This allows the high
transient voltage induced in the motor coil to be quickly
discharged when the MOSFET stops conducting.

The PWM output of the microcontroller controls the vibra-
tion power of the motor by varying the average voltage value
between the terminals of the motor winding. The PWM output
was programmed with a frequency of 10 KHz. The motor
was experimentally characterized in the laboratory using the
Agilent E3631A DC power supply and the Agilent 34401A
multimeter, obtaining the voltage and current data shown in
Table [l

5) Inertial Measurement Unit Block: The system has an IMU
to monitor the movements of the egg performed by the bearded
vulture. This monitoring is planned for future work, since the
main objective of the work presented in this paper is to emulate
a natural egg, and not to obtain incubation data that have been
extensively studied in some works such as [23] and [24].

Fig. b) shows the electrical schematic of this block, in
which the main component is the MPU-6050 [36], which is a
sensor based on MEMS (Micro Electro Mechanical Systems)
technology. The MPU-6050 integrated circuit combines a 3-
axis gyroscope, 3-axis accelerometer, and a DMP (Digital
Motion Processor’") in a single package, making it a 6 DOF
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(Degrees of Freedom) or a six axis IMU sensor. Additional
features include an embedded temperature sensor and an
on-chip oscillator with + 1% variation over the operating
temperature range.

The MPU-6050 incorporates a DMP (Digital Motion Pro-
cessor) that reads data from accelerometers and gyroscopes
and, from this data, executes motion processing algorithms.
The microcontroller can read the processing results from the
DMP registers or from an on-chip 1024 Byte FIFO buffer.
The DMP and the FIFO buffer allow to reduce both the power
consumption and the processing load of the microcontroller.
The microcontroller can be in deepsleep mode while the MPU
is acquiring data and, when the buffer is about to be full,
the MPU will wake up the microcontroller by an interrupt
(INT_NUCLEQO, in our case). The microcontroller will read
all the stored data from the MPU-6050 buffer, process it for
its final application, and then return to deepsleep mode again.

Communication with all registers of the device is performed
using either I2C at 400 kHz via the I2C_SDA and 12C_SCL
signals, which are connected to the I2C bus of the microcon-
troller. The ADO input pin allows to select its slave address on
the 12C bus. This pin has been connected at logic low level,
as can be seen in Fig. b), so its address will be 681¢.

The Full-Chip Idle Mode Supply Current is only 50 ©A and
the Normal Operating Current with Gyroscope, Accelerometer
and DMP activated is 3.9 mA. Because of its low power
consumption and since it operates from power supply voltage
range of 2.375 V-3.46 V, its power supply pin, VDD, has been
connected to the output of the main regulator, U8 (as shown
in Fig. 7(b)), which generates the 3.3 VDC supply voltage of
the microcontroller.

6) Temperature and Humidity Sensor Block: As indicated
above, a sensor for measuring temperature and relative hu-
midity has been included inside the egg. The SHT31-DIS_B
sensor [37], which is the standard version of the SHT3X series
of sensors, is used. The SHT3x-DIS has increased intelligence,
reliability and improved accuracy specifications compared to
its predecessor due to Sensirion’s CMOSens® technology.
This sensor is capable of measuring relative humidity values
in the range of 0% to 100% RH with an accuracy of + 2%
RH and a resolution of 0.01% RH. Regarding temperature,
the measuring range varies between 0 and 90 °C with an
accuracy of £+ 0.2 °C and a resolution of 0.01 °C. The
SHT31-DIS_B sensor is connected to the microcontroller via
the I12C bus as well as the IMU, MPU-6502. Its functionality
includes enhanced signal processing and two distinctive and
user selectable I2C addresses (4416 or 45;¢) that allow two
sensors to be connected to the same 12C bus.

The SHT31-DIS will be used in single shot mode, because
the temperature will only be sent when the master wakes
up the slave system, and sends a command to request the
temperature value. In single shot mode, the SHT31 has a
maximum idle state power consumption of 2 pA and 1.5
mA while measuring, and typical values of 0.2 pA and
0.6 mA, respectively. Sensirion specifies a typical average
power consumption in the order of 1.7 uA, considering that a
measurement is performed every second and using the single
shot mode. Therefore, in our system the power consumption

will be lower, since the expected measurement frequency will
be in the order of 300 times lower and since it can be power
supplied with a range of 2.15-5.5 V, it has been connected
directly to the 3.3 VDC supply voltage generated by the main
regulator U8 (as shown in Fig. a)).

A breakout board [38], which includes the SHT31-DIS_B
sensor, has been used instead of soldering it directly on the
PCB, since this way it can be placed in any area of the egg.
This will allow temperature and humidity measurements to be
taken anywhere on the egg, such as the inner side of the shell.
Therefore, a 4-pin male connector has been included on the
PCB where the I2C bus of the microcontroller is accessible,
and where the breakout board with the SHT31-DIS_B sensor
will be connected.

7) Power Supply Block: Fig. [§] shows the electrical
schematic of the power supply block. The power supply
voltage of the system is obtained from a rechargeable li-ion
battery that is connected to connector J1. Specifically, the
battery used for the tests has been Samsung INR21700-50E
[39]. Among the most remarkable features of this battery are
that it has a nominal and maximum voltage of 3.6 V and 4.2
V, respectively. Currently there are batteries in the 18650 and
21700 formats with a higher capacity, which could also be
used.

The design also includes two MIC5503-3.3YMS5 voltage
regulators [40] to generate a voltage of 3.3 V from the battery
voltage, as shown in Fig. [§(a) and (c). The U2 regulator
generates the supply voltage of 3.3 V for the Nucleo-303k8
board, the accelerometer and the vibrator, and the U3 regulator
the supply voltage of 3.3 V to the XBee module. These
regulators are of LDO (Low DropOut) type. Dropout voltage,
Vbo, which gives these regulators their name, refers to the
minimum voltage differential that the input voltage, V;, must
maintain above the desired output voltage, Vo, for proper
regulation. Any LDO has a much lower Vpo than the classic
linear regulators. Specifically, the MIC5503-3.3YMS5 has a
very low Vpo (160 mV at 300 mA output current), so it
guarantees a regulated output voltage of 3.3 V for a battery
voltage of only 3.46 V, as shown in Equation ().

Vin 2 Vour + Vpo (D

Another advantage of an LDO is that if V7 is lower than
the value calculated by Equation @]), in our case 3.46 V,
the regulator keeps working, although it no longer generates
a regulated voltage at its output, but depends on the input
voltage, and would be determined by Equation (2):

Vour = Vin — Vpo 2

Therefore, it could still power the Nucleo 303k8 and XBee
module, since they can operate with voltages lower than 3.3 V.
In this way the embedded system will be able to operate up to a
battery voltage of 3.3 V, which is the minimum supply voltage
of the DFPlayer module. If the battery voltage drops below this
value, the entire system will go into deepsleep mode.

A very important characteristic to consider when selecting
an LDO is the quiescent current, which is usually represented
by Ig. The quiescent current is the current drawn by a system
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Fig. 8. (a) 3.3 V power supply schematic; (b) Player power control schematic; (c) XBee module power supply schematic.

in standby mode with light or no load. Equation (3] determines
the power dissipation, Pp, of an LDO, where Ipyr is the
current drawn by all loads connected to its output.

Pp = (Vin — Vour) x Iour + Vin % Ig 3)

If the loads are not in standby mode, the power consumption
will be determined primarily by the load ({p¢7), but if all the
circuits powered by the LDO are in standby mode, quiescent
current (Ig) plays a much greater role in the power dissipated.
Since our system will be in sleep mode most of the time, the
LDO MIC5503-3.3YMS has been selected, since it has an I
of only 38 A, which means a quiescent power of only 0.137
mW, considering that V7 is the nominal voltage of the battery
(3.6 V).

One way to conserve battery life is to put in shutdown mode
the regulators that feed the modules that are going to be in
standby mode, such as the XBee module. If the Shutdown
pin of the LDO U3 (see Fig. [§fc)) is set to logic low, it
will shut down its output. The shutdown current of MIC5503-
3.3YMS5 is lower than its quiescent current, specifically its
typical value is 50 nA. When the power to the XBee module is
interrupted, it can consume current through its reception pin.
To reduce this current to 0 pA, it is necessary to configure
the microcontroller’s serial transmission pin (XBEE_TXD) as
a pull-down input, returning to the initial configuration when
the XBee module is supplied.

To reduce power consumption as much as possible, a
MOSFET (6023LE model) [41] has been chosen to manage
the power supply of the MP3 player so that it does not
consume when no sounds are being played. Fig. [§[b) shows
the electrical schematic of the DFPLAYER power supply
control circuit. A MOSFET has been used instead of an LDO
because it guarantees the operation of the DFPLAYER up
to a voltage of 3.3 V from the battery, since it does not
need a minimum input voltage like an LDO. The power
supply is controlled by the ENA_PLAYER signal which is
connected to the PA_4 port of the microcontroller. When the

ENA_PLAYER signal is at high logic level, the power supply
is interrupted and when it is at low logic level, the DFPLAYER
module is power supplied. When the transistor cuts the power
to the DFPLAYER, the module may continue consuming
current through the microcontroller’s serial transmission pin
(PLAYER_TXD). To reduce to O A the current consumed by
the reception pin of the DFPLAYER module, it is necessary
to configure the microcontroller’s serial transmission pin as
pull-down input, and return to its initial configuration when
the DFPLAYER module is supplied.

As shown in Fig.[8b) and (c), the power supply to the XBee
and DFPlayer modules is controlled using the ENA_XBEE
and ENA PLAYER signals, which are connected to PA_1
and PA_4 pins of the microcontroller, respectively. When the
microcontroller is in deepsleep mode, these ports are set to
high impedance, so it is necessary to set the appropriate
shutdown value on each signal using two resistors. U3 LDO
is shutdown when ENA_XBEE is at low logic level, so a
pull-down resistor must be connected to PA_1. However, it
is not necessary to add this resistor, since the MIC5503-
3.3YMS includes an internal pull-down resistor with a value of
4 M(, so the input current is less than 1 uA (the manufacturer
specifies a typical value of 50 nA). This is another reason why
this LDO has been used. The DFPlayer module is deactivated
when ENA_PLAYER is at high logic level, so pull-up resistor
R3 is connected to 3.3 V so that the Vg voltage of the
MOSFET-P is higher than its threshold voltage and therefore
does not conduct.

To ensure system operation, the battery charge level must
be monitored by analyzing its voltage value using one of the
two Analog Digital Converters (ADCs) in the microcontroller.
Since the battery voltage can be up to 4.2 V when fully
charged, its voltage value must be reduced in the range of 0 V
to 3.3 V of the ADC. To do this, the voltage divider consisting
of the two resistors, R4 and RS, is used as shown in Fig.
[8(b). Since both have the same value and this is much smaller
than the input impedance of the ADC channel, the output
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voltage of the divider, Bat_jeye;, Will be given by Equation
@]). Therefore, the maximum value of Bat_j.,; Will be 2.1 V.

Bat ey = £ S 40t 4

It should be noted that if the resistive divider had been
connected directly to the battery output, it would result in
a permanent current consumption of 383 pA, as shown in
Equation (3), considering an average battery voltage value
of 3.6 V. As it is not necessary to continuously monitor the
battery charge level, the voltage divider has been connected
to the supply voltage of the DFPlayer module. In this way
the average Ipry value is reduced to almost O A, since the
MOSFET-P, Q1, will only be in conduction if the battery level
is to be measured or sounds are to be played by the MP3
player.

Vocbat 3.6V
RI3 1 R4 aKT4 a7 oomd )

Iprv =

B. Power Consumption and Savings Strategies

One of the most important challenges of an active egg is to
achieve the longest possible autonomy, to avoid inconvenience
to the bird when changing the battery. The aim is to reduce the
frequency with which the egg has to be replaced by another
one. The capacity of the battery and the power consumption of
the components chosen are decisive. By improving both, we
can increase the battery life in successive prototypes. However,
there are other factors that, once the system components have
been chosen, have an impact on battery life, which we will
discuss below.

Three strategies have been followed to increase the au-
tonomy of the system, although it should be noted that the
autonomy will depend on the frequency and intensity of the
physical actions of the egg. One strategy, at the hardware level,
has consisted of a careful design of the power block to reduce
power consumption. This block has been described in detail in
section The second strategy, at the software level, has
been that only the peripherals involved in a caregiver request
are powered in the egg, and only for as long as necessary. The
third strategy has consisted of studying whether it is possible to
keep the egg asleep for certain intervals without affecting the
functionality of the system, while maintaining the requirement
that the caregiver must have real-time control of the egg when
it excites the bird. For this purpose, it has been necessary to
observe the operations performed by the caregiver during the
first tests. Studying the operations suggested by the caregiver,
the egg is activated with a very low periodicity around 30
minutes and the movements and sounds are usually planned.
The strategy of putting the egg to sleep in certain periods
must satisfy the requirement that the physical actions of the
egg must be performed under request and supervision of the
caregiver, and that the egg cannot perform physical actions
autonomously.

Table [[I| shows the average current consumption of the egg
under certain conditions depending on the peripheral being
powered. The data have been obtained in the laboratory with

the Agilent 34401A multimeter and the Agilent E3631A DC
power supply.

The table does not show the power consumption values
when the egg transmits, which, although of short duration,
are high. However, it does not influence in the following
discussions on power consumption saving strategy.

To carry out any action, the egg is waiting for a command
from the master for which the Nucleo and the XBEE module
must be active. In this case the average consumption is 46.26
mA. If the egg could be kept in deepsleep mode indefinitely,
its consumption would be reduced by 0.071 mA and the
autonomy with the same battery would increase enormously.

Putting the egg in deepsleep mode indefinitely and waking
it up only when it is needed to attend to the master would
be the ideal situation to achieve sufficient autonomy to cover
the entire incubation period (which, in the case of the bearded
vulture, is 54 days). However, this is not possible because
the communications module must be powered to receive
commands from the master.

As already mentioned, the caregiver requests physical ac-
tions from the egg with a very low periodicity. In addition, and
most importantly, it is not necessary to have permanently ac-
tive communication (on-line) between the egg and the master,
to give an immediate answer when the caregiver decides to
activate it, but it is possible to delay the activation. Under
these conditions, it has been decided that the egg should
remain asleep and wake up from time to time to check if
there are any requests from the caregiver. The consequence of
this strategy is that the caregiver must wait for the egg to wake
up in order to excite the bird. In return, a significant saving in
power consumption is achieved. Logically, the application in
the master will be performing retries waiting to coincide with a
period of awake egg and from there, the caregiver can request
actions to the egg. Once the egg wakes up, it remains in this
state as long as it is receiving requests from the caregiver. A
maximum inactivity time has been established and after this
time the egg goes back to sleep, if no other action has been
requested. This strategy increases the autonomy of the egg,
which is always kept on-line.

In conclusion, during one time interval the egg remains
asleep and will consume 0.071 mA and during the other time
interval it remains awake and consumes 46.26 mA. If the
caregiver also makes a request, there will be some punctual
consumptions according to Table With the awake/sleep
strategy the battery life will depend on this ratio. The duration
of the initialization functions of the system has been studied
and it has been concluded that a time of 15 seconds awake is
more than enough to start attending the requests of the master.
Therefore, the egg will wake up for 15 seconds and if it does
not receive a request, it can go back to sleep. The sleeping
time has been set at a maximum of 105 seconds, since the
caregivers have considered that this would be an acceptable
waiting time for the egg to perform an action.

Another variable that influences consumption using the
awake/sleep strategy is the maximum inactivity time, which is
the maximum time that the egg is active without performing
any physical action or communicating with the master. Once
the maximum inactivity time is exceeded, the egg goes to sleep
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TABLE I
LABORATORY TEST OF THE CURRENT CONSUMPTION OF THE EGG POWERED WITH A BATTERY VOLTAGE OF 4.2 V.

Conditions

Current (mA)

Egg sleeping (Nucleo sleeping) peripherals OFF

Control Unit (Nucleo) Normal operation + XBEE module reception

Egg Vibrating 100% (Nucleo+Vibrator+XBEE reception)

Playing sound at maximum volume (Nucleo+Player+XBEE reception)
Egg Vibrating 100 % and playing sound at maximum volume (Nucleo+Player+Vibrator+XBEE reception)

0.071
46.26
109.2
110.3
165.4

and will continue the awake/sleep cycle. This time would be
very small if, after exciting the egg, the caregiver immediately
puts the egg to sleep from the application. However, the
caregiver should wait to see the bird’s reaction and decide
if further actions should be taken. An inactivity time of 120
seconds has been set, since this is the maximum reasonable
time in the awake/sleep cycle. It should be noted that this
time influences current consumption differently depending on
the awake/sleep ratio and, of course, the number of times that
the egg is excited.

To verify this in more detail, let us consider that the current
consumption, depending on how long the egg is in an inactive
state, awake, asleep, or playing sound/vibrating, during a total
sampling time t;;, would be determined by the following
equation:

ti tau t, .
IDts = L,d . Ld + Iaw . Jaw + [sl . il 4 Irsv L rsv (6)
Lts tes tis tes

with t;s = t;q+taw+tsi+trs0; Where I;4 is the consumption
of the egg in the inactive state; ;4 the time in the inactive state;
1, the consumption in the awake state; ¢, the time in the
awake state; I; the consumption in the sleep state; ¢; the time
in the sleeping state; 1,5, the consumption while reproducing
sound and vibrating; and t,s, the time in the reproducing
sound and vibrating state.

Considering Equation (6) and a battery with an accumulated
energy of 4259 mAh (the reason for this particular value will
be determined in the results section), the battery life can be
calculated for different ratios between awake and asleep states,
as well as for different values of idle state time. The different
results obtained can be seen in Fig. [9]

The calculations have been performed taking into account
a total sampling time ¢;5; of one hour and an excitation period
of ten minutes, in which a one-second vibration and sound are
produced for ten seconds at maximum volume. As can be seen
in the figure, this time has practically no influence on battery
life if the awake time is similar to the asleep time, but it has a
decisive influence if the asleep time is longer than the awake
time.

C. Communication Protocol Design

A safe and reliable communication system has been devel-
oped between the master and slave subsystems. The master
sends requests to the slave, and the slave can only send
messages in answer to the requests of the master. To ensure
that each master communicates with its slave, a protocol has
been designed whose message format is shown in Fig. [I0}

Although, as already mentioned, to avoid errors in the selection
of the slave by the caregiver, currently the communication
configured in the XBEE is point-to-point, from a single master
to a single slave. This message consists of 263 bytes at most,
and its format includes the service, origin and final destination
of the message to ensure that messages are sent and received
from the correct device. The other fields consist of Length,
Data and CRC. Data field includes the information to be
processed by the application and has a maximum size of 255
bytes. Two different formats have been developed for Data
field that are request and request answer. The length of Data
field is provided in Length field. Finally, CRC field includes
the result of adding each byte of the message, and is used to
check whether the message was successfully received.

The purpose of request messages is to indicate to the slave
that an order must be invoked. The format of these messages
is shown in Fig.[T1] Seq field (1 byte) represents the sequence
number that uniquely identifies the request and is used to
control that the same request cannot be executed multiple
times. Cmd field (1 byte) is the identifier of the order that is
requested to be invocated. If the order requested is an action,
status field (1 byte) indicates whether the action is to be started
or stopped. Finally, the message is composed of the attributes
of the order that are included in Arguments field (0-253 bytes).

The slave answers each request message with a reply
message indicating whether or not an error was detected. If the
master requests information from the system or sensors, the
answer message may also contain this type of information.
Fig. illustrates the syntax of the answer messages. Seq
field (1 byte) represents the sequence message that identifies
the request message that is being replied to. The identifier of
the requested order is indicated in Cmd field (1 byte). If the
request was for initiation or stopping is indicated in status (1
byte). If an error has happened, res field (2 bytes) will include
ASCII ER characters; and if the request has been successful,
OK character will be included. The message also includes 4
bytes to represent the error code. Finally, since some orders
return information, data field (0-247 bytes) includes the answer
data.

D. Design of the Software for the Master System

The master software runs on a general-purpose computer,
under Windows operating system. An XBee Series 1 module
must be connected to the general-purpose computer where the
master software is installed in order to be able to communicate
with the slave. The Digi XBee-USB adapter board, which
provides a simple interface between PC and XBee, has been
used for this purpose [26].
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Fig. 12. Data payload Answer message format.

The master system interacts with the user (through a graph-
ical interface) to provide the caregiver user with the ability
to control the embedded system. The interface translates user
commands into messages, which are sent to the slave. The
actions that the user can perform are to start/stop vibration,
start/stop reproduction and request status. The interface con-

sists of several windows (Fig. [[3) which can be accessed by
selecting the different menu buttons. In Fig. [T3{a) there is a
configuration window showing a list of available serial ports,
from which the user can select the serial communication port
to which the XBee module is connected. The field labeled
as Available Tracks receives a numeric value and must be
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filled with the number of songs loaded on the microSD card
of the DFPlayer module. Fig. Ekb) and (c) illustrate the
windows for starting/stopping a vibration or reproduction of
sounds. As shown in the figure these windows include fields
for selecting the duration and intensity of the vibration as well
as the list of sounds to be displayed and the volume. Finally,
Fig. [13[d) shows the window that appears when the option
of checking the status of the slave system is selected. As
it can be seen this window includes as information whether
the egg is reproducing sounds or vibrating and the battery
charge percentage values as well as the percentage of humidity
and temperature inside the egg. Each time the user requests
the execution of an action, the graphical interface displays a
success or error message depending on whether or not it has
been successfully executed. In the event of an error, it displays
a code indicating the causes of the error.

All requests sent to the slave are performed using the
same procedure. A message is created with the corresponding
sequence number and sent to the slave. The master waits a
certain amount of time for a reply. If an answer is received
from the slave with the same sequence number included in
the sent message, it confirms that the message has reached
the slave and has been attended to by the slave. In this case,
the sending process is finished and the sequence number for
the next message to be sent is increased. In the event that
no answer is received, or the answer is incorrect (e.g. if
a reply arrives with a different sequence number than the
message sent), a series of retries are carried out, all with the
same sequence number, until a correct answer is received,
or the maximum number of retries is reached. Using the
sequence number, a mechanism has been designed to detect
repeated orders. For each order, the sequence number of the
last message that executed it successfully is stored. In this
way, when a new message arrives at the slave, it is checked
whether the sequence number is the same as the last message
that successfully executed that order, and if it is, it is discarded.

In order to store a record of communications between the
master and the slave, the application running on the master
generates two types of log files in spreadsheet format. One
of the files stores the record of requests from the master and
answers from the slave, indicating whether these have been
successful or whether an error has happened, while the other
stores the status information received from the slave when the
slave is requested for its status.

E. Design of the Software for the Slave System

The slave system software runs on the STM32F303K8
microcontroller included in the F303K8 Core development
board. The necessary software has been designed to ensure
that the embedded system provides the functionality to repro-
duce sounds, perform vibrations, communicate wirelessly and
perform humidity and temperature measurements.

All the software running on the egg has been developed,
including the firmware that manages the peripherals. In this
sense, two USART peripherals of the microcontroller were
used to operate the XBee module and the DFPlayer module
for which it was necessary to implement two FIFO software

queues. On the other hand, a PWM signal has been generated
to control the vibration power. For the measurement of the
battery charge level, one of the four analog-to-digital convert-
ers of the microcontroller was used. As the maximum battery
voltage is 4.2 V and the microcontroller operates at 3.3 V, the
input voltage on the pin connected to the converter has to be
adapted using a voltage divider.

As discussed in section in order to maximize battery
life, it has been decided that the egg should operate on an
awake/sleep cycle. When the caregiver wants to activate the
egg, it will have to wait, in the worst case, the time that the egg
is asleep, after which it will stay awake as long as commands
are being sent. A maximum inactivity waiting time is provided
for a new command, after which the egg goes back to the
awake/sleep cycle. The awake/sleep time is not fixed, but can
be adjusted by the caregiver, although in these early tests it
has been fixed to avoid errors that would make impossible to
wake the egg.

The system can be in two operating modes, normal mode
or deepsleep mode. The deepsleep mode is a low power
consumption mode in which all the microcontroller peripherals
are switched off except the RTC, which is in charge of waking
up the system after a preset time. When the system wakes
up, it waits for a time to receive a message from the master
requesting that it wakes up. If this message is received, the
system switches to normal mode, otherwise it goes back to
sleep. Fig. shows the activity diagram of the system when
it is in deepsleep mode. The system can be in this mode if the
battery voltage value is less than 3.3 V; in this case the system
returns to deepsleep mode by deactivating the RTC so that it
does not wake up again. The microcontroller also switches
into this mode if the maximum idle time is exceeded and the
caregiver has not commanded the egg to go into sleep mode.

The activity diagram in Fig. [I5]shows the execution process
when the system is in normal mode.

The egg executes commands that can be of two types:
information request (this does not perform any physical action)
or start/stop an action. For each command implemented it is
necessary to keep the following information: whether it is
being executed, type of command, the instant at which the last
execution was started, the instant at which the execution must
be stopped, the sequence number of the message that executed
it, a command identifier and a callback to the function that
implements the actions to be performed. All this information
is kept in an array of structures so that the status of each
command will be available in one position of the array as
shown in Fig.[I6] From each new message received by the egg,
among other parameters, the command identifier is extracted,
which is used to locate the position of the structure, which is
modified according to the message received.

Although no operating system has been integrated into the
egg software, there is a periodic real-time interrupt associated
with the SYSTICK timer of the ARM Cortex-M4 core, as a
tick. Tick is implemented through a special 24-bit countdown
timer. It is configured to generate an interrupt every millisec-
ond. On each tick, the system reads the status information
of each command, checking if there is any action to perform
and calling the function that performs it, using the callback
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available in the command structure and updating the command to be able to take the microcontroller out of the deepsleep low-
structure with the new status information. The tick is in charge power mode.

of managing the input to the deepsleep mode, handling the stop

of orders with a maximum operating time and monitoring the I1l. RESULTS

status of the DFPlayer module to disconnect it when it is not This section describes the tests carried out to check the
playing sounds. Finally, the calendar clock has been configured  correct operation of the developed device, the verification of
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the autonomy calculated theoretically in section and the
real operating tests in the nest.

A series of lab tests have been carried out to verify that
the embedded system works as expected and satisfies the
requirements. All the tests carried out have given a satisfactory
result, thus demonstrating that the elements that compose the
system are compatible, that they interact correctly and that
they transfer the correct data at the right time through their
interfaces.

In addition, a test was carried out to obtain the maximum
transmission distance. As in real operation the master system
will be in a house, separated by a maximum distance of 30 m
from the bird’s nest, the master was placed in our laboratory
and the slave was moved along a corridor. According to this
test, the communication between master and slave worked
correctly up to a distance of approximately 120 m. Therefore,
in the real situation the communication should work properly,
because the distance is smaller and, once the signal crosses
the wall of the house, there is no obstacle between the house
and the nest that could reduce the signal level.

Another important aspect is to know the discharge curve of
the battery up to a voltage of 3.3 V, which is the voltage value
at which the system definitively switches to sleep mode. This
will also allow us to compare the theoretical results with the
laboratory tests and to determine the autonomy of the battery
in the different cases considered. This curve is not available in
the battery datasheets and, moreover, even if it were available,
it could vary depending on the average discharge current. For
this reason, a discharge test was carried out in the laboratory
to obtain the voltage drop curve in function of time. For
this purpose, a constant current source and a microcontroller
have been connected to the battery to monitor the battery
voltage value and store it on a microSD memory card in Excel
format. A value of 93.4 mA has been selected for the constant
discharge current, because this value is very close to the
average current consumption of the system when it is awake.
Fig. shows the discharge graph of Samsung INR21700-
50F battery. The manufacturer specifies that the minimum
discharge voltage of the battery is 2.5 V, so, according to
the curve, this voltage value is reached after 53 hours of
discharge. From the curve it can be concluded that, although
the manufacturer indicates that the battery capacity is 5000
mAh, it has a real value of 4941 mAh, but for the minimum
discharge voltage (2.5 V), as can be seen in Equation (7):

Cp =93.4mA - 52.8h = 4940.86m Ah @)

where C'p is the battery capacity.

On the other hand, since our system definitely switches to
deepsleep mode if the supply power is less than 3.3 V, the
real operating capacity of the battery would be 4260 mAh,
approximately, as is shown in Equation (8):

Cpp = 93.4mA - 45.6h = 4259.02mAh (8)

Where Cpp is the performance of the battery capacity.

Fig. [I8] shows the battery life with different awake/sleep
periods in the tests developed in the laboratory. Actions
are performed every 10 minutes which include a 1 second

vibration at maximum power and sound playback at maximum
volume for 10 seconds. The data has been obtained in the
laboratory using the ADC of the STM32F303K8 to obtain
the battery voltage and send it to the master, which stores
it. The egg is powered by a Samsung INR21700-50E 5000
mAh — 10 A battery. These actions are those suggested by
the caregivers, but these are performed more frequently than
in the real tests. In the real tests, the specific actions will
depend on the reactions of the bird and the caregiver will
decide whether to continue the vibration, the sound or both
for a longer period of time or to perform them more times.
Given the lack of experience with this type of eggs it is difficult
to decide the correct pattern. As it can be seen from Fig. [T§]
a battery lifetime between 133.9 and 255.6 hours has been
achieved. During the last season the egg was programmed with
an awake/sleep period of 15/105 to have a higher autonomy,
without any operational problems.

The tests on the birds were carried out in 3 seasons (2018,
2019 and 2020) and were performed with a foster male and
a natural pair. In all cases it has been observed that the
birds accept the artificial egg by reacting appropriately to
the activation of the vibration, and exhibiting an identical
behaviour to the movement caused by a chick in a natural egg.
In fact, it was observed that the activation of the vibration was
the most stimulating for the birds. About the reproduction of
sound, only in one case the bird listened to the sound because
the bird was up from incubation and showed interest in the
sound, just as he would have done if he had heard the sound
of a chick in a natural egg. The fact that the birds did not react
when the sound was produced while they were incubating the
artificial egg leads us to think that they did not hear it when
it was under their bodies. The thickness of the egg shell to
ensure its strength and the limited power of the MP3 player
to reduce the power consumption of the system may be the
cause of the absence of stimulus in the foster male by not
hearing the sound.

In the real tests carried out on the birds in the Bearded
Vulture Breeding Unit of the Vallcalent Wildlife Centre, ac-
tions were programmed every 30 minutes by exposing the
foster male to vibration for one second and sound emission for
ten seconds at maximum power. An awake/sleep ratio of 15
seconds and 105 seconds respectively was programmed and
an egg battery life of 8 to 10 days was achieved depending
on the performance of the caregiver by repeating the actions.

IV. CONCLUSIONS

This work has presented an active artificial egg for the
bearded vulture (Gypaetus barbatus), a bird in the process of
recovery in Europe thanks to different reintroduction projects
led by the Vulture Conservation Foundation (VCF), which
require captive breeding of specimens to be released.

A small device has been developed that can be placed inside
an artificial egg. Compared to other prototypes described in
the literature, this device not only captures humidity and
temperature data but is also capable of imitating the behavior
of a natural egg in hatching, generating vibrations and sounds.

The software for this prototype has been developed, which
executes the received orders. A graphical interface that sends
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Fig. 18. Battery life in function of the awake/sleep period.

the orders remotely on request to the user was also designed,
and therefore, a communication protocol that allows messages
to be exchanged between the prototype and the desktop
application in a secure way.

On the other hand, it has been possible to develop an
embedded system with good autonomy. To achieve this, it
was necessary to minimize power consumption by using the
microcontroller’s deepsleep mode and managing the power
supply of the communication module and MP3 player. For
the communication module a LDO voltage regulator with a
very low quiescent current has been used and for the control
of the MP3 Player power supply, a P-channel MOSFET has
been employed, so that it has been achieved that the system
does not definitely switch to deepsleep mode until the battery

120

30 35 40 45 50 55
Time (h)

Active / deep sleep mode (s)

=== Always active
15/15
15 /45

— 15 /105

140 160 180 200 220 240 260

Time (h)

voltage is not equal to 3.3 V. This minimum value is fixed by
the minimum supply voltage of the MP3 player (3.2 V), and
because it is not advisable to discharge the battery to a value
lower than this, since the autonomy is not greatly increased,
but the useful life of the battery can be reduced by discharging
it too much.

Moreover, a theoretical study was carried out to deduce
the ideal strategy to increase the autonomy of the system.
This study proposes different ratios between awake and asleep
states. From this theoretical study it can be concluded that
if the ratio is 15/15, autonomy remains practically constant
even if the time of inactivity increases. However, if the time
spent asleep increases in relation to the awake time, autonomy
increases. Since the caregiver specified that the maximum
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waiting time for the egg to answer to his commands was
120 seconds, the ideal ratio was considered to be 15/105.
In this way, the autonomy of the system is 257 hours. In
order to verify the veracity of the results of the theoretical
study, a series of tests were carried out in the laboratory
under the same conditions. The results of these tests verify
that the real autonomy values are very close to the theoretical
ones. Specifically, using an awake/asleep ratio of 15/105, the
real autonomy value is 255.6 hours. This data is also close
to those obtained in real tests with the bird, in which the
autonomy varied between 8 and 10 days. It should be noted
that the autonomy of the egg will vary depending on the
commands sent by the caregiver, because vibration and sound
reproduction have a high power consumption.

In the current system it is easy to implement pre-
programmed actions of the egg, but as discussed throughout
the paper, these have been discarded in favor of real-time
control by the caregiver given the lack of experience with the
reactions of the bird.

The artificial egg has been successfully tested with the bird
for three seasons. Due to the fact that the developed egg
vibrates and emits sounds such as a real one, the bird has
not rejected the egg, achieving one of the proposed objectives
of the work.

The size of the system, and thus of the egg, could be
reduced for other endangered birds by using, in addition to
the Wireless module, the STM32F303K8 microcontroller, a
microSD memory card and a small power amplifier. This could
also increase the sound reproduction power and further reduce
the power consumption.

Although the current prototype has an acceptable autonomy,
it could be increased by using other wireless communications
modules with lower power consumption. For example, the
LORA SX1272 module from Libelium [42] with the SX1272
transceiver [43] can be used, whose pinout is compatible with
the Digi XBee SX 868 module, which is currently used in the
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