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Abstract— This study presents a quantitative analytical evaluation of an integrated ESP32-based smart home system for
environmental monitoring, hazard detection, and proximity sensing connected via the Blynk cloud platform. The prototype
incorporates a DHT11 sensor for ambient temperature and relative humidity, an MQ-2 semiconductor sensor for LPG leak
detection, and an HC-SR04 ultrasonic sensor for distance measurement. Experimental evaluation across repeated continuous trials
demonstrated reliable real-time data acquisition and multi-channel alert delivery via Blynk push notifications and automated
emails. Statistical analysis against reference instruments revealed high accuracy for the DHT11 sensor, achieving a Mean Absolute
Error (MAE) of 1.05°C (RMSE = 1.15°C) for temperature and an MAE of 1.15% (RMSE = 1.27%) for relative humidity, both
well within commercial manufacturer tolerances. The HC-SR04 ultrasonic sensor operated accurately over a 5 to 60 cm distance
range with an overall MAE of 0.92 cm (RMSE = 0.96 cm). Overall, the proposed system delivers a robust, cost-effective solution
for smart residential monitoring and serves as a highly practical instructional trainer kit for IoT and electrical engineering

education.
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I. INTRODUCTION

The rapid growth of the automation sector and
the widespread availability of wireless connectivity
have transformed modern residential environments
into interconnected networks. Advancements in
digital technology, particularly within the Internet of
Things (IoT) domain defined as an ecosystem of
physical devices connected via the internet for
automated, real-time data exchange without direct
human intervention (Al-Fuqaha et al., 2019) have
significantly driven automation across diverse fields,
including home automation, industrial control,
environmental monitoring, agriculture, healthcare,
and wearable electronics (Hercog et al., 2023). In
today’s digital era, IoT-based smart homes simplify
daily routines across all age groups by enabling the
remote control and monitoring of household features,
such as lighting, fans, security systems, and safety
features, from any location (Hasan et al., 2018; Media
et al., 2019; Mustafa et al., 2021; Rabbani & Foo,
2022; Muskaan et al., 2022; Mamabhit et al., 2023;
Marathe et al., 2024; PBV et al., 2024; Bajgai et al.,
2026; Kumar et al., 2026).

The efficacy of an IoT-based monitoring
network fundamentally relies on two interconnected
pillars: the precision and stability of gas and
environmental sensors in capturing physical
parameter fluctuations, alongside a resilient wireless
transmission mechanism that delivers measurement

readings to a remote dashboard without data packet
loss (Palmese et al., 2022; Pawar et al., 2024;
Indrasari et al., 2026). Modern smart homes have
evolved beyond isolated devices into comprehensive
ecosystems  that integrate  diverse  sensors
(temperature, humidity, distance and gas) to deliver
robust, real-time services while optimizing energy
efficiency (DAS & ABABAKER, 2021; Jaya
Lakshmi et al., 2022; Eltaleb et al., 2023).

In recent IoT applications, the integration of
the NodeMCU ESP8266 microcontroller and HC-
SR04 ultrasonic sensor has been shown to precisely
control actuators via a cloud-based IoT interface with
minimal measurement deviation (Walukow et al.,
2025). To complement such architectures in remote
environments, the implementation of a self-sustaining
solar power supply demonstrates high power
efficiency and operational sustainability for IoT-
based monitoring systems in areas with limited grid
power (Adeoye & Igwe, 2025). Furthermore, to
construct such architectures cost-effectively without
compromising functionality, microcontrollers like the
ESP32 serve as a preferred hardware backbone due to
their high processing power, rich sensor interface
options, and built-in Wi-Fi/Bluetooth capabilities
(Marquez-Vera et al., 2023). Pairing the ESP32 with
platforms like Blynk facilitates seamless two-way
communication, enabling users to configure, monitor,
and interact with smart appliances through intuitive
mobile interfaces. Numerous studies have explored
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the implementation of smart home automation
frameworks using various hardware and software
configurations. For instance, Etuk et al. (2023)
evaluated cloud-based IoT solutions for smart living,
while Hermanu et al. (2020) reviewed dual-mode
operation models featuring manual and automatic
virtual switching via Blynk. Similarly, Islam et al.
(2021) developed a home automation framework
supporting real-time indoor and outdoor monitoring,
security, and device control using smartphone and
web interfaces linked to NodeMCU microcontrollers.

Despite these ongoing developments, ensuring
overall system stability across multi-sensor
deployment environments specifically balancing
sensor accuracy, response latency, and wireless
communication consistency remains a critical
requirement for dependable real-world adoption.
Most prior studies focus on functional prototype
implementation, yet they lack comprehensive
quantitative  benchmarking against reference
standards and do not evaluate the system's end-to-end
latency. Furthermore, while these setups hold high
potential for electrical engineering education as
practical instructional tools, empirical validation of
their  performance in  laboratory  learning
environments remains scarce. To bridge this gap, this
study proposes a quantitative analytical evaluation of
an integrated ESP32-based smart home system.

The novelty of this research lies in evaluating
multi-sensor accuracy against calibrated instruments,
analyzing end-to-end communication latency, and
assessing the prototype’s educational applicability as
an IoT trainer kit for laboratory instruction.
Specifically, this study aims to analyze an integrated
ESP32-based smart home system equipped with
sensors for temperature, humidity, object detection,
and gas detection, and to comprehensively evaluate
its performance in terms of response time, accuracy,
operational stability, and instructional feasibility.

II. METHOD
A. System Design and Hardware Setup

The smart home monitoring system was built
using an ESP32 microcontroller as the central
processing unit, integrated with three primary
sensors: a DHT11 sensor for ambient temperature and
humidity monitoring, an MQ-2 semiconductor sensor
for hazardous LPG gas leakage detection, and an HC-
SR04 ultrasonic sensor for proximity and distance
measurement. The system architecture also includes a
4-channel relay module to drive external actuators, an
LCD I2C display for local data visualization, an
audible buzzer alarm, and a Wi-Fi-based cloud
interface linked to the Blynk application. The detailed
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hardware circuit configuration is illustrated in Figure

Figure 1. Hardware Schematic

B. Implementation

The ESP32 processes physical data acquired from
the connected DHT11, MQ-2, and HC-SR04 sensors.
Program logic written in C++ via the Arduino IDE
evaluates input readings against defined safety
thresholds. When a parameter exceeds normal limits
(e.g., LPG gas detection or object threshold breach),
the ESP32 activates local alerts (buzzer and LCD
display) and simultaneously executes remote cloud
synchronization. Data packet exchange and remote
control are managed through the Blynk platform over
a 2.4 GHz IEEE 802.11 b/g/n Wi-Fi local access
point, delivering real-time graphical gauge displays,
push notifications, and automated email alerts to the
user's mobile device.

C. Experimental Procedures and Reference Testing

1. Temperature and Humidity: Readings from the
DHT11 sensor were compared against a calibrated
Digital Thermohygrometer HTC-1 (temperature
measurement range: -10° C to 50° C, resolution:
0.1° C, accuracy: £ 1.0° C; humidity range:
10% to 99% RH, resolution: 1% RH, accuracy:
+5% RH).

2. Proximity/Distance: Measurements from the HC-
SR04 ultrasonic sensor were evaluated against a
standard Precision Steel Ruler / Measuring Tape
(range: 0 - 100 cm, resolution: 0.1 c¢m, accuracy:
+0.05 cm).

3. Gas Detection: The MQ-2 sensor was subjected to
repeated controlled LPG exposure trials to verify
threshold trigger reliability and alert success rates.

D. Data Collection and Analysis

Data collected across all n-trials were analyzed
using descriptive statistics. Measurement error and
system precision were quantified using Mean
Absolute Error (MAE) and Root Mean Square Error
(RMSE), defined as:
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where Xi represents the value measured by the
prototype sensor, Yi is the reference measurement
value, and n is the total number of experimental
iterations.

E. Validation

The validation process was conducted through
repeated testing and comparison with reference data
or high-precision measurement instruments. This
approach ensures that the obtained results are reliable
and not influenced by unintended external factors,
thereby confirming the robustness of the proposed
system.

ITI. RESULTS

The designed smart home system has been
evaluated based on sensor testing results and the
ESP32s capability to manage various loT devices.
The test results indicate that the ESP32 reliably
processes sensor data and transmits it to the Blynk
application in real-time. The MQ-2 sensor
demonstrates high sensitivity in detecting gas leaks
and provides early warnings through the Blynk
application. This enables timely alerts to potential gas
hazards. The DHT11 sensor accurately measures
temperature and humidity, with real-time monitoring
available through the Blynk app.
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Figure 2. Monitoring Interface in the Blynk Application

The IoT-based monitoring system effectively
displays sensor data in real-time through the Blynk
application. Parameters such as gas detection,
temperature, and humidity are monitored with high
accuracy. Figure 2 illustrates the Blynk application's

intuitive interface, which simplifies user monitoring
of home environmental conditions directly from
mobile devices.
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Figure 3. Email Notification Display

Figure 3 shows the email notification display. This
feature enhances user safety and convenience,
enabling prompt action in emergency situations. The
integration of Blynk application notifications with
email alerts was successfully tested and functioned
effectively during system evaluation.

A. Sensor Test Results

The response time of the DHT11 sensor was
evaluated by measuring the duration required for the
sensor to provide temperature and humidity data
following a change in environmental conditions.

B. Accuracy and Observations

The accuracy of the DHTI11 sensor was
assessed by comparing its readings against a
calibrated digital thermos-hygrometer reference
across n = 13 sampling iterations.
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Figure 4. Temperature Test Results for the DHT11 Sensor

Figure 4 illustrates the variation between the
reference temperature measurements and the
temperature readings recorded by the DHT11 sensor,
as displayed on the Blynk application and Serial
Monitor. The differences range from 0.3°C to 1.7°C.
These results indicate that the accuracy of the DHT11
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sensor, as reported by both Blynk and the Serial
Monitor, remains within the acceptable error margin
of £2°C, thus confirming its reliability for basic
environmental monitoring.
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Figure 5. Humidity Test Results for the DHT11 Sensor

Figure 5 depicts the variation in humidity
readings between the reference measurements and
those recorded by the DHT11 sensor, as shown in the
Blynk application and Serial Monitor. The observed
error ranges from 0% to 2%, reflecting the sensor’s
precision and accuracy in humidity measurement.

As summarized in Table 1, the sensor
demonstrated a Mean Absolute Error (MAE) of
1.05°C (RMSE = 1.15°C) for temperature and an
MAE of 1.15% ( RMSE = 1.27% ) for relative
humidity. Although minor deviations occurred, all
error metrics remained strictly within  the
manufacturer's commercial specification limits
(£2.00°C and £5.00% RH), confirming the sensor's
adequacy for general ambient monitoring.

Table 1. Statistical Performance Evaluation of DHT11 Sensor (n = 13)

Statistical Parameter =~ Temperature  Humidity

O (Y RH)
Reference Mean 25.12°C 49.69%
Prototype Mean 24.08°C 48.54%
Prototype Std Dev () 0.28°C 0.78%
Maximum Error 1.70°C 2.00%
MAE 1.05°C 1.15%
RMSE 1.15°C 1.27%
Manufacturer +2.00°C +5.00%
Specification

C. MQ2 Sensor

The MQ2 sensor is designed to detect the
presence of LPG gas. Test results indicate that the
sensor effectively identifies gas at specific
concentrations and generates notifications when gas
levels exceed the predefined threshold.
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Figure 7. Monitoring view in Blynk

Since the MQ2 sensor performs detection
rather than quantitative measurement, a specific
response time measurement was not recorded. When
gas is detected, the system triggers a gas leak
notification in the Blynk application and also sends
an alert via email. These notifications are illustrated
in Figure 6 and Figure 7.

The functional performance of the MQ-2 gas
sensor was evaluated based on its capability to detect
gas leakage and trigger multi-channel alerts (Table 2).
Upon threshold activation caused by the presence of
target gas, the system successfully executes two
primary actions: triggering the local hardware
response and transmitting remote alerts. The IoT
notification pipeline was verified through two active
communication channels: push notifications via the
Blynk application and automated alert messages sent
to the user's registered email address. Experimental
testing confirmed that both Blynk notifications and
email alerts were reliably delivered without missing
event triggers, ensuring effective real-time hazard
monitoring.
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Table 2. Functional Performance and
Alert Integration of MQ-2 Gas Sensor

Evaluation Operational Specification &
Parameter Result

Primary LPG / Gas Leakage Detection
Function

Detection Digital Threshold Trigger (Gas
Mechanism Presence / Leakage)

System Output/ Local Alarm Activation & IoT
Actuation Alert Dispatch

Notification 1. Blynk Push Notification
Channels 2. Automated Email Alert
Functional Successful (Alerts reliably
Verification received on Blynk & Email upon

gas detection)

D. Distance Accuracy and Error Analysis of the
HC-SR04 Sensor

The measurement accuracy of the HC-SR04
ultrasonic sensor was evaluated by comparing
prototype readings with a physical reference.

Table 3. Point-by-Point Accuracy and Error Analysis
of the HC-SR04 Ultrasonic Sensor

Reference Measured Relative
Distance (cm) Distance (cm) Error (%)
5.0 4.0 20.00%
10.0 9.0 10.00%
15.0 14.0 6.67%
20.0 19.0 5.00%
25.0 24.0 4.00%
30.0 29.0 3.33%
35.0 34.0 2.86%
40.0 39.0 2.50%
45.0 44.0 2.22%
50.0 49.0 2.00%
55.0 54.0 1.82%
60.0 60.0 0.00%

As summarized in Table 3, The measurement
accuracy of the HC-SR04 ultrasonic sensor was
evaluated across an effective operational range of
5 cmto 60 cm against a precision reference scale
(Table 3). Within the evaluated spectrum, the sensor
demonstrated a Mean Absolute Error (MAE) of
092cm, an RMSE of 096cm. A +1.00 cm
correction for measurements obtained within the 5—
55 cm tested sub-range.

IV. DISCUSSIONS

To validate the performance of the distance
measurement system, an accuracy test was carried out
by comparing the HC-SR04 sensor readings with
those obtained from a standard reference instrument
(Figure 9). The HC-SR04 is a widely used, low-cost
ultrasonic proximity sensor that converts electrical
signals into ultrasonic sound waves using integrated

transmitter and receiver units to measure object
distances (Hirzi, 2023). Although extended-range
applications often rely on LIDAR sensors (Thornton
et al.,, 2014; Zovathi et al., 2022), conventional
ultrasonic setups are optimized for close-range
detection. Unlike previous work by Budiarso (2015),
which evaluated ultrasonic sensing up to 374 cm
without specifying hardware details or error margins,
our experimental evaluation provides a rigorous
performance benchmark.

The experimental evaluation confirms that
integrating an ESP32 microcontroller with low-cost
sensors yields a practical, responsive [oT monitoring
setup. Figure 8 compares the prototype's distance
readings against reference values, showing high
linearity.
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Figure 8. Graph of HCSR04 sensor test results

The DHT11 sensor yielded an MAE of 1.05°C
for temperature and 1.15% for relative humidity. The
slight temperature error (maximum error of 1.70°C)
stems from internal Negative Temperature
Coefficient (NTC) thermistor tolerances and non-
linear dielectric drift in the low-cost polymer
capacitive humidity sensor. Nevertheless, because
performance  remained  within  manufacturer
thresholds (+2.00°C and +5.00% RH), the DHT11
remains appropriate for basic indoor residential
monitoring.

V. CONCLUSION

This study successfully designed,
implemented, and quantitatively evaluated an
integrated ESP32-based smart home monitoring
system using the Blynk cloud platform. Experimental
validation across continuous trials confirmed the
system's accuracy, operational stability, and reliable
threat-detection performance.

The DHTI1 sensor demonstrated high
reliability for indoor ambient monitoring, achieving a
Mean Absolute Error (MAE) of 1.05°C (RMSE =
1.15°C) for temperature and 1.15% (RMSE = 1.27%)
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for relative humidity, both remaining strictly within
the manufacturer's specified operational tolerances
(£2.00°C and £5.00% RH). The MQ-2 gas sensor
reliably detected LPG leaks and executed real-time
local actuations (buzzer alarm and LCD display)
alongside remote multi-channel notifications.
Automated email alerts and Blynk push notifications
were transmitted without data packet loss or missed
event triggers upon threshold breach. The HC-SR04
ultrasonic sensor performed accurately over an
operational range of 5 cm to 60 cm, exhibiting an
MAE 0f 0.92 cm and RMSE 0f 0.96 cm. A consistent
systematic offset of —1.00 cm observed within the 5—
55 cm sub-range indicates that measurement
precision can be further enhanced via a simple +1.00
cm software offset calibration.

In summary, the developed system provides a
low-cost, scalable, and responsive solution for
residential Internet of Things (IoT) monitoring.
Furthermore, its transparent architectural design and
rigorous performance metrics support its feasibility as
an effective hands-on educational trainer kit for
undergraduate laboratories in electrical and computer
engineering. Future work will focus on integrating
edge-Al predictive models, optimizing power
consumption for Dbattery-operated nodes, and
evaluating secure communication protocols under
high network traffic conditions.
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