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Abstract

Visual impairment limits independent mobility due to difficulties in recognizing obstacles and
environmental conditions. This study aims to develop an ESP32-based Internet of Things (IoT)
smart cane to improve navigation safety and real-time monitoring for visually impaired users.
The proposed system integrates three ultrasonic sensors for multi-directional obstacle detection,
a water level sensor for puddle detection, a DFPlayer Mini with speaker for audio feedback, a
vibration motor for tactile feedback, and a GPS module connected to a Telegram Bot for location
monitoring. The prototype was designed and evaluated through functional testing of each
subsystem and overall system performance. The results show that the smart cane successfully
detects obstacles, provides audio and vibration warnings, and transmits user location information
remotely. The developed system demonstrates the potential of IoT-based assistive technology to
support safer and more independent mobility for visually impaired users.
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INTRODUCTION

Visual impairment significantly affects an individual's ability to perform independent
mobility due to limitations in obtaining visual information, recognizing obstacles, and
understanding surrounding environmental conditions. Visually impaired users often experience
difficulties when navigating unfamiliar areas because conventional white canes generally
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provide information only through direct physical contact with objects (Kathiria et al., 2024;
Mulyana & Pertiwi, 2026; Rahmawati & Sunandar, 2018). This limitation may increase the risk of
collisions, falls, and difficulties in identifying environmental hazards such as obstacles and water
puddles (Pataropura et al.,, 2023). Therefore, the development of assistive devices capable of
providing early environmental information and improving mobility safety is an important
research area.

The development of embedded systems and Internet of Things (IoT) technology has
encouraged various innovations in assistive devices for visually impaired users (Kathiria et al.,
2024; Zhang et al., 2024). Several studies have attempted to improve conventional canes by
integrating sensors, microcontrollers, and communication technologies. Mei et al. (2021)
developed a smart cane using ultrasonic sensors and a water level sensor to detect obstacles and
puddles, with warning outputs through audio and vibration mechanisms. However, the system
was limited by the absence of location monitoring and IoT-based communication features.
Panacara et al. (2021) proposed a smart cane equipped with GPS and Telegram communication
to transmit user location information remotely. Nevertheless, the system mainly focused on
emergency location sharing and did not emphasize multi-directional obstacle detection.

Further developments have integrated more advanced components, including ESP32-
based processing systems, GPS modules, and wireless communication (Elmannai & Elleithy,
2017; Farooq et al., 2022; Khera & Whig, 2021; Zhang et al., 2024). Pataropura et al. (2023)
developed a smart cane integrating ultrasonic sensors, water level sensors, GPS, and audio output
to assist visually impaired users. However, the system did not implement tactile feedback and
focused primarily on basic assistance functions. Puspitasari et al. (2024) introduced an IoT-based
smart cane using ESP32, ultrasonic sensors, GPS, speakers, and Telegram for remote monitoring.
Although the system demonstrated the potential of IoT implementation, the notification
mechanism still relied on general alerts and did not provide detailed information regarding
obstacle direction. Similarly, Zakhir and Maulana (2025) developed an ESP32-based smart cane
incorporating ultrasonic and water-level sensing with vibration and audio warnings; however,
the system did not provide GPS-based remote monitoring or multi-directional obstacle
information.

Based on previous studies, various technologies such as ultrasonic sensors, GPS modules,
IoT communication, and audio-based feedback have been implemented individually in smart
cane development. However, existing research still shows limitations in integrating multi-
directional obstacle detection, water hazard identification, informative audio feedback, tactile
feedback, and real-time location monitoring within a single compact system. Therefore, a
comprehensive assistive device that combines environmental sensing, user feedback, and remote
monitoring remains necessary to improve the safety and independence of visually impaired
users.

This study aims to develop an ESP32-based IoT smart cane for multi-directional obstacle
detection and real-time monitoring. The proposed system integrates three ultrasonic sensors
positioned on the left, front, and right sides for obstacle detection, a water level sensor for puddle
identification, a DFPlayer Mini module with a speaker for directional audio feedback, a vibration
motor for tactile alerts, and a GPS module connected to a Telegram Bot for remote location
monitoring. The contribution of this research lies in the integration of multiple sensing, feedback,
and communication mechanisms into a single IoT-based assistive device, followed by functional
testing to evaluate the performance of each subsystem and the overall system.

METHOD

This study used a prototype-based engineering design method to develop and evaluate an
ESP32-based Internet of Things (IoT) smart cane for visually impaired users. The research stages
included system requirement analysis, hardware design, software design, component
integration, prototype implementation, and functional testing. The system was designed to detect
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obstacles from multiple directions, identify water puddles, provide audio and tactile warnings,
and transmit user location information through Telegram.

The proposed smart cane consists of several main components: an ESP32 microcontroller,
three ultrasonic sensors, a water level sensor, a DFPlayer Mini module, a speaker, a vibration
motor, a GPS Neo-6M module, an I2C LCD, and a rechargeable battery system. The ESP32 was
used as the central processing unit because it supports sensor data processing and wireless
communication through Wi-Fi. The ultrasonic sensors were positioned on the left, front, and right
sides of the cane to detect obstacles based on object distance. The water level sensor was placed
near the lower part of the cane to identify puddles or wet surfaces. The DFPlayer Mini and
speaker were used to deliver audio warning messages, while the vibration motor provided tactile
feedback when an obstacle or puddle was detected.

The hardware architecture of the proposed system is shown in Figure 1. The ultrasonic
sensors send distance data to the ESP32, while the water level sensor provides analog readings to
indicate the presence of water. The GPS Neo-6M module receives latitude and longitude data and
sends them to the ESP32 through serial communication. The ESP32 then processes the sensor
readings and determines the appropriate output response. When an obstacle is detected within
the predefined threshold of 50 cm, the system activates a directional audio warning and vibration
feedback. When the water sensor reading exceeds the threshold of 1300 ADC, the system triggers
a puddle warning. The LCD is used as a diagnostic display during testing and maintenance, not
as the primary output for visually impaired users.
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Figure 1. Hardware Architecture of the ESP32-Based IoT Smart Cane

The software was developed to control the interaction between sensors, actuators, and the
communication module. The system starts by initializing the ultrasonic sensors, water level
sensor, GPS module, LCD, DFPlayer Mini, vibration motor, and Wi-Fi connection. After
initialization, the system provides an audio notification indicating that the device is ready to use.
The ESP32 then reads sensor data continuously. If an obstacle is detected on the left, front, or
right side, the system plays an audio message corresponding to the obstacle direction and
activates the vibration motor. If water is detected, the system plays a puddle warning message.
In parallel, GPS coordinates are processed and transmitted to a Telegram Bot when location
monitoring is requested or activated.
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Figure 2. System Flowchart of the Smart Cane

Functional testing was conducted using a black-box testing approach to evaluate whether
each subsystem produced the expected output based on given input conditions. The tested
subsystems included the ultrasonic sensors, water level sensor, DFPlayer Mini and speaker,
vibration motor, GPS module, Telegram Bot, LCD, and the integrated system. The parameters
observed during testing included distance measurement accuracy, water detection status,
warning output suitability, GPS coordinate availability, Telegram transmission success, and
overall system response.

Table 1. System Testing Design

Tested Component

Testing Procedure

Observed Parameters

Ultrasonic sensors

Objects were placed at several measured
distances in front of the left, front, and
right sensors.

Measured distance,
percentage, accuracy percentage,

and obstacle direction detection.

error

Water level sensor

The sensor was tested under dry and wet
conditions.

ADC value,
status, and warning suitability.

water detection

DFPlayer Mini and

speaker

Each obstacle and puddle condition was
triggered.

Audio message suitability and
response status.

Vibration motor

Obstacle and  puddle detection

conditions were activated.

Motor status and

response suitability.

activation

GPS readings were observed in several

Latitude, longitude, coordinate

P: -6M
GPS Neo-6 outdoor locations. availability, and GPS status.
Location data were sent through Wi-Fi Message delivery status and
Telegram Bot . . .
connection. location data display.
LCD Sensor, GPS, and connection status were  Displayed information
observed during system operation. suitability.
Th tot tested und tacl
€ prototype was tested under ob.s a.C © Overall system response and
Integrated system puddle, GPS, and Telegram monitoring

scenarios.

subsystem integration.
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The accuracy of ultrasonic sensor readings was calculated by comparing the measured
distance with the actual distance. The error percentage and accuracy percentage were calculated
using Eq. (1) and Eq. (2).

0/) — Actual Distance—Measured Distance
Error (%) tual Distance X100 i (1)
Accuracy (%) = 100 — ETT0T (Y0) «eeverrereeieirienienieteieniesteteieeee et )

The testing results were analyzed descriptively by comparing the expected output and
actual output of each subsystem. The system was considered successful when the sensor
readings, warning outputs, GPS data acquisition, Telegram transmission, and integrated system
response matched the expected operation.

RESULTS AND DISCUSSION

1. Prototype Implementation

The ESP32-based Internet of Things (IoT) smart cane prototype was successfully
implemented by integrating obstacle detection, water detection, audio warning, vibration
feedback, Global Positioning System (GPS) tracking, Telegram communication, and LCD-based
diagnostic monitoring. The ESP32 microcontroller served as the main controller for processing
sensor input and activating the corresponding output devices.

The prototype consisted of three ultrasonic sensors positioned on the left, front, and right
sides of the cane, a water level sensor placed near the lower part of the cane, a DFPlayer Mini
module, a speaker, a vibration motor, a GPS Neo-6M module, an 12C LCD, and a rechargeable
battery system. The ultrasonic sensors were used to detect obstacles from different directions,
while the water level sensor was used to detect puddles or wet surfaces. The DFPlayer Mini and
speaker provided audio warnings, and the vibration motor provided tactile feedback. The GPS
module and Telegram Bot supported remote location monitoring.

Entirety Front Side

Figure 3. Prototype of the ESP32-Based IoT Smart Cane

The LCD was used during testing to display sensor readings, GPS status, and connection
information. Although the LCD is not the primary interface for visually impaired users, it is
useful for system diagnosis, testing, and maintenance by developers or caregivers.
2. Ultrasonic Sensor Testing

Ultrasonic sensor testing was conducted to evaluate the ability of the system to detect
obstacles within the operational warning range. In this study, the obstacle-warning threshold was
configured at 50 cm. The measurement results are presented in Table 2.

Table 2. Ultrasonic Sensor Measurement Results

M d
No. Actual Distance (cm) . easure Error (%) Accuracy (%) Status
Distance (cm)
20 20 0.0 100.0 Successful
2 30 30 0.0 100.0 Successful
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3 40 39 25 97.5 Successful

50 49 2.0 98.0 Successful

60 60 0.0 100.0 Successful

Based on Table 2, the ultrasonic sensor produced stable readings within the tested short-
distance range. At 20 cm and 30 c¢m, the measured values were equal to the actual distances. At
40 cm and 50 cm, the sensor produced a small deviation of 1 cm. The most important result was
obtained at 50 cm because this distance corresponds to the warning threshold used in the system.
At this distance, the sensor measured 49 cm, resulting in an error of 2.0% and an accuracy of
98.0%.

These results indicate that the ultrasonic sensor was suitable for the intended function of
the smart cane, which is to detect nearby obstacles and provide early warnings to the user.
Although readings at distances greater than 60 cm may become more variable, this limitation
does not significantly affect the main function of the system because the warning threshold was
configured at 50 cm.

3. Water Level Sensor Testing

The water level sensor was tested under dry and wet conditions to evaluate its ability to
detect puddles near the lower part of the smart cane. The system used a threshold value of 1300
ADC. A sensor reading above this threshold was interpreted as the presence of water and
triggered audio and vibration warnings. Representative results are presented in Table 3.

Table 3. Representative Water Level Sensor Testing Results

No. Condition ADC Value System Response Status

1 Dry 0 No warning activated Successful
Audi I :

5 Wet 1350 u.dlo and vibration warnings Successful
activated

3 Wet 1515 Au'dlo and vibration warnings Successful
activated

Table 3 shows a clear difference between dry and wet conditions. In the dry condition, the
sensor produced an ADC value of 0, and no warning was activated. In wet conditions, the
representative ADC readings were 1350 and 1515, both exceeding the predefined threshold of
1300 ADC. As a result, the system activated the audio and vibration warnings.

Additional wet-condition observations produced ADC values ranging from 1242 to 1602.
Most readings exceeded the configured threshold, indicating that the water level sensor could
generally distinguish between dry and wet conditions. However, the presence of one wet reading
below the threshold indicates that the sensor response may be affected by the amount of water
and the contact area between the water and sensor surface.

4. Audio and Vibration Feedback Testing

The audio and vibration feedback systems were tested to determine whether the prototype
could provide appropriate warnings based on detected environmental conditions. The DFPlayer
Mini module was used to play recorded voice messages through the speaker, while the vibration
motor was used to provide tactile feedback.

Table 4. Audio and Vibration Feedback Testing Results

Testi
No. es 1n'g Expected Output Actual Output Status
Scenario
Obstacle
Left obstacl di i
1 detected on o oUSacie audio WAMINE 4. dio and vibration activated  Successful
. and vibration activated
the left side
Obstacle Front obstacle audio warnin
2 detected in . . . & Audio and vibration activated  Successful
front and vibration activated

Development of an ESP32-Based lo1 Smart Cane for Multi-Directional Obstacle

127



Obstacle Right obstacle audio warnin
3 detected on & . . . & Audio and vibration activated  Successful
and vibration activated

the right side

4 Water P.uddI.e war.nmg audio and Audio and vibration activated  Successful
detected vibration activated
No obstacle

5 or puddle No warning activated No warning activated Successful
detected

Based on Table 4, the audio and vibration feedback systems worked according to the
expected output. Directional audio warnings allowed the system to provide more specific
information than a simple buzzer because the warning could indicate whether the obstacle was
detected on the left, front, or right side. The vibration motor also provided an additional tactile
warning, which is useful when the surrounding environment is noisy or when audio warnings
are less noticeable.

5. GPS Neo-6M Testing

The GPS Neo-6M module was tested at three outdoor locations within the UNHAN RI area
to evaluate its ability to obtain latitude and longitude coordinates. The test focused on coordinate
acquisition because the GPS subsystem was designed to support real-time location monitoring
through Telegram. The testing results are presented in Table 5.

Table 5. GPS Neo-6M Testing Results

No. Testing Location Latitude Longitude Testing Result Status
1 ET\CI;’Z:? RIField’ 6525617 106.879.812 ;?C‘;ﬁ:;sﬁe; biaineq | Successful
2 E(ﬁﬁzl\] RIField’ 6.521.807  106.876.888 Sclfc(llclls?iltle; btainog | Successful
30 e ond 6520367 106878.117 Sclf::i:z;f; btaineq | Successful

Based on Table 5, the GPS Neo-6M module successfully obtained coordinate data at all
tested outdoor locations. The recorded coordinates consisted of latitude and longitude values,
which were then processed by the ESP32 and prepared for transmission through the Telegram
Bot. These results indicate that the GPS subsystem was functional for supporting the location
monitoring feature of the smart cane.

The results should be interpreted as coordinate acquisition testing rather than GPS
accuracy testing because the obtained coordinates were not compared with reference coordinates
from a calibrated positioning device. Therefore, further testing is required to measure positional
accuracy, coordinate error, and acquisition time under different environmental conditions.

6. Telegram Bot Testing

Telegram Bot testing was conducted to verify whether the ESP32 could transmit GPS
coordinate data through an internet connection. In this test, GPS data obtained from the Neo-6M
module were sent to the Telegram Bot using Wi-Fi communication. The result of the Telegram
transmission test is shown in Figure 4.

ey

Figure 4. Telegram Bot Display of GPS Coordinate Transmission
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Figure 4 shows that the Telegram Bot successfully received the GPS coordinate message
transmitted by the ESP32. The received message contained latitude and longitude information
that could be used by family members or caregivers to monitor the user’s location remotely. This
result indicates that the Telegram communication subsystem functioned according to the
expected operation.

The use of Telegram provides a practical monitoring method because it does not require
the development of a separate mobile application. However, this feature depends on Wi-Fi
availability and internet connection quality. If the internet connection is unstable or unavailable,
the transmission of GPS data may be delayed or unsuccessful.

7. Overall System Testing

The overall system was tested using a black-box testing approach to evaluate whether the
integrated prototype produced the expected output under several operational scenarios. The
tested scenarios included obstacle detection, water detection, audio and vibration feedback, GPS
activation, Telegram location transmission, and full system operation.

Table 6. Overall System Testing Results Using Black-Box Testing

No. Testing Scenario Expected Output Actual Output Status
Object detected at a Audio and vibration Audio and vibration
1 . ) . ) . Successful
distance of less than 50 cm  warnings activated warnings activated
2 No object detected No warning activated =~ No warning activated Successful
Water detected by the Puddle warning Audio and vibration
3 . . . Successful
water level sensor activated warnings activated
4 GPS activated in outdoor Latitude and longitude Coordinates displayed for Successful
location obtained UNHAN RI test locations ssi
Location transmission GPS coordinates sent Coordinates received in
5 Successful
through Telegram Bot to Telegram Telegram chat
All ts All i functi
6 Entire system activated components mam HACHONS g ccessful
operate normally operated

Table 6 shows that the integrated system operated according to the expected output in all
tested scenarios. When an object was detected at a distance of less than 50 cm, the system
activated the warning output. When water was detected, the system activated the puddle
warning. The GPS module successfully obtained coordinate data, and the Telegram Bot
successfully received the transmitted location information.

These results indicate that the integration of obstacle detection, water detection, warning
output, GPS tracking, and Telegram communication was successfully implemented. The local
safety functions, including obstacle detection, puddle detection, audio warning, and vibration
feedback, remained the primary functions of the device. Meanwhile, the GPS and Telegram
features supported remote monitoring by family members or caregivers.

8. Discussion

The testing results show that the proposed ESP32-based IoT smart cane can perform the
main functions required for short-range mobility assistance. The ultrasonic sensor demonstrated
stable performance within the operational warning range of up to 50 cm. At the 50 cm threshold,
the measured distance was 49 cm, with an error of 2.0% and an accuracy of 98.0%. This result
supports the suitability of the ultrasonic sensor for detecting nearby obstacles before direct
physical contact occurs.

The water level sensor also functioned according to the expected operation. In dry
conditions, the sensor produced an ADC value of 0 and did not activate any warning. In wet
conditions, representative readings exceeded the 1300 ADC threshold and activated the audio
and vibration warnings. This feature is important because puddles and wet surfaces may create
mobility risks for visually impaired users. Nevertheless, the variation in wet-condition readings
indicates that further calibration is needed to improve detection consistency.
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The integration of audio and vibration feedback provides a stronger warning mechanism
than a single-output system. Audio feedback allows the system to deliver specific warning
messages, while vibration feedback provides an additional tactile signal. This combination is
useful because environmental noise may reduce the effectiveness of audio warnings.

The GPS and Telegram testing results show that the system can support remote location
monitoring. The GPS Neo-6M module successfully obtained latitude and longitude coordinates
at the Rectorate Field, Football Field, and Retention Pond within the UNHAN RI area. The
Telegram Bot also successfully displayed the transmitted GPS coordinates in the chat interface.
However, GPS and Telegram functions depend on external conditions, including satellite signal
availability, Wi-Fi connectivity, and internet stability.

Overall, the proposed system successfully integrates multi-directional obstacle detection,
puddle detection, audio feedback, vibration feedback, and Telegram-based location monitoring
into a single smart cane prototype. The main limitation of this study is that testing was still
conducted at the prototype and functional testing stages. Future testing should involve more
varied environmental conditions, longer battery endurance evaluation, GPS accuracy
measurement using reference coordinates, and direct usability testing with visually impaired
users.

CONCLUSION

This study developed an ESP32-based Internet of Things (IoT) smart cane for visually
impaired users by integrating multi-directional obstacle detection, water detection, audio
feedback, vibration feedback, GPS tracking, and Telegram-based location monitoring. The
prototype was able to detect nearby obstacles using ultrasonic sensors, identify wet conditions
using a water level sensor, and provide warning outputs through voice messages and vibration.
The ultrasonic sensor showed stable performance within the operational warning range,
particularly at the 50 cm threshold, while the water level sensor was able to distinguish dry and
wet conditions based on ADC readings.

The GPS Neo-6M module successfully obtained latitude and longitude coordinates at
outdoor test locations within the UNHAN RI area, and the Telegram Bot successfully displayed
the transmitted location data through the chat interface. These results indicate that the proposed
system can support both local mobility assistance and remote monitoring functions. The
integration of directional audio warnings and tactile feedback provides a more informative
warning mechanism than a single buzzer-based output.

Overall, the developed smart cane demonstrates the potential of IoT-based assistive
technology to improve mobility safety and monitoring support for visually impaired users.
However, this study was still limited to prototype-level functional testing. Further research
should include direct usability testing with visually impaired users, GPS accuracy measurement
using reference coordinates, battery endurance evaluation, and testing under more varied
environmental conditions.
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