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Abstract

Neonatal incubator is a medical equipment that is very much needed when there is a prema-
ture/critical neonate who will be referred to the hospital. However, the current baby incubator is
large in size, making it difficult to transport to referral hospitals in secluded places. To address this
challenge, a portable neonatal incubator has been designed with a temperature and humidity con-
troller; monitor the position coordinates, distance, route time of the portable neonatal incubator;
and alerts via brief messages/SMS; and A tote bag to facilitate transportation by medical person-
nel. The test results demonstrate that the DHT21 sensor control system can control temperature
with yielding a computation accuracy of 96.65% and humidity accuracy of 95.67%. The portable
neonatal incubator system effectively monitors the location coordinates of the position, distance,
route time assessed based on GPS coordinates with an average positional deviation computation
of 10.18 meters. The SIM7600CE GSM module transmits an alert to the smartphone when the
portable neonatal incubator is stops moving for 1 minute so that if something suspicious occurs
during the transportation process to the hospital, it can be handled immediately to avoid potential
death or loss of the neonate. Further research needs to improve the battery life as a DC power
source to ensure long-lasting performance.

Keywords: GPS, Portable Neonatal Incubator, Relative Humidity, SMS, Temperature
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1 Introduction

Prematurity remains a major health issue worldwide. According to the 2011 Indonesian Demo-
graphic Health Survey, 350,000 babies are born prematurely each year in Indonesia. Indonesia ranks
5th in the world with the highest number of premature births, with 675,700 premature births each
year and 10.2% of all births are born with low birth weight (LBW) [8]. Based on data from the World
Health Organization (WHO), around 15 million births worldwide each year are premature. More than
one million of them die soon after birth [39]. Approximately 15 million and one million premature
babies die each year [21] due to the survival gap between high and low income countries. In this case,
premature babies are born before 34 weeks of gestation [19]. According to UNICEF, premature births
in Indonesia are ranked fifth with 13,370 premature babies on January 18, 2018 [38]. Many premature
babies die due to the lack of simple care and adequate equipment, such as incubators [33].

An incubator is a medical care device for premature babies that provides warmth, humidity, and
oxygen according to the needs of newborns under controlled conditions [16]. Neonatal mortality rates
are also influenced by various factors, with preterm birth being one of the most significant factors.
Differences between remote and urban areas, especially in access to health facilities and health workers,
can affect the occurrence of preterm birth [35]. An important medical device to keep the temperature
of the neonate stable is the incubator. This tool provides a controlled environment that helps prevent
hypothermia and supports the overall health of premature or sick neonates. Baby incubators are very
important to maintain the body temperature of newborns, especially for premature babies.

Several researchers have designed portable incubators, such as: Researchers [27] with the Grashof
Incubator is a baby warmer with a natural convection system and natural circulation. This product is
one of the community service programs since 2012, running well, because it has been proven to work
to warm the baby’s cabin as needed, namely the range of 33 °C - 35 °C. Research [42] temperature
measurement method using DS18B20 sensor to measure temperature and DHT22 sensor to determine
the temperature stability point in the baby cabin and to determine the characteristics of temperature
changes in the incubator following the ambient temperature. Data collection was carried out at ambient
temperature variations of 25 °C - 30 °C and <25 °C in several conditions, 2x25 Watt and 2x40 Watt
heating lamps, and the use of thermostats. The test results stated that the level of temperature
stability in the baby cabin was highly dependent on the ambient temperature. Researchers [28] stated
that neonatal incubators should be designed to produce room temperature conditions between 34 °C
and 37 °C, mimicking the thermal environment of the uterus to support fragile thermoregulation in
premature or sick newborns. Research [40] has produced a premature baby incubator that has a
high level of sensitivity, one of which is to environmental temperature and humidity with temperature
stability at 36 °C and humidity at an RH value of 80% - 60% in the incubator room and the temperature
reaches a steady level at 218 seconds in the prototype test of babies without load. The infant incubator
system [20] automatically turns the fan and/or heater on or off according to the normal range of
temperature and humidity in the incubator. The normal temperature limit used is 33 °C to 35 °C.
While the normal humidity limit in the incubator used is between 40% and 60%.

Other studies have implemented remote monitoring of neonatal incubators using cellular networks,
such as: Researchers [15] integrated cellular networks into a health service monitoring system, partic-
ularly in the development of incubators. This system utilizes real-time data transmission to monitor
incubator conditions and send alerts to health care providers. Researchers [22] designed a baby incu-
bator temperature and humidity monitoring system via a WiFi network using a temperature sensor
and DHT 22 which will be sent via WiFi ESP32 and the values obtained will be displayed on the dis-
play to make it easier for nurses to monitor premature babies so that there is no negligence. Research
[34] designed an embedded device that monitors parameters such as the baby’s pulse, temperature,
humidity and light inside the incubator with an android application or a hospital web page via IoT,
so that appropriate actions can be taken beforehand, to protect the environment in the incubator and
ensure safety for the baby’s life. The study [32] presents a proposal for a system for a baby incubator
based on the use of temperature and humidity sensors, and a set of weight sensors, which allow us
to monitor the progress of the baby. The system is connected to a central network based on Long
Range Networks (LoRa) that allows the registration of medical data in a database that allows the
identification of the doctor, the display of the patient’s evolution with a tablet and the introduction
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of new data by the doctor.

Based on several previous studies that have been mentioned, we have not found the development
of a special baby incubator that can be brought when the baby is referred to the hospital. The idea for
this research came about when we met with several midwives at the Independent Midwife Practice who
assisted in the birth of babies. Midwives had difficulty in assisting the birth of premature/low birth
weight babies who had to be immediately referred to the hospital. Independent Midwife Practice
is an integral part of the health care system in Indonesia. Independent Midwife Practice plays an
important role in providing comprehensive and quality health services to the community, especially
the childbirth process [25], [12]. However, not all Independent Midwife Practices in Indonesia have
portable neonatal incubators, so if there is a premature/critical newborn baby (neonate) it will take
a long time to get to the hospital, this will have a bad impact on the neonate which can cause death.

In today’s world, the proliferation of mobile phones as portable devices has produced many inno-
vative systems that help our daily activities, especially tracking systems. This type of system often
consists of a GPS (Global Positioning System) receiver, a microcontroller, and a modem that sup-
ports GSM (Global System for Mobile Communications) [3]. Some studies that use GPS and GSM
as tracking devices such as Mobile applications use GPS and SMS services found on Android phones.
The parent device sends a location request SMS to the child’s device to get the child’s location, then
the child’s device replies the GPS position to the parent device based on the request [2]. A passenger
tracking system based on the Global Positioning System (GPS) and Global System for Mobile Com-
munication (GSM) which tracks passengers using ticket numbers and displays the location on Google
maps [9]. Closed loop control system to regulate temperature, relative humidity, light intensity using
LED inside neonatal incubator and in risky situations is communicated to parents with alarm system
and GSM technology [5]. [23] Created a device that can be tracked using GPS location, as well as a
panic button on the device that alerts parents via a GSM module, asking for help. The parent’s phone
that can receive and make calls and send and receive SMS on the smart device via the GSM module
is always connected to the device. A child monitoring system that can track children using the global
positioning system (GPS) and global cellular communication system (GSM) technology [37], [29]. An
Internet of Things (IoT) based Child Monitoring System, which will enable parents to monitor and
detect their children’s activities even when they are away from home. Various Sensors/Modules are
installed on the child to detect every activity. All the data collected from the sensors/modules will
be stored in the cloud and checked periodically. [36] describes a child tracking system that combines
ESP32CAM, GPS location, and image capture functions. This system allows parents to monitor their
children in real time.

In previous research [31], we have designed a neonatal incubator system with the ability to provide
incubator information such as temperature, humidity and location coordinates via the internet net-
work using a WiFi access point. Weighing around 5.8 kg, this incubator can use AC and DC voltage
sources, and is equipped with a carrying case for easy transportation by midwives or medical personnel
to referral hospitals. The weakness of this system is that a WiFi signal is needed as a communica-
tion medium so that the parents’/medical personnel’s carrying the neonatal incubator must bring a
smartphone whose number is registered on the ESP32 microcontroller module.

In this study, the ESP32 microprocessor module and the NEO-M8N GPS module were replaced
with the Arduino MEGA 2560 microprocessor and Adafruit GPS Sensor shield and the SIM7600CE
module was added complete with SMS facilities. With this SIM7600CE module, the portable neonatal
incubator system no longer requires a WiFi access point for communication with parents/medical
personnel. SMS sends information messages to the parents’/medical personnel’s smartphones, so that
they can see the condition of the newborn, the condition of the incubator and can track the coordinates
of the incubator’s location via the application on the parents’/medical personnel’s smartphone, to avoid
parents’ anxiety about losing their baby on the way to the hospital.

The purpose of this study is to design, prototype and implement a Portable Neonatal Incubator
Tracking System. Thus, parents/medical personnel can continue to monitor and track portable neona-
tal incubators that move on demand using smartphones and determine the estimated distance and
time for the portable neonatal incubator to arrive at the referral hospital so as to prevent neonatal
death/loss.
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2 System Architecture and Control Principle

In this study, we propose a portable neonatal incubator based on GPS and GSM design consisting
of three components, namely System architecture, hardware components, and firmware components.
The system architecture describes the supporting components of the incubator system, namely the
sensor, controller, and output components. The hardware design describes the incubator design and
the position of the incubator controller system components. The firmware design describes the program
architecture and the incubator controller system flow diagram and the data flow diagram describes
the incubator controller data communication process.

2.1 Components Architecture

The portable neonate incubator comprised the portable incubator, a controller system, a cloud
database system, and a tracking system that can be powered through AC power and DC UPS (Un-
interruptible Power Supply) made from 18650 battery pack. The controller system integrated several
input components such as incubator room temperature and humidity DHT21 sensor and incubator
position coordinates Adafruit GPS (Global Positioning System) sensor shield. The controller used
in this system is an Arduino Mega 2560 microcontroller stacked with a SIM7600CE cellular network
shield to utilize 4G data credit and data plan for network connectivity. The output components con-
trolled from Arduino Mega 2560 consist of a 2004 LCD (Liquid Crystal Display) and a peltier module,
heater rods, DC fans which are connected via PWM (Pulse Width Modulation) module. For cloud
databases, ThingSpeak was used for its services by providing multiple data fields for multiple variables
being used in the system [18]. The system architecture described above can be seen in the following

Figure 1.
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Figure 1: The components architecture of the portable neonatal incubator

2.2 Hardware Design

The portable neonatal incubator which was made of acrylic, designed with dimensions 66 x 30 x
34 ¢m3 and divided into three parts. The incubator part was used for neonatal beds, the container
part was used for electrical components of the controller system, and the cover part. The container
was designed with a sliding mechanism which will enter the bottom side of the incubator. Holes were
made on the right and left side of the incubator part for the air circulation, as shown in Figure 2.
For the design process of the placement of air holes, fan positions, heaters and coolers in the neonatal
incubator, we use the help of solidwork software [17], [43]. The simulation results can be seen in Figure
3.
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The input components used for the system consist of a DHT21 sensor to measure room temperature
and humidity conditions inside of the incubator, with a pre-defined suitable condition ranging from 34
°C to 37 °C for temperature and 60% to 80% for relative humidity. An Adafruit GPS sensor shield was
used to receive latitude and longitude coordinates from satellites which will be calculated to determine
geographical location of the incubator. DC fans were used to help hot and cold air circulation created
from heater rods and peltier module inside of the incubator.

Ne Name

1 Incubator Part
2 Cover Part
3 Container Part

Figure 2: The physical design of the portable neonatal incubator

Heat Circulation Cold Circulation

__ AirAverage Temperature : 35.51°C Air Average Temperature : 36.4°C

Air Outlet Air Outlet

PTC Heater : 602.93 °C Air Inlet 2 Pettier Air Inlet
Temperature : 24 °C Temperature Max: 6.33 °C Temperature : 40 °C
e Humidity : 50 % Temperature Min :13.72 °C Humidity : 50 %
Pressure:1atm Pressure:1atm

Figure 3: The simulated air circulation of the portable neonatal incubator

To assist peltier module heat dissipation, a waterblock system was used with liquid coolant as heat
transfer medium into the radiator. The 2004 LCD module was used for on-site values tracking such
as incubator temperature, relative humidity, and location condition. Components placement can be
seen in Figure 4.
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Figure 4: The components placement of the portable neonatal incubator

2.3 Firmware Design

The portable neonatal incubator based on GPS and GSM programmed with Arduino IDE, an
open-source embedded system integrated development environment using a modified C programming
language [26]. The Arduino Mega 2560 was programmed with Arduino IDE to monitor and control
the portable incubator condition via several communication protocols including NMEA for GPS data
[41], one-wire for incubator temperature and relative humidity data, I2C to display sensor data on
LCD and serial AT command for 4G network connectivity. To adjust incubator condition with pre-
programmed suitable condition, the output components are controlled via the PWM method using
PWM pins of the Arduino Mega 2560. The ThingSpeak is being used to record sensor data based on
time uploaded so the data can be used with other type tracking applications or systems via HT'TP
request using cellular network mobile data plan. SMS is also being used to monitor the incubator
condition by an alert system without an internet dependency. The firmware architecture described
above can be seen in Figure 5.
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Figure 5: The firmware architecture of the portable neonatal incubator

During the initialization, each sensor, process, and output components are configured differently.
DHT?21 sensors are configured with GPIO (General Purpose Input Output) pins as an input to the
microcontroller. The Adafruit GPS sensor shield is configured to communicate with the microcontroller
as a transmitting serial device via RX-TX (receiver - transmitter) pins. For data display on the LCD,
an I?’C module is required to reduce the number of pins needed by configuring the microcontroller
SDA (Serial Data) and SCL (Serial Clock) pins. To connect to the 4G and internet network, the
microcontroller is configured as a transmitting serial device that sends data in the form of AT command
to the SIM7600CE shield connected via RX-TX pins. With high power requirements of the output
components, PWM modules are required as a bridge between the microcontroller and the components
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by configuring the GPIO pins that have the ability to generate PWM signals.

After initialization, the incubator condition is monitored by the controller system with DHT21
and Adafruit GPS sensor shield then registered the sensor data into variables which will be uploaded
to ThingSpeak. When the data are registered to the ThingSpeak, the data then displayed on the
2004 LCD via microcontroller global variables and on the mobile application via HT'TP request using
cellular network mobile data plan. If the current incubator position is detected not moving or changing
within 1 minute, an alert system will be triggered and the microcontroller will start counting fixed
stop condition time and send an alert using the SMS service of 4G network into cellular numbers
registered in the microcontroller during initialization. The timer of the alert system will be resetted
to 0 after the incubator moves again. Figure 6 showed the designed flowchart of the portable neonatal
incubator based on GPS and GSM.
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Figure 6: The flowchart of the portable neonatal incubator

2.4 Data Flow Diagram

There are two tracking applications used in this system. First tracking system used the mobile
application developed in the previous research and the second tracking system used the SMS messenger
available in the phone. Both of the tracking systems used cellular network connectivity to monitor
the incubator conditions.

To upload the data, the Arduino Mega 2560 constructed an AT command which included the
command, ThingSpeak URL (Uniform Resource Locator), its credentials, the sensor values and sent
the complete command to the SIM7600CE module to upload the sensor values to ThingSpeak. The
sensor values consist of incubator room condition values from the temperature and humidity DHT21
sensor and incubator location coordinates from the Adafruit GPS sensor shield were uploaded to
ThingSpeak in body text format and combined the corresponding Write API Key of the destination
channel with HTTP POST method using 4G data plan available on the SIM7600CE module. The
sensor values will be registered at the ThingSpeak data fields in the form of a time-based graphical
interface. When the new received coordinates are the same with the current coordinates or the
distance between new received coordinates and current coordinates is less than 5 meters, a timer
will start counting for 1 minute. After 1 minute elapsed and the coordinates or distance still less
than 5 meters, the alert system programmed in the Arduino Mega 2560 will send an AT command
which contain a command and SMS text that formatted with the sensor values and registered cellular
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number to the SIM7600CE module to send the SMS indicating the incubator is stuck in the traffic or
encounters an unwanted occurrence.

In this Portable neonatal incubator based on GPS and GSM, the user entity could track incubator
location with two methods. First the incubator can be tracked using the tracking application in real
time and the second method incubator can be tracked during distress situations such as traffic jams or
other unwanted occurrences by accessing the Google Maps URL stated at the alert SMS. When using
the first method, the application sends HTTP GET requests in JSON (JavaScript Object Notation)
text format to the ThingSpeak services requesting incubator condition data then displays the data
with the internet network provided on the phone. The user could track the incubator condition in the
tracking application [30] and in the SMS messenger, as shown in Figure 7.
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Condition Value
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Figure 7: The DFD between portable neonatal incubator and application
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2.5 GPS Sensor Deviation Distance

Great-circle distance, a shortest distance between two points on the surface of a sphere, such as
earth, provides an accurate representation of distance between geographic locations used for aviation,
navigation, and geospatial analysis [7], [4]. To calculate the distance between two points, a formula
named Haversine formula was used by calculating the distance between two points regardless the
depth of a valley and the height of a hill on the earth’s surface [1]. The Haversine formula calculates
the great-circle distance between two points on the earth’s spherical surface by considering the earth
radius as R, approximately 6.371 kilometers to account for its spherical shape. The two points are
represented in spherical coordinates latitude and longitude with the first point as (Lat; and Long;)
and the second point (Laty and Longs) [24]. The latitude and longitude coordinates must be converted
from degrees-minutes-second or decimal degrees format into radians to use the trigonometric functions
[11]. Mathematically, the Haversine formula used to find great-circle distance is expressed as:

d=2-R-sin! <\/<sin2(A§at)) + (Cos(Lat1) - cos(Laty) - sz(AL;ng>)> (1)

Where d is the great-circle distance between two coordinates in a meter unit. R = radius of earth
(~ 6.371.000 meters). ALat = difference of two latitude coordinates (Lats - Lat;) and ALong =
difference of two longitude coordinates (Longs - Long; ), with the unit of each variable in radians. The
[Lata, Longs| used as target position coordinates and [Lat;, Long;] as current position coordinates.

2.6 One Wire Sensor Data Acquisition

To read DHT21 (AM2301) sensor data, one-wire protocol is used as a communication standard
that facilitates data transfer between a master device and one or more slave devices using a single
data line, along with a ground reference [6]. Data exchange occurs via precise timing of voltage level
changes, with each bit encoded using specific durations for logic high and low states. The one-wire
protocol is highly efficient for low-speed, low-power applications, such as temperature sensors, memory
devices, and identification chips [10]. Its simplicity, scalability, and minimal wiring requirements make
it ideal for resource-constrained environments. The internal microcontroller of DHT21 manages the
communication, by handling the timing and formatting of the 40-bit data packet sent to the master
device (Arduino Mega 2560). Mathematically, the extraction of DHT21 temperature and relative
humidity values using Arduino IDE is explained as follows:

HighByt .28 LowByt .90
Relative Humidity (%) = ((HighBytern)io )l—g ((LowBytern)1o ) )

((HighByteTemp)10 - 28) + ((LowByteTemp)10 - 20) 3)
10

With the changing condition of the incubator room sensed by DHT21 sensor, both cooling and heat-
ing systems would work according to the incubator room temperature condition, with pre-programmed
requirements of suitable temperature condition for neonatal is 34 °C until 37 °C. The controller system
will shut off and adjust analog signals of the cooling system which consist of a peltier module and a
water block contraption or the heating system which consist of heater rods and DC fans. By adjusting
the output components, the suitable temperature condition for neonates can be reached.

Temperature (°C) =

3 Results

Portable neonatal incubator based on GPS and GSM was designed to facilitate mobility during
emergency situations which can be used by medical personnel to be referred to the hospital. The
tracking application is designed to help medical personnel track the condition of the incubator during
the transportation process from the birthing house to the hospital. The prototype of the portable
neonatal incubator based on GPS and GSM were shown in Figure 8. This portable neonatal incubator
can operate using either DC or AC power which are shown in Figure 9.
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DC UPS AC Power Line

Figure 9: The operation of the prototype using DC and AC power

Tests were also carried out to determine the errors produced from the DHT21 sensor. The mea-
sured variable includes incubator room temperature and relative humidity measured using a DHT21
sensor and a calibrated digital thermometer. Measured values from digital thermometer then used as
a reference value to determine the errors produced from the DHT21 sensor. Calibrated digital ther-
mometer was used as a reference sensor device because of known accuracy of + 1 °C for temperature
reading and + 5 % for relative humidity reading. The measured temperature and relative humidity
reading errors can be seen in Table 1 and Table 2 .

GPS tracking capabilities were tested to observe the functionality of the Adafruit GPS sensor
shield. Tests were conducted between two locations with the initial location being at Bidan Jeanne
(Kelapa Dua, Depok, Indonesia) and the destination location being at Bidan Ismi Santi (Kelapa Dua,
Depok, Indonesia). To measure the GPS tracking capabilities, five checkpoints were reached to sample
and record the received GPS coordinates of incubator current location which can be seen in Table 3.
Google Maps services [14] are used to visualize the route and the stop checkpoints passed between
both locations with a total travel distance 1.2 km which are shown in Figure 10.

Additional tests were conducted to determine the errors produced by the Adafruit GPS sensor
shield. To measure the errors of the sensor, another sample and record of received GPS coordinates
was done by using built-in GPS of a smartphone located on-site with the incubator. With record of
coordinates from smartphone GPS as a reference value, the errors of the sensor can be determined
which can be seen in Table 4. To calculate error margin or deviation distance of the Adafruit GPS
sensor shield in this study, the Haversine formula was used using the smartphone GPS coordinates as
target position and Adafruit GPS sensor shield coordinates as deviation position.

Built-in GPS smartphone was used as a reference device because the coordinates information
received is not only from satellites, but also with several information of wireless signals. The signals
being used to generate high accuracy of positioning system are WiFi access point, cellular network
towers, and other sensor data such as accelerometer, gyroscope, and barometer integrated inside the
smartphone [13]. With the smartphone coordinates received from several methods, the errors of the
Adafruit GPS sensor shield that only used satellites as source of information can be calculated. The
errors can be produced because the Adafruit GPS sensor shield could experience phenomena such as
reflecting signals around trees or buildings and enclosed space resulting in a high clustered satellite at
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Table 1: The errors of the DHT21 sensor with reference temperature values from a digital

thermometer.
No DHT21 | Calibrated Digital Thermometer | Temperature Difference | Error | Accuracy
(°C) (°C) (°C) (%) (%)
1 32.90 31.50 1.40 4.44 95.56
2 36.40 35.30 1.10 3.12 96.88
3 39.90 38.10 1.80 4.72 95.28
4 39.50 38.00 1.50 3.95 96.05
5 36.80 37.00 0.20 0.54 99.46
Mean 1.12 3.35 96.65
Table 2: The errors of the DHT21 sensor with reference relative humidity values from a digital
thermometer.
No DHT21 | Calibrated Digital Thermometer | Relative Humidity Difference | Error | Accuracy
(RH%) (RH%) (RH%) (%) (%)
1 58.90 55.50 3.40 6.13 93.87
2 53.20 52.10 1.10 2.11 97.89
3 41.70 39.50 2.20 5.57 94.43
4 40.20 38.70 1.50 3.88 96.12
5 41.90 40.30 1.60 3.97 96.03
Mean 1.96 4.33 95.67

O Bidan Jeanne

Figure 10: GPS location tracking visualized

one position [18].

The current studies findings indicate that Adafruit GPS sensor shield provide more error margin
compared to the reported in previous studies. In the current study, the mean error margin provided
was found to be + 2 to 3 meters more than the previous study. Additionally, the current Adafruit
GPS sensor shield was demonstrated at roads with high concentration buildings of urban areas with
distance between the opposite buildings + 6 meters while the Neo-M8N GPS sensor was demonstrated
at main city roads w