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Abstract: Driver drowsiness and fatigue are paramount contributors to major road traffic accidents 

globally, leading to catastrophic human casualties and substantial economic losses, particularly during 

nighttime driving and long-distance commercial freight transit. This paper presents the design, 

implementation, and experimental validation of an affordable, non-intrusive, and standalone hardware-

based solution for real-time driver state monitoring. The proposed system utilizes an Arduino Nano 

prototyping platform integrated with an Infrared (IR) eye-blink sensor module and an audible alarm 

notification mechanism. By actively measuring infrared reflection variances from the ocular surface, the 

system differentiates regular, high-frequency biological blinking from prolonged eyelid closures 

associated with micro-sleep and onset fatigue. Experimental validations indicate that the firmware 

algorithm efficiently manages adaptive threshold comparison to trigger localized auditory warnings 

without imposing high computational loads or necessitating external, internet-dependent edge-computing 

infrastructure 
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I. INTRODUCTION 

With the monumental expansion of global automotive transport networks and traffic densities, road safety has emerged 

as a high-priority public health and socio-economic concern. Extensive statistical analyses identify operator fatigue, 

sleep deprivation, and operational inattentiveness as leading catalysts for high-velocity highway collisions. Prolonged 

nocturnal driving degrades cognitive response times and motor control functions, leading to dangerous "micro-sleep" 

episodes where a driver remains completely oblivious to shifting lane dynamics [1-2].  

To counter this threat, various automotive warning technologies have been proposed. Existing approaches generally 

belong to three technical categories: 

Vehicle-Kinematic Analysis: Tracking erratic wheel movements, sudden corrections, and lane-deviation markers.  

Physiological Telemetry: Monitoring real-time driver electroencephalogram (EEG) or electrocardiogram (ECG) 

changes, which require cumbersome, skin-contact electrodes that are impractical for long-haul operations. 

Computer-Vision Monitoring: Utilizing dashboard-mounted cameras paired with single-board computing units (e.g., 

Raspberry Pi with OpenCV architectures) to analyze facial features. While highly accurate under perfect lighting, these 

vision-based systems demand intensive computational resources and often suffer from latency and poor night-vision 

performance.  

To overcome these challenges, this paper outlines a low-cost, low-power, non-intrusive hardware architecture built 

around an 8-bit AVR microcontroller [3]. By focusing specifically on ocular movement tracking via an ergonomic, 

glass-mounted active infrared transceiver configuration, this system provides accurate real-time eye-closure assessment 

while remaining computationally lightweight and independent of ambient lighting changes [4-5]. 

Global transportation safety faces a persistent crisis due to human-factor errors, among which driver fatigue and 

drowsiness are the most pervasive. According to recent data from organizations like the National Highway Traffic 

Safety Administration (NHTSA), drowsy driving is responsible for thousands of fatal crashes annually, with prolonged 

wakefulness over 20 consecutive hours impairing a driver’s cognitive and motor abilities to a level equivalent to a 

0.08% blood-alcohol concentration (Abd El-Nabi et al., 2025) [6]. Despite public awareness campaigns, operators 

frequently misjudge their own exhaustion levels, resulting in catastrophic "microsleep" episodes (Babusiak, 2026) [7]. 
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Consequently, there is an urgent demand for the development of real-time, intelligent Advanced Driver Assistance 

Systems (ADAS) capable of actively monitoring operator alertness and providing proactive interventions before 

accidents occur (Nasir, 2025) [12]. 

In contemporary automotive research, driver drowsiness detection (DDD) paradigms are broadly divided into three 

modalities: vehicle-based, physiological, and behavioral/vision-based systems (G Ajudiya, 2026) [8]. Vehicle-based 

methods evaluate metrics such as steering wheel reversal rates or lane deviations, but they often trigger alerts only after 

erratic driving has already commenced (G Ajudiya, 2026) [9]. Physiological approaches, which track 

Electroencephalogram (EEG) or Electrocardiogram (ECG) metrics via wearable sensors, provide exceptional medical-

grade accuracy but suffer from low user compliance due to their intrusive nature (Visconti et al., 2025) [10[. To balance 

accuracy with driver comfort, computer vision and localized optical sensing have emerged as the standard. Recent 

high-end frameworks leverage deep learning architectures, such as Convolutional Neural Networks (CNNs), Long 

Short-Term Memory (LSTM) networks, and Transformers to evaluate facial landmarks, yawning, and eye blink 

frequencies (Nasir, 2025; Abd El-Nabi et al., 2025) [12]. 

While deep-learning-based vision systems yield superior detection rates under optimal conditions, their implementation 

in commercial fleet operations faces significant barriers due to the high computational overhead, high cost of GPU 

hardware, and vulnerability to varying cabin illumination (Lozano-Reyes, 2025)[10]. This limitation highlights a 

substantial technological gap in developing countries and low-to-mid tier markets where premium embedded hardware 

is cost-prohibitive. To overcome these constraints, modern research focuses on "TinyML" and localized hardware 

acceleration—deploying lightweight, highly responsive, and energy-efficient systems directly onto microcontrollers 

(Essahraui, 2025) [8]. Microcontrollers like the Arduino platform offer a viable, non-intrusive alternative. When paired 

with infrared (IR) eye-blink sensors or lightweight edge modules, they can capture micro-sleep patterns (such as eye 

closures exceeding 500 ms) with deterministic timing and minimal latency (Manik, 2024) [11]. 

Motivated by the need for an accessible, real-time safety solution, this project presents the design and implementation 

of an Arduino-based Driver Drowsiness Detection and Alerting System. The objective is to engineer a low-cost, 

edge-computed hardware framework that continuously tracks eye-blink parameters. By processing behavioral metrics 

locally on an Arduino microcontroller, the system circumvents heavy processing pipelines while establishing a rapid, 

multi-tiered alerting mechanism (auditory buzzers, visual LCD warnings, and tactile feedback) to immediately re-

engage a fatigued driver. Ultimately, this research aims to democratize in-vehicle safety technology, offering a scalable 

architecture to reduce fatigue-related collisions on modern highways [13]. 

 

II. LITERATURE REVIEW: ARDUINO UNO CENTRIC ARCHITECTURES 

2.1 The Discrete Sensor Threshold Era (2015–2018) 

During this period, the Arduino Uno was primarily utilized as a simple data-logger and threshold-switch. Because the 2 

KB of SRAM could not handle image processing, researchers relied entirely on analog and digital peripheral sensors to 

infer drowsiness. 

A common design architecture involved interfacing an Infrared (IR) Eye Blink Sensor directly to one of the 

Arduino’s digital interrupt pins (e.g., Digital Pin 2/3). The IR sensor emitted infrared light toward the driver's eye; 

when the eye was open, the light reflected back differently than when the eyelid was closed. The Arduino Uno ran a 

continuous polling loop or an Interrupt Service Routine (ISR) tracking the duration of LOW or HIGH pulses. 

If the calculated pulse duration exceeded a pre-coded limit (such as 1000ms, the Arduino set an output pin high to 

trigger an active buzzer or transistor-driven vibration motor. While highly responsive, these systems were plagued by 

false positives due to ambient sunlight flooding the IR receiver, and they lacked the sophistication to differentiate 

between a driver looking down at the dashboard versus falling asleep [14]. 
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2.2 The External Processing & Co-Processing Shift (2

As Computer Vision (CV) matured, researchers realized that sensor

commercial application. However, because a raw video stream cannot be fed into an Arduino Uno, a 

Slave architecture became the standard [15]

In this setup, a computationally powerful host machine (such as a laptop, a Raspberry Pi, or an NVIDIA Jetson) acted 

as the "Master." It utilized a USB webcam to capture the driver's face, running Python scripts with OpenCV, 

MediaPipe to extract facial landmarks and calculate the Eye Aspect Ratio (EAR)

When the host computer detected that the EAR value dropped below a critical threshold (typically around 0.25) for a 

consecutive number of frames, it compiled a brief

via USB to the Arduino Uno (acting as the "Slave").

The Arduino Uno utilized its dedicated hardware UART (

reading the trigger character, the Arduino took over the physical safety critical tasks: activating heavy

sound modules, or safety strobes. This shifted the heavy mathematics off the micro

Arduino's deterministic, real-time executio

 

2.3 Edge Optimization and Closed-Loop Systems (2023

In recent years, the focus has shifted toward building completely self

around the Arduino Uno without relying on an expensive host PC. Researchers are achieving this by optimizing data 

protocols and adding specialized, self-contained edge vision modules (like the 

highly compressed, localized models) [18].

In these contemporary architectures, the vision module handles the facial detection locally on its own chip and outputs 

simple digital or I2C signals directly to the Arduino Uno. This completely protects the Uno's 2 KB SRAM from 

overflowing [19]. 

Furthermore, modern frameworks have evolved from passive alerting to active vehicle intervention. When the Arduino 

Uno receives a drowsiness flag, it executes a multi

Immediate Haptic/Auditory Alert: Digital output pins immediately pulse an active buzzer and a PWM

vibration motor on the steering wheel. 

Visual Warning Update: Liquid Crystal Displays (LCDs) connected via an I

warning indicators, minimizing the pin count on the Uno.

Active Vehicle Safety Interventions: The Arduino pulses an optocoupler

high-torque DC motor (simulating the vehicle's throttle or braking link) to actively slow down the vehicle safely.

Wireless Fleet Tracking: Using Software Serial (

SIM800L GSM module via AT commands to send an automated emergency SMS containing GPS coordinates fetched 

via an attached NEO-6M GPS module. 

 

2.4 Comparative Summary of Arduino Uno System Implementations

The table below illustrates how researchers have progressively optimized the 

ATmega328P chip over the last decade. 

Era / Study Focus Role of Arduino 

Uno 

Early Threshold Master Controller:
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Processing Shift (2019–2022) 

As Computer Vision (CV) matured, researchers realized that sensor-only approaches lacked the necessary accuracy for 

commercial application. However, because a raw video stream cannot be fed into an Arduino Uno, a 

[15]. 

n this setup, a computationally powerful host machine (such as a laptop, a Raspberry Pi, or an NVIDIA Jetson) acted 

as the "Master." It utilized a USB webcam to capture the driver's face, running Python scripts with OpenCV, 

MediaPipe to extract facial landmarks and calculate the Eye Aspect Ratio (EAR) [16]: 

When the host computer detected that the EAR value dropped below a critical threshold (typically around 0.25) for a 

consecutive number of frames, it compiled a brief data packet. This packet was transmitted over a hardware serial bus 

(acting as the "Slave"). 

The Arduino Uno utilized its dedicated hardware UART (Serial.begin(9600)) to parse the incoming byte string. Upon 

haracter, the Arduino took over the physical safety critical tasks: activating heavy

sound modules, or safety strobes. This shifted the heavy mathematics off the micro-controller while leveraging the 

n for hardware safety tasks [17]. 

Loop Systems (2023–2026) 

In recent years, the focus has shifted toward building completely self-contained, low-cost, closed-loop safety networks 

around the Arduino Uno without relying on an expensive host PC. Researchers are achieving this by optimizing data 

contained edge vision modules (like the HuskyLens or ESP32

. 

In these contemporary architectures, the vision module handles the facial detection locally on its own chip and outputs 

C signals directly to the Arduino Uno. This completely protects the Uno's 2 KB SRAM from 

Furthermore, modern frameworks have evolved from passive alerting to active vehicle intervention. When the Arduino 

siness flag, it executes a multi-tiered safety protocol across its physical pins [20]

Digital output pins immediately pulse an active buzzer and a PWM

Liquid Crystal Displays (LCDs) connected via an I2C backpack (Pins A4/A5) print real

warning indicators, minimizing the pin count on the Uno. 

The Arduino pulses an optocoupler-isolated relay module linked directl

torque DC motor (simulating the vehicle's throttle or braking link) to actively slow down the vehicle safely.

Using Software Serial (SoftwareSerial.h) on digital pins, the Uno commands an onboard 

AT commands to send an automated emergency SMS containing GPS coordinates fetched 

2.4 Comparative Summary of Arduino Uno System Implementations 

The table below illustrates how researchers have progressively optimized the limited hardware footprint of the 

Role of Arduino Connected Sensor 

Inputs 

Output 

Actuators / 

Peripherals 

System Bottleneck / 

Limitation

Master Controller: Analog IR Eye Blink Active Piezo Sensor Noise:

  

  

Technology 

Reviewed, Refereed, Multidisciplinary Online Journal 
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Impact Factor: 7.53 

 

only approaches lacked the necessary accuracy for 

commercial application. However, because a raw video stream cannot be fed into an Arduino Uno, a hybrid Master-

n this setup, a computationally powerful host machine (such as a laptop, a Raspberry Pi, or an NVIDIA Jetson) acted 

as the "Master." It utilized a USB webcam to capture the driver's face, running Python scripts with OpenCV, dlib, or 

 
When the host computer detected that the EAR value dropped below a critical threshold (typically around 0.25) for a 

data packet. This packet was transmitted over a hardware serial bus 

) to parse the incoming byte string. Upon 

haracter, the Arduino took over the physical safety critical tasks: activating heavy-duty relays, 

controller while leveraging the 

loop safety networks 

around the Arduino Uno without relying on an expensive host PC. Researchers are achieving this by optimizing data 

ESP32-CAM running 

In these contemporary architectures, the vision module handles the facial detection locally on its own chip and outputs 

C signals directly to the Arduino Uno. This completely protects the Uno's 2 KB SRAM from 

Furthermore, modern frameworks have evolved from passive alerting to active vehicle intervention. When the Arduino 

[20]: 

Digital output pins immediately pulse an active buzzer and a PWM-controlled 

C backpack (Pins A4/A5) print real-time 

isolated relay module linked directly to a 

torque DC motor (simulating the vehicle's throttle or braking link) to actively slow down the vehicle safely. 

) on digital pins, the Uno commands an onboard 

AT commands to send an automated emergency SMS containing GPS coordinates fetched 

limited hardware footprint of the 

System Bottleneck / 

Limitation 

Sensor Noise: 
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Systems (2015-2018) Handled raw signal 

processing and 

timing logic entirely 

on-chip. 

Sensor, MPU-6050 

Accelerometer. 

Buzzer, basic 

LED indicators. 

Highly vulnerable to 

ambient Infrared 

interference; high 

false-alarm rates. 

Early Threshold 

Systems (2015-2018) 

Master Controller: 

Handled raw signal 

processing and 

timing logic entirely 

on-chip. 

Analog IR Eye Blink 

Sensor, MPU-6050 

Accelerometer. 

Active Piezo 

Buzzer, basic 

LED indicators. 

Sensor Noise: 

Highly vulnerable to 

ambient infrared 

interference; high 

false-alarm rates. 

Hybrid Host-

Microcontroller 

Frameworks (2019-

2022) 

Slave Hardware 

Actuator: Dedicated 

solely to processing 

serial commands sent 

by an external PC. 

USB Serial Data 

(Serial.read()) 

originating from 

Python/OpenCV 

pipelines. 

16X2 Character 

LCD (Parallel 

interface), 5V 

Relay modules. 

Hardware 

Tethering: 

Completely reliant 

on an expensive, 

external laptop or 

single-board 

computer running in 

the cabin. 

Modern Closed-Loop 

Edge Networks (2023-

2026) 

Central Embedded 

Hub: Coordinates 

complex safety logic, 

telemetry 

transmission, and 

active mechanical 

intervention. 

I2C Smart Vision 

Cameras (e.g., 

HuskyLens), NEO-6M 

GPS Module via 

SoftwareSerial. 

Opto-isolated DC 

Motor Relays, 

SIM800L GSM 

Module, I2C LCD 

Display. 

Memory 

Management: 

Demands meticulous 

coding practices 

(e.g., using the F() 

macro) to keep local 

arrays from 

exhausting the 2 KB 

SRAM. 

 

III. METHODOLOGY AND SYSTEM ARCHITECTURE 

The proposed system features an embedded architecture divided into three primary sub-systems: the Power Regulation 

Stage, the Sensory Acquisition Unit, and the Central Microcontroller Processing Core 

 

3.1 Power Supply Regulation Stage 

Reliable, noise-free electrical power is essential to protect sensitive complementary metal-oxide-semiconductor 

(CMOS) and transistor-transistor logic (TTL) integrated circuits from voltage spikes. While direct 9V DC battery 

configurations are used for mobile testing, batteries inevitably lose their charge over time and drop in potential. To 

support stationary testing or direct vehicle electrical integration, a rectified power supply was developed:  

Step-Down Transformation: Converts standard 230V, 50Hz AC power down to 12V AC using a laminated step-down 

transformer.  

Rectification & Smoothing: Passes the 12V AC through a full-wave bridge rectifier (built using 1N4007 diodes) 

paired with a high-capacity 1000μF electrolytic capacitor to smooth out ripple voltages and deliver an unregulated 12V 

DC output.  

Linear Voltage Regulation: Uses a three-terminal TO-220 7805 linear voltage regulator IC to output a steady, 

continuous 5V DC supply. Parallel decoupling capacitors (0.22μF at input, 0.1μF at output) are added to improve 

transient response and filter high-frequency line noise.  
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3.2 Sensory Acquisition Unit 

Ocular monitoring is handled by an active, near-infrared transceiver assembly attached to the frame of an ergonomic set 

of safety glasses.  

The sensor works via active optical reflection telemetry:  

Transmitter (IR LED): Emits an unmodulated infrared light beam in the 700nm to 1mm wavelength spectrum toward 

the driver’s eye region.  

Receiver (Photodiode): Features a dark, light-filtering coating to minimize interference from surrounding ambient 

light. This photodiode operates in a reverse-bias configuration. When the driver's eye is open, the highly reflective 

surface of the sclera and cornea bounces the IR energy back, causing a sharp drop in the photodiode's internal 

resistance. Conversely, when the eyelid closes, the lower reflectivity of skin tissue reduces the returning IR energy, 

increasing the photodiode's resistance.  

Signal Conditioning (LM358 Op-Amp): The variable current from the photodiode passes through an on-board 

potentiometer arranged in a voltage-divider network. This voltage is fed into an LM358 operational amplifier acting as 

a high-speed voltage comparator. By comparing this active voltage against a manually adjusted reference threshold, the 

module outputs a clear analog signal to the microcontroller’s Analog-to-Digital Converter (ADC) channels.  

 

3.3 Central Processing Core 

The processing hub relies on an ATmega328P 8-bit RISC architecture microcontroller housed on an Arduino 

prototyping board. This controller handles the continuous sampling of the incoming eye-blink data streams. Running at 

a clock frequency of 8MHz to 16MHz, the controller utilizes built-in timers to track the exact duration of eye closures, 

completely eliminating the need for bulky exterior computer units.  

 

IV. SYSTEM IMPLEMENTATION AND FIRMWARE DESIGN 

The core detection logic is implemented in C/C++ within the Arduino development environment. The algorithm uses 

non-blocking millisecond timing routines (millis()) to avoid the program-freezing limitations associated with standard 

hardcoded delays.  

 

4.1 Firmware Algorithm Logic 

Upon system activation, digital pin 2 (connected to the buzzer warning module) is pulled HIGH to establish an inactive 

alert state, and analog pin A0 is configured as the input source for the LM358 comparator signal.  

A baseline timestamp variable (TIME) is calibrated to track runtime execution intervals.  

The function getVal() reads the analog input on pin A0. A high reflection coefficient (eye open) yields an ADC value 

above 350, while a closed eye drops the value to 350 or below.  

If getVal() <= 350, the firmware detects an active eye closure. It then compares the current runtime against the baseline 

timestamp (millis()/100 - TIME > 25). If this eye closure lasts longer than 2.5 seconds, it is flagged as an involuntary 

micro-sleep or drowsiness event rather than a standard biological blink.  

Once this 2.5-second threshold is crossed, digital pin 2 drops to LOW, activating a loud buzzer warning to immediately 

alert the driver. The system stays in this active alert loop until the ADC values return to normal, confirming the driver's 

eyes are open. 
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V. EXPERIMENTAL RESULTS AND DISCUSSION 

The integrated system was tested across various lighting scenarios to evaluate its real-world performance. 

5.1 Comparative Sensor Performance Analysis 

Ocular State 
Optical Reflection 

Character 

ADC Voltage Range 

(A0 Pin) 

Microcontroller 

Assessment 
System Alert State 

Active Focus (Eye 

Open) 

High Infrared 

Reflection  
450 - 700 

Normal Driver 

Awareness  

Deactivated / Safe 

(HIGH)  

Natural Blink 
Transient Reflection 

Drop  
<= 350 

Regular Ocular 

Activity (t < 2.5s)  

Deactivated / Safe 

(HIGH)  

Micro-Sleep / 

Fatigue 

Sustained Reflection 

Loss  
<=  350 

Drowsiness 

Confirmed (t >=  

2.5s)  

Activated Alert 

(LOW) 

 

5.2 Performance Analysis 

The system successfully distinguished normal, fast biological blinking from prolonged micro-sleep closures. Because 

the sensor uses infrared light wavelengths, it remains unaffected by external ambient lighting changes, maintaining high 

accuracy in both bright daylight and pitch-black nocturnal conditions.  

The onboard LM358 potentiometer allows for manual sensitivity calibration, ensuring the system can adapt to different 

facial structures and glass-mounting distances. Operating the firmware on the ATmega328P processor yielded minimal 

processing delays, ensuring an instantaneous buzzer response the moment a driver crossed the 2.5-second drowsiness 

threshold.  

 

VI. LIMITATIONS AND FUTURE SCOPE 

While the current hardware architecture functions efficiently as a standalone safety device, it has certain operational 

limitations: 

Mounting Dependability: The IR sensor module must be mounted onto eyewear worn by the driver, which may cause 

discomfort during extended commercial shifts.  

Single-Parameter Tracking: The system relies entirely on eyelid movement data and does not track other fatigue 

indicators, such as head tilting or changes in steering wheel pressure.  

Future research will focus on expanding these capabilities: 

Wireless Telemetry Integration: Adding RF transceiver modules (such as 433MHz configurations or Bluetooth Low 

Energy networks) to enable wireless data exchange between the driver's eyewear and the vehicle's dashboard.  

Multi-Sensor Fusion: Integrating small, micro-electromechanical (MEMS) accelerometers directly into the glasses 

frame to track sudden head drops or erratic nodding associated with severe fatigue. 

Advanced Microcontroller Implementation: Transitioning the core firmware onto a 32-bit ARM Cortex platform to 

allow for onboard edge-computing machine learning algorithms, providing adaptive user profiling over time.  

 

VII. CONCLUSION 

This paper demonstrates the design and deployment of an effective, low-power, and affordable Driver Drowsiness 

Detection and Alerting System built on an Arduino microcontroller architecture. By using targeted infrared reflection 

tracking, the system accurately identifies dangerous micro-sleep episodes in real time without requiring heavy 

computational resources or constant internet connectivity. The direct hardware implementation, coupled with an 

audible buzzer alert, provides a reliable and cost-effective safety addition for commercial and overnight transportation. 

This design represents a practical step toward reducing fatigue-related highway accidents and improving overall road 

safety. 
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