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Abstract: Fires pose a significant threat to human life and property. An autonomous fire detection
and fighting robot has the potential to mitigate the challenges associated with firefighting. This
paper presents the implementation of an autonomous fire detection and fighting robot equipped
with sensors, algorithms, and actuators to detect, locate, and suppress fires autonomously. The
robot's mechanical and electrical components were designed, prototyped, and tested in a controlled
environment to evaluate its ability to navigate through obstacles, detect fires, and suppress them
autonomously. The results show that the robot effectively detects and suppresses fires, making it a
promising solution for firefighting applications. The study contributes to the development of
autonomous robots for firefighting, enhancing the safety of firefighters and the effectiveness of
firefighting operations.
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1. Introduction

The implementation of autonomous robots in various fields has been growing at a
rapid pace in recent years [1]. One of the important areas where autonomous robots can
play a vital role is in fire detection and fighting [2], [3]. The traditional fire detection and
fighting systems have several limitations, including the need for human intervention and
the inability to operate in hazardous environments [4], [5]. The use of autonomous robots
can overcome these limitations and provide an efficient and effective solution [6], [7]. Fires
have been a long-standing threat to the safety of human lives and property [8]. In the event
of a fire outbreak, the primary objective is to evacuate individuals and prevent the spread
of fire [9]. However, it can be challenging to contain a fire outbreak in areas where the fire
is inaccessible or dangerous for human intervention [3]. Hence, the development of an
autonomous fire detection and fighting robot can help to mitigate these challenges [1], [6],
[10]. Autonomous robots have become increasingly popular in various industries,
including healthcare [11], [12], agriculture [13]-[15], and transportation [14]. Studies have
indicated that the use of mobile robots in a dangerous environment can perform tasks that
require, repetitive, precision or accuracy, speed, and consistency that surpass human
capability [1], [6], [10], [12]. The same applies to the application of robots in the field of
firefighting [4], [16], [17]. A robot designed for firefighting maneuvers through hazardous
areas and performing tasks such as detecting, monitoring, and suppressing fires, without
exposing human firefighters to the associated risks [18], [19]. [1], [6], [7] reviewed some
research on the development of firefighting robots, and the various prototypes designed
and tested. Some of the most common types of firefighting robots include humanoid
robots [20], wheeled robots [16], tracked robots [21], [22], and flying robots [23], [24]. These
robots are equipped with sensors [25], [26], cameras [12], [27], and thermal imaging
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technology [2] to detect and locate fires [28], [29]. Mobile robots also come with
extinguishing mechanisms such as water cannons or foam dispensers to suppress fire [25].
However, most of these robots are remotely operated and require human intervention,
which exposes firefighters to the risks associated with firefighting [30]. Autonomous
robots eliminate the need for human intervention, making them ideal for situations that
pose significant risks to human life [9]. This research presents the implementation of an
autonomous fire detection and fighting robot. The robot is equipped with various sensors,
such as infrared and temperature sensors [29], [31], to detect the presence of fire. The robot
also has a water spraying system that can be activated to extinguish the fire. The robot is
capable of navigating through the environment autonomously using a combination of
sensors and algorithms. The implementation of the autonomous fire detection and
fighting robot has several advantages [32]. First, it can operate in hazardous environments
where it may not be safe for humans to enter. Second, it can detect and respond to fires
quickly, reducing the risk of damage to property and harm to human life [33], [34]. Third,
it can operate continuously without the need for breaks or rest, providing a reliable and
efficient solution [26], [35]. Fires outbreaks are a major cause of massive loss of lives and
properties around the world [36]. A report by [37] estimated the worth of properties
destroyed in 2019 by fires worldwide [38]. Firefighters risk their lives daily, relentlessly
containing fire disasters, but they are hugely limited even with fire protective gear and
other means of withstanding certain levels of fire [33], [39], [40]. This demonstrates that
relying solely on human efforts to extinguish flames is ineffective because it jeopardizes
firefighters' lives [41]. According to [32] the United States Fire Administration, in the
United States, documented the death of hundred and forty-one (141) firemen in the line
of service in the year 2021 alone. Risking one life to save another is not ideal, robots can
be built to take major risks in dire situations when combating fires, to minimize injuries
to firefighters and general loss of lives [36].

2. Fire Detection Methods

[29] proposed a device to measure the temperature difference between two walls. The
developed device is tested on both the inside and outside surfaces of the walls. The
temperature difference between the wall surfaces is appropriate for measuring fire stages.
[42]. [20][43] used experiments and simulations to test three different cables for fire
detection and localization. In the event of a fire, some coaxial cable parameters such as
resistance, capacitance, impedance, amplification, and attenuation change with
temperature. The authors tested a coaxial cable up to 100 meters in length. Wang et al. [44]
proposed a model of near-field and far-field-based fire localization that utilized a
temperature sensor array to determine fire stages. The proposed model is appropriate for
the best fire sensor placement. However, the proposed model is unsuitable for measuring
fire stages. [45] proposed an acoustic technology-based fire measurement as well as a fiber
optic Distributed Temperature Sensing (DTS)-based fire detection system for industrial
conveyor belt fires. The surrounding temperature was obtained by the ratio of anti-stokes and
stokes Raman lines. These lines are obtained by the backscattered spectrum on passing the light
pulses through an optical fiber as modeled by [46]. [47] used spatiotemporal features for fire
detection using IR cameras and separated flame regions by image thresho’’lding using histograms.
The authors used YCbCr color space. IR method is suitable for fires due to alcohol and hydrogen
which have low radiance.

Humanoid robot research is being actively pursued to reduce firefighter injuries and
deaths while also increasing productivity, safety, efficiency, and task quality [16]. Tele-
robots, Telepresence robots, Mobile robots, Autonomous robots, and Android robots are
some of the different types of robots. Telepresence robots are similar to telerobotics, with
the main difference being that they provide feedback via video, sound, and other data
[48], [49]. Hence, telepresence robots are widely used in many fields requiring monitoring
capabilities, such as in child nursery and education, and in improving older adults’ social and daily
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activities [48], [49]. The mobile robot is designed to navigate and carry out tasks with the
intervention of human beings. Meanwhile, autonomous robots can perform the task independently
and receive power from the environment, as opposed to android robots which are built to mimic
humans [50].

In early fire detection systems, optical flame detectors have been utilized for many
years. The detection of smoke or heat is not necessary for an optical flame detector, which
is only 0.01lmm? in size yet can detect fire at a distance of 65 meters. The detector can detect
the flame fast because of the speed of light. Because of these advantages, optical flame
detectors are the preferred choice for the detection and inspection of fires both indoors
and outdoors [51]. [52] classifies (optical flame detectors) into several levels with different
kinds of optical flame detectors employed to detect the various spectral bands created by
the flames, optical sensors that function in certain spectral regions and record penetrating
photons of a certain spectrum are widely utilized. According to [53] some flames' UV
(ultraviolet) spectral signature in the region of 100 to 400 nm has a pattern that can be
clearly distinguished from background radiation. These Ultraviolet detectors can detect
flames quickly due to the high intensity of UV radiation generated by burning (3-4
milliseconds). However, [54] noted that the detectable Ultraviolet radiation may interact
with one or more environmental factors such as fog, space, and vapor as well as random
sources of Ultraviolet radiation, such as arc welding, lights, solar radiation, and X-rays.
This might lead to false alarms in outdoor applications. This is the main reason for the
extensive usage of UV detectors in indoor environments [55].

The spectral pattern released by flame temperature and the generation of fire-hot gases
may be promptly identified using infrared (IR) sensors. IR radiation isn't just coming from
the flames of a fire. The infrared radiation emitted by ovens, halogen lights, and furnaces
has wavelengths that are very close to those of flame. This problem may be solved using
a variety of parameter studies and mathematical methodologies [56]. The most often used
flicker analysis and IR threshold in the narrow band signal filters are those operating
between the range of 4.1 and 4.6 m in wavelength. The majority of single infrared detectors
make use of pyroelectric sensors with an optical filter of 4.4 m and an electronic bandpass
filter of 1-10 Hz. The majority of these devices are put to use in domestic settings [57].
Ultraviolet-infrared flame detectors (dual sensor types) as stated by [43], that the sensor
provides excellent fire detector, utilizing quick activation by arc welding, solar spikes, and
X-rays. It consisted of an IR sensing channel introduced to the Ultraviolet detector to
reduce false alarms. The channel works at wavelengths between 2.7 and 4.16pum. Infra-red
flame detection/dual infrared flame detector uses two small spectral bands in the IR region
that is near to decrease false alarms as stated by [42], [58]. [42] noted that a hot CO:x fire
product ignites hydrocarbon flames, it releases energy in the near infrared region (0.9 to
3.0m), resulting in dual infrared detectors sensitive within the range of (4.3-4.5m). The two
narrow bands are often used in common dual IR flame detectors of 0.9 and 4.3m, or a
combination of considerably short wavelengths of 0.8-1.1m and longer wavelengths of 14-
25m channels. Some IR detectors have a channel in the 4.7-16m Infrared band for
background [42].

A digital image processor using a set of Convolutional Neural Network algorithms for
its processing was embedded on the backend of an image processing system to detect fire
in the developed fire detection system in [59], [60] the original images were live feed from
a (closed circuit television) CCTV fire detection system consists of three infrared (IR) flame
detectors and a video recorder that captures images in color. [60] uses an Internet Protocol
(IP) camera to monitor the focus area.

3. Methods
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The firefighting robot has 3 sensors (flame sensors), one on the left, one on the right,
and one in front. The sensor detects fire on these three sides. A pump is attached to a servo
motor which the controller makes to turn to the direction/point of fire. The motor driver
connects to two DC motors (one on the left and one on the right). The controller sends a
signal to the motor driver to drive the DC motor in the direction of fire as detected by the
sensor. The controller then sends the signal to the pump to put out the fire. Some
components of the robot included the Servo Motor (5G90), Arduino Uno Microcontroller,
ATMEGAR328P Microcontroller, Fire sensors, Mini DC submergible pump, Connecting
wires, Boost converter Module, and DC Motors. A working schematic is shown in Figure

1.
POWER SUPPLY
——{ LEFTSENSOR ——— ———— SERVOMOTOR ——
—— RIGHT SENSOR CONTROLLER | PUMP WITH
(ARDUINO) TANK
FRONT SENSOR
MOTOR DRIVER
= o
LEFT RIGHT
MOTOR MOTOR

Figure 1. Schematic diagram of the fire-fighting robot

3.1 Implementation of the Designed Schematic

The implementation of this research involved the development of the AFFMP,
interfacing of hardware such as the Communication interfaces Master/Slave SPI Serial
Interface (17,18,19 PINS), the timer module, the internal and external oscillators motor
driver circuitry, LDR sensors circuitry, Flame/fire Sensors; and the developed algorithm
for the microcontroller to provide artificial intelligence to the Mobile Platform itself. The
priority of this project is the fire detection capabilities and its accuracy for flame detection
through the developed algorithm, preferably at the minimum level of error possible.

3.2 Mechanical Design Structure

The primary framework has two wheels on the rear side and two wheels on the front
side to achieve the desired movement and speed. The wheels can stabilize the robot as
well as rotate 360 degrees. To protect the electronic circuit, the body of the autonomous
vehicular robot is fashioned of an acrylic plate. The acrylic sheet is heat resistant up to
200°C. This allows you to utilize and operate with (cut and drill). The acrylic chassis’ body
features holes that facilitate the installation of several types of sensors and other
mechanical components. The ultrasonic sensor and flame sensor were mounted in front
of the robot to prevent colliding with objects and to detect fire.
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Figure 2. 3D structure of the prototype autonomous fire detection

3.3 ATMEGA328P Microcontroller

The ATMEGAB328P Microchip was used to complete the control sequence, the
microchip was selected based on its low-cost implications, and the high-performance
controller. It uses AVR RISC (Alf-Egil Bogen Vegard Wollan Reduced Instruction Set
Computer) with an architecture-based 8-bit microcontroller. Figure 3 shows the pin
diagram of the ATMEGA328P with a 28-pin chip. Most of the chip's pins have divergent

functions.
{RESET) PC6 [1_| O [28 PC5 (ADC5/SCL)
(RXD) PDO [Z] [27 PC4 (ADC4/SDA)
(TXD) PD1 [3] 26 PC3 (ADC3)
(INTO) PD2 [4] [25 PC2 (ADC2)
(INT1) PD3 [5_| [24 PC1(ADC1)
(XCK/TO0) PD4 [6_| 23 PCO (ADCO)
VeC [T] ATMEGA 328P |22 GND
GND [&] [21 AREF
(XTAL1/TOSC1) PB6 [9 | [20 Avcc
(XTAL2/TOSC2) PB7 [i0 | [19 PBS5 (SCK)
(T1) PD5 fi1] 1§ PB4 (MISO)
(AINO) PD6 iZ | [17 PB3 (MOSI/OC2)
(AIN1) PD7 i3] 16 PB2(SS/OC1B)
(ICP1) PBO [i4] [15PB1 (OC1A)

Figure 4. ATMEGAZ328P Microcontroller

3.4 Fire sensors

To detect gas fires and carbon-based fuels, the used single IR detectors employ high-
tech pyroelectric sensors with a 4.4 micron optical and electronic bandpass filter. CO,
Emissions are also detected by the gadget. They are so successful because they
discriminate between flame spectral fingerprints and other infrared sources using various
mathematical approaches and parameter analyses.

The infrared spectral band is where infrared flame sensors operate. When an
explosion happens, some heated gasses generate patterns in the infrared spectrum that
may be analyzed using a thermal imaging camera. The UV/IR flame detector combines
ultraviolet (UV) and infrared (IR) sensors into a single device. UV sensors detect UV
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radiation released by combustible fuels such as hydrocarbons, sulfur, hydrazine, and
ammonia. The hydrocarbon-fueled flames, the predominant radiant emission band is
between 4.3 and 4.4 microns, which is an infrared emission that IR sensors can easily
detect. The energy generated by the combustion of C0O, at a resonance frequency of 4.3
microns is what allows the IR detector to detect the emission. The robot was developed
using three different fire detection sensors one at the front, one right sensor, and one left
sensor as shown in figure 5. This was done to improve the efficiency of the robot by being
able to detect the fires from more angles.
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Figure 5. Circuit diagram of the infrared flame/fire detection sensors

3.5 Mini DC submersible Pump

Submersible pumps are designed to be completely immersed in water. Positive
displacement pumps are positioned inside the water reservoir that has to be pumped out,
as a result, they're often used for flood drainage, sewage pumping, pond emptying, and
even as pond filters. The working principle is based on a small hydraulic pump motor is
a rotational boost converter that uses a motor as well as an impeller to pump water. The
impeller revolves at a breakneck speed while pushing water. Water is fed into the
impeller's eye, or center, by the curved blades, which then flow along the outer half of the
blades. Due to the quick movement of the impeller, the centrifugal force compresses the
water against the outer section of the blade. The pressure then forces the water to jet
forward at a high-speed way out of the impeller. This resultant speed creates pressure on
the output side of the pump, forcing the water through the pipe.

A rotor with coils surrounding it sits in the center of the motor. The magnets that
surround those coils provide a constant magnetic field that flows through the rotor. The
blade was then driven by the magnetic attraction, allowing it to revolve around 180°. As
the rotor revolves, the direction of the energy in the coils flips, pushing the rotor again so
that it spins the rest of the way around. Through multiple pushes, the rotor continues to
spin and drive the impeller to power the pump. The submersible pump was installed in
the tank and is attached to the hose that pumps out water to put out flames. When the
flame sensors detect flames, they give the signal to the Arduino board, which in turn sends
out a signal to the DC motors forcing them to move toward the direction of the fire. That
is when the signal is issued to the pump to pump out water to put out the fire via the hose.

3.6 Boost converter module

The boost converter (usually referred to asa step-up converter) is a DC-to-DC
converter circuit that was used to create a direct current input voltage and a direct current
output voltage that is much larger than the input operating voltage. Its operations are
given by the equation below;

P=IxV,

Where; P = Power (watts), I = current (ochms), V = Voltage (volts)
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The configuration ensures that the converter's output voltage raises the input
voltage, and the current in the output is reduced proportionally, as a result, the output
power is usually always equal to or less than the input power. Thus, the boost converter
was used to raise the output voltage by lowering the current, this was performed by
storing energy in an inductor and since the energy in an inductor cannot change quickly
thus, it prompts storing energy in its magnetic field. The circuitry of the boost converter
module is given in Figure 6.

BOOST CONVERTER MODULE
(WITH CHARGING PORT)
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Figure 6. Boost converter module in circuitry
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Figure 7. Proteus Simulation of the firefighting robot

The robot’s system and circuitry design was done using the Proteus software and
simulated before implementing the hardware components for soldering as shown in
figure 7. This proved that we had a working design for the robot and allowed us to
successfully move on to the next objective of building a working prototype. Using the
simulation results as a reference, the components represented by the software were all
assembled appropriately. Necessary software and algorithm were installed in the robot,
and it was programmed to function as intended. Then the robot was evaluated to establish
its actual working parameters.
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Figure 8. Operation algorithm of the prototype Firefighting robot

3. Results

The research was implemented and one of its deliverables was a prototype
development of the firefighting robot with the capability to intelligently avoid and
navigate around obstacles, another distinct feature of the robot was the capability to
determine the magnitude and size of fire detected from three different dimensions. The
fire detection and the fighting robot were integrated to produce the intended results
successfully.
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Figure 9. ISIS Simulation diagram for the developed firefighting robot

Using the simulation results as the control references, the components represented
by the software were all assembled appropriately. Necessary software and algorithm were
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installed in the robot, and it was programmed to function as intended. Then the robot was
tested and evaluated to determine its fire detection rate and maneuverability in terms of
obstacle avoidance and fire/smoke detection about the in-drive position of the fire
detection robot. The evaluation result is presented in Table 1 and depicted using a
visualization of Figure 10.

Based on the circuitry description shown in Figure 9, the fire detection and
firefighting robot remains on standby mode until either of the three-smoke/flame
sensor(s) detects any fire/smoke within its sensing range. The threshold function settings
available to determine the level of fire/smoke is available within the algorithm which the
developed robot functions on to determine corresponding actions after a fire has been
developed, but this is not specific because of variables such as the magnitude of the fire
as well as the distance the fire is from the robot sensing device. The flame sensor detects
Infrared rays emitted by fires. After testing the fire detection capability of the setup of
flame sensors on the robot, results were classified as shown in Table 1, the magnitude of
the fire was averagely the same and categorized into two, medium and small.

Table 1. Results of Flame Detection Evaluation Tests

S/N Flame Sensor ~ Flame Size Distance (cm) Response
Time (sec)
1 Left Small 60 oo
2 Left Small 30 1.0
3 Right Small 60 oo
4 Right Small 30 1.2
5 Front Small 60 oo
6 Front Small 30 1.0
7 Left Medium 60 1.4
8 Left Medium 30 1.2
9 Right Medium 60 2.0
10 Right Medium 30 1.3
11 Front Medium 60 oo
12 Front Medium 30 0o

The o indicated no or insignificant response time of the firefighting robot after
sensing inconsequential fire/smoke magnitude, this means the flame was not detected in
that iteration for the test. From our results, we noticed that flame detection became less
efficient the more iterations of the tests we carried out. We realized that this was a result
of the battery running low after use over time.

Developed Robot Fire Detection Evaluation Test

Response Time (sec)

Distance to Fire (cm)

Figure 10. The evaluation result of robot maneuverability and fire/smoke detection

3.1 Actuating System
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The motor driver and pump are connected to the Arduino circuit. When any of the
flame sensors sense a flame, it reads 5V and sends a signal to the Arduino circuit which
then actuates the motor driver and pumps accordingly for the robot to combat the
detected fire, the robot begins to move towards the fire 0.3 seconds after detecting it. 0.3
seconds was observed to be the exact time it takes to move after sensing the fire and
receiving the 5V reading from the flame sensors.

Figure 11. Robot maneuverability test Figure 12. Fire/flame detection test

Figures 11 and 12 shows that the tests were carried out in an environment that is not
well-illuminated, this is because the flame sensors detect Infrared rays from fires, but it is
not only fire that emit infrared rays. The flame sensors used in this project are not capable
of properly distinguishing between the infrared rays emitted by fires and maybe sunlight
or some electrical light sources. Hence the tests had to be carried out in such a poorly
illuminated environment.

5. Conclusions

A major discovery from the research is the development of an intelligent algorithm
that properly discriminates between fire and nonthreatening or deceptive conditions due
to the introduction of embedded microelectronics technologies and an intelligent
algorithm that drives the system which serves as an authentication or validator in proving
false alarms. Also, the use of multiple sensors that combine smoke, thermal and the CO:
sensors further strengthen the fire detection capabilities from the evaluation analysis, it
was inferred that the use of multiple fire sensors further enhances the capabilities of the
fire detection rate. it was however noted that further research can be carried out to
increase the capabilities of the firefighting robot where the firefighting robot has the 3D
architecture mapping of the structure this will increase the image analysis/processing time
for objects within the infrastructure, hence an increase in instructional navigation and
mapping within the infrastructure to the location of the fire.
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