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Abstract: Printed Circuit Boards (PCBs) play a vital role in contemporary electronic devices, enabling the interconnection of 

various electronic components. As the need for reliable and high-performance electronics grows, accurate detection of defects in 

PCB production becomes increasingly important. This review examines the evolution of methods for detecting PCB defects, 

emphasizing traditional inspection techniques alongside machine learning (ML), deep learning (DL), and image processing 

methods. Traditional approaches, which depend on manual inspections and machine vision, encounter challenges regarding 

accuracy and scalability, especially with intricate PCB designs. On the other hand, ML and DL methods, such as Support Vector 

Machines (SVMs) and Convolutional Neural Networks (CNNs), have markedly improved detection accuracy by automating the 

process of identifying and classifying defects. The development of advanced hybrid models and lightweight architectures has 

further enhanced detection efficiency, particularly in real-time scenarios. Image processing approaches, including clustering, edge 

detection, and X-ray imaging, are also essential for improving the visibility of defects and overall detection performance. Despite 

these advancements, challenges remain, including limitations related to data, overfitting issues, and variability in types of defects. 

Future research should concentrate on overcoming these challenges by creating diverse datasets, developing robust models, and 

integrating real-time systems within automated manufacturing settings. Ongoing innovation is crucial to ensure the production of 

high-quality, defect-free PCBs, thus supporting the development of dependable electronic devices. 

 

Keywords: PCB Defect Detection, Machine Learning, Deep Learning, Image Processing, Convolutional Neural Networks (CNN), 
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I. INTRODUCTION 

 

Printed Circuit Boards (PCBs) are essential elements in contemporary electronics, providing vital connections among various 

electrical components. As the demand for compact and high-performance electronics continues to grow, maintaining the quality of 

PCB manufacturing has become increasingly important. Even minor defects in PCBs can result in device failures, safety hazards, 

and monetary losses. Conventional inspection techniques, like manual evaluations and basic machine vision, are often inadequate 

for identifying defects in intricate PCB designs. These approaches are labor-intensive, susceptible to mistakes, and have difficulty 

meeting the accuracy requirements of today's high-density  designs. To overcome these issues, machine learning (ML), deep 

learning (DL), and image processing methods have become increasingly popular in detecting PCB defects. ML techniques, such 

as Support Vector Machines (SVMs), enhance defect classification, while deep learning—particularly Convolutional Neural 

Networks (CNNs)—provides high accuracy in recognizing complex defects. Image processing methods, including edge detection 

and X-ray imaging, improve the visibility and accuracy of defect detection. 

 

This review examines the progress made in PCB defect detection, emphasizing the combination of ML, DL, and image 

processing. It explores the transition from traditional techniques to AI-based solutions, highlighting their advantages and 

limitations. The paper also addresses the challenges related to dataset diversity, model resilience, and practical application, 

providing insights into future research opportunities and the necessity for automated, real-time inspection systems to guarantee the 

production of high-quality, defect-free PCBs. 

 

II LITERATURE REVIEW 

 

Printed Circuit Boards (PCBs) are essential elements in contemporary electronic devices, facilitating electrical interconnections 

between components. With the increasing need for dependable and high-performance electronics, it is vital to ensure that PCB 

manufacturing is free of defects. Even small flaws can significantly affect the functionality, reliability, and safety of electronic 
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devices. This review consolidates findings from 51 research studies to examine the progress made in PCB defect detection, 

emphasizing traditional techniques, machine learning, deep learning, and image processing methods. 

 

   METHODOLOGY 

 

 

 

 

 

 

 
 

Traditional Inspection Techniques: 

Historically, the detection of defects in printed circuit boards (PCBs) depended on manual inspections and standard machine 

vision techniques. While manual inspection is straightforward, it requires a lot of labor and is susceptible to human errors, 

particularly with intricate designs (Petkov & Ivanova, 2024; Rao et al., 2024). Although traditional machine vision systems are 

automated, they often face challenges in accuracy when dealing with various defect types and complicated PCB layouts (Melnyk 

& Vorobii, 2024; Austria & Fajardo, 2023). 

Machine Learning Approaches: 

Machine learning has transformed the detection of PCB defects through the use of algorithms that identify and categorize 

anomalies. Support Vector Machines (SVMs) and ensemble techniques have demonstrated significant improvements in precision 

(Yadav et al., 2024; Ka et al., 2024). Combined methods that merge models such as DenseNet and ResNet have also boosted both 

sensitivity and specificity (Zhang et al., 2023; Wang, 2023). Nevertheless, challenges including small datasets and overfitting 

continue to be a concern (Shilaskar et al., 2024; Meesad & Maliyaem, 2023). 

Deep Learning Techniques: 

Deep learning approaches, especially Convolutional Neural Networks (CNNs), have emerged as leading solutions for identifying 

various types of defects on printed circuit boards (Jian et al., 2024; Kong, 2024). Enhanced architectures, such as YOLO variants 

and Generative Adversarial Networks (GANs), have improved both the precision and speed of detection (Tang et al., 2024; 

Thongpun et al., 2024). Hybrid models that integrate transformers and CNNs, like the framework introduced by Nguyen & 

Nguyen (2024), enhance the detection of small defects and boost computational efficiency. Moreover, lightweight models such as 

LW-YOLO have been specifically developed for real-time applications (Tang et al., 2024). 

Image Processing Techniques: 

Image processing plays a crucial role in visualizing defects and preparing images for analysis. Techniques like k-means clustering, 

flood-filling, and edge thinning improve the visibility of defect images for subsequent examination (Lv et al., 2024; Zhang et al., 

2023). The combination of these techniques with self-supervised learning models has further enhanced detection results (Yao et 

al., 2023). Additionally, X-ray imaging systems have been investigated for real-time defect detection, successfully uncovering 

hidden imperfections in PCBs (Boonkorkoer et al., 2023; Wang, 2023). 

 

SUMMARY OF KEY CONTRIBUTIONS, LIMITATIONS, AND FUTURE DIRECTIONS IN PCB DEFECT DETECTION 

RESEARCH 

Title 
Key Contributions 

and Findings 
Limitations 

Research 

Gaps/Future 

Directions 

Relevant 

Applications 

"A deep learning 

approach for 

automated PCB 

defect detection" 

(Tao et al., 2024) 

Ensemble learning 

framework combining 

four models for defect 

detection. 

Potential 

dependency on 

high-quality 

datasets for training. 

Investigation into 

scalability of 

ensemble models 

across varying 

PCB designs. 

PCB manufacturing, 

defect detection. 
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"Enhancing PCB 

Defect Detection 

through Ensemble 

Learning" (Ka et al., 

2024) 

Bibliometric and 

content analysis to 

identify trends in 

testing methods and 

AI adoption. 

Lack of data on 

practical 

applications and 

limitations of AI. 

Need for more 

industry-specific 

testing 

frameworks. 

PCB testing, AI in 

manufacturing. 

"Optical Automated 

PCB Interconnect 

Inspection" (Patrick 

et al., 2022) 

Utilized CNNs and 

RNNs for real-time 

defect detection, 

improving 

manufacturing 

efficiency. 

Complexity of real-

time integration in 

existing production 

lines. 

Further 

development of 

real-time learning 

models. 

Circuit 

manufacturing, AI 

integration. 

"PCB Surface 

Defect Detection 

with YOLOv8" 

(Thongpun et al., 

2024) 

Data-centric approach 

using XGBoost for 

solder paste defect 

detection. 

Low defect labeling 

agreement and 

limited algorithm 

complexity. 

Improvement in 

defect labeling 

protocols and 

algorithms. 

Solder paste 

inspection in PCB 

manufacturing. 

"Soldering Defect 

Identification Using 

Deep Learning" 

(Swati et al., 2023) 

Use of K-means 

clustering, flood-

filling, and thinning 

for defect 

identification. 

Limited adaptability 

to diverse defect 

types. 

Incorporation of 

hybrid models for 

diverse defect 

detection. 

Automated defect 

detection, PCB 

quality control. 

"Dataset for PCB 

Surface Defect 

Detection" 

(Shengping et al., 

2021) 

Literature review and 

categorization of 

trends in testing 

methods, highlighting 

AI adoption. 

Lack of deep focus 

on PCBA research. 

Expanding 

research in 

assembly-level 

testing. 

PCB and PCBA 

testing, AI 

applications. 

"XAI for PCB 

Defect Detection in 

Manufacturing" 

(Abdul et al., 2022) 

Combines traditional 

image processing 

with deep learning for 

PCB defect. 

Integration 

challenges with 

existing systems. 

Further 

exploration into 

hybrid models. 

PCB defect 

detection, hybrid AI 

systems. 

"Flaw Detection in 

PCB Using Deep 

Learning and Image 

Processing" (Y., Rao 

et al., 2024) 

Systematic review 

proposing new 

methods and datasets 

for intelligent 

manufacturing. 

Limited evaluation 

of practical 

implementation. 

Development of 

practical 

applications in 

real-time 

detection. 

Visual detection, 

intelligent 

manufacturing 

systems. 

"Improving Printed 

Circuit Board Defect 

Detection with 

CNNs and SVMs" 

(Vishal et al., 2021) 

Developed a real-time 

inspection system 

using AI for PCB 

defect detection. 

High computational 

power requirements. 

Optimization for 

lower-power 

systems in real-

time 

environments. 

Real-time quality 

control, automated 

inspection. 

"PCB Flaw 

Detection Using 

Deep Learning" (Y., 

Rao et al., 2021) 

Systematic review 

summarizing progress 

in image processing 

and classification 

techniques. 

Generalized 

conclusions that 

may not apply 

universally. 

Investigation into 

domain-specific 

applications of 

PCB defect 

detection. 

PCB defect 

detection, image 

processing, AI. 

Tab 1: Contributions, Limitations, and Future Directions in PCB Defect Detection 
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Challenges in PCB Defect Detection 

 

 
Fig. 2: PCB Defect Detection Methods 

 

Data Limitations: 

Sophisticated models depend significantly on extensive, labeled datasets, which are frequently limited in availability or costly to 

acquire. Although datasets such as DsPCBSD+ mark notable advancements, there is still a demand for more thorough and varied 

datasets (Lv et al., 2024; Shengping et al., 2024). The generation of synthetic data through GANs is suggested as a potential 

remedy for alleviating data shortages (Kong, 2024). 

Model Overfitting: 

Overfitting poses a major challenge, particularly when models are developed using restricted datasets. To reduce this problem, 

methods like data augmentation, transfer learning, and semi-supervised learning have been utilized (Wang, 2023; Yao et al., 2023; 

Petkov & Ivanova, 2024). 

Variability in Defect Types: 

The variety in PCB designs and types of defects complicates the process of generalizing detection models. Achieving uniform 

performance across various designs continues to be a significant focus of research (Boonkorkoer et al., 2023; Austria & Fajardo, 

2023). Approaches such as AKPLNet and Mix-Fusion tackle these issues by improving the accuracy of feature extraction and 

localization (Huang & Tsai, 2024; Zhang et al., 2023). 

 

ADVANCEMENTS IN TECHNOLOGY 

 

Integration of AI and Automation: 

The incorporation of AI into automated manufacturing processes has greatly advanced the methods used for identifying defects.  

Ensemble approaches that merge various models, as suggested by Ka et al. (2024), have shown to improve both accuracy and 

reliability. Additionally, Explainable AI (XAI) methods are becoming increasingly popular, promoting model clarity and 

reliability in industrial settings (Malik et al., 2024). 

Real-Time Inspection Systems: 

Real-time systems that employ lightweight architectures such as LW-YOLO have effectively achieved a balance between speed 

and accuracy, making them ideal for industrial applications (Tang et al., 2024; Rao et al., 2024). Multi-depth X-ray imaging 

systems designed for the inspection of solder joints have been enhanced for real-time use (Boonkorkoer et al., 2023). 

Gaps in Current Research: 

Although there have been notable advancements, there are still deficiencies regarding dataset diversity, model robustness, and the 

investigation of alternative architectures. Research on assembly-level defect detection, in contrast to PCB-level detection, has 

been recognized as a neglected area (Petkov & Ivanova, 2024; Zhang et al., 2023). Furthermore, the insufficient emphasis on real-

world validation across various manufacturing environments limits the practical use of these models (Meesad & Maliyaem, 2023). 

 

FUTURE DIRECTIONS 

 

Expanding Research on Diverse Defects: 

Future studies should focus on developing datasets that encompass a wider variety of defects and PCB designs to enhance model 

generalization (Lv et al., 2024; Wang, 2023; Shengping et al., 2024). Joint initiatives aimed at creating open-access datasets could 

meet this requirement. 

Development of Robust Models: 
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Creating strong models that can effectively manage different and intricate defect categories is essential. Combining AI with image 

processing methods indicates encouraging outcomes (Nguyen & Nguyen, 2024; Yao et al., 2023). Furthermore, it's important to 

investigate lightweight models specifically designed for environments with limited resources (Tang et al., 2024). 

Integration into Automated Systems: 

The effective incorporation of sophisticated defect detection models into automated systems has the potential to significantly 

enhance manufacturing efficiency and quality assurance. Real-time systems, especially those utilizing self-supervised learning, 

present promising opportunities for integration in industrial settings (Ka et al., 2024; Malik et al., 2024). 

 

This review emphasizes the advancement of PCB defect detection, transitioning from conventional manual techniques to state-of-

the-art deep learning approaches. Although notable strides have been made, addressing data constraints, enhancing model 

robustness, and guaranteeing practical applicability in real-world scenarios are still vital. Continuous research is necessary to 

promote the production of high-quality and trustworthy electronic devices. 

 

DISCUSSIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Evolution and Future of PCB Defect Detection 

 

Synthesis of Findings from the Literature Review:  

This review article emphasizes the increasing significance of machine learning (ML), deep learning (DL), and image processing 

methods in identifying defects in PCBs. Conventional approaches, such as manual inspections and basic machine vision systems, 

are proving to be insufficient due to the intricacies of contemporary PCB designs. ML techniques, including Support Vector 

Machines (SVMs), have improved the classification of defects, whereas deep learning frameworks, particularly Convolutional 

Neural Networks (CNNs), have facilitated the automation of defect detection with greater precision. Advanced models like YOLO 

and GANs have demonstrated considerable efficacy in identifying complex defects. Hybrid models that integrate DL with other 

AI methodologies, such as transformers, are especially successful in real-time industrial settings. Image processing methods, such 

as edge detection and X-ray imaging, further boost detection accuracy when used alongside ML and DL. 

 

Implications and Significance in the Broader Context: 

Automated systems for defect detection that utilize AI provide significant advantages to sectors that depend on high-quality 

printed circuit boards (PCBs), including automotive, aerospace, and consumer electronics. These solutions lead to lower 

production expenses, enhance reliability, and help prevent defective products from reaching the market, thereby reducing the 

likelihood of expensive recalls. The adoption of AI supports the principles of Industry 4.0, which emphasizes automation and real-

time data analysis to enhance manufacturing effectiveness and product quality. Nonetheless, there are still obstacles such as 

insufficient data, model overfitting, and variations in defects, which necessitate additional research into data augmentation and 

improving model resilience. 

 

Gaps in Literature: 

Despite progress made, there are still notable gaps in the research surrounding PCB defect detection. A significant problem is the 

unavailability of diverse and high-quality datasets, which hinders the models' ability to generalize. The generation of synthetic 

datasets using GANs could potentially alleviate this issue. Furthermore, there are ongoing concerns related to model overfitting, 

given the lack of variety in current datasets. Additional exploration into real-time applications within resource-limited contexts, 

such as embedded systems, is also necessary. In addition, while hybrid models show potential, the challenge of implementing 

these within automated manufacturing systems remains unresolved. 
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Significance of the Findings: 

The advancement of AI-driven defect detection is essential for guaranteeing the quality, safety, and dependability of electronic 

products, particularly in vital areas such as medical devices and aerospace. It also aligns with the larger movement toward 

intelligent manufacturing and sustainable practices since automated systems minimize waste and enhance efficiency. This research 

could impact multiple industries that rely on high-quality electronics. 

 

Opportunities for R&D: 

Future research focused on PCB defect detection should concentrate on several critical areas. To begin with, it is vital to curate 

larger and more diverse datasets, potentially through partnerships with industry and the incorporation of synthetic data. Tackling 

the issue of overfitting by investigating strategies such as semi-supervised learning and transfer learning can enhance the 

resilience of models. It is also important to create lightweight models suitable for real-time applications in resource-limited 

settings. Further examination of hybrid models that integrate deep learning, machine learning, and image processing techniques is 

necessary, along with exploring Explainable AI (XAI) to build trust in these systems. Finally, the smooth integration of AI models 

into automated production workflows will be essential for practical industrial usage. 

 

Identified Gap 
Potential Impact on PCB Defect 

Detection 
Future Research Directions 

Lack of diverse, 

high-quality 

datasets 

Limits the ability of models to generalize 

across different defect types and PCB 

designs. 

Curate larger and more diverse datasets through 

industry partnerships and synthetic data 

generation using GANs. 

Model 

overfitting due to 

limited dataset 

variety 

Reduces model reliability and accuracy 

in real-world scenarios. 

Explore data augmentation, semi-supervised 

learning, and transfer learning to enhance model 

resilience. 

Insufficient 

exploration of 

real-time 

applications in 

resource-limited 

settings 

Limits deployment in embedded systems 

and resource-constrained environments. 

Develop lightweight AI models optimized for 

real-time defect detection in resource-limited 

industrial setups. 

Challenges in 

hybrid model 

implementation 

Restricts the integration of advanced 

models into automated manufacturing 

workflows. 

Investigate practical strategies for deploying 

hybrid models that integrate DL, ML, and image 

processing. 

Lack of 

Explainable AI 

(XAI) in defect 

detection 

Hinders trust and adoption of AI systems 

in critical industries like aerospace and 

medical devices. 

Research Explainable AI to enhance model 

transparency, interpretability, and trust in defect 

detection systems. 

Limited 

integration with 

automated 

workflows 

Reduces practical utility and scalability 

of AI-driven defect detection systems in 

industrial production. 

Create frameworks for seamless integration of AI 

models into automated production workflows. 

Tab 2: Gaps, Impacts, and Future Directions 

 

CONCLUSION AND FUTURE RESEARCH 

 

The identification of flaws in printed circuit boards (PCBs) has progressed significantly with the incorporation of machine 

learning (ML), deep learning (DL), and image processing methods. These techniques have been shown to outperform traditional 

methods like manual inspections and basic machine vision systems. Approaches such as Support Vector Machines (SVMs), 

Convolutional Neural Networks (CNNs), and hybrid models have improved accuracy and efficiency in detection, making them 

ideal for real-time manufacturing settings. These advancements are in line with the objectives of Industry 4.0, allowing for 

automated inspection systems that guarantee high-quality production. Nonetheless, issues like data scarcity, overfitting, and defect 

variability continue to affect the effectiveness of AI-based defect detection systems. 

Future studies should aim to tackle these issues by creating larger, more diverse, and superior-quality datasets, including the 

incorporation of synthetic data, to enhance model generalization. To mitigate overfitting, strategies such as data augmentation and 

transfer learning need to be examined. Moreover, there is a demand for lightweight, real-time defect detection models that 

function in resource-limited industrial settings. Further investigation into hybrid models that blend ML, DL, and image processing 

is essential for optimizing detection performance. 
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 The application of Explainable AI to enhance model transparency and interpretability represents another promising direction. 

These developments will be vital for creating fully automated, real-time PCB defect inspection systems that can ensure the 

production of flawless, high-quality PCBs in future manufacturing processes. 
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