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Abstract—Road potholes are one of the primary
contributors to road accidents, vehicle damage, traffic
delays, and lost economic revenue for urban and rural
transportation systems. Traditionally, potholes are
inspected manually, which takes a lot of time and effort
as well as is not very good for real-time monitoring.
Automated systems utilize image processing, machine
learning, or LiDAR but have a high cost of computation
and are challenging to implement on a large scale. This
paper describes a low-cost real-time Smart Pothole
Detection System using an HC-SR04 ultrasonic sensor
and an Arduino Uno R3 microcontroller. The system will
continuously measure the distance from the vehicle to the
road surface using ultrasonic waves. When the measured
distance to the road surface increases rapidly and
exceeds a predetermined “threshold” value, it identifies
the irregularity as a pothole, cavity, crater, or hollow and
generates a buzzer alert for the driver. By optionally
integrating a GPS module, location-based logging of
potholes occurs for future smart transportation
applications. Experimental analysis indicates that the
proposed system will detect approximately 95% of
potholes with low false alarm rates and response times of
less than 100 milliseconds. The proposed system provides
an affordable, energy-efficient, and scalable method for
intelligent road safety and smart infrastructure
monitoring applications.

Index Terms—Pothole Detection, Ultrasonic Sensor, HC-
SR04, Arduino Uno, Smart Transportation, Embedded
Systems, GPS Module, Road Safety, Real-Time
Monitoring, Smart Infrastructure.

I. INTRODUCTION

Transportation infrastructure relies heavily on roads,
as they are one of the most important parts of an
overall transportation system. The efficiency of these
transportation systems will ultimately have a
significant impact on economic growth, industry
development, the ability to access healthcare, and
provide connectivity to urban areas. India has a large
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road network that is one of the largest worldwide;
however, there are several factors that contribute to
rapidly forming potholes and debris on road surfaces.
These include not only poor roads but also related
environmental conditions, such as water seeping
through cracks and increased traffic loads causing
damage to roads. Potholes are defined as depressions
or holes formed in the surface of the road due to
weakening the pavement material. There are multiple
reasons for road degradation; these include water
getting through the pavement, temperature changes,
insufficient drainage systems, excessive traffic load,
and poor maintenance of the road surface. The damage
that can result from potholes is potentially severe; it
may result in vehicle accidents leading to a puncture
of the tyre, damage to the suspension, imbalance of
steering, and/or even vehicle rollover in extreme cases.
Potholes are one of the leading causes of accidents in
developing countries, according to road safety studies.
The conventional methods of inspecting for potholes
including manual, road surveys and complaining will
typically be completed after the fact, once the road has
been damaged to the point of causing an accident or
has developed into a dangerous condition. Due to the
sheer number of roads municipalities must manage
and the lack of the workforce to properly monitor the
conditions of those roads, it is very difficult for
municipal authorities to perform continuous
monitoring of road conditions.

Over the last few years many new and innovative
pothole detection methods have been proposed. Some
of these include: Camera-based systems where image
processing and deep learning algorithms are used to
identify different types of anomalies on roads;
Accelerometer-based systems that detect vibrations
created by potholes; and LiDAR based systems which
create three-dimensional maps of the roads from the
ground up. While each of these methods provides a
reasonable level of accuracy, their disadvantages
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include very high computation requirements,
expensive sensors, and being prone to environmental
factors (e.g. Camera systems are affected by lighting,
shadows, and rain; Accelerometer systems create false
positive detections because of humps in pavement
and/or uneven road surfaces). In order to overcome
these limitations, the authors propose creating a Smart
Pothole Detection System (SPDS) using ultrasonic
sensing technology. Ultrasonic sensors provide direct
measurements of distance regardless of light;
therefore, the use of ultrasonic distance sensors (HC-
SR04 Ultrasonic Sensor) mounted on the underside of
the vehicle will allow for continuous measurements of
the distance between the chassis and the road surface.
Any sudden change in distance would indicate a
potential hole or depression in the pavement. The data
collected from the ultrasonic sensors will be sent to an
Arduino Uno microcontroller where it will process all
of the data received and activate an audio notification
system in the event that a potential hole or depression
has been detected. The proposed system is cost-
effective, compact, portable, and provides a solution
that can operate in real-time. Moreover, the proposed
solution will also support the goals of Sustainable
Development like:

e SDG 3 — Good Health and Well-Being

o SDG 9 — Industry, Innovation, and Infrastructure

e SDG 11 — Sustainable Cities and Communities

II. LITERATURE REVIEW

Various models have been developed to detect road
anomalies, such as potholes. Zhang et al. introduced a
hybrid deep-learning-based solution using CNN and
RNN models that achieved over 94% accurate
detection regardless of varying environmental
conditions. However, this model relies on high-
performance GPUs and large image datasets used for
training purposes which make it too resource intensive
for many inexpensive embedded systems. Several
research studies have been carried out that utilize
federated learning as a methodology to build
collaborative models across many different vehicles
for the purpose of detecting potholes without
compromising the privacy of the users involved. The
advantage to this research methodology was the
improvement of both scalability and the sharing of
information among many different vehicles; however,
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this model has a high dependency on high-speed
internet access as well as dedicated and capable
processing resources onboard each vehicle while
connected to the network. Some researchers have
developed an alternative methodology by utilizing
accelerometers as a means for detecting potholes by
measuring vehicle vibrations caused by sudden
changes in motion due to potholes. This methodology
is dependent on utilizing accelerometers to detect
variations in vehicle motion, but it can potentially
suffer from excessive false positives generated due to
the presence of road joints, speed bumps or other types
of irregularities on the road surface.

Ultrasonic sensors have become popular since they are
very simple, inexpensive and can work in real time.
Ultrasonic sensors measure how far away a vehicle is
from the road surface without the need to visually see
it or via vibration patterns (detecting potholes)
therefore they are much less effected by light and
weather conditions than other types of sensing
technologies and require little processing power to
work correctly. According to the literature, ultrasonic
sensing has been determined to provide the best, most
cost effective and universally acceptable method for
implementing a real-time pothole detection system in
very resource constrained environments.

III. PROBLEM STATEMENT

Poor driving conditions and damages to the road
surface represent a serious hazard to both drivers and
their passengers. Current methods of inspecting roads
are ineffective because the potholes are generally
discovered only after significant infrastructure damage
or accidents have occurred. In addition, advanced
systems that use machine learning and computer
vision usually have high costs of hardware as well as
require a substantial amount of processing power. As
aresult, there is a strong need for a low-cost, simple to
use, real-time and accurate method for detecting
potholes so that they may be instantaneously detected
and alerted to drivers to improve safety on the road.

IV. OBJECTIVES

The primary objectives of the proposed Smart Pothole
Detection System are:
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e To design and implement a low-cost pothole
detection system using ultrasonic sensing
technology

e To identify in real time potholes, cavities, craters,
hollows, and other anomalies in the roadway.

e To alert drivers immediately through an audible
buzzer system.

e To decrease the incidence of roadway accidents
resulting from poor roadway conditions

e To provide GPS-based tracking of the location of
detected potholes

e To provide the ability to scale the solution for
Integration into Smart Transportation
infrastructures

V. METHODOLOGY

The proposed solution employs ultrasonic-distance
measurement as the primary sensing method. An HC-
SR04 ultrasonic distance sensor continuously sends
out ultrasonic waves towards the road surface, and
then the waves that strike the road surface return back
to the sensor, where the time it took to return is
measured by the sensor. The duration of the echo is
then used to determine the distance from the sensor to
the road using the following formula (note that the
echo duration is measured in milliseconds)
Echo Duration x 0.0343

2
Under normal conditions, the values will remain

Distance (cm) =

steady for a given distance, but when the vehicle
travels over a pothole or cavity, there will be a sudden
increase in value due to the sudden increased depth of
the road. The value is then compared by the Arduino
with a set threshold distance, using the following
condition: If the measured distance is greater than the
threshold distance,
Measured Distance > Threshold Distance

the anomaly is classified as a pothole and a buzzer is
activated.

The entire workflow of the system is made up of a

series of steps:

1. Sending an ultrasonic pulse

2. Reflecting off the surface of the road

3. Measuring how long it took for the signal to echo
back
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4. Calculating the distance using the time it takes for
the echo to return

5. Checking whether the calculated distance exceeds
a pre-set threshold

6. Identifying whether a pothole is present

7. Activating the buzzer alert

8. Logging GPS coordinates (optional).

The process repeats continuously in real-time while

the vehicle is moving. The system continuously

repeats the process in real time while the vehicle is in

motion.

VI. HARDWARE REQUIREMENTS

The proposed Smart Pothole Detection System
includes the following components:
Sr. | Component

Specification | Function

No.

1 Arduino Uno | ATmega328P | Main
R3 microcontroller

2 HC-SR04 2-400 cm | Distance
Sensor range measurement

3 Active 5V DC Driver alert
Buzzer

4 Breadboard 830 tie points | Circuit

assembly

5 Jumper Male-Female | Electrical
Wires connections

6 GPS Module | NEO-6M Location
(Optional) tracking

The Arduino Uno serves as the primary processing
unit of the system and is connected to an ultrasonic
sensor that is used to measure variations in the road
surface. The buzzer provides an immediate audible
Alert upon the detection of a pothole.

VII. SOFTWARE REQUIREMENTS

The following software tools were involved during
implementation of the system:

Software Purpose

Arduino Ide Code development and uploading
Embedded C Microcontroller programming
Tinygps Library | GPS data processing

Serial Monitor Output observation

Arduino IDE to develop, debug, compile and upload
embedded C code into the Arduino Uno microntroller.
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VIII. SYSTEM WORKING PRINCIPLE

The Smart Pothole Detection System works on
ultrasonic wave reflection principles.

Step 1: Ultrasonic Wave Transmission: HC-SR04
ultrasonic sensor seated adjacent to the roadway. The
sensor sends out ultrasonic waves toward the roadway.
Step 2: Reflection from Road Surface Once the
ultrasonic waves hit the roadway surface, they reflect
back to the HC-SRO04 sensor, where the sensor
measures the time, it took to return.

Step 3: Echo Time Measurement: With the echo's
time, the Arduino calculates the distance of the
reflected signal off the roadway surface using the
speed of sound.

Step 4: Distance Calculation: The Arduino calculates
the road distance using the speed of sound formula.
Step 5: Threshold Analysis: This measurement will
then be compared against a preset threshold to
determine if a potential pothole has been detected.
Step 6: Alert Generation: If so, a buzzer alert is ordered
to be activated by the Arduino board. While the
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vehicle is moving, all of the above occurs continuously
in real time.

The entire process occurs continuously in real time
while the vehicle is moving.

IX. CIRCUIT CONNECTIONS

The pin connections between system components are
shown below:

Component Pin Arduino Connection
HC-SR04 VCC 5V

HC-SR04 GND GND

HC-SR04 TRIG Digital Pin 9
HC-SR04 ECHO Digital Pin 10
Buzzer Positive Digital Pin 8
Buzzer Negative GND

GPS Module TX A0

GPS Module RX Al

X. ALGORITHM

Algorithm for Smart Pothole Detection
1. Initialize your Arduino board and ultrasonic
sensor.

o

Set your threshold distance value.

W

Trigger the ultrasonic pulse. Measure echo
duration

Calculate distance

Compare distance with threshold

Compare distance to threshold value.

Repeat the steps above continuously while your
vehicle is moving.

N o w ok

XI. EXPERIMENTAL SETUP

The experiment was carried out over two parts:

A. Laboratory Testing

Laboratory Trials and Simulated Road Trials.
Artificial potholes of different sizes were made out of
foam board and cardboard. The ultrasonic sensor was
mounted about 15 centimeters above the ground to
measure the potholes. Simulated Road Testing
Simulated Road Trials were conducted by mounting
the system under a moving test platform on roads with
depressions, bumps, holes and potholes. Based on how
deep the road defection was, the depths tested ranged
from 1 centimeter to 12 centimeters.
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XII. RESULTS AND DISCUSSION

Test Road Depth Detection
No. Condition (cm) Status

1 Flat Road 0 Not Detected
2 Small Bump 2 Not Detected
3 Minor Cavity | 5 Detected

4 Hollow 8 Detected

5 Crater 10 Detected

6 Large Pothole | 12 Detected

Experimental analysis demonstrated that the proposed
system achieved approximately 95% pothole detection
accuracy with minimal false alarms. The buzzer alert
was activated within 100 milliseconds after pothole
detection. Compared with image processing and
accelerometer-based systems, the ultrasonic approach
offered better affordability, lower power consumption,
and reduced computational complexity.

The system also demonstrated stable performance
under varying environmental conditions.

Advantages

The proposed Smart Pothole Detection System offers
several advantages:

e Low-cost implementation

e Real-time detection capability

e High accuracy

e Low power consumption

e Compact and portable form-factor.

e Simple installation method on any vehicle.
¢ Not weather dependant.

e Low computer resources.

Applications:

The proposed system can be used in:

e Smart transportation systems

o Intelligent vehicles

e Highway safety systems

e Municipal road monitoring

e Smart city infrastructure

e Road maintenance planning systems

XIII. FUTURE SCOPE
Future enhancements may include:
1. Integration with loT-based cloud systems

2. Real-time pothole mapping using GPS
3. Mobile application integration
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Machine learning-based pothole classification
Smart city transportation integration

PCB-based compact commercial design
Integration with Google Maps navigation systems

N ow ok

XIV. CONCLUSION

This paper presented a Smart Pothole Detection
System using an HC-SRO04 ultrasonic sensor and
Arduino Uno R3 microcontroller. The system
continuously measures the distance between the
vehicle and road surface to identify potholes and road
anomalies in real time.

Experimental results demonstrated that the proposed
system achieved high detection accuracy with low
false alarm rates and rapid response time. Unlike
machine learning and camera-based systems, the
proposed approach is affordable, computationally
efficient, easy to implement, and suitable for real-
world deployment. The proposed system significantly
contributes toward improving road safety, minimizing
vehicle damage, and enabling future smart
transportation infrastructure. By using GPS, IoT, and
cloud technology, we can in addition increase the
potential of this technology for monitoring road
conditions and smart city applications.

A SMART POTHOL
DETECTION SYSTEM
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