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Abstract 

Underground tunnels are an important part of modern infrastructure. They are used for 

transportation, mining, and utility services. To keep them safe and reliable, regular inspections 

are needed to detect problems like cracks, structural damage, water leakage, and harmful gases. 

Traditionally, tunnel inspections are done manually by workers. This method is slow, requires 

a lot of effort, and can be dangerous due to poor visibility, narrow spaces, and exposure to toxic 

gases. 

With recent advancements in robotics and sensor technologies, automatic tunnel inspection 

systems have been developed. These systems make inspections faster, safer, and more efficient 

than manual methods. This review focuses on different types of tunnel inspection robots such 

as ground based mobile robots and aerial vehicles (UAVs). These systems use various sensors 

to monitor tunnel conditions. 

Important technologies used include camera based inspection, automatic navigation, 

environmental monitoring, and wireless communication for data transfer. The study compares 

different research works based on sensors, robotic platforms, and operating systems. It also 

discusses the advantages, limitations, and challenges of these systems. 
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1. Introduction 

The Underground tunnels are an important part of modern infrastructure. They are widely used 

in transportation, mining, water supply systems, and underground usage. These tunnels help in 

the smooth movement of people, goods, and resources while reducing traffic and disturbance 

on the surface. Since tunnels are used continuously for many years, it is very important to 

maintain their structural condition to ensure they remain safe and reliable for public use. 

Over time tunnel structures may get damaged because of the environmental conditions, 

pressure from the surrounding soil and rocks, vibrations from traffic, water leakage in the 

tunnel, and the poor quality of construction materials. These are the factors can be cause 

problems such as cracks in the concrete, pieces of material breaking off, water leaking through 

the tunnel walls, and changes in the tunnel’s structure. If these problems are not found and 

repaired early, they can become more serious and may affect the stability and safety of the 

whole tunnel. 

Traditionally, tunnel inspections are carried out by trained workers who check the tunnel walls 

and ceilings to look for damage or any defects. Although this method has been used for many 

years, it has several drawbacks. Manual inspections take a lot of time, cost, risk and effort, and 

they can also disturb normal tunnel operations. In addition, inspectors often have to work in 

narrow spaces where there may be dust, moisture, poor lighting, and harmful gases. These 

conditions can make the inspection process slower and also create safety risks for the workers. 

Traditionally, tunnels are inspected by trained workers those are all look the tunnel walls and 

ceilings to find anything damage or problems. This method has been used for a long time, but 

it has some disadvantages. Manual inspection takes a lot of time, risk, cost and requires more 

workers, and sometimes it can interrupt normal tunnel activities the workers have to work in 

very consisted space in there may be dust, moisture, poor lighting visibility, and harmful gases 

leakage. Because of these conditions the inspection becomes difficult and can also be risky for 

the workers. 

In the addition of robots, recent implementation in artificial intelligence and computer vision 

have made it easier  to automatically detect any structural problems from the images. Machine 

learning and deep learning methods are advanced used to study the images from the tunnel and 

find the cracks, surface damage, and other structural defects. There are Different types of 

sensors are used for tunnel inspection. Such Sensors are LiDAR, ultrasonic sensors, inertial 
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measurement units (IMU) and environmental sensors are help the robot move inside the tunnel 

and find its location then started to monitoring the conditions like surrounding environment. 

Many research studies have explored different types to create tunnel inspections automatically 

by using robots, sensors, and smart data processing methods. These studies suggest various 

inspection systems that can make the process faster, more accurate, and safer as compared to 

traditional manual inspection methods. 

Therefore, this review paper was provides the overview of current developments in tunnel 

inspection technologies and robot. The main goal of this paper is to study recent research on 

robotic tunnel inspection systems and understand how those technologies are work. It was also 

compared different inspection methods and sensing technologies used in these systems. In 

addition, the paper discusses the limitations and challenges of current systems, identifies gaps 

in existing research, and suggests possible directions for future development of autonomous 

tunnel inspection solutions. 

2. Review Methodology 

This review study was conducted using a systematic approach to investigate previously 

published research related to robotic technologies for tunnel inspection and underground 

infrastructure monitoring. The total of twenty related research articles are selected and studied 

to understand the current technological and developments in this field. These articles are 

collected from the trusted academic such as peer-reviewed journals, international conference 

papers, and well-known scientific databases those all are publish research on robotics, 

intelligent monitoring systems of tunnel, computer vision, and embedded sensing technologies. 

These selected articles mainly focus on studies that shows automated or semi-automated 

inspection systems for the underground tunnels. The Special attention was given to research 

that explains the mobile robotic inspection system, unmanned aerial vehicle (UAV) inspection 

systems, navigation and positioning methods that work in places where GPS is not available, 

image based crack detection techniques, and sensor based monitoring for checking structural 

and environmental conditions of the tunnel. The Recent publications was given more 

importance on the inspection robot so that the review shows the latest developments and 

improvements in autonomous tunnel inspection technologies. 
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Each of the selected studies literature paper was carefully reviewed to collect important 

information on tunnel inspection technologies. The analysis looked at several aspects, such as 

the purpose of the proposed system working, the design of the inspection platform, the types 

of sensors and monitoring devices used, the navigation methods, and the experimental results 

reported by the researchers. Studying these factors helped in understanding how different 

inspection systems work and also helped identify their strengths and possible limitations. 

After completing the analysis, the reviewed studies were organized into groups based on the 

type of inspection platforms and sensing technologies they used. The paper was selected are 

divided into three main categories ground based robotic tunnel inspection systems, aerial tunnel 

inspection systems that use unmanned aerial vehicles (UAVs) and monitoring systems that use 

different sensors to collect structural and environmental data. This classification was helps to 

give a clear understanding of how the others technologies are used for tunnel inspection and 

makes it easier as compare the methods discussed in the research papers. 

By using this type review process the study provides a clear and organized overview of the 

recent research progress in the automated tunnel inspection technologies. It also helps to 

identify the current challenges and research opportunities that need to be solved in the future. 

By Addressing these issues can help in the developing more reliable, efficient, and fully 

autonomous inspection systems for underground infrastructures. 

3. Classification of Tunnel Inspection Systems 

Tunnel inspection technologies can be divided into different categories based on the design of 

the inspection platform and the types of sensors used. From the analysis of the selected research 

studies, tunnel inspection systems are generally classified into four main types: ground-based 

robotic inspection systems, aerial inspection platforms, sensor-based monitoring systems, and 

hybrid inspection systems. 

3.1 Ground Based Robotic Inspection Systems 

Ground-based robotic platforms represent one of the most widely used approaches for tunnel 

inspection. These systems typically operate using wheeled or tracked mobile robots that travel 

along the tunnel floor while carrying inspection equipment such as cameras, lighting modules, 

and structural monitoring sensors. As the robot moves through the tunnel environment, it 
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captures images and sensor data that can later be analyzed to detect cracks, surface damage, or 

other structural irregularities. 

The primary advantage of ground based robotic systems is their stability and ability to carry 

multiple sensors and power sources, allowing them to perform long duration inspection 

missions. In addition, these platforms can accommodate high resolution cameras, LiDAR 

sensors, and ultrasonic monitoring devices. However, one limitation of ground robots is their 

restricted viewing angle, which may make it difficult to inspect tunnel ceilings or elevated 

surfaces without additional mechanical mechanisms or robotic arms. 

3.2 Aerial Inspection Systems 

Aerial inspection platforms based on unmanned aerial vehicles (UAVs) have emerged as an 

alternative solution for inspecting underground tunnel structures. UAV systems are equipped 

with cameras and lightweight sensors that allow them to capture images of tunnel ceilings, 

sidewalls, and other areas that may be difficult to reach using ground robots. 

The main advantage of UAV inspection systems lies in their mobility and ability to access 

complex or confined areas without physical contact with the ground surface. These systems 

can quickly scan large sections of tunnels and provide detailed visual information for structural 

evaluation. Nevertheless, UAV platforms face several operational challenges, including limited 

flight endurance due to battery constraints, navigation difficulties in GPS denied environments, 

and the need to maintain stable flight in narrow and enclosed spaces. 

3.3 Sensor-Based Monitoring Systems 

In addition to the robotic inspection platforms, certain tunnel monitoring systems rely primarily 

on environmental and structural sensing technologies. These systems incorporate sensors 

designed to measure parameters such as temperature, humidity, gas concentration, vibration 

levels, and structural strain. The collected data can be used to evaluate environmental 

conditions inside tunnels and identify potential safety risks. 

Sensor-based monitoring systems are particularly useful for continuous observation of tunnel 

environments because they can provide real time measurements over extended periods. 

However, these systems generally focus on environmental conditions and structural parameters 
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rather than visual inspection. As a result, they may not provide detailed information about 

visible surface defects such as cracks or material degradation. 

3.4 Hybrid Inspection Systems 

Hybrid tunnel inspection systems combine multiple sensing and monitoring technologies 

within a single platform to provide a more comprehensive assessment of tunnel conditions. 

These systems typically integrate imaging devices, environmental sensors, navigation modules, 

and communication systems to collect various types of inspection data simultaneously. 

The integration of different sensing technologies allows hybrid systems to perform both 

structural inspection and environmental monitoring tasks. For example, a robotic platform may 

include camera modules for crack detection, gas sensors for environmental safety monitoring, 

and navigation sensors for autonomous movement within the tunnel. Although hybrid 

inspection systems offer greater functionality and improved data collection capabilities, their 

design can be more complex and may require higher development and operational costs. 

4. Comparative Analysis 

S.No 
Author(s) & 

Year 
Title Focus Area 

Technology 

Used 
Key Findings Limitations 

1 
Victores et 

al. (2011) 

Robot-Aided 

Tunnel 

Inspection 

and 

Maintenance 

System 

Automated 

tunnel 

inspection 

Camera 

sensors, 

robotic arm, 

laser range 

sensors 

Demonstrated 

robotic assistance 

for tunnel 

inspection and 

maintenance 

tasks 

Large and 

complex 

mechanical 

structure 

required 

2 
Pereira et al. 

(2021) 

Navigation 

Strategy for 

Autonomous 

Inspection of 

Ducts and 

Galleries 

Tunnel 

navigation 

LiDAR 

sensor, 

inertial 

measurement 

unit, 

navigation 

algorithm 

Robot 

successfully 

moves inside 

tunnels without 

GPS signals 

Structural 

damage 

detection not 

included 

3 
Wang et al. 

(2023) 

Robotic 

Tunnel 

Defect 

Detection 

System 

Crack 

detection in 

tunnels 

Vision 

camera, deep 

learning 

model 

High accuracy in 

identifying 

surface defects 

Requires 

large training 

data and high 

processing 

power 
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S.No 
Author(s) & 

Year 
Title Focus Area 

Technology 

Used 
Key Findings Limitations 

4 
Menendez et 

al. (2018) 

Tunnel 

Infrastructure 

Monitoring 

Robot 

Infrastructure 

inspection 

Mobile robot 

platform, 

camera 

sensors 

Enables remote 

monitoring of 

tunnel surfaces 

High system 

cost and 

hardware 

complexity 

5 
Montero et 

al. (2015) 

Robotic 

System for 

Underground 

Tunnel 

Inspection 

Structural 

monitoring 

Camera 

modules, 

embedded 

control 

system 

Provides remote 

visual inspection 

of underground 

structures 

Limited 

autonomous 

movement 

6 
Zhang et al. 

(2019) 

UAV-Based 

Tunnel 

Inspection 

Framework 

Aerial 

inspection 

UAV 

platform, 

imaging 

cameras 

Captures images 

of tunnel ceiling 

and walls 

effectively 

Limited 

battery life 

restricts 

inspection 

duration 

7 
Chen et al. 

(2020) 

Dense 3D 

Reconstructi

on for Tunnel 

Inspection 

Tunnel 

mapping 

UAV imaging 

system, 3D 

reconstruction 

algorithms 

Generates 

accurate 

structural models 

of tunnels 

Requires 

heavy 

computation 

and high 

memory 

8 
Li et al. 

(2021) 

Automatic 

Crack 

Detection in 

Tunnel 

Surfaces 

Structural 

defect 

detection 

Convolutional 

neural 

networks, 

vision sensors 

Improves 

automatic 

identification of 

cracks 

Needs strong 

computing 

hardware 

9 
Azpúrua et 

al. (2020) 

Confined 

Space 

Inspection 

Robot 

Underground 

inspection 

Mobile robot 

with LiDAR 

and sensors 

Suitable for 

monitoring 

dangerous 

confined 

environments 

Navigation 

control 

becomes 

complex 

10 
Kim et al. 

(2019) 

Intelligent 

Tunnel 

Inspection 

Robot 

Crack 

measurement 

Vision 

camera and 

ultrasonic 

crack sensors 

Allows accurate 

crack 

characterization 

Expensive 

sensing 

components 

11 
Bonyar et al. 

(2017) 

UAV Swarm 

for Tunnel 

Inspection 

Cooperative 

aerial 

inspection 

Multiple 

UAV 

communicatio

n system 

Multiple drones 

reduce inspection 

time 

Coordination 

between 

drones is 

complex 

12 
Grover et al. 

(2020) 

IoT-Based 

Structural 

Monitoring 

System 

Infrastructure 

monitoring 

IoT sensors, 

wireless 

communicatio

n 

Enables real-time 

monitoring of 

structural 

conditions 

Limited crack 

detection 

capability 

13 
Kumar et al. 

(2020) 

Intelligent 

Structural 

Structural 

analysis 

Sensor fusion 

with 

Improves 

monitoring 

Implementati

on 
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S.No 
Author(s) & 

Year 
Title Focus Area 

Technology 

Used 
Key Findings Limitations 

Monitoring 

Approach 

embedded 

controller 

reliability using 

multiple sensors 

complexity 

increases 

14 
Shinde et al. 

(2021) 

Cloud-Based 

Tunnel 

Monitoring 

System 

Remote 

monitoring 

IoT modules, 

cloud 

database 

Inspection data 

can be monitored 

remotely 

Depends on 

stable internet 

connectivity 

15 
Raj et al. 

(2022) 

Obstacle 

Detection 

Robot for 

Underground 

Systems 

Robot 

navigation 

safety 

Ultrasonic 

sensors, 

microcontroll

er 

Prevents 

collision during 

tunnel movement 

Does not 

detect 

structural 

defects 

16 

Smart 

Monitoring 

Study (2023) 

IoT-Based 

Tunnel 

Health 

Monitoring 

Tunnel health 

monitoring 

Environmenta

l sensors, 

wireless 

network 

Enables 

continuous 

monitoring of 

tunnel conditions 

Limited 

automation 

capability 

17 
AI Vision 

Study (2024) 

AI-Based 

Tunnel Crack 

Detection 

Structural 

damage 

detection 

Deep learning 

vision models 

High crack 

classification 

accuracy 

Requires 

large datasets 

18 

Raspberry Pi 

Inspection 

Study (2024) 

Video-Based 

Tunnel 

Inspection 

Robot 

Visual 

inspection 

Raspberry Pi 

camera, 

image 

processing 

Provides live 

monitoring of 

tunnel interiors 

Limited 

navigation 

intelligence 

19 

Multi-Sensor 

Monitoring 

Study (2025) 

Multi-Sensor 

Tunnel 

Inspection 

System 

Environment

al monitoring 

Gas sensors, 

temperature 

sensors, 

cameras 

Detects 

environmental 

hazards in 

tunnels 

Sensor 

calibration 

required 

20 
Proposed 

System 

Autonomous 

Tunnel 

Inspection 

Robot 

Integrated 

tunnel 

inspection 

Mobile robot 

platform, 

camera 

module, 

ultrasonic 

sensor, gas 

sensor 

Combines 

structural 

monitoring, 

obstacle 

detection, and 

environmental 

sensing 

Communicati

on reliability 

may affect 

data 

transmission 

5. Technical Discussion 

The Robotic tunnel inspection systems use several important parts there are movement 

mechanisms, sensors, embedded processors, and communication modules the Ground robots 

can move through tunnels and inspect the how long tunnel is far, while UAVs (drones) can 

reach higher or hard to access areas inside the tunnel. The sensors are used like cameras, 

LiDAR, gas sensor and environmental inspection system helps in better monitoring and 

navigation. This are all with continuous improvements in robotics, sensor technology, and 
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embedded systems, automated tunnel inspection is expected to become more efficient and 

reliable in the future. 

A. Robotic Platform Design for Tunnel Inspection 

Robotic platforms are used for tunnel inspection they are designed to work in narrow 

underground environments where it may be difficult or unsafe for people to go for the 

inspection of tunnel. There are Different types of mobile robots have been developed to make 

inspections easier and to monitor the tunnel structure for more effectively. These robots shows   

how they move, their mechanical design of working system, and the type of inspection work 

they can perform. Choosing the right robotic platform depends on what factors such as the shape 

of the tunnel, the condition of the surface, and the specific inspection needs. Table A shows 

some commonly used robotic platforms for tunnel inspection along with their advantages and 

limitations. 

Table A: Robotic Platform Configurations for Tunnel Inspection Robots 

Robot 

Platform 

Type 

Movement 

Mechanism 
Description Advantages Limitations 

Wheeled 

Inspection 

Robot 

Motor-driven 

wheels 

Mobile robot that 

travels along the 

tunnel floor while 

carrying cameras and 

sensors 

Simple 

mechanical 

structure and 

easy control 

Performance may 

decrease on 

uneven or slippery 

surfaces 

Tracked 

Inspection 

Robot 

Continuous 

track system 

Robot that uses track 

belts to move across 

rough or debris-

covered tunnel paths 

High stability 

and better 

traction in 

difficult terrain 

Requires more 

power and 

increases system 

weight 

Robotic Arm 

Mounted 

Platform 

Mobile robot 

with articulated 

arm 

Includes a movable 

arm that positions 

cameras or sensors 

toward tunnel walls 

and ceilings 

Enables 

inspection of 

hard-to-reach 

areas 

Mechanical design 

and control 

become more 

complex 

Hybrid 

Mobility 

Robot 

Combination of 

wheels and 

tracks 

Designed to improve 

adaptability to 

different tunnel 

surface conditions 

Better mobility 

across varied 

terrain 

More complicated 

mechanical 

structure 

Aerial 

Inspection 

Robot 

(UAV) 

Propeller-based 

flight 

Small flying robot 

used to inspect tunnel 

roofs and elevated 

structures 

High 

accessibility and 

fast inspection 

coverage 

Limited flight 

duration due to 

battery constraints 
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B. System Architecture of Tunnel Inspection Robots 

Tunnel inspection robots are typically designed using a modular system architecture that 

integrates several functional components. These components work together to enable robot 

mobility, environmental sensing, data processing, and wireless communication. The 

architecture of the inspection robot plays a crucial role in determining its operational reliability 

and inspection efficiency. Each subsystem performs a specific function that contributes to the 

overall performance of the inspection system. Table B presents the main architectural 

components commonly used in tunnel inspection robots. 

Table B: System Architecture Elements of Tunnel Inspection Robots 

System Module 
Typical 

Technologies 
Main Function Benefits Limitations 

Mobility 

Module 

DC motors, wheels, 

or track 

mechanisms 

Responsible for 

the movement of 

the robot through 

the tunnel 

Enables 

controlled 

navigation 

inside confined 

spaces 

Movement may 

be affected by 

uneven terrain 

Sensor Module 

Cameras, LiDAR, 

ultrasonic sensors, 

gas sensors 

Collects visual and 

environmental 

information from 

tunnel 

surroundings 

Allows 

detection of 

cracks, 

obstacles, and 

hazardous 

gases 

Sensor readings 

can be 

influenced by 

dust or lighting 

Processing 

Module 

Microcontrollers, 

Raspberry Pi, 

embedded 

computers 

Performs data 

processing, 

navigation control, 

and image analysis 

Supports real-

time inspection 

and decision 

making 

Requires 

adequate 

computational 

capability 

Communication 

Module 

Wi-Fi, radio 

frequency 

transmitters 

Transfers 

inspection data to 

external 

monitoring 

systems 

Enables remote 

monitoring and 

control 

Signal strength 

may weaken 

inside long 

tunnels 

Power Module 
Rechargeable 

battery systems 

Supplies electrical 

energy to all robot 

components 

Provides 

portable power 

for autonomous 

operation 

Battery capacity 

limits inspection 

duration 

C. Sensors Used in Tunnel Inspection Systems 

The Sensors are very important role in robotic tunnel inspection systems because they are used 

in robot to check the condition of the tunnel and monitor the surrounding environment. In this 
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era modern inspection robots usually uses multiple sensors to detect both structural problems 

and environmental conditions while operating in inside the tunnel. Vision sensors especially 

cameras are commonly used for capturing the images and videos of tunnel surfaces. These images 

help in finding problems such as cracks, water leakage, or damage on the surface. Distance 

measuring sensors like LiDAR and ultrasonic sensors are help in robot move safely by measuring 

the distance between the robot and nearby objects in the tunnel. This helps in the detecting 

obstacles and creating a map and structure of the tunnel. In addition Inertial Measurement Units (IMUs) provide information about the robot’s movement and direction which helps in the 

navigation when GPS or other positioning signals are not available in the tunnel. 

Table C : Sensors Used in Tunnel Inspection Systems 

Sensor Type Main Function Advantage Limitation 

Camera 
Visual monitoring of 

tunnel surfaces 

Provides detailed 

structural images 

Performance 

affected by lighting 

LiDAR 
Distance measurement 

and mapping 

Accurate three-

dimensional scanning 
Higher system cost 

Ultrasonic Sensor 
Obstacle detection and 

distance sensing 
Simple and low cost 

Limited sensing 

range 

IMU 
Motion and orientation 

tracking 

Works in GPS-denied 

environments 

Drift errors may 

accumulate 

Gas Sensor 
Detection of harmful 

gases 

Improves safety 

monitoring 

Requires periodic 

calibration 

Temperature & 

Humidity Sensor 

Environmental 

condition monitoring 

Helps detect abnormal 

tunnel conditions 

Limited structural 

information 

D. Navigation Technologies in Tunnel Inspection Robots 

Navigation is very important for robots that inspect tunnels because GPS signals usually do not 

work underground. To move safely and know their position, these robots use other navigation 

methods. Many systems use LiDAR sensors along with SLAM algorithms to create maps of 

the tunnel and detect obstacles. Some robots also use camera-based navigation, where images 

of tunnel surfaces help estimate the robot’s movement. In addition, Inertial Measurement Units 

(IMUs) are used to measure the robot’s direction and movement. Using a combination of these 

navigation methods helps improve location accuracy and makes robotic inspection systems 

more reliable in underground environments. 
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Table D: Navigation Technologies in Tunnel Inspection Robots 

Navigation 

Technique 
Technology Used Advantages Limitations 

LiDAR Mapping LiDAR + SLAM 
Accurate environment 

mapping 

Requires higher 

processing power 

Vision-Based 

Navigation 

Camera + Visual 

Odometry 
Lower hardware cost 

Sensitive to lighting 

conditions 

Inertial Navigation IMU sensors 
Works without 

external signals 

Position errors 

accumulate over time 

Sensor Fusion 
LiDAR + Camera + 

IMU 

Improved navigation 

accuracy 

More complex system 

design 

 

E. Communication Systems in Tunnel Inspection 

Reliable communication is important for sending inspection data from the robot to a remote 

monitoring station. In many tunnel inspection systems, wireless technologies like Wi-Fi or 

radio frequency modules are used to transmit images, videos, and sensor data. This allows 

operators to see the inspection results in real time. However, wireless signals can become weak 

inside tunnels because of thick walls and long distances. To solve this problem, some systems 

use relay devices or wired connections to improve the signal. Therefore, having a stable 

communication system is very important for effective tunnel monitoring. 

Table E: Communication Technologies in Tunnel Monitoring 

Communication 

Method 
Technology Used Advantages Limitations 

Wi-Fi 

Communication 

Wireless networking 

modules 

High data transmission 

speed 

Limited range in 

tunnels 

RF Communication 
Radio frequency 

transmitters 

Reliable short-range 

communication 

Signal loss over long 

distances 

Wired 

Communication 

Ethernet or fiber 

cables 
Stable data transmission 

Restricts robot 

movement 

Relay 

Communication 

Intermediate signal 

nodes 

Extends communication 

coverage 

Requires additional 

equipment 

 

F. Artificial Intelligence for Crack Detection 
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Artificial intelligence has become an important tool for automating defect identification in 

tunnel inspection systems. Traditional inspection methods depend on manual observation, 

which may lead to inconsistent results. Computer vision techniques allow automated analysis 

of images captured by inspection robots. Machine learning models can classify structural 

defects after extracting features from visual data, while deep learning models such as 

convolutional neural networks are capable of learning complex crack patterns directly from 

images. These intelligent methods improve inspection efficiency and detection accuracy, 

although they require sufficient training data and computational resources. 

Table F: AI Methods Used for Crack Detection 

AI Method Technique Advantages Limitations 

Image 

Processing 

Edge detection, 

filtering 
Simple implementation 

Limited detection 

accuracy 

Machine 

Learning 

Feature extraction + 

classifiers 

Better classification 

capability 

Needs labeled training 

data 

Deep Learning 
Convolutional neural 

networks 

High detection 

accuracy 
Requires large datasets 

Hybrid AI 

Systems 

AI models with sensor 

data 

Robust detection 

performance 

Increased computational 

complexity 

6.Research Gaps Identified 

Despite notable progress in robotic technologies for tunnel inspection, several technical 

challenges still remain. Many research studies show that one major limitation of current tunnel 

inspection systems is the lack of fully autonomous robots. Many of the existing systems are 

still need a human help for navigation, monitoring and controlling which reduces the benefits 

of the automation especially in the dangerous underground environment conditions. 

Another challenge is related to aerial based tunnel inspection systems. Unmanned aerial 

vehicles (UAVs) can easily inspect tunnel ceilings and higher areas but their uses are limited 

because of short battery life in the system and stability problems in the narrow tunnel spaces. 

Communication is also a big issue in tunnel inspection. Wireless signals becoming weak in 

inside tunnels because of the long distances and physical barriers. They can interrupt the 

transfer of images and sensor data to remote monitoring stations related to tunnel inspection. 
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Navigation in inside tunnels is also difficult because GPS signals didn’t work underground. 

Although these technologies like LiDAR mapping, camera based navigation, and inertial 

sensors are used to find the robot’s position in the tunnel it is still challenging to maintain 

accurate the positioning in long tunnels where many sections look similar. 

In addition some inspection systems are mainly focus for checking structural damage using 

cameras but they do not always include environmental monitoring. Because of this they may 

fail to detect in the dangerous conditions such as gas leaks or unusual environmental changes 

in tunnel. 

Artificial intelligence (AI) used for fault detection also and they has some limitations. Many 

AI systems need large amounts of data and high computing power which can act real time user 

in difficult practical inspection systems. 

Overall research shows the need for smaller, low cost, and integrated inspection systems. These 

systems should combine autonomous navigation, structural inspection, environmental sensing, 

and efficient data processing to improve the safety and reliability of tunnel inspections. 

7. Tunnel Inspection Challenges 

Tunnel inspection presents the several technical and environmental difficulties that are motivate 

the development of automated inspection technologies. Underground tunnels create complex a 

working conditions for both human inspectors and robotic systems also. These conditions are 

influence sensing accuracy, navigation reliability, and communication performance. Based on the 

reviewed studies the main challenges are categorized into environmental, structural, and 

navigation related issues. 

7.1 Environmental Challenges 

The underground nature of tunnels creates a harsh environmental conditions for the inspection 

equipment in tunnel. One of the primary challenges in the absence of GPS signals which makes 

traditional positioning techniques ineffective for robotic navigation system. In tunnel 

environments usually have limited lighting that reduce the effectiveness of camera based on 

inspection methods. 

Other environmental factors include dust, moisture, and high humidity levels that may affect 

sensors and electronic components. The confined geometry of tunnels also produces narrow 

International Journal of Advanced Research in Basic Engineering Sciences and Technology (IJARBEST)

ISSN (ONLINE):2456-5717 54 Vol.12, Issue.7, July 2026



pathways that restrict robot movement and make more difficult. These environmental 

conditions increase the complexity of designing inspection systems capable of operating 

reliably in underground settings. 

7.2 Structural Inspection Challenges 

Identifying structural defects within tunnel infrastructure is another significant challenge. 

Cracks, surface deterioration, and material damage can occur in various shapes and sizes, 

making automated recognition difficult. Surface features such as stains, water leakage marks, 

or uneven textures may also interfere with defect detection methods. Another difficulty arises 

from the repetitive design of tunnel structures. Similar patterns found on tunnel walls and 

ceilings can make it difficult for image-processing algorithms to distinguish between normal 

surfaces and actual structural defects. 

7.3 Navigation Challenges 

Autonomous movement inside tunnels is particularly challenging due to the absence of satellite 

based positioning systems. Inspection robots cannot use GPS inside tunnels so they must rely 

on other methods to determine their position. These methods include LiDAR based mapping, 

camera based visual navigation, and inertial sensors. However, maintaining accurate 

positioning over long distances inside tunnels can be challenging, especially because many 

tunnels have repetitive structures that make it difficult for the robot to recognize its exact 

location. Communication is another major challenge in underground environments. Wireless 

signals often become weak due to thick tunnel walls and long distances, which can interrupt 

the transmission of inspection data and reduce the efficiency of remote monitoring. In addition, 

tunnel inspection robots need to operate for long periods of time in order to inspect extended 

tunnel sections while still maintaining stable navigation and reliable system performance. 

8. Future Research Directions 

Even though there has been a lot of progress in robotic tunnel inspection technology, more 

research is still needed to make these systems more efficient, reliable, and autonomous. By 

studying the existing research papers, several important future research directions can be 

identified that could help improve the performance of tunnel inspection robots. 

 

International Journal of Advanced Research in Basic Engineering Sciences and Technology (IJARBEST)

ISSN (ONLINE):2456-5717 55 Vol.12, Issue.7, July 2026



8.1 Artificial Intelligence for Defect Detection 

Artificial intelligence will continue to play an important role in the improving automated defect 

identification in tunnel. Advanced learning techniques, particularly deep neural networks, have 

demonstrated strong capability to identifying cracks and other structural abnormalities from 

tunnel images. However  additional research is required to design lightweight models that can 

operate efficiently in real time inspection systems with limited computing resources. The 

availability of well structured training datasets and optimized algorithms will be essential for 

practical implementation. 

8.2 Multi Robot Inspection Systems 

Another promising direction involves the use of multiple cooperating robots for tunnel 

inspection tasks. Instead of relying on a single robotic platform, several robots or UAVs can 

operate together to inspect large tunnel sections simultaneously. Cooperative inspection 

strategies and swarm robotics concepts can increase inspection coverage, improve system 

robustness, and reduce the total inspection time. 

8.3 Advanced Sensor Fusion 

Future inspection systems are expected to benefit from the integration of multiple sensing 

technologies. Combining sensors such as cameras, LiDAR, and ultrasonic devices can provide 

complementary information about tunnel structures and environmental conditions. Effective 

sensor fusion techniques can enhance navigation accuracy while also improving the reliability 

of structural defect detection. 

8.4 Energy-Efficient Robotic Platforms 

Energy management remains a major concern for inspection robots, especially aerial platforms 

that depend on battery power. Future research should focus on designing energy efficient 

systems capable of operating for longer periods. Improvements in battery technology, 

lightweight structural designs, and optimized power management strategies can help extend 

the operational duration of inspection robots. 

8.5 Fully Autonomous Inspection Systems 

The development of fully autonomous inspection platforms represents an important goal for 

future tunnel monitoring technologies. These systems are should be able to move through 
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tunnels on their own manner find structural defects automatically and generate inspection 

reports without needing constant human control. To achieve this level of independence it is 

necessary to combine intelligent navigation techniques, advanced sensors, and reliable 

communication systems. 

9. Conclusion 

This review paper examined twenty research paper studies related to automated tunnel 

inspection robotic technologies used for tunnel inspection and monitoring. The results of these  

show that automated inspection systems can significantly improve the efficiency and safety of 

tunnel maintenance compared to manual inspection methods. By using robot they need for 

humans to work in dangerous underground environments can be reduced while still allowing 

continuous monitoring and data collection by the robot. 

The reviewed research also highlights several technological developments that are useful in 

tunnel inspection. Ground robots provide stable movement that can carry different sensors to 

evaluate the condition of tunnel structures. Unmanned aerial vehicles (UAVs) can access areas 

such as tunnel ceilings and narrow or complex sections that are difficult for ground robots to 

reach. In addition, image-based inspection methods and deep learning techniques have shown 

good results in detecting cracks and other structural defects from captured images. 

Technologies such as LiDAR sensors, ultrasonic sensors, and environmental monitoring 

sensors further help improve navigation and safety evaluation.  

However, the reviewed studies also show some limitations in current systems. Many robotic 

inspection platforms still operate with only partial autonomy and often require human 

assistance for navigation or for analyzing the collected data. Communication reliability and 

limited battery life remain major challenges in underground environments. In addition, some 

inspection systems mainly focus on visual monitoring and do not include enough sensors for 

environmental monitoring.  

Overall, the literature suggests that future tunnel inspection systems should aim for greater 

autonomy, better integration of different sensing technologies, and more reliable 

communication systems. Combining robotics, intelligent data processing, and multi-sensor 

monitoring will be important for developing efficient and dependable tunnel inspection systems 

that can support long-term infrastructure safety and maintenance.  
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