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1 Abstract— Railway safety at level crossings remains a major 
issue in India. According to the National Crime Records 
Bureau (2023), over 21,000 people die each year in 
railway-related accidents, with many incidents occurring at 
crossings due to human error and unsafe track crossings. Even 
in 2025, despite the installation of more than 11,000 interlocked 
gates, fatalities continue to be reported across the country. The 
Automatic Railway Gate System aims to enhance safety by 
eliminating manual operation and ensuring timely control of 
gates. Using infrared or piezoelectric sensors, the system 
detects approaching trains and automatically lowers the gate, 
preventing vehicles and pedestrians from crossing. Once the 
train passes, the gate reopens automatically. The system also 
includes warning lights and buzzers to alert nearby users and 
can be integrated with IoT modules for remote monitoring. 
This automated setup reduces accidents, minimizes human 
dependency, and improves traffic flow at crossings. Designed to 
be low-cost and efficient, it is especially suitable for rural and 
semi-urban regions. In conclusion, the project provides a 
reliable and smart solution to reduce railway crossing fatalities 
and promote safer railway operations in India 
 
Index Terms—ESP32 2S, Infrared Sensors, Piezoelectric sensor, 
Servo Motor, Buzzer, LEDs, Power Supply, Connecting Wires. 

I. INTRODUCTION 

In Indian railway network, spanning 68,000 kilometers 

of route, intersects with roadways at approximately 
28,000 level crossings. These intersections represent 
critical safety vulnerabilities where railway and vehicular 
traffic converge, resulting in over 21,000 annual fatalities. 
Manual gate operation at crossings suffers from inherent 
limitations including operator fatigue, delayed response, 
communication gaps, and complete absence of barriers at 
unmanned crossings. 
Traditional automated systems using track circuits or 
radar technology offer improved safety but remain 
cost-prohibitive (₹60,000-80,000 per installation), 
limiting widespread deployment, particularly in rural and 
semi-urban regions. This research addresses the need for 
an affordable, reliable automated solution suitable for 
large-scale implementation.  
              Research Objectives: 
     1.​ Design an automated gate system eliminating 
manual operation. 
     2.​ Implement reliable train detection using               
multi-sensor approach. 
     3.​ Integrate IoT capabilities for remote monitoring. 
     4.​ Demonstrate cost-effectiveness and scalability. 
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     5.​ Evaluate system performance and reliability. 

           II. LITERATURE REVIEW 
Railway crossing safety has been extensively studied 
globally, with research emphasizing that human error 
accounts for 70-85% of level crossing incidents.Various 
technological interventions have been explored: 
 
Track Circuit Systems: Traditional electrical detection 
systems are reliable but require extensive infrastructure and 
regular maintenance to prevent false activations due to rail 
contamination. 
 
Sensor Technologies: Ultrasonic sensors suffer from 
environmental interference and limited range. Radar-based 
systems offer excellent accuracy but remain 
cost-prohibitive. GPS-based solutions require sophisticated 
integration with train management systems. 
 
Microcontroller: ESP32 microcontrollers, featuring 
dual-core processors and integrated Wi-Fi, have proven 
suitable for real-time control applications requiring rapid 
response and concurrent operations. 

 
IoT Integration: The Internet of Things paradigm enables 
centralized monitoring, real-time analytics, and predictive 
maintenance, significantly enhancing operational efficiency. 
 
Research Gap: Limited focus exists on cost-effective 
solutions suitable for developing nations, insufficient 
integration of multiple sensor modalities, and lack of 
comprehensive IoT frameworks tailored for Indian railway 
crossing management. SAFECROSS addresses these gaps 
through affordable components, multi-sensor integration, 
and design considerations specific to Indian traffic 
conditions 
 

                III. METHODOLOGY 

 
A. System Architecture 
SAFECROSS comprises five integrated subsystems:The 
detection subsystem consists of infrared sensors installed at 
distances of 500 meters and 250 meters from the crossing to 
detect  

approaching trains. In addition, piezoelectric sensors are 
mounted near the tracks to sense vibrations caused by train 
movement. The system also includes signal conditioning 
circuits that process the sensor outputs, ensuring accurate 
and reliable detection. 
 
Control Subsystem: 
The system uses an ESP32-2S microcontroller (dual-core 
240 MHz, 520 KB SRAM) with custom firmware for 
detection and gate control. It also employs sensor data 
fusion and validation algorithms to improve accuracy and 
reliability. 
 
Actuation Subsystem: 
The system is built around an ESP32-2S microcontroller, 
which runs on a dual-core 240 MHz processor with 520 KB 
of SRAM. It uses custom firmware to handle detection and 
gate control, while sensor data fusion and validation 
algorithms ensure accurate and reliable operation. 
 
Warning Subsystem: 
The system includes bright red LED indicators that are 
visible from up to 100 meters, along with high-decibel 
buzzers producing 95 dB of sound, which can be heard 
clearly from 50 meters away. Both the LEDs and buzzers 
are synchronized to activate automatically when the gate 

closes, ensuring clear visual and audio warnings for nearby 
pedestrians and vehicles. 
 
Communication Subsystem: 
The system features a Wi-Fi connectivity module that 
enables seamless IoT integration, allowing it to 
communicate with cloud services using the MQTT 
protocol. A real-time dashboard is also provided for remote 
monitoring, giving users instant access to system status and 
sensor data from anywhere. 
 
B. Component Specifications 
 
Component Specifications 

Microcontroller ESP32-2S, 240 MHz dual-core, 
Wi-Fi/Bluetooth 

IR Sensors 5-150 cm range, <2 ms response, 
3.3-5V 

Piezoelectric 500 mV/g sensitivity, 0.5 Hz - 5 kHz 

Servo Motors 15-20 kg-cm torque, PWM control 
(50 Hz) 

 
C. Implementation Process 
 
Hardware Integration: Circuit assembly, component 
mounting, sensor positioning, power distribution network 
setup, and mechanical linkage installation. 

Software Development: Arduino IDE-based development, 
sensor interface libraries, PWM generation for servo control, 
Wi-Fi/MQTT protocols, and web dashboard creation. 
 

Testing Protocol: Individual sensor calibration, servo 
position calibration, timing optimization, false-positive 
minimization, and system integration testing. 
 
D. Experimental Setup 
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Testing was conducted in a controlled environment 
simulating a railway crossing with scale model track (1:10 
scale) and miniature train units. Test scenarios included: 

1.​ Single train approach (one direction)  

2.​ Multiple train approaches (opposite directions) 

3.​ Continuous train movements (varying intervals) 

4.​ Simulated sensor failures (redundancy testing) 

5.​ Power interruption scenarios 

6.​ Communication disruptions 

 
Performance data collection included response time 
measurement, accuracy assessment, 72-hour reliability 
testing, environmental testing (varying light/temperature), 
and power consumption monitoring. 

 

                 IV. RESULTS AND FINDINGS 

 
A. Detection Performance 
Across 500 test runs, the system demonstrated: 

1.​ True Positive Rate: 99.2% (496/500 correct 
detections) 

2.​ False Positive Rate: 0.6% (3/500 incorrect 
activations) 

3.​ Detection Range: Consistent at 500m using IR 
sensor array 

 
 

Fig. 1.Train Detection Accuracy vs Speed 
 
False negatives occurred under extreme simulated weather 
conditions, while false positives were attributed to 
environmental vibrations during initial calibration. 
Post-calibration adjustments reduced false positives 
significantly. 
 
B. Response Time Analysis 
Table 1: Average Time and Std. Deviation 
 

Phase Average Time Std. Deviation 

Detection to Signal 180 ms ±25 ms 

Signal Processing 320 ms ±40 ms 

Gate Closure 
Completion 1,200 ms ±150 ms 

Total Response 1.70 sec ±0.21 sec 

 

 
Fig 2: Total Response Time 
  

 
Fig 3: Response Time (Sensors) 
 
Total response time of 1.7 seconds from train detection to 
complete gate close provides a safety margin of 1 minute at 
typical train speeds (60-80 km/h). 
 
C. Sensor Comparison 
 
Infrared Sensors: 
The system offers a direct line-of-sight detection accuracy of 
98.8%, ensuring highly reliable performance. It provides a 
precise triggering point for timely responses, with the 
potential to adapt and maintain efficiency under varying 
weather conditions. 
Piezoelectric Sensors: 
The vibration-based early detection system offers a 
reliability of 96.4%, providing timely alerts even in 
low-visibility conditions. However, it can sometimes be 
affected by ground vibrations from other external sources, 
which may impact accuracy. 
 
Combined Sensor Fusion: The overall detection system 
achieves a reliability of 99.2%, ensuring highly accurate 
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train detection. By combining multiple sensors, it also 
reduces false positives by 85% compared to using a single 
sensor. 

 
 D. IoT Performance 
 Cloud-integrated monitoring successfully: the system 
transmits status updates with a latency of less than two 
seconds, ensuring near real-time communication. It logs 
100% of crossing events along with precise timestamps for 
accurate record-keeping. Additionally, it allows remote 
diagnostics and parameter adjustments, making maintenance 
more efficient. The system also generates automated alerts 
whenever anomalous conditions are detected, enhancing 
safety and reliability. 

 
Figure 4: Latency Range 
 
 
E. Cost Analysis 
SAFECROSS costs approximately 15-20% of traditional 
automated systems (₹60,000-80,000), making widespread 
deployment economically feasible 
 
Table 2: Cost Analysis 
 

Component Quantity Cost (₹) 

ESP32-2S Module 1 600 

IR Sensors 4 600 

Piezoelectric 
Sensors 2 700 

Servo Motors 2 1,600 

Power Supply & 
Battery 1 2,500 

LEDs & Buzzers 1 400 

PCB & Components 1 1,200 

Mechanical 
Structure 1 3,000 

Enclosure & Wiring 1 1,500 

Total  ₹12,100 

 
Table 3: Comparative Analysis 
 

Parameter  Manual 
Operation Track Circuit SAFECROSS 

Response 
Time 

10-30s 
(variable) 3-5s 1.7s 

Human 
Dependency High Low None 

False Positive N/A 2-5% 0.6% 

Cost Low ₹50k-80k ₹12k 

Remote 
Monitoring No Limited Full IoT 

 

 
Fig 5: Response Tim 
 
 

 V.  Discussion 
 
A.Key Findings Interpretation 
The 99.2% detection accuracy validates the dual-sensor 
approach, demonstrating that infrared and piezoelectric 
sensors complement each other effectively. IR sensors 
provide precise line-of-sight detection, while piezoelectric 
sensors offer early warning through vibration sensing, 
functioning regardless of visibility conditions. 
The 1.7-second response time significantly outperforms 
manual operations (10-30 seconds) and compares favourably 
with track circuit systems (3-5 seconds), providing adequate 
safety margins when combined with 500m detection 
distance. 
 
B.  Practical Implications 
 
Safety Enhancement: Elimination of human operator 
dependency directly addresses the primary cause of crossing 
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accidents. Consistent, predictable gate operation occurs 
regardless of operator fatigue, distraction, or absence. 
 
Economic Viability: At ₹12,000 per installation, covering 
India's 17,000 crossings requiring safety improvements 
would cost approximately ₹204 crore, compared to ₹1,000+ 
crore for conventional systems—representing 80% cost 
savings. 
 
Scalability: Modular design adapts to single-track or 
multi-track configurations without fundamental redesign. 
Software supports parameter adjustment for different train 
speeds and local traffic patterns. 
 
C. Limitations 
 
Environmental Challenges: Heavy rain, fog, or debris may 
affect IR sensor performance. Mitigation includes protective 
housings and reliance on piezoelectric sensors as backup. 
 
Mechanical Reliability: Servo motors and linkages require 
regular inspection and lubrication. High-cycle-rated servos 
(1 million+ cycles) mitigate concerns. 
 
Power Infrastructure: Battery backup provides 5-6 hours 
emergency operation. Remote areas with unreliable power 
may require solar panel integration. 
​
Cyber security: IoT connectivity requires encryption, 
authentication, and secure firmware updates to prevent 
unauthorized access. 
 
Regulatory Compliance: Deployment requires railway 
authority approval and compliance with safety standards, 
necessitating rigorous field testing and certification. 
 
 
D. Comparison with Literature 
 
SAFECROSS aligns with and exceeds outcomes reported in 
similar research. Compared to ultrasonic systems, IR sensors 
demonstrate superior environmental noise immunity. While 
radar systems offer longer range, their 5-8× cost premium 
makes them impractical for widespread deployment in 
resource-constrained environments. 
The IoT integration represents a significant advancement 
over standalone systems, enabling centralized monitoring 
and predictive maintenance—addressing key gaps identified 
in literature review. 

                        VI.  CONCLUSION 

 
This research successfully demonstrates SAFECROSS as a 
practical, affordable solution for enhancing railway level 
crossing safety in India. Key achievements include: 

1.​ High Reliability: 99.2% detection accuracy 
through dual-sensor integration 

2.​ Rapid Response: 1.7-second average response 
time 

3.​ Cost Effectiveness: ₹12,000 implementation cost 
(80% lower than conventional systems) 

4.​ IoT Integration: Successful cloud connectivity for 
centralized monitoring 

5.​ Automation: Complete elimination of human 
operator dependency 

The system's economic viability makes comprehensive 
safety improvements accessible within existing railway 
budgets. With approximately 21,000 annual railway-related 
fatalities in India, SAFECROSS offers potential for 
significant life-saving impact through large-scale 
deployment. 
 
A. Future Research Directions 
 
The system can be enhanced with machine learning 
integration, using adaptive algorithms to accurately 
distinguish train signatures from environmental noise. It also 
supports the use of multi-modal sensors, such as microwave 
radar and acoustic sensors, to provide additional redundancy 
and improve reliability. Integration with local traffic 
management systems enables better coordination with 
nearby traffic signals, optimizing vehicle flow around 
crossings. Furthermore, GPS-based train tracking can be 
used for predictive gate closures, ensuring timely operation. 
To improve energy efficiency, the system can incorporate 
vibration energy harvesting from passing trains, 
supplementing its power supply sustainably. 
          

 
Fig 6: Power Consumption 
 
 
 B. Recommendations 
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For practical deployment: 
1.​ Begin pilot programs at high-risk crossings in 

semi-urban areas. 

2.​ Establish monthly sensor cleaning and quarterly 
calibration protocols. 

3.​ Integrate solar panels in areas with unreliable 
electricity. 

4.​ Implement community awareness programs. 

5.​ Obtain regulatory certifications through field 
testing. 

6.​ Implement robust cyber security protocols for IoT 
connectivity. 

SAFECROSS demonstrates that advanced safety automation 
can be achieved within cost constraints suitable for 
widespread deployment in resource-limited contexts, 
contributing meaningfully to India's railway safety goals. 
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