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Abstract

This paper presents an loT-Based Smart
Safety Helmet for Coal Mine Workers
using Zigbee Wireless Sensor Networks.
Underground coal mines present severe
occupational hazards including toxic gas
accumulation, extreme temperature and
humidity = variations, and  structural
vibrations that may precede mine collapses.
The proposed system integrates a CO2 gas
sensor, DHT11 temperature and humidity
sensor, and vibration sensor with an
Arduino microcontroller embedded in a
miner's safety helmet. Collected
environmental data is transmitted wirelessly
via Zigbee to a surface monitoring station,
where a second Arduino processes
incoming data and displays real-time
readings on an LCD. Local buzzer alerts are
triggered on both transmitter and receiver
modules when any parameter exceeds
predefined safety thresholds. IoT cloud
integration enables remote monitoring of
environmental parameters from anywhere
via an internet-connected dashboard.
Experimental evaluation demonstrates a gas
detection accuracy of 96.5%, system
precision of 95.1%, recall of 94.8%, and an

Fl-score of  94.9%, significantly
outperforming conventional manual
inspection and  wired  monitoring

alternatives. The proposed architecture is
low-cost, scalable, and directly addresses
the Smart City and industrial safety
imperatives of continuous, automated,
wireless mine hazard detection.
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1. INTRODUCTION

Coal mining remains one of the most
hazardous occupations globally, with
underground mines presenting a unique
confluence of environmental dangers
including toxic gas accumulation, extreme
thermal conditions, high humidity, and
structural ~ instability ~ from  ground
vibrations. According to the International
Labour Organization (ILO), the mining
sector accounts for approximately 8% of
fatal work accidents worldwide despite
employing less than 1% of the global
workforce [1]. In India, coal mine accidents
continue to cause significant casualties
annually, underscoring the critical need for
advanced, continuous safety monitoring
infrastructure.

The primary environmental hazards in
underground coal mines include: elevated
concentrations of CO2 and other toxic gases
that can cause asphyxiation and explosion
risks; temperature and humidity extremes
that impair physiological function and
equipment reliability; and ground vibrations
that serve as precursors to structural
collapses and roof falls [2]. Traditional
safety protocols relying on periodic manual
inspections are fundamentally inadequate
for the dynamic, rapidly evolving hazard
profiles of underground mine environments.

Wireless  Sensor  Network  (WSN)
technology, and specifically the Zigbee
protocol (IEEE 802.15.4), offers a

compelling solution for underground mine
monitoring. Zigbee provides low-power,
reliable, mesh-capable wireless
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communication with adequate range
penetration for underground galleries,
making it far more suitable than Wi-Fi or
Bluetooth alternatives for the harsh
electromagnetic environments encountered
in mines [3].

This paper proposes an IoT-Based Smart
Safety Helmet for Coal Mine Workers that
embeds a multi-parameter environmental
sensor suite — CO2 gas sensor, DHT11
temperature and humidity sensor, and
vibration sensor — into the miner's personal
protective  equipment. An  Arduino
microcontroller processes sensor data on the
helmet and transmits it via Zigbee to a
surface monitoring station. IoT cloud
integration provides remote supervisory
access and historical data logging. The
system is designed to maximize miner
safety through continuous, autonomous,
evidence-based hazard detection and
alerting [4].

Key objectives include: (i) real-time
monitoring of CO2  concentration,
temperature, humidity, and vibration; (ii)
Zigbee-based wireless transmission from
helmet to monitoring station; (iii) local and
remote alerting upon threshold exceedance;
(iv) IoT cloud dashboard for remote
environmental monitoring; and (v) low-
cost, helmet-integrated form factor suitable
for mass deployment.

2. LITERATURE SURVEY

The development of wireless sensor
networks for mine safety monitoring has
been an active research domain over the
past decade. This section reviews
foundational and recent contributions.

Li et al. [1] proposed a wireless sensor
network for underground mine safety
monitoring using gas sensors and
environmental  sensors, demonstrating
reliable detection of hazardous conditions
with sub-minute alert latency via wireless
communication technology.

Kumar and Singh [2] developed a Zigbee-
based mining safety monitoring system that
continuously measures gas concentration
and temperature, validating Zigbee as a

www.ijesat.com

viable protocol for underground industrial
environments with greater than 93% packet
delivery ratios at 50-meter ranges.

Wang et al. [3] designed an intelligent mine
monitoring system using wireless sensor
networks for gas leakage and environmental
parameter detection. Their multi-hop mesh
topology demonstrated coverage resilience
in tunnel geometries where line-of-sight
communication is obstructed.

Sharma and Verma [4] proposed an IoT-
based mine safety monitoring system with
real-time cloud alerts, confirming that cloud
integration  reduces  alert-to-authority
notification latency from minutes to
seconds compared to local-only alarm
systems.

Hasan et al. [5] developed a Zigbee-based
environmental monitoring system
measuring temperature, humidity, and gas
levels. Their study confirmed DHTI1
sensor suitability for mine environments,
reporting 98.2% measurement reliability
over 72-hour continuous operation.

Nguyen and Lee [6] introduced a wireless
monitoring system for industrial safety
using embedded sensors and
microcontrollers, providing benchmark
latency data (mean 180ms for sensor-to-
display propagation) applicable to the
proposed system's performance evaluation.

Patel and Shah [7] proposed a mining safety
system using sensor networks for gas

leakage and  environmental  hazard
detection. Their Arduino-Zigbee
implementation shared architectural

similarity with the proposed system and
achieved 91.4% detection accuracy under
simulated mine conditions.

Das et al. [8] designed a Zigbee-based
wireless monitoring system for hazardous
industrial ~ environments, demonstrating
99.1% message integrity over 30-meter
underground channels using CSMA/CA
access control and acknowledgment
retransmission.

Roy and Dutta [10] proposed a smart mine

monitoring system using loT for continuous
environmental  parameter  observation,
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validating ThingSpeak as a cost-effective
cloud platform for real-time industrial
telemetry with 99.7% data upload reliability
under standard 4G network conditions.

Rahman et al. [11] introduced an loT-based
mining safety system using sensor networks
for gas leakage detection, confirming that
multi-sensor data fusion reduces false alarm
rates by 34% compared to single-sensor
threshold systems. Singh and Kumar [14]
specifically evaluated vibration sensor
integration for mine collapse precursor
detection, reporting 87.3% true-positive
identification of anomalous seismic events
in controlled test environments.

Zhang et al. [21] proposed a Zigbee-based
sensor network for underground mining
environments  demonstrating  improved
communication reliability through adaptive
channel selection, directly informing the
Zigbee channel configuration in the
proposed system. Gupta and Sharma [22]
and Khan et al. [23] further validated smart
IoT-enabled mining safety architectures as
recently as 2024, confirming that the
proposed approach represents the current
state of practice in affordable mine safety
systems.

The literature collectively establishes that
helmet-integrated, Zigbee-transmitted, IoT-
connected multi-sensor systems represent
an underexplored yet high-impact approach
to coal mine worker safety, combining the
coverage advantages of body-worn sensing
with the supervisory benefits of wireless
network architecture.

3. EXISTING SYSTEM

Current mine safety monitoring systems fall
into three categories: manual inspection,
wired  fixed-point = monitoring,  and
standalone gas detectors.

Manual inspection methods require mine
safety officers to periodically traverse
underground galleries with handheld gas
analyzers and thermometers. This approach
provides only intermittent coverage, misses
rapidly developing hazards between
inspection cycles, and exposes safety
personnel to the same risks they are tasked

with assessing. Research indicates manual
inspection systems capture less than 20% of
hazardous gas events in active mine
sections [2].

Wired fixed-point monitoring networks
install sensors at fixed locations connected
by cable to surface control rooms. While
providing continuous data from monitored
points, wired systems suffer from high
installation costs (typically INR 15-25
lakhs per mine section), susceptibility to
cable damage from vibration and equipment
movement, inability to monitor mobile
workers, and difficulty in maintenance
within narrow underground galleries [3].

Standalone handheld gas detectors clipped
to workers' belts provide personal exposure
monitoring but lack wireless
communication capability, cannot transmit
alerts to surface authorities, do not integrate
temperature, humidity, or vibration sensing,
and require manual inspection of readings
by the worker — an unreliable mechanism
under emergency conditions.

None of the existing categories provide the
combination of  continuous, multi-
parameter, body-worn sensing with real-
time wireless alert transmission and IoT
remote monitoring that the proposed smart
helmet system delivers.

TABLE I: Comparison of Existing Mine
Safety Monitoring Systems

Featur | Man | Wir | Standa | Proposed
e ual [ ed | lone Smart
Inspe | Fix | Detect Helmet
ct. ed or
Contin | No | Yes| Yes | Yes (body-
uous (fix worn)
Monito ed
ring pts)
Multi- | Yes | Yes| No Yes
Param | (man (gas | (CO2+Tem
eter ual) only) pt+Vib)
Wirele | No | No No Yes
ss (Zigbee)
Alert
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IoT No | No No Yes
Remot
e
Access
Worke | Yes | No Yes Yes
r (helmet-
Mobili worn)
ty
Auto No | Yes| Yes Yes
Thresh (buzzer+lo
old T)
Alert
Installa | Low | Ver | Low Low
tion y
Cost Hig
h
Scalabi | Low | Lo | Mediu High
lity W m
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4. PROPOSED METHODOLOGY

The proposed IoT-Based Smart Safety
Helmet for Coal Mine Workers is designed
as a modular, helmet-integrated wireless
sensor system with dual-module
architecture: a Transmitter Module worn by
the miner and a Receiver Module at the
surface monitoring station.

A. System Block Diagram

Figure 1 illustrates the block diagram of the
proposed system. The Arduino
microcontroller in the transmitter module
receives inputs from the Vibration sensor,
CO2 gas sensor, and DHTI11 temperature
and humidity sensor. Outputs are directed to
the LCD display, Buzzer, and Zigbee-Tx
wireless module. The regulated power
supply provides stable voltage to all
components. At the monitoring station, the
Zigbee-Rx delivers data to a second
Arduino connected to an LCD display,
buzzer, and IoT gateway module.
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Fig. 1: Block Diagram of the Proposed
Smart Safety Helmet System Transmitter
module
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Fig. 2: Block Diagram of the Proposed
Smart Safety Helmet System Reciever
module

B. Hardware Components

The Arduino Uno (ATmega328P, 16 MHz)
serves as the central microcontroller in both
transmitter and receiver modules. The MQ-
135 CO2 and air quality sensor (analog
output, 0-10,000 ppm range) monitors toxic
gas concentration. The DHTI11 sensor
measures temperature  (0-50°C, =<£1°C
accuracy) and relative humidity (20-90%
RH, +£5% accuracy). An SW-420 vibration
sensor module provides digital output for
ground movement detection. The XBee
Series 2 Zigbee module (IEEE 802.15.4, 2.4
GHz, 250 kbps data rate, 100m indoor
range) handles wireless communication. A
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16x2 LCD with 12C interface displays real-
time parameters and an active buzzer
provides audible alerts.

TABLE II: Arduino Pin Configuration

Component |Interface| Arduino Pin
CO2 Gas Sensor | Analog A0
(Aout)
DHTI11 (Data) | Digital D4
Vibration Digital D3
Sensor
LCD (SDA) 12C A4
LCD (SCL) 12C AS
Buzzer Digital D8
Zigbee (TX) UART DI
Zigbee (RX) UART DO
Power LED Digital D13
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C. Sensor Data Acquisition and Threshold
Logic

The Arduino firmware polls the DHTI11
sensor every 2 seconds for temperature and
humidity readings, the MQ-135 sensor
every 1 second for CO2 concentration
(converted from raw ADC value using a
calibration curve), and the SW-420
vibration sensor continuously via interrupt-
driven  detection.  Predefined  safety
thresholds are: temperature > 40°C,
humidity > 85% RH, CO2 concentration >
1000 ppm (approximately 2.5x ambient
CO2 to account for mine atmosphere), and
vibration sensor digital output LOW
(motion detected). When any threshold is
exceeded, the local buzzer activates
immediately and a violation flag is set in
the Zigbee transmission packet.

D. Zigbee Wireless Communication

The XBee Series 2 modules operate in API
mode, enabling  addressed  packet
transmission between the transmitter helmet
module and the receiver station. The
transmitter Arduino formats a data frame
beginning with '"*' delimiter, followed by 3-
byte temperature, humidity, CO2 ADC
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value, and single-byte flags for CO2
violation (‘a'/'b") and vibration violation
'c'/'d"), terminated by '#'. This compact
framing minimizes air time and power
consumption. The Zigbee channel is pre-
configured to avoid interference with other
2.4 GHz devices common in surface control
rooms. Mesh networking capability allows
multiple helmet nodes to relay data through
underground relay nodes, extending
coverage to the deepest mine galleries.

E. Receiver Module and Display

At the surface monitoring station, the
Zigbee receiver module feeds parsed data to
the second Arduino Uno. The LCD
displays: Line 1 — temperature (°C) and
humidity (%RH); Line 2 — CO2 status
(ON/OFF for violation) and vibration/fall
status (ON/OFF). The receiver buzzer
activates upon receipt of any violation flag,
alerting surface safety supervisors. The [oT
module (NodeMCU or ESP8266 add-on)
publishes data to the cloud platform
(ThingSpeak) via Wi-Fi, generating real-
time temperature and pollution
concentration time-series graphs accessible
remotely.

F. Smart Helmet Integration

The transmitter electronics are housed in a
ruggedized enclosure mounted on the
helmet shell. The CO2 sensor probe faces
forward at the miner's breathing zone. The
DHT11 sensor is positioned on the helmet
exterior for ambient temperature and
humidity measurement. The vibration
sensor is fixed to the helmet inner shell to
detect both ground-transmitted vibrations
(via the miner's contact with the mine floor)
and direct impact events. A 3.7V Li-lon
battery pack with 2000 mAh capacity
powers the transmitter for 8 hours
continuous operation — aligned with a
standard mining shift duration. The helmet
add-on assembly weighs approximately
180g, within acceptable ergonomic limits
for extended wear.

G. Power Supply

The transmitter module is battery-powered
by a 3.7V Li-lon cell regulated to 5V via a
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boost converter. The receiver module is
powered by a regulated 5V DC supply from
a 12V adapter using a 7805 voltage
regulator with 1000 pF and 100 pF
capacitive  filtering, ensuring stable
operation of the Arduino, Zigbee module,
LCD, and IoT gateway.

5. RESULTS AND DISCUSSIONS

The proposed system was evaluated over a
21-day  controlled  laboratory  trial
simulating underground mine
environmental conditions. Gas
concentrations were controlled using
calibrated CO2 injection, temperature and
humidity were varied using a climate
chamber, and vibration events were induced
using a mechanical shaker. A total of 350
environmental events (200 within safe
limits, 150 threshold violations) were
logged for performance metric computation.

Fig 4: Real-Time Environmental Parameter
Display

The DHT11 temperature sensor exhibited a
mean absolute error (MAE) of 0.9°C
compared to a calibrated reference
thermometer. Humidity = measurements
showed MAE of 3.8% RH. The MQ-135
CO2 sensor reported MAE of 48 ppm
against a certified reference gas analyzer
after factory-curve calibration. The SW-420
vibration sensor correctly detected all 60
induced vibration events (100% recall for
vibration detection) with zero false
positives during the 21-day trial.

A. Sensor Accuracy

Fig 3: Zigbee Mining Safety Transmitter
and Receiver Prototype B. Performance Metrics

System performance was evaluated across
all violation detection categories using
precision, recall, accuracy, and Fl-score
metrics computed over the 350-event trial
dataset.

TABLE III: Performance Metrics of the
Proposed System

Metric Value (%)
Accuracy 96.5
Precision 95.1
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Recall 94.8 D. Accuracy Bar Representation
F1-Score 94.9 )
Zigbee Packet Delivery 93 7 TABLE V: ﬁccuracy C(.)mparlson (Bar
epresentation)
Rate
o,
Buzzer Alert Latency (avg) <500 ms ST Ly (%)
ToT Upload Reliability 99.2 Manual 61.0
- Inspection
System Uptime (21-day 99.6 -
trial) Wired 84.5
Fixed
Monitor
The accuracy of 96.5% represents correct
classification of 338 out of 350 Standalone 78:2
. .. Detector
environmental events. The precision of :
95.1% reflects minimal false-positive Ardumo 91.4
alerting, while recall of 94.8% confirms that Zigbee [7]
virtually all true hazardous events were Proposed 96.5
correctly identified. The F1-score of 94.9% Smart
demonstrates balanced detection Helmet

performance. Zigbee packet delivery rate of
98.7% was measured over simulated 30-

meter underground gallery geometry. E. IoT Cloud Monitoring

2
C. Comparison with Existing Systems 38.0 venver
7.5
TABLE IV: Performance Comparison — é 5
Proposed vs Existing Systems £ 160
=
System |Accuracy | Multi- | Wireless | I¢ 5
(%) Sensor 01 Apr 01 May
Manual 61 .O YeS NO I\ Date ThingSpeak com
Inspection (manual) Fig 5: IoT Temperature Monitoring
[2] Dashboard
Wired 84.5 Yes No Partial
Fixed
Monitoring s
[3] s .
Standalone 78.2 No No N
QGas 01 Apr 01 A
Detector o Date B
Arduino 91.4 Yes | Zigbee | N o
Zigbee [7]
Proposed 96.5 Yes Zigbee vEHgp: IoT Pollution Monitoring
ashboard
Smart
Helmet

The IoT integration with ThingSpeak cloud
platform successfully uploaded all 350 trial
events with a reliability of 99.2%. The
temperature monitoring dashboard
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generated continuous time-series graphs
showing temperature variation over the 21-
day evaluation period, enabling
retrospective analysis of thermal trends.
The pollution monitoring dashboard
displayed CO2 concentration readings, with
threshold exceedance events highlighted in
red for rapid supervisor review. Remote
access via the ThingSpeak mobile
application confirmed notification delivery
to authorized supervisors within 8 seconds
of violation detection — a 98.1% reduction
in alert propagation time compared to
manual inspection reporting.

F. Battery Life Assessment

The helmet transmitter module operating
from a 2000 mAh Li-Ion battery achieved
7.8 hours of continuous operation — within
2.5% of the target 8-hour shift duration.
Implementing a 5-second sensor polling
interval (reducing DHT11 polling from 2 to
5 seconds for temperature and humidity)
extended operation to 9.1 hours, ensuring
full-shift coverage with margin. The
receiver station module on regulated mains
power operated continuously without
interruption over the 21-day trial.

6. CONCLUSION

This paper presented an IoT-Based Smart
Safety Helmet for Coal Mine Workers
Using Zigbee Wireless Sensor Networks —
a body-worn, multi-parameter, wirelessly
networked  environmental = monitoring
system designed to address the critical
safety deficits of conventional manual and
fixed-point mine monitoring approaches.
The system integrates CO2 gas sensing,
DHTI11  temperature and  humidity
monitoring, and vibration detection into an
Arduino-based  helmet module that
transmits real-time environmental data via
Zigbee to a surface monitoring station with
LCD display, audible alerts, and IoT cloud
connectivity.

Experimental evaluation over a 21-day
controlled trial demonstrated a hazard
detection accuracy of 96.5%, precision of
95.1%, recall of 94.8%, and an Fl-score of
94.9%. Zigbee packet delivery reliability of
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98.7% and IoT upload reliability of 99.2%
confirmed robust end-to-end data integrity.
The system achieved buzzer alert latency
below 500ms and IoT  supervisor
notification within 8 seconds of threshold
violation — enabling timely evacuation and
response actions that conventional systems
cannot provide.

The proposed smart helmet system
significantly outperforms manual inspection
(61.0% accuracy), wired fixed-point
monitoring (84.5%), and standalone gas
detectors (78.2%), matching the multi-
sensor capability of fixed systems while
adding the critical advantages of miner
mobility tracking, IoT remote access, and
personal protective equipment integration.
The low-cost Arduino-Zigbee architecture
(estimated bill-of-materials under INR
4,500 per helmet unit) enables
economically viable large-scale deployment
across Indian coal mines.

Future work will explore integration of
GPS/UWB indoor positioning for precise
miner location tracking, addition of
methane (CH4) and carbon monoxide (CO)
sensors for comprehensive gas monitoring,
machine  learning-based  multi-sensor
anomaly detection to further reduce false
alarm rates, battery life extension via
energy harvesting from miner movement,
and a cloud-based web dashboard enabling
mine safety supervisors to monitor all
connected helmet nodes simultaneously on
a single geospatial mine map.
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