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I.LINTRODUCTION

In industries like oil and gas, water supply, and chemicals processing, pipeline inspection is critical because small
cracks inside pipelines can greatly increase the risk of leaking, causing damage, and also create unsafe working conditions.
The majority of traditional methods for inspecting pipes today require human operators to manually examine each section of
the pipe, which can be a very time-consuming task. Inspection of narrow or closed pipe areas is also very difficult and
hazardous to perform by humans.

Serpentine-style robots are an alternative solution for this type of inspection because they have a flexible body
structure that allows them to more easily navigate through narrow spaces and around curves compared to conventional
wheeled robots. Additionally, these robots could be equipped with cameras and/or sensors in order to monitor the interior
condition of the pipelines.

In this project, an endoscope-equipped robotic serpentine has been built for the purpose of detecting cracks in the
gas pipeline system. The endoscopic camera was placed on the front end of the robot to replicate conditions that would be
encountered during an actual pipe inspection. Since the setup uses a wired camera connection, the robot was tested in a
controlled environment instead of inside an actual pipeline. During testing, crack images were manually shown in front of
the camera.

The live video captured by the camera was sent to a laptop and processed using a YOLOV8 deep learning model for
real-time crack detection. When a crack was detected, the system highlighted the crack area using bounding boxes. The
detected frames were also saved automatically in separate file for future references.

The project shows that combining snake robotics with artificial intelligence can help improve pipeline inspection
systems. It also provides a basic foundation for developing fully autonomous pipeline inspection robots in the future.

Il. LITERATURE REVIEW
1."Al-Powered Serpentine Robot: An Intelligent Way to Inspect Urban Infrastructure' (2024)

Hirose first described using a series of joints to create snake-like robots using lateral undulation in 1993. This work
showed how using coordinated movement of a series of joints will result in smooth, wave-like movement across multi-link
robotic systems. This research has been a primary groundwork for using sinusoidal motion equations in developing
serpentine locomotion. The latest version of the snake robot designed is capable of inspecting pipes and narrow areas in
urban settings. This robot uses artificial intelligence-based control strategies to navigate through confined and hazardous
areas while periodically providing stable movement. In addition, this robot has an ability to detect obstacles and modify its
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movement as needed. Although this robotic system is significantly improving the efficiency of inspections, the current focus
of the effort is primarily on robot navigation, and does not include advanced crack detection through the use of computer-
assisted vision systems. Future work suggested in this report includes adding more cameras, sensors, and improved mobility
systems to the snake robot for greater efficiency during inspection.

2. ""The Locomotion Control of a Rigid - Soft Coupled Snake Robot in Multiple Environments™ (2024)

This research proposes a hybrid snake robot that contains both rigid and soft bodies to increase flexibility and
adaptability in locomotion. The current design uses air pressure to move and joints to control various styles of locomotion
including lateral undulation locomotion and rectilinear locomotion. The robotic serpent performs well in various complex
environments and can adapt its movement to the various surfaces it encounters.

3. “Investigation of Snake Robot Locomotion Possibilities in a Pipe” (2020)

The paper "Analysis of Robot Motion in Pipes" evaluates how snake-like robots move through pipe systems utilizing
both computer models and physical systems built using other models. This research was focused on understanding how
snake-like robots moved through different types of pipes and how to optimize their movements. However, the proposed
model did not include either real-time tracking of the robots or detection of cracks in pipes.

4. “Snake Robots for Rescue Operations™ (2020)

Another example of robotic locomotion and usage was discussed in the research paper "Snake-Like Robots as
Agents of Rescue.” This paper presents an examination of how snake-like robots are able to conduct rescue operations, as
well as how they are now more frequently used in monitoring at site facilities due to the types of snake-like robots that have
been developed. Examples of types of controllers used for controlling robot locomotion that were previously used included
computers for operating systems, microcontrollers with no wireless capabilities, and microcontrollers with wireless
capabilities for conducting remote inspections. The ability of a snake-like robot to move through small openings and carry
cameras and/or sensors allows it to form an effective agent for monitoring both a site facility and for providing real-time
assistance to workers who may be in distress.

Limitations identified in this study included lagging communication between the controller and the snake -like robot,
a minimal ability to have real-time monitoring of the snake-like robot during operations, and a complex method of
programming the snake-like robot.

Recommendations provided by stakeholders in the research paper include using microcontrollers with built-in Wi-
Fi capabilities (e.g., ESP32) to increase the extent to which wirelessly controlled robotic agents (i.e., snake-like robots) are
able to operate and reduce the overall complexity of the operating system associated with controlling a snake-like robot.

Research Gaps

From this literature review, research has identified some gaps:

« Many existing robotic systems (snake-like robots) are complex and costly to develop and implement.

« Many existing robotic systems (snake-like robots) lack the ability to provide real merits to the real-time monitoring
function.

I1l. PROBLEM IDENTIFICATION AND OBJECTIVES
Problem Identification

Gas pipelines are widely used in industries for transporting fuel and other materials, but over the period small cracks
may develop inside the pipelines due to pressure, corrosion, and continuous usage. Getting cracks fixed sooner is critical
because minor damages can lead to leaks, safety hazards, and monetary losses.

Traditional pipeline inspections rely heavily on manual inspection, which can be very challenging in pipelines. The
manual inspection of gas pipelines can put worker's lives at risk since workers will often be working in areas that could contain
dangerous gases, not enough breathable air, and may explode. Most of the inspection methods currently in use do not work
well on narrow and curve sections of a pipeline A wheeled robot used in traditional methods of inspection can have difficulty
moving through the pipeline because they do not maneuver well through tight corners, on rough terrain, and/or in cramped
areas. Commercial pipeline inspection robots available in the market are often expensive, complicated, and difficult to
maintain.

Another major problem is that some inspection methods do not provide continuous real-time monitoring, which
makes it difficult to identify cracks immediately during inspection.

Because of these limitations, there is a need for a flexible, low-cost, and intelligent robotic system that can perform
real-time crack detection safely and efficiently inside pipeline environments.

Objectives
The objective of this project is to design and develop a serpentine locomotion robot for industrial gas pipeline crack
detection applications.
The objectives of the project are:
e Todevelop a snake robot capable of flexible movement in confined environments.
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To integrate an endoscopic camera for live inspection and monitoring.

To implement Al-based crack detection using the YOLOV8 deep learning model.

To process live video feed and identify cracks in real time.

To display crack detection results using bounding boxes and alerts.

To develop a low-cost and efficient inspection prototype for future pipeline monitoring applications.

IV.MATERIAL AND METHODS

A. Materials Used

The proposed serpentine locomotion robot was developed using both hardware and software components for real-
time crack detection and inspection purposes. The major components used in the system are explained below.
1) ESP32 Microcontroller

The ESP32 microcontroller acts as the main controller of the snake robot. It is responsible for generating PWM
signals to control the servo motors and coordinate the movement of the robot. The ESP32 microcontroller was chosen as
a primary controller for the robot due to its small size, low-power consumption, and onboard wireless connectivity (Wi-
Fi and Bluetooth).

2) MG996R Servo Motors

MG996R servo motors were utilized to create serpentine locomotion with a total of 10 MG996R servo motors
implemented to provide multiple rotational axes for flexibility in movement. They also allow accurate angular positioning
and smooth motion control.

3) 3D Printed Segments
The body of the robotic unit is composed of several modular 3D printed segments using PLA/PETG materials.
This modular construction results in decreased weight and better assembly, maintenance, and modification capabilities.

Servo Segment Nose Cap Wheel Rail
Nose servo Mount Servo Base Plate

Fig.1. 3D Printed Segments

Fig.2. 3D CAD Model of Serpentine Locomotion Robot

4)Endoscopic Camera
A USB endoscopic camera is mounted on the head of the robot for inspection purposes. The camera captures real-
time video of crack images and transmits the feed to a laptop for processing.

5) Battery System
Arechargeable 11.1V Li-Po battery is used to power the servo motors and control electronic components of the robot.

6) Laptop /Processing Unit
A laptop running Python and YOLOWS is used for processing the live video feed and performing crack detection in
real time.
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7) Software Tools

The following software platforms are used:
e Python

OpenCV

YOLOVS8 (Ultralytics)

Arduino IDE

Roboflow

Visual Studio Code

B. Methods
System Architecture:

The proposed system mainly consists of three subsystems: the robotic locomotion system, image acquisition system,
and Al-based crack detection system.

a) Robotic Locomotion System
The snake robot is made up of multiple interconnected segments controlled using servo motors. The ESP32
microcontroller generates coordinated control signals to produce serpentine movement patterns.

b) Image Acquisition System
An endoscopic camera mounted on the front section of the robot captures live images and video during inspection.
The captured video feed is transmitted to a laptop through a USB connection for further processing.

c) Al-Based Processing System

The processing system uses a trained YOLOV8 deep learning model for crack detection. Initially, crack images were
collected and annotated using Roboflow to prepare the training dataset. During operation, the live video frames captured from
the camera are processed continuously by the trained model to identify cracks in real time.

Snake Robot Hardware Design

The snake robot was designed using lightweight modular 3D printed segments made from PLA/PETG materials.
Each of the segments has servo motors to operate the robot's movements. The use of a modular design means better flexibility
and will allow for more straightforward maintenance and replacement of any damaged parts. The overall weight of the robot
is about 2 kilograms, so it is capable of being inspected in narrow spaces.

Specifications

1) Frame Material: PLA/ PETG 3D printed segments

2) Segment Length: 80 mm— 100 mm per segment

3) Number of Segments: 5 active segments

4) Servo Motors: 10 (2 per segment for pitch and yaw motion)

5) Total Weight: Approximately 2 kg

6) Data Transmission: USB cable connection to laptop

The overall design was developed to maintain a balance between flexibility, strength, and efficient movement.

bot Prototype

Fig.3. Serpentine Locomotion Ro
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Fig.4. Different Serpentine Robot Movements

4)Locomotion Mechanism
The biomimetic movement of the robot simulates real biomechanics associated with how snakes move.

Locomotion Types
Rectilinear - allows for straight movement in pipes. Lateral undulation - allows for turns and curves.
The robot has a total of 5 active segments and 10 servo motors, giving it 10 degrees of freedom for flexible movement.

Specifications
e Actuators: 10 digital servo motors
o Degrees of Freedom: 10 DOF
e Maximum Speed: 0.1 —0.3 m/s
¢ Control Method: PWM control using ESP32
The robot is controlled by using a sinusoidal wave equation.
The locomotion equation is:
0i = Asin(wt + id)
Where:
0i = jointangle A = amplitude
o = angular frequency ¢ = phase shift
This equation produces a wave-like motion along the body of the robot to produce serpentine locomotion.

5) Real-Time Crack Detection Images
Endoscopy video captured by endoscope video camera is processed by YOLOV8 deep-learning model. When a crack
is detected:
¢ Abounding box is displayed around the crack region
o Detection is shown
o The detected frame is stored automatically with timestamp details in separate file.

Fig.5. VS Code Program using Python
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Fig.6. Crack Detection on VS Code

6) Experimental Testing
The robotic system was validated in a controlled environment by manually presenting crack images to the endoscope
camera simulating pipeline inspection conditions, with testing of multiple different locomotion patterns to evaluate the robot's
flexibility and movement capability.
The following performance parameters were analyzed:
Crack detection accuracy
Locomotion speed
Servo synchronization
Real-time processing capability

Procedure methodology
A. Overall Methodology

The combination of robot locomotion using serpentine robotic locomotion with artificial intelligent (Al) based crack
detection technology is utilized in an inspection system that performs inspections of industrial gas pipelines. The global
methodology comprises of designing the robot, preparing the data set, training the model, integrating the hardware and
detecting cracks in real time.

B. Step-by-Step Procedure
Step 1: Dataset Collection

A data set of crack images was collected from multiple sources to serve as the basis for developing a deep learning
model. The data set included different crack patterns and surface textures in order to increase detection accuracy.

Step 2: Image Annotation
The crack images that were used for the data set were annotated in Roboflow. The cracks were annotated with
bounding box annotations to create labelled training data for training the YOLOV8 (You Only Look Once version 8) model.

Step 3: YOLOV8 Model Training

The YOLOVS crack detection model was trained using the annotated dataset.
The training process included:

¢ Image preprocessing

o Dataset splitting

e Training and validation

e Accuracy evaluation

Real-time detection through previously established weights.

Step 4: Snake Robot Design and Fabrication
Using modular 3D printed pieces, a snake robot was assembled; each parts contained its own servo motor to provide
movement flexibility.
The assembly operation of the robot was organized around:
o Lightweight structure
e Smooth locomotion
¢ Easy maintenance and assembly
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Step 5: Servo Motor Integration

The servos MG996R were linked to the ESP32 microcontroller.

The microcontroller produced PWM signal outputs that produce typical locomotion motions like:

e Forward slither motion
Left and right turning
C-shape movement
Ring movement
Rectilinear motion

Step 6: Camera Integration

The snake robot has a USB endoscopic camera on its head to continuously record streaming live video during use.
The USB video was then sent through a USB cable to the laptop for processing.

Step 7: Real-Time Crack Detection

Real-time crack detection was performed using the YOLOV8 model combined with OpenCV and Python. The Crack

Detection Process:

. Capturing live video frames
Processing frames using YOLOV8
Detecting crack regions

Step 8: Experimental Testing

Displaying bounding boxes and confidence scores
Saving detected frames with timestamps

The full system was tested in a controlled/standardized environment with images containing actual slits being
presented in front of the camera, mimicking crack inspection conditions.
The various modes of locomotion for evaluation of:

o Flexibility

o Stability

e Detection accuracy

o Real-time processing performance

C. Working Methodology Flowchart
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D. Working Principle

The operation of the proposed system involves Al real-time crack evaluation and robotic locomotion.
1. All hardware devices, such as the ESP32, Camera, & Laptop connections will be initiated.

2.The endoscopic camera will be used in “Live” video stream mode via USB Connection.

3.The test will be performed in a controlled (wired) environment.

4.The camera will be used to display the crack images manually in front of the camera.

5.The camera will take pictures of the crack images as they will appear as live pictures on the screen.
6.The YOLOV8 model will analyze each of the camera's images in real-time and detect cracks.
7.The system will identify cracks and will place a Bounding Box and Alert Message on the image when cracks are detected.
8.The detected image frames will be stored automatically (with Time Stamped) for future analysis.
9.The system will continue processing the next image frames normally if no cracks are detected.
10.The inspection/testing will continue until the testing concludes and all data has been saved.

Snake Robot with
Endoscopic Camera

=|r VOLOV8 = > Real-Time
= & = Crack Detection
Crack Images ' % » - ﬂ Display
Dataset Collection L|\1/_e Image/Video Crack Dﬂmeﬂ-
& Annotation s YOLOVS ransmission -
in Roboflow (USB Cable) S

__ ALERT!
I Laptop
- BB ,ith YoLov8 Model

Fig.8. Block Diagram

Statistical Analysis

The performance of the developed serpentine locomotion robot was evaluated based on crack detection accuracy,
locomotion performance, response time, and overall system stability. Experimental testing was carried out in a controlled
environment using different crack images and multiple locomotion patterns.

The YOLOW8-based crack detection model was tested using more than 24 crack images under different lighting
conditions. The system achieved an approximate crack detection accuracy of 80-90% when proper illumination was
available. Better detection performance was observed when the training dataset contained clear and properly annotated crack
images.

The locomotion performance of the robot was analyzed using different movement patterns such as forward slither,
lateral turning, static wave motion, inchworm movement, ring shape, and C-shape motion. The forward slither locomotion
achieved an average movement speed of approximately 17.36 seconds per meter. Inchworm locomotion was comparatively
slower and required nearly 1.37 minutes per meter because of sequential segment movement.

Servo motor response and movement transition times were also measured during experimentation. Directional
changes such as left turn, right turn, and U-bend formation required approximately 0.2—0.5 seconds, indicating stable and
responsive motion control.

Battery performance was monitored throughout the testing period. A gradual reduction in power level was observed
due to continuous servo motor operation and camera usage. However, the system remained stable during the entire testing
process without major interruptions.

The obtained experimental results indicate that the proposed system is capable of providing reliable serpentine
locomotion and real-time crack detection suitable for low-cost industrial inspection applications.

Time Analysis for Serpentine Movements

Movement Type Average Time
Forward Slither Motion ~17.36

seconds/m
Left Slither Turning 0.2 seconds
Right Slither Turning 0.2 seconds
Static Wave Shift (0.5 wavelength) 0.5 seconds
Static Wave Shift (1.5 wavelength) 0.5 seconds

Inchworm Movement ~1.37 minutes/m
Transition to U-Bend Shape 0.2 seconds
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Transition to Ring Shape 0.4 seconds

Transition to C-Shape 0.4 seconds

Transition to Straight Line Position 0.3 seconds
Table 1

V.RESULTS AND DISCUSSIONS
A prototype based on the design and development of an automated pipeline inspection system using a snake -like
robot (serpentine motion) with an Al (Artificial Intelligence) solution for crack detection was developed and tested
successfully. The test results validated many system attributes, including robot motion, video acquisition, and real-time
detection of cracks.

1. Functional Validation

The snake robot performed multiple serpentine roller motions successfully, exhibiting stable robotic motion. The
endoscopic camera provided approximately real-time video feed to a laptop computer with a delayed video transmission of
about 1 to 2 seconds.

The YOLOV8 model processed input video frames in less than a second and returned detection results in a bounding
box, as well as generated alerts when cracks were detected. The system was continually displaying inspection results during
operation without any significant interruption.

2. Al Detection Performance

The YOLOV8 model provided 80 to 90% accuracy for detecting cracks when using adequate lighting conditions.
Detection performance significantly improved when the training data set contained high-quality and accurately labelled
images of cracks.

The proposed robotic inspection system was able to detect different types of cracks of varying sizes and shapes from
the live video feed. The advantage of this capability would be early detection of faults with a minimum requirement for
manual inspections.

3. Advantages Observed

The following advantages were observed during system testing and implementation:

e Therobot successfully performed different serpentine locomotion patterns.

Real-time crack detection reduced the need for continuous manual monitoring.

The flexible snake-like body structure improved navigation capability.

The system was developed using low-cost and easily available components.

Integration of robotics and artificial intelligence improved inspection efficiency and accuracy.

4. Challenges Encountered
There were also limitations and challenges associated with the experiment.

Surface friction had a significant impact on robot locomotion, to the point where robot locomotion was severely
hindered by smooth surfaces.

The quality of the cameras used for crack detection was also influenced by the ambient light in the vicinity. In some
instances, the Al identified dark object colors as a crack, resulting in false detections.

As the camera system utilized a wired USB connection, it was not possible for the robot to be utilized inside an
existing pipeline. In addition, smooth locomotion required proper servo synchronization and tuning. The overall performance
of the Al model also depended on the quality and size of the training dataset.

Despite these limitations, the developed prototype successfully demonstrated the feasibility of combining serpentine
robotics with Al-based crack detection for industrial inspection applications.

Snake Robot Movement Performance Battery Performance Over Time
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VI.CONCLUSION

In this study the design and development of a serpentine locomotive robot for use in detecting cracks that occur on
a pipeline carrying gas by using an industrial oil pipeline has been carried out. In addition to snake -like movements, the
robotic system also incorporates a combination of e-motor control systems, endoscopic cameras and employs YOLOVS-
based Al to conduct inspections and detect cracks in real time.

The segmented modular robot demonstrated the program's ability to provide flexibility through the use of lateral
undulating and rectilinear movement with the servo motors through synchronization. Successful live video recording via the
endoscopic camera allowed for successful crack identification via the trained YOLOV8 model by means of bounding boxes
and alerting indications to operators during testing. Overall, the experimental testing provided evidence that the system's
ability to detect cracks achieved approximately 80% to 90% accuracy while in proper lighting.

During all of the experimental testing done on the robot, the robot demonstrated stability and smooth transitions of
movement between the various serpentine locomotion patterns.

When compared to current inspection methods, the proposed serpentine inspector provides a simple and low-cost
solution to inspecting cracks in confined spaces. The current prototype is designed to operate in a controlled environment
using a wired communications system, yet the project demonstrates the feasibility of combining Al with robotics to create
an effective system for automated industrial pipeline inspection.

The prototype developed as part of this project provides a potential foundation for future iterations of autonomous
inspection systems with wireless communications, improved sensors, and advanced visual detection systems.

VIL.LFUTURE ENHANCEMENTS
The current robotic system has demonstrated successful crack detection, as well as serpentine locomotion; however,
there are potential improvements that could be introduced in the future to increase the overall performance of the robot and
increase its potential application in a professional environment.

1. Autonomous Navigation

Currently, the robot moves based on manual control and does so successfully by having an operator moving it using
a joystick. In the future, the robot could be designed to move autonomously within a pipeline or other industrial setting.
Sensors such as LIDAR, ultrasonic sensors and IMU modules could provide the necessary data for the robot to navigate
independently throughout the pipeline without the need for constant manual control.

2. Wireless Communication

Currently, the robot uses wired USB transmission to transmit video feeds and provide real-time monitoring for the
operator. An improvement could be to have a wireless video feed (Wi-Fi or 5G) and reduce the need for the robot to be
tethered to power and data. This would increase robot mobility and allow remote inspections to be performed by operators.

3. Improved Al Detection Model

An improved trained Al detection model could be developed by utilizing larger and/or more diverse data sets.
Utilizing advanced deep learning algorithms could also increase the accuracy of the Al detection model while decreasing the
number of false positives that will occur. Future robot systems may also automatically classify defect types and severity.

4. Enhanced Mechanical Design

By utilizing lighter and stronger materials, the overall structure of the robot can be improved to increase durability
and provide increased flexibility. Adding multiple multi-directional joints could be a possibility for the future to allow for
more advanced movements within a very complex geometric environment such as inside a pipeline.

5. Advanced Lighting System

Due to the large amount of light that is available throughout the day to assist with determining the presence of a
defect inside of a pipeline, it may be necessary to develop a more advanced lighting source inside the robot to provide
sufficient illumination to determine if a defect is present within the confines of the pipeline.

6. Waterproof and Industrial-Grade Design

Present prototype has been intended for only laboratory validation purposes; however, there will be improvements
to waterproofing and [corrosive material] for future generations so that the robot will be able to perform internal inspections
of live industrial pipelines that carry gas or liquid.

7.Cloud-Based Monitoring and Data Logging

The future version/s of the system will allow the incorporation and storage of inspection data on Cloud-based platforms, then
generating automated reports from these stored inspection data, and further allow remote monitoring and reviewing/analyzing
of any piece of inspected/witnessed component due to historical/recent past inspection report analysis.
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8. Multi-Sensor Integration

In addition to crack detection, other sensors like gas sensors, temperature sensors, and pressure sensors can be

integrated into the robot providing comprehensive monitoring of the entire health of the pipeline.

9. Fully Autonomous Inspection System

The proposed robot can be developed into a complete autonomous smart inspection system when integrating

autonomous navigation, wireless communication, advanced Al models, and multi-sensor systems. This completely
autonomous system will be capable of navigating, detecting cracks, analyzing results, and reporting results with very little
involvement of human operators.
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