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ABSTRACT

The laboratory fires are increasing due to flammable chemicals,
high-voltage tools, and complex experiments. Traditional
firefighting methods often fail in such environments. They
respond slowly and cannot adapt to rapid fire spread. This study
introduces an autonomous firefighting robot designed for
laboratory use. The system is built using Arduino and includes
three parts. These are a 180° infrared flame detection unit, a
servo-controlled water sprayer, and an autonomous movement
system. Control algorithms help the robot detect and extinguish
flames quickly and accurately. Tests show a 95.8% accuracy in
flame detection. The robot can put out fires from up to 90 cm
away. The average time to extinguish a flame is 18.9 seconds.
In 250 tests, the robot showed a 98.0% success rate. These
results confirm the system’s reliability and stability. The robot
offers a low-cost and effective tool for fire safety. It can
improve lab protection through intelligent automation.

Keywords
Firefighting Robot, Autonomous Fire Suppression, Arduino-
Based Robot, Firefighting Robot for Laboratory Fire Safety.

1. INTRODUCTION

Laboratories are highly vulnerable to fire hazards due to the
presence of flammable chemicals, high-voltage equipment, and
complex experiments. The National Fire Protection
Association (NFPA) reports an increasing trend in laboratory
fire incidents. These fires pose threats to life, equipment, and
property [1-6, 35-40]. Traditional fire safety methods, such as
manual extinguishers and fixed ventilation systems, often fail
in hidden or hard-to-reach areas. Rapid flame spread can make
manual intervention difficult.

Robotic systems have emerged as a solution to address this
issue. However, most current robotic systems have limited
sensing range, slow response times, and require remote control.
These factors reduce their ability to act independently in real-
time fire conditions.

This paper presents an autonomous firefighting robot designed
for laboratory use. The system is based on an Arduino
microcontroller and includes three core subsystems. These are
the Flame Detection System, the Fire Extinguishing System,
and the Robot Movement Control System. A 180° infrared
flame sensor allows wide-angle flame detection. A servo-based
nozzle and a relay-operated water pump handle the suppression

task. The robot uses decision-making algorithms to detect,
approach, and extinguish flames.

Testing was conducted under controlled conditions. The robot
achieved 95.8% accuracy in flame detection. It could
extinguish fire from a distance of up to 90 cm. The average time
to extinguish a fire was 18.9 seconds. In 250 trials, the robot
maintained a 98.0% success rate. These results confirm the
robot’s reliability, stability, and efficiency.

The paper is structured as follows: Section 2 reviews related
work. Section 3 explains the methodology. Section 4 discusses
hardware and software components. Section 5 presents
experiments and results. Section 6 concludes the paper and
suggests future work.

2. LITERATURE REVIEW

The Robotics and embedded systems have advanced rapidly in
recent years. These advances have improved autonomous
firefighting technologies. Firefighting robots are now used to
reduce risks in dangerous environments [7-9]. Many systems
have been developed to detect and extinguish fires. These
systems rely on sensors, microcontrollers, and wireless
communication. Most operate without human help and can
suppress fire using onboard mechanisms.

This section reviews various firefighting robots. The systems
are analyzed based on sensors, control methods, autonomy, and
structure. Key limitations are also discussed. These include
poor sensor fusion, weak decision-making, and inefficient
actuation. The proposed system addresses these challenges. It
uses a mathematical model and focuses on energy and response
optimization.

Cakir and Ezzulddin (2016) designed a robot that uses a fan to
put out fire [10]. The system worked in controlled settings.
However, it was ineffective in open environments. The fan's
airflow could spread fire instead of extinguishing it. Also, the
robot detected fire in only one direction. The proposed system
improves on this. It uses water to suppress fire and covers a
180-degree area.

Kadam et al. (2018) built a robot using Arduino Uno R3. The
robot included gas and temperature sensors [11]. It also used
ultrasonic sensors for avoiding obstacles. However, gas and
temperature sensors can cause delays in fire detection. The
proposed system avoids this delay. It uses IR flame sensors,
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which respond faster and more accurately. It also works
without remote control.

Taha et al. (2018) created a robot for enclosed places. It used
one flame sensor and could detect fire within a 60-degree range
[12]. Its deployment was complex and limited its usability. The
proposed system uses three flame sensors. These sensors cover
180 degrees and allow easy setup.

Pan and Zhu (2017) explained how to build a fire-fighting robot
using Arduino [13]. Their book included design steps and
component details. However, their work did not involve real-
world testing. In contrast, the proposed system has been tested
in practical scenarios.

Diwanji et al. (2019) presented a robot with three flame sensors
[14]. It also used a servo motor to spray water. Their system
was similar in design to the proposed one. But they did not
explore algorithms in depth. They also lacked detailed testing.
The current research adds advanced algorithms and extensive
testing.

Sharma and Singh (2021) developed the FEBO robot. It
featured fire detection, suppression, live video, and voice
communication [15]. It could be controlled by a smartphone.
Multiple versions were designed for various locations.
However, the system lacked real-world testing. The proposed
robot is tested and verified in practical conditions. It is also
casier to deploy.

Sangewar et al. (2021) built a robot with a gas sensor and
camera. It used Arduino Mega 2560. It could detect fire but
relied on manual operation [16]. The proposed system
improves on this. It automates both detection and suppression
tasks. This improves speed and efficiency.

Anuradha et al. (2023) designed a robot similar in structure to
the proposed one. Their robot used Arduino and could detect
fire [17]. But it did not use a complex algorithm. It also lacked
proper testing. The current system includes a refined algorithm.
It has been tested in different environments.

Najm et al. (2024) created a robot for indoor fire emergencies.
They described the system but did not include detailed
algorithms [18]. The robot was also not tested under extreme
conditions. The proposed system includes a full algorithm. It
has been tested in harsh situations.

Kucukdermenci and Ilten (2025) built a remote-controlled fire
robot. It had a detection angle over 120 degrees. However, it
lacked autonomous operation [19]. It also did not undergo real-
world testing. The proposed robot covers 180 degrees and
works without human control. It has been validated through
field testing.

From this review, three main problems were found in existing
systems:

e Limited Detection Range: Many robots use one flame
sensor. This limits the field of view and reduces
detection accuracy.

e Lack of Real-World Testing: Most systems were not
tested in practical fire situations. This affects their
reliability.

e  Dependence on Manual Control: Several systems
depend on remote or Wi-Fi control. These may fail
during emergencies.

This study solves the above problems. The system includes the
following improvements:
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e  Wider Detection Range: Three flame sensors offer
180-degree fire detection. This is more effective than
older systems.

e Autonomous Operation: The robot detects and
suppresses fires without human help. This improves
speed and reduces human error.

e  Tested System with Strong Algorithm: The robot has
been tested under various conditions. The fire
detection algorithm is accurate. The system also
controls water use efficiently.

This research provides a better alternative to existing robots. It
is reliable, fast, and easy to use. The system can be deployed in
real-world fire emergencies. It is suitable for use in Laboratory.

3. METHODOLOGY
3.1 System Architecture

The proposed firefighter robot system is composed of one
Robot Control System and three primary subsystems: Flame
Detection System, Fire Extinguishing System, and Robot
Movement Control System. These subsystems collaborate to
autonomously detect fire, navigate towards the flame source,
and extinguish it effectively. Figure 1 displays the proposed
architecture for the Firefighter Robot.
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Fig 1: Architecture of the proposed system.
3.1.1 Robot Control System

The firefighter robot uses the Arduino Uno as its main
controller. The Arduino Uno is based on the ATmega328P
microcontroller. This microcontroller uses the Harvard
architecture. It separates program memory and data memory
for better performance. The ATmega328P has 32 KB of flash
memory, with 0.5 KB used for the bootloader. It also has 2 KB
of SRAM and 1 KB of EEPROM. The processor runs at 16
MHz, allowing real-time operations [20].

The robot receives input from several sensors. These sensors
provide data such as flame presence, direction, and path status.
The sensor input is defined as:

S@) = {s1(t), 52(0), ..., 50 ()} ()

Here, Si(t) is the reading from the i-th sensor at time t. The
Arduino uses this input to make decisions in real time. The
control decision function is represented as:

Navigation Mode, if no flame is detected

Extinguishing Mode, if flame is detected @

D(S) = {

This function determines the robot’s operational mode. After
deciding the mode, a control signal C(¢) is generated. This
signal depends on both D(S) and the instruction set P:

C® =f(D(),P) ©)
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The function f maps decisions and instructions to actuator
commands. These include motor actions and fire suppression.

The Arduino has a built-in Analog-to-Digital Converter
(ADC). It converts analog signals from sensors into digital
values. The ADC has 10-bit resolution. It maps 0-5V input into
values from 0 to 1023. The robot also uses digital input pins
and interrupt routines. This ensures fast and prioritized
responses [21].

Sensor data is collected periodically. This is controlled by the
sampling frequency fi:

foz “
ts
Here, Ts is the sampling period. This regular sampling supports
real-time response to changing conditions [22].
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Fig 2: Arduino Architecture [20].
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3.1.2 Flame Detection System

Accurate flame detection is a key feature of the firefighter
robot. The robot uses infrared (IR) flame sensors. These sensors
are sensitive to wavelengths from 760 nm to 1100 nm. This
range matches the emission spectrum of most hydrocarbon
fires. Each IR sensor converts infrared radiation into an
electrical signal. This signal is used for real-time decisions in
navigation and fire suppression.

Each sensor contains a photodiode. The photodiode detects
incoming IR radiation and produces a current. This current is
known as photocurrent and is defined as:

L, = R.F (5)

Here, Iy, is the photocurrent, R is the photodiode responsivity
(A/W), and F is the flame intensity [23].

This small current is amplified and changed into voltage. A
transimpedance amplifier performs this conversion. The
voltage is filtered to reduce noise. Then the filtered voltage (77)
is compared to a set threshold (V). A comparator like the
LM393 outputs a binary signal based on this comparison:

Voo = 1, if Vi = Vi, (Flame Detected)
out = 1 0, if Vi < Vi (No Flame Detected)
(6)
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Fig 3: Structure Diagram of the IR Flame Sensor [24].

The analog output can also reflect flame intensity. This is
modeled as:

Vi=oF + € 7

Here, o is the system gain, and € is the noise and environmental
error [24].

The robot uses multiple IR sensors to cover a wide area. Three
sensors are placed on the front side. Each sensor is angled at
about 60 degrees. This setup gives 180-degree coverage and
reduces blind zones. The robot estimates flame direction by
calculating voltage differences:

AV =V, - Vs (8

This difference helps the robot face the flame source
correctly. Flame distance is estimated using the inverse-square
law:

F=k-(1/d? )

Here, k is a calibration constant, and d is the flame distance
[25].

3.1.3 Fire Extinguishing System

The fire extinguishing mechanism employed in this study
integrates multiple hardware components, including a relay-
controlled water pump, a servo motor for directional nozzle
control, and a precision nozzle designed to optimize water
dispersion while minimizing waste. Upon detection of a flame,
the control system processes sensor data to compute the
required servo angular position @ for accurate nozzle alignment.
This angle is determined as a function of the voltage differential
AV between the flame sensors:

8 =g(AV) (10)

where g() represents a mapping function that correlates sensor
voltage differences to the appropriate servo angle. The relay
module governs the activation of the water pump through a
digital control signal R(t) defined by:

1, Pump Activated

RO = { 0, Pump Dectivated an

The water pump delivers a continuous flow of extinguishing
agent, and the flow rate Q can be estimated based on the
mechanical power of the pump using:

P

Q== (12)
where P denotes the pump power, p is the density of water, g is
gravitational acceleration, and h is the pump head (vertical
distance the water is lifted [26]. This targeted extinguishing
approach ensures that the water is applied precisely to the fire
source, reducing overall water usage while maximizing
suppression efficiency. Figure 4 display the operational
mechanism of the Fire Extinguishing System.
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Figure 4: Operational Mechanism of the Fire
Extinguishing System.

3.1.4 Robot Movement Control System

The movement system of the robot is based on electronic motor
control and classical electromechanical theory. Four BO DC
motors drive the wheels of the robot. These motors support both
linear and rotational movements. The motors are controlled
using an L298N dual H-bridge driver. This module allows
current to flow in both directions through the motors. As a
result, the robot can move forward and backward.

DC motor operation relies on electromagnetic force. When
current flows through a conductor in a magnetic field, a force
is produced. This is defined by the Lorentz force law:

F=B-1L-sin(0) (13)

Here, F is the force, B is the magnetic flux density, / is the
current, L is the conductor length, and 6 is the angle between B
and /. This principle is represented by Fleming’s Left-Hand
Rule (Figure 5) [27]. The resulting force turns the rotor, which
rotates the wheels.

FORCE
(MOTION)

MAGNETIC
FIELD

,\-\

CURRENT

Fig S: Fleming’s Left-Hand Rule [27]

The direction of motor rotation depends on the polarity of
voltage across the terminals. An H-bridge circuit is used to
switch polarity. It consists of four switches arranged in an "H"
shape. Two diagonal switches are turned on to change the
current direction. This allows the robot to move forward,
backward, and turn. The L298N driver includes this H-bridge
system. It simplifies motor control using digital signals from
the Arduino.

Motor speed is controlled using Pulse Width Modulation
(PWM). PWM controls the voltage by switching it on and off
rapidly. The duty cycle (D) determines the average voltage:

D
= 100 Vinax (14)

Where VPWM is the average voltage, D is the duty cycle, and
Vmax is the supply voltage. Figure 6 shows the PWM
waveform.

Vewm

The Arduino generates the PWM signal. It sends the signal to
the motor driver. This enables speed control with low energy
loss. The motor's angular speed o is given by:

®=(Vpwm — Vidrep) / K (15)

Here, Varop is the voltage loss in the circuit, and K is the motor's
voltage constant [28].
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The use of PWM, H-bridge control, and electromagnetism
enables complex movements. The robot can move straight,
reverse, rotate, and steer accurately. This is important for
aiming the robot at the fire for effective suppression.
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Fig 6: Pulse Width Modulation Technique [28].
3.2 Software Architecture

The software architecture of the proposed firefighter robot
functions as the central logic control layer, orchestrating the
coordination between sensory input, decision-making
algorithms, actuator control, and system safety loops. The
embedded software was developed using the Arduino IDE,
programmed in C/C++, and deployed directly onto the
microcontroller to ensure real-time responsiveness, low
latency, and deterministic task scheduling.

12v

The complete operational flow of the software architecture is
illustrated in Figure 7: Software Architecture Flowchart of

Firefighter Robot.
Initialize All
Components
Read Flame Detector
Values

I
Turn Robot to No
Right

Fire
Detected?
Move Robot Toward
The Fire Source

Rotate Water Gun to
Flame Direction

Active The Water
Pump

Yes

Turn Off Water Pump

Stop Robot

Fig 7: Software Architecture Flowchart of Firefighter
Robot.

4. IMPLEMENTATION

The complete implementation of the firefighter robot is divided
into two main parts. These are 4.1 Hardware Implementation
and 4.2 System Software Implementation.

4.1 Hardware Implementation
This part focuses on building and assembling the robot. It
includes the connection of all electromechanical components.
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The goal is to ensure proper communication between the
control unit and the subsystems. The Arduino microcontroller
is used as the central controller. It is an open-source platform
that supports flexible hardware design. All sensors and
actuators are connected to the Arduino. Each component is
integrated to ensure smooth operation. The Arduino manages

Robot Cont

rol System
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and coordinates all peripheral devices. The hardware is
arranged according to the proposed system design. The full
circuit diagram is shown in Figure 8. The robot control system
is also highlighted in the same figure under the Robot Control
System section.

Robot Movement Control System

.

_____ 1 _

| MR |
Flame | ‘ ! _{ |
oo ! =S i

-y__

Fig 8: Circuit diagram of the firefighter robot

4.1.1 Flame Detection System

The flame detection system is a vital part of the firefighter
robot. It detects flames and guides the robot’s response. The
system uses three infrared (IR) flame sensors. These sensors
are arranged to cover a wide field of view. Each IR sensor can
detect fire within a 60-degree range. Together, the three sensors
provide 180 degrees of flame detection. This ensures that the
robot can monitor its environment effectively. The physical
layout of the sensors is shown in Figure 9.

~180°

60°

IR Flame Sensor

Fig 9: The physical arrangement of the IR flame sensors

Each IR flame sensor is connected to the Arduino
microcontroller. The analog outputs of the sensors are linked to
analog ports A0, Al, and A2. The circuit layout of this system
is illustrated in the Flame Detection System section of Figure
8.

4.1.2 Fire Extinguishing System

The fire extinguishing system is used to suppress the detected
flame. It includes a water pump, a relay module, a nozzle, and
a servo motor. The relay module controls the pump. The servo
motor adjusts the nozzle to target the flame. The nozzle is
mounted on the servo motor for directional control.

The water pump is placed at the rear of the robot. The servo
motor is placed at the front. The nozzle is directly connected to
the servo motor. The robot uses flame detection data to set the
nozzle's angle (0). The pump is connected to the Arduino
through a relay module. The relay is connected to analog pin
AS. This allows the Arduino to switch the pump on or off. The
servo motor is connected to analog pin A4. It controls the
nozzle’s direction based on flame position. The complete
wiring of this system is shown in the Fire Extinguishing System
section of Figure 8.

4.1.3 Robot Movement Control System

The The movement of the robot is controlled using two DC
motors. These motors drive the left and right wheels. The
L298N motor driver controls the motors. The Arduino sends
control signals to the motor driver. These signals set the motor
direction and speed. For the right motor, the ENA pin is
connected to digital pin ~10 to control speed, while IN1 and
IN2 are connected to digital pins ~9 and 8 to manage the
rotational direction. The left motor’s speed is controlled
through the ENB pin, which is connected to digital pin ~5, and
its direction is controlled by IN3 and IN4 connected to digital
pins 7 and ~6. The right motor is connected to output pins 1 and
2 of the motor driver, and the left motor is connected to output
pins 3 and 4. By adjusting the logic levels of the IN1 to IN4
pins and modifying the PWM signals applied to ENA and ENB,
the robot can perform forward motion, reverse movement, and
turning maneuvers as required by the navigation algorithm. The
full circuit for this subsystem is shown in the Robot Movement
Control System section of Figure 8.

4.2 System Software Implementation

The The software system of the firefighter robot is designed for
autonomous flame detection and suppression. It integrates
sensor data processing, motor control, and actuator
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coordination. The software is developed using the Arduino
Integrated  Development  Environment (IDE).  The
programming language used is C++, which allows precise
control of hardware components. It is suitable for real-time
tasks in embedded systems.

The software is structured into several functional algorithms.
Each algorithm controls a specific subsystem. The overall
control flow is managed by the main operation algorithm.

4.2.1 Main Operational Algorithm

The core logic of the robot is handled by the firefighter robot
operation algorithm. It reads data from three IR flame sensors.
When a flame is detected, the system calculates the servo angle.
It then activates the water pump and monitors the extinguishing
process. If no flame is found, the robot starts a scanning routine.

Algorithm 1: Firefighter Robot Operation

function FirefighterRobot();

Input: Flame sensor data V = (V1, V2, V3), where each Vi is
an analog voltage from IR flame sensors. System initialized
with water pump, relay, servo motor, and movement control.

Output: Fire detected and extinguished.

1. Initialize all hardware components;
2 while true do
3 V1 « readSensor(A0);

4 V2 « readSensor(Al);

5 V3 « readSensor(A2);

6 if (V1 > Tfire OR V2 > Tfire OR V3 > Tfire ) then
7 0 <« computeAngle(V1, V2, V3);
8 rotateServo(0);

9 activateRelay();

10 while (firePresent()) do

11 continue extinguishing;
12 end

13 deactivateRelay();

14 else

15 moveRobot();

16 end

17 end

end

4.2.2 Nozzle Angle Computation Algorithm

The computeAngle() algorithm determines the angle 6 for
nozzle positioning. It uses a weighted average of the sensor
values. This ensures the nozzle points directly at the flame
source. It improves targeting and reduces water & time usage.

Algorithm 2: computeAngle()

function computeAngle(V1, V2, V3);

Input: V1, V2, V3 — analog voltages from flame sensors (A0,
Al, A2).

Output: Servo angle 0 for nozzle alignment.

1 total < V1 +V2+V3;

2 if total = 0 then

3 return 0 = defaultAngle;
4 end

5 weightl < (V1/ total) x (-60);
6 weight2 « (V2 / total) x 0;

7 weight3 « (V3 / total) x 60;
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8 0 «— weightl + weight2 + weight3;
9 return 0;
end

4.2.3 Robot Search and Movement Algorithm

The moveRobot() algorithm manages robot navigation. When
no flame is present, the robot rotates and scans the area. If a
flame is detected, the robot moves toward it and prepares to
extinguish it.

Algorithm 3: moveRobot()

function moveRobot();
Input: Flame sensor data V1, V2, V3 Threshold value Tfire
Output: Robot navigates toward the fire or stops after search

1 searchCount < 0;
2 while searchCount < 4 do

3 V1 « readSensor(A0);

4 V2 « readSensor(Al);

5 V3 « readSensor(A2);

6 if (V1 > Tfire OR V2 > Tfire OR V3 > Tfire) then
7 moveRobo();

8 while (V1 > Tfire OR V2 > Tfire OR V3
> Tfire) do

9 V1 « readSensor(A0);

10 V2 « readSensor(Al);

11 V3 « readSensor(A2);

12 end

13 stopMoving();

14 return;

15 else

16 turnRight();

17 delay(turnDelay);

18 searchCount «— searchCount + 1;

19 end

20 end

21 stopMoving();
end

4.2.4 Software Functional Components

To ensure modular and maintainable code, several key
functions were implemented in the Arduino IDE. The
readSensor(Ax) function reads analog input from a flame
sensor. The computeAngle(V1, V2, V3) function calculates the
nozzle angle 0 based on sensor data. The rotateServo(0)
function adjusts the nozzle direction. The activateRelay() and
deactivateRelay() functions control the water pump. The
moveRobot() function manages navigation. The firePresent()
function checks for flame presence. Additional functions
include turnRight() for directional control and stopMoving() to
halt movement.

5. RESULTS & DISCUSSION

This section presents the experimental evaluation and
comprehensive performance analysis of the proposed
autonomous firefighter robot. The evaluation focuses on
multiple key aspects, including flame detection accuracy,
servo-based nozzle alignment precision, fire extinguishing
efficiency, system stability, and failure rate assessment. A
series of controlled laboratory experiments was conducted
under varying flame intensities, distances, and environmental
conditions to thoroughly assess the robot’s operational
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capabilities. The collected data were systematically analyzed to
quantify the system’s responsiveness, precision, and reliability.
Comparative analysis with several recent research works was
also performed to validate the superior performance of the
proposed system. The results confirm that the firefighter robot
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offers significant improvements in extinguishing accuracy,
reduced extinguishing time, and enhanced system stability,
demonstrating its practical applicability for real-world indoor
firefighting scenarios.

Fig 10: Experimental Test Scenarios of the Firefighter Robot Under Various Fire Conditions

Figure 10 presents key stages of the firefighter robot's testing process under experimental conditions. Part (A) shows the robot detecting
fire from a measured distance. Part (B) displays a clear line-of-sight view between the robot and the fire source. Part (C) captures the
robot after it detects the fire and moves beyond the halfway point toward the flame. Parts (D) and (E) illustrate the firefighting operation
and nozzle alignment accuracy. In part (D), the nozzle is aligned with zero-degree error. In part (E), the nozzle alignment shows a minor

two-degree error. Part (F) provides a top view of the robot, highlighting the complete component setup.

5.1 Flame Detection Accuracy Evaluation

and Comparative Analysis

The flame detection performance of the firefighter robot was
evaluated through controlled experiments. Flames were placed
at different angles ranging from -60° to +60° relative to the
robot. The robot used three IR flame sensors positioned at -60°,
0°, and +60°. The sensor data were processed using a weighted-
angle computation algorithm to estimate the flame’s direction.

The system showed high accuracy in detecting the flame
position. The estimation error was between 0° and 3°. The robot
achieved 100% accuracy at 0°, which is the center. At the edge
positions, the accuracy was 96.67% at -60° and 95% at +60°.
The average detection accuracy across all angles was about
95.8%. This is shown in Figure 11 and Figure 12.

These results confirm that the detection system is reliable and
accurate. The low error rate ensures proper nozzle alignment.
This improves fire suppression efficiency.

To validate performance, results were compared with other
studies. Ding et al. (2025) reported an average accuracy of
94.6% [29]. Ahamed et al. (2024) achieved 95% but noted
failures at wider angles [30]. The proposed system showed
better accuracy with consistent performance across all angles.
This is due to the use of a weighted-angle model and real-time
sensor feedback. These features help correct small errors
during flame detection and targeting.
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Flame Detection Accuracy vs. Actual Flame Angle
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Fig 11: Flame Detection Accuracy vs. Actual Flame Angle

Actual vs. Estimated Servo Angle for Flame Detection
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Fig 12: Actual vs. Estimated Servo Angle for Flame
Detection

5.2 Fire Extinguishing Time Evaluation

and Comparative Analysis

The extinguishing time was tested by placing the robot at four
different distances from the fire source. Twelve standard
candles were used to simulate a small indoor fire. The robot
was placed at distances of 30 cm, 50 cm, 70 cm, and 90 cm.
Each test recorded the time needed to extinguish the flame.

Extinguishing Time vs. Distance from Fire

30 4

= N N
@ - (]

Extinguishing Time (sec)

-
]

30 50 70 920
Distance from Fire (cm)

Fig 13: Extinguishing Time vs. Distance from Fire

At 30 cm, the robot extinguished the fire in 10.2 seconds. At 50
cm, the time increased to 16.5 seconds. At 70 cm, it took 20.8
seconds. At 90 cm, the extinguishing time was 28.1 seconds.
These results are shown in Figure 13.

The data show that the robot remains effective even at longer
distances. The increase in time is due to the reduction in water
pressure over distance. However, the robot's precise nozzle
alignment helped maintain high efficiency.
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Comparative studies support these findings. Gao et al. (2019)
reported an average extinguishing time of 38.87 seconds [31].
The proposed system is about 51% faster. This is due to servo-
based nozzle control and adaptive water spraying. Sani et al.
(2021) reported times between 9 to 21 seconds at 30 to 50 cm
[32]. Our robot performed within 10 to 30 seconds at 30 to 90
cm. This shows better performance at larger distances.

The robot’s nozzle angle optimization and servo control helped
reduce water loss. The system also adapts to small flame
movements. This improves the extinguishing process..

5.3 Operational Stability and Performance

Evaluation

The robot was tested in five separate trials. Each trial had 50
operations, totaling 250 runs. Each run was evaluated for
success or failure. The success rate and failure causes were
recorded.

The robot performed with a high success rate. It completed
most operations without issues. The average success rate was
98.0%. Only four failures were observed. Table 1 presents the
detailed results.

Table 1: Summary of Firefighter Robot Tests

Trial Total Failures | Success Reasons for
Operations Rate Failure

1 50 1 98.0% Sensor noise
spike

2 50 0 100.0% —

3 50 2 96.0% Servo response
delay

4 50 1 98.0% Relay mome-

ntary error
5 50 0 100.0% —
Average 98.0%

These results show that the robot is stable and reliable. The low
failure count supports its readiness for real applications.

Other studies offer limited data on performance. Edozie et al.
(2024) mostly described system design without trial data [33].
Sathiabalan et al. (2021) reported general performance without
clear metrics [34]. In contrast, this study provides a detailed
evaluation with real-world testing. The robot shows strong
performance with minimal errors, proving its robustness and
effectiveness in fire emergencies.

6. CONCLUSION

This paper presented an autonomous Arduino-based firefighter
robot designed to improve laboratory fire safety through real-
time flame detection, accurate nozzle control, and fully
automated fire suppression. The system integrates a 180-degree
IR flame sensor array, a servo-controlled water spray
mechanism, and a microcontroller-driven control unit to detect
and extinguish flames without human intervention.

Experimental validation under varying distances and flame
intensities demonstrated the system’s reliability and efficiency.
The robot achieved an average flame detection accuracy of
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95.8% and extinguished fires at distances up to 90 cm, with an
average extinguishing time of 18.9 seconds, and also its
dynamic servo alignment and real-time sensor integration.
Furthermore, it achieved a 98.0% operational success rate
across 250 trials, confirming its system stability and
repeatability. The developed robot provides a cost-effective,
autonomous, and scalable solution for real-world laboratory
fire risks.

Overall, the system offers a deployable and robust platform for
fire detection and suppression in indoor hazardous
environments. Future developments may include Al-enhanced
fire behavior prediction, multi-sensor fusion for obstacle
avoidance, and cloud-based data logging for incident analytics.
Integration with edge computing could further reduce response
latency and enable smart coordination in multi-agent
firefighting systems. The results of this study demonstrate the
practical viability of autonomous robotics in reducing fire-
related hazards and advancing laboratory safety protocols.
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