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ABSTRACT:

The functionality and reliability of electronic systems depend heavily on solder joints in printed circuit board (PCB) assemblies. However, the complexity and
speed of modern production lines make traditional inspection methods such as rule-based image processing and manual visual checks inadequate. Machine
learning (ML) offers a data-driven, automated solution that improves scalability, accuracy, and adaptability in defect detection. This review presents a
comprehensive analysis of various ML-based methods, including supervised, unsupervised, ensemble, and hybrid learning approaches for identifying solder joint

defects. It highlights key defect types, outlines inspection challenges, and discusses the strengths and limitations of each approach in practical settings.
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1. INTRODUCTION

PCBs, or printed circuit boards, are the foundation of all contemporary electronic systems. They offer the fundamental framework for electrically
connecting and structurally supporting parts including transistors, integrated circuits (ICs), resistors, and capacitors. Compact and layered circuit design
is made possible by these connections, which are created using copper traces laminated onto or implanted in a non-conductive substrate [1]. Today's
consumer, business, and military-grade electronics depend on high-speed and dependable signal transmission, which PCBs provide in addition to
mechanical construction. The solder joint, functioning as a mechanical and electrical connection between component leads and PCB pads, is an
essential component in PCB assembly. The long-term dependability of the electronic device is significantly influenced by the quality of these solder
junctions. However, they're also acknowledged as one of the most frequent places for electronic assemblies to fail or malfunction [2]. The size of
individual components has significantly decreased as electronic packaging technologies continue to advance toward high component density and
downsizing. In order to get consistent and superior solder junctions, this trend presents difficult challenges. The integrity of solder joints has long been
evaluated in industry using conventional techniques including rule-based image processing and manual visual inspection. Despite their simplicity,
manual inspections are labor-intensive, time-consuming, and prone to human mistakes because of operator weariness or judgmental bias [3]. However,
complicated layouts, varied illumination, component movements, or non-standard fault appearances might cause traditional image processing
techniques like histogram analysis and template matching to malfunction [4]. For contemporary high-speed production lines, these traditional methods
are not scalable.

On the other hand, techniques based on machine learning (ML) have become strong substitutes. By directly learning complex fault patterns from data,
machine learning algorithms can increase the precision of inspections and their capacity for generalization. These models have the ability to spot subtle
or hidden flaws that conventional systems would overlook. For instance, end-to-end fault identification without the need for manual feature engineering
is made possible by deep learning models like Convolutional Neural Networks (CNNs), which can automatically extract significant features from raw
photos. Additionally, ML systems are better able to adapt to layout, lighting, and soldering material changes, which makes them ideal for dynamic

manufacturing environments [5].
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Fig. 1 - Panelized array of surface-mounted PCBs showing components, copper traces, and solder joints.

As seen in Figure 1, a PCB usually comprises a number of connected parts that are soldered together and placed on copper rails. To make sure that
every solder junction is intact and free of serious flaws, every unit in a panelized PCB is inspected. Manufacturers are actively implementing supervised,
unsupervised, and hybrid machine learning models in response to growing demands to increase PCB assembly throughput and quality assurance.
Labelled datasets are necessary for supervised learning, which frequently produces higher precision but may not function as well when labelled data is
hard to come by. Unsupervised models are helpful for identifying abnormalities without requiring tedious manual labelling since they learn the
statistical patterns of "normal" data. The advantages of both are combined in hybrid systems, which frequently include ensemble techniques, multi-task
learning, or domain knowledge to improve performance in a range of inspection settings [6].

2. BASIC COMPONENTS OF PCB AND SOLDERING PROCESS

In order to understand how machine learning is applied to solder joint defect detection, it is essential to first understand the basic components that make
up a Printed Circuit Board (PCB) and the soldering process involved in assembling these components.

2.1 Structure of Printed Circuit Board (PCB)

Multiple layers of conducting and insulating materials make up a printed circuit board or PCB. The electrical circuits are formed by the conductive
routes, which are usually composed of copper. These routes are incorporated into the board or engraved onto its surface. The non-conductive base
offers mechanical strength and heat resistance and is frequently composed of FR4, a glass-reinforced epoxy laminate [7].

A PCB's main components are as follows:

o  Substrate/Base Layer: Provides structural integrity. Commonly made from fiberglass (FR4).

o  Copper Layer: Conductive tracks that carry electrical signals between components.

o Solder Mask Layer: A protective layer that insulates copper traces and prevents short circuits during soldering.

o Silkscreen Layer: Used for labelling component positions and part numbers.

e Pads and Vias: Pads are exposed copper areas for soldering components; vias connect different layers electrically.

Figure 2 provides a simplified view of the PCB layers and shows how each layer serves a unique function in the overall architecture of the board.
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Figure 2: Cross-section of a multi-layer PCB showing the substrate, copper layers, solder mask, silkscreen, and vias

2.2 Electronic Components on PCB
Two main categories of PCB-mounted components are as follows:

e Through-Hole Components: These have leads inserted into drilled holes and soldered on the opposite side. They provide strong mechanical
bonding but require more board space.

o Surface Mount Devices (SMDs): These are soldered directly onto the surface pads without any lead insertion. SMDs are preferred in modern
electronics due to their smaller size and suitability for automated assembly [8].

Solder joints on every component act as mechanical anchors and electrical connectors. Whether the circuit operates properly and withstands
environmental loads like heat, vibration, or pressure depends on the condition of these joints.

2.3 Overview of the Soldering process

In order to create solid connections between component leads and copper pads, an alloy usually made of tin and lead or lead-free substitutes must be
melted. This procedure is essential to PCB assembly.

The soldering process consists of the following primary steps:

Stencil printing: A metal stencil is used to apply solder paste to PCB pads.

Pick and Place: SMDs are positioned onto the solder-pasted PCB by automated machinery.

Reflow Soldering: The components are bonded together when the assembly is put through a reflow oven, where the solder melts and solidifies.
Inspection: To find flaws, PCBs are examined after soldering using automated, optical, or visual methods [9].

2.4 Importance of Accurate Soldering

Defects including cold joints, bridging, voids, and open circuits can be caused by improper soldering. These flaws frequently start during the reflow
phase as a result of improper solder paste application, misalignment, or uneven heat distribution. In order to guarantee that only boards with correctly
formed solder joints are allowed, automated inspection systems especially those driven by machine learning have become crucial given the size of
contemporary PCB production [10]. Therefore, before investigating how ML algorithms help discover flaws in these systems, a thorough understanding
of PCB structure and the soldering process is necessary.

3 TYPES OF SOLDER JOINT DEFECTS

One of the most common and important failure mechanisms in PCB assemblies is solder joint problems. These flaws impact the product's mechanical
strength and long-term dependability in addition to jeopardizing electrical connectivity. Modern electronic designs are becoming more and more
miniaturized and dense with components, making it crucial to identify these flaws early on to prevent costly rework and downstream problems.

The visual appearance, mechanical integrity, and electrical continuity of the connection are the main factors used to classify solder joint faults. The
most frequent defect types found in surface mount and through-hole soldering procedures are shown below.

o Insufficient Solder: This flaw arises when the junction has insufficient solder application, which leaves it with either insufficient electrical
contact or low mechanical strength. It frequently takes the form of a tiny fillet that partially exposes the pad or component lead. Incorrect paste
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volume, worn-out printing equipment, or blocked stencils are among the causes [3]. Without automated inspection, this flaw might go undetected
in mass production. Although this defect is typically obvious, it can be missed in complex layouts. ML-based image segmentation works well for
reliable detection.

. Cold Joint: When the solder melts improperly or cools too quickly, a cold connection forms, which results in a gritty, dull surface and poor
adhesion. Usually, inadequate wetting between the solder and metal surfaces or inaccurate temperature profiles in the reflow oven are the causes.
It might be challenging to identify cold joints by human inspection because they can result in sporadic electrical connectivity [2]. Learning
models trained on surface patterns are more effective at detecting cold joints because human inspectors frequently overlook them due to their
modest surface roughness.

. Solder Bridging: Electrical short circuits can result from solder bridging, which happens when extra solder inadvertently joins two or more
nearby pads or component leads. Misalignment, overprinting of solder paste, or excessive component pressure during insertion are common
causes of this significant fault in high-density PCB layouts [4]. Because of its visual prominence, this flaw can be detected using both rule-based
and machine learning techniques.

e  Voids: Voids, which appear as hollow areas on cross-sectional analysis, are defined as trapped air or flux residues within the solder junction.
Larger voids lessen the joint's mechanical and thermal dependability, however smaller ones are acceptable. Poor paste outgassing or incorrect
reflow profiles are common causes of voids [6]. X-ray-assisted machine learning models such as CNN-LSTM or CapsNet are the most effective
at detecting voids because they are usually internal.

. Tombstoning: The characteristic of this flaw is that one end of a chip component lifts off the pad, giving the appearance of a tombstone. It
usually happens in small SMD capacitors or resistors as a result of uneven reflow heating. Mechanical instability and open circuits are the
outcomes of tombstoning [7]. This is easily observable and fits in nicely with picture categorization techniques like Mask R-CNN or YOLO.

e  Misalignment: When a component is positioned incorrectly on its assigned footprint, either laterally or rotationally, it is said to be misaligned.
This may cause leads and pads to come into partial contact, increasing the chance of an electrical breakdown. To prevent such problems, high-
speed placement devices in automated assembly lines need to be accurately calibrated [3]. Even minute positional changes that could go
unnoticed during the manual examination can be found using high-resolution machine learning models.

. Open Joints: An open joint indicates that the pad and component lead were not fully connected by the solder, frequently as a result of the
component float, inadequate solder, or non-wetting surfaces. It is one of the most important flaws to find and results in a complete loss of
electrical connectivity at that node [9]. Sometimes this flaw can be hidden beneath the component body, hybrid methods that combine X-ray
imaging and visual machine learning are the best option.

4 LITERATURE SURVEY ON MACHINE LEARNING APPROCHES

The accuracy, speed, and adaptability of defect identification in PCB production have greatly improved with the incorporation of machine learning (ML)
into solder joint inspection systems. The majority of early methods depended on conventional image processing methods, which were economical but

had limitations in terms of robustness and scalability. ML-based techniques, especially deep learning, were crucial for automating inspection workflows

with greater precision and generalization as production demands and component complexity rose.

4.1 Traditional Image Processing Methods

Previous research mostly used traditional computer vision methods. To identify anomalies in solder connections, for instance, Anitha and Rao [2]
suggested a grayscale pixel distribution model based on histograms. Despite having a cheap computing cost, this method was extremely susceptible to
alignment errors and changes in lighting. In order to identify missing or misaligned components, Reddy [4] used template matching with reference
photos. This worked well for through-hole examination, but it was stiff and broke when exposed to rotation, changes in orientation, and different
illumination conditions. Soon after, feature-engineered supervised models appeared. These methods, which were used using LabVIEW for small-scale
enterprises, used contour analysis and pixel subtraction to find missing or displaced components [3]. But in order to adjust to new defect kinds or
variations, these systems needed to be retrained because they were inflexible.

4.2 Supervised Deep Learning Approaches

Convolutional Neural Networks (CNNs) emerged as the mainstay of automated feature extraction and fault categorization with the development of
deep learning. With a mean average precision (mAP) of 91.5% [5], a well-known model based on YOLOVS5 improved with hybrid attention
mechanisms outperformed baseline models under various test settings [5]. Studies [11] also suggest layered approaches may enhance robustness. Dual-
layer decision-making models were suggested in a different study to tackle defect classification independently and combine predictions for enhanced
robustness. These multi-stage architectures improved overall accuracy while lowering false positives. Research on supervised learning was further
reinforced with the advent of annotated open-source datasets such as SolDef-Al. This dataset was used by Fontana et al. [6] to train segmentation
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algorithms like Mask R-CNN. Although it enhanced defect localization, more augmentation was required to cover less common defect types in the
dataset.

4.3 Ensemble Learning Techniques

Ensemble learning frameworks have been proposed to enhance detection performance across various defect kinds and environmental situations. A
hybrid voting ensemble utilizing YOLOVS, EfficientDet, Faster R-CNN, and MobileNet SSDv2 was presented by Law et al. [7]. The system obtained a
flaw detection accuracy of over 95% [7] in spite of higher processing expenses. These methods take advantage of model diversity, which enables the
system to integrate the unique capabilities of many algorithms. However, unless combined with effective inference engines or edge devices, their
computational cost restricts real-time implementation.

4.4 Unsupervised and Anomaly Detection Approaches

Unsupervised learning is a useful substitute in situations where there is a lack of annotated defect data. B-Variational Auto encoders (B-VAEs) were
used by Ulger et al. [8] to model normal solder joint distributions and use latent space deviation to identify anomalies. The selection of hyper
parameters and latent space regularization strategies have an impact on how effective these models are. Furthermore, segmentation and classification
are done simultaneously utilizing shared weights in multitask learning frameworks such as PCBMTL, which was proposed by Tsang et al. [9]. By
utilizing task synergy, these models demonstrated enhanced performance in low-data regimes.

4.5 Hybrid and X-ray-Assisted Techniques

To identify internal soldering flaws, sophisticated hybrid systems combine deep learning with supplementary inspection instruments like X-ray imaging.
To interpret multi-layered X-ray slices for internal voids or bridges, models such as CNN-LSTM and CNN-CapsNet have been trained [10]. Despite
their excellent accuracy, these techniques are only practical in sophisticated manufacturing facilities with pricey imaging apparatus. In order to improve
the repair and analysis process, other hybrid systems used denoising autoencoders to both detect and recreate damaged areas [12]. In order to improve
feature selection and inspection pipelines, some research even looked into evolutionary algorithms combined with neural networks [13].

Table 1 provides a comparative overview of several machine learning approaches used in solder joint defect detection, highlighting their type,
performance, datasets, and strengths.

Table 1: Comparative Summary of ML Models for Solder Joint Defect Detection

Model / Approach

Learning Type

Dataset Used

Accuracy / mAP

YOLOVS + Hybrid Attention

Supervised (CNN)

Custom PCB dataset [5]

mAP 91.5% [5]

Mask R-CNN

Supervised (Segmentation)

SolDef-Al [6]

Not specified

YOLOVS5 + EfficientDet + Faster R-
CNN + SSD (Ensemble)

Ensemble Learning

Mixed datasets [7]

>95% [7]

Internal production

ray Imaging

slices [10]

B-VAE (B-Variational Autoencoder) Unsupervised dataset [8] Not specified
PCBMTL (Multitask Learning CNN) | Hybrid (Seg + Classif) [L9‘3W'da‘a PCB samples {‘;’]p“’ved performance
CNN-LSTM / CNN-CapsNet + X- Hybrid + X-ray Vision Industrial X-ray image High (qualitative) [10]

Denoising Autoencoder

Unsupervised + Recovery

Noisy PCB images [12]

Not specified
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5 CONCLUSION AND FUTURE DIRECTIONS

For the detection of solder connection defects in PCB assemblies, machine learning has become a potent substitute for conventional inspection
techniques. It is ideal for contemporary electronic production because of its capacity to learn from data, adjust to novel defect kinds, and function
quickly. The transition from manual and rule-based processes to intelligent, automated systems represents a major step forward in guaranteeing process
efficiency and product dependability. Future studies should concentrate on creating real-time, lightweight models that may be used in industrial settings.
For end-to-end quality assurance, special attention should also be paid to standardizing datasets, enhancing model generalization across various PCB
designs, and combining automated repair systems with fault detection.
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