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Abstract: Modern vision-based inspection systems are inherently limited by their two-
dimensional nature, particularly when inspecting complex product geometries. These
systems are often unable to capture critical depth information, leading to challenges in
accurately measuring features such as holes, edges, and surfaces with irregular curva-
ture. To address these shortcomings, this study introduces an approach that leverages
computer-aided design-oriented three-dimensional point clouds, captured via a laser line
triangulation sensor mounted onto a motorized linear guide. This setup facilitates pre-
cise surface scanning, extracting complex geometrical features, which are subsequently
processed through an Al-based analytical component. Dimensional properties, such as
radii and inter-feature distances, are computed using a combination of K-nearest neighbors
and least-squares circle fitting algorithms. This approach is validated in the context of
steel part manufacturing, where traditional 2D vision-based systems often struggle due
to the material’s reflectivity and complex geometries. This system achieves an average
accuracy of 95.78% across three different product types, demonstrating robustness and
adaptability to varying geometrical configurations. An uncertainty analysis confirms that
the measurement deviations remain within acceptable limits, supporting the system’s
potential for improving quality control in industrial environments. Thus, the proposed
approach may offer a reliable, non-destructive inline testing solution, with the potential to
enhance manufacturing efficiency.

Keywords: artificial intelligence; manufacturing; non-destructive testing; point clouds;
quality control

1. Introduction

Quality control in manufacturing ensures products meet predefined quality spec-
ifications through inspections, testing, and adherence to established procedures [1-3].
Non-destructive inspection (NDI) methods play a vital role in reducing waste, enabling
early defect detection, and supporting proactive quality control. These methods align with
manufacturers’ goals of achieving sustainability and complying with stricter environmental
policies [4,5].

While 2D vision-based inspection systems are widely used for ND], they are limited
in capturing depth and spatial information, making them less effective for inspecting
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products with complex geometries like curved surfaces or intricate edges [6-8]. In con-
trast, 3D inspection techniques provide richer volumetric data, making them ideal for
evaluating spatially dependent quality characteristics, such as those in critical automotive
components [9].

This study introduces a point cloud inspection system that integrates an artificial
intelligence (Al) algorithm for the NDI of steel parts. Using the product’s computer-aided
design (CAD) model, 2D point cloud segments are aligned with its shape and properties and
then merged to form an aligned 3D representation of a product. A combination of K-nearest
neighbors (KNN), primitive shape fitting, and bounding box algorithms are employed for
feature extraction. This approach delivers an automated, accurate, and scalable method for
quality control, validated through a case study on steel part manufacturing.

2. The State of the Art

NDI techniques have advanced significantly, yet many rely on two-dimensional imag-
ing, limiting their ability to assess complex geometries requiring depth and spatial in-
formation [10]. For example, 2D vision-based systems have improved defect detection
and productivity in textile manufacturing by over 60%, but their effectiveness radically
decreases with intricate geometries and in cases where depth information is required to
reach a decision on the product’s quality [10-16].

In this context, new measurement devices such as laser line triangulation systems
have emerged as a key solution for generating accurate three-dimensional point clouds.
Originally designed for 1D distance measurements, they have evolved to support 3D
imaging and reconstruction, providing high accuracy and data acquisition speeds in the
quality control processes for complex products [17-24]. However, challenges such as
misalignment, noise, and outliers in raw point cloud data persist, necessitating robust
alignment techniques with CAD models and effective data preprocessing methods [25-30].

Al systems are increasingly being used in different manufacturing use cases, such as
tool wear monitoring [30], scrap management [31], and predictive maintenance [32]. An
NDI system necessitates the presence of an intelligent digital system that processes the
captured data and extracts the specific features that are of interest to the manufacturer,
facilitating the quality control process [29].

Al has enabled advanced point cloud feature extraction for NDI, overcoming the
limitations of 2D imaging by identifying spatial, depth, and dimensional characteristics.
Architectures such as Convolutional Neural Networks, though adapted for point clouds,
often struggle with data loss during 3D-to-2D transformations and high computational
demands [33-37]. On the other hand, PointNet and PointNet++, tailored to 3D data, have
demonstrated improved accuracy but face challenges with subtle geometric differences
and local contextual awareness [38-42]. Hybrid methods, such as combining KNN with
geometric primitive fitting, address these challenges by efficiently extracting the contextual
and dimensional features. These methods reduce the computational complexity, making
them more viable for time-critical applications [43-45].

This study combines laser line triangulation with a hybrid Al approach using KNN
and circle fitting to identify the critical features in steel parts. The proposed approach
addresses challenges in 3D data alignment, noise handling, and computational efficiency,
validated using the Guided Uncertainty Methodology (GUM) per the ISO/IEC Guide
98-3:2008 standards [46].

3. Methodology

The proposed methodology is built on data acquisition, alignment of the acquired
data, feature extraction, and dimensional analysis through a hybrid Al system. Lastly, the
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measurements are evaluated using the GUM. An overview of the methodology is presented
in Figure 1 and analyzed in the following paragraphs.
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Figure 1. Methodology overview.

The inspection system consists of a laser line triangulation sensor mounted onto the
sliding element of a linear guide. The product is positioned in front of the measurement
system using an industrial robot clamp. The linear guide provides specific triggers at
predetermined distances, independent of the guide’s speed, ensuring consistent and ac-
curate sampling during data acquisition. The positioning system incorporates an encoder
featuring a compact readhead that operates up to 1.0 mm from a self-adhesive tape.

The use of an industrial robot to hold a product in front of the scanner ensures that no
vibrations are introduced into the scanner while performing the acquisition. If the scanner
were fixed to the robot, unwanted vibrations would be introduced into the acquisition
procedure that would increase the noise in the scan, deteriorating the quality of the captured
data. In addition, alternatives such as using a conveyor system to move the product while
the sensor remains stationary would also introduce vibrations and increase the possibility
of positional misalignments that could degrade the quality of the scan, especially in cases
where products characterized by complex geometries are being scanned.

The reference axes for this procedure are defined as follows: the x-axis refers to the
scan direction, the y-axis coincides with the laser line, and the z-axis is the direction of the
depth of field of the triangulation sensor. The produced point cloud is high-resolution, with
the sampling densities ranging from 68 to 246 pm along the x-axis and from 12.4 to 160 um
along the z-axis. During the measurement, the system is activated and deactivated by the
encoder. Once the scan is completed, all of the acquired profiles are stored. For each profile,
the laser sensor records the coordinates of the x- and z-axes, where the x-values represent
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the laser’s field of view and the z-values capture the distance between the sensor and the
target. The data are then rearranged into three 1D vectors to construct the 3D point cloud.
Next, a segmentation process, based on the distance between the points, is subsequently
applied to the point cloud, determining whether the points in the point cloud belong to the
same cluster, resulting in an organized point cloud.

The organized point cloud is aligned with the product’s CAD model. To overcome
the limitations of the conventional CAD representation methods, a mathematical model
was developed. This model simulates a laser beam projection onto the CAD model’s
surface, generating a virtual point cloud (see Section 5). By systematically moving the
simulated beam along the component’s length, a spatially homogeneous point cloud is
created, accurately capturing the surface geometry.

In the aligned point cloud, bounding boxes serve as the spatial constraints and are
defined by specifying the minimum and maximum coordinates along the x-, y-, and z-axes.
These bounding boxes focus the analysis on specific sections of the scanned item while
excluding irrelevant points. The aligned point cloud’s vectors are filtered by checking
each point against the bounding box limits to retain only the points that fall within these
bounding boxes.

To measure the dimensional characteristics, the aligned point cloud is used by a
KNN algorithm to compute the K-nearest neighbors for each point, capturing contextual
neighboring information. The centroid of these is calculated as the mean of their coordinates,
and the distance of each point from this centroid is used to identify key geometric aspects,
such as holes and their centers. This ensures effective utilization of neighboring information.
In addition to KNN, the percentile thresholds control the sensitivity to deviations. These
balance the inclusion of deviations while minimizing the influence of noise. To optimize
the detection parameters, a grid search was applied. The parameters in the grid search
included the neighborhood size (k), which was explored in the range of 31 to 37, with
steps of 2, for larger holes (over 100 mm in diameter) and 27 to 33, with steps of 2, for
smaller holes (less than 100 mm in diameter). The percentile threshold ranged between the
85th and 90th percentiles with a step of 1. These ranges allowed the algorithm to focus on
capturing the relevant details of the hole boundaries without overfitting to noise or missing
smaller features. Finally, the distance threshold ranged between 1.5 and 3.0 units, refining
the boundary point selection. The range was spaced across 10 steps, as required to isolate
features that were geometrically distinct from their surroundings.

The refined boundary points are then used to fit a geometric model. For circular
features, such as holes, the methodology employs a least-squares optimization method
to fit a circle. The process begins with an initial estimation based on the centroid of the
boundary points and their mean radial distance. The least-squares method iteratively
minimizes the radial discrepancies between the boundary points and the candidate circle,
refining the center coordinates and radius for the best fit.

By aggregating the results across multiple iterations, this methodology ensures robust
and representative measurements of the feature’s true geometry, minimizing noise and
outliers while confirming the successful detection and measurement of the features.

Dimensional measurements extend beyond individual features to analyzing the spatial
relationships between the features of a product. These include calculating the distances
between the centers of adjacent holes and the distances between the centers of holes with
the edges of a product. Measurements are performed in both 3D space and 2D projections
by using the Euclidean distances.

In addition, upon the application of the methodology, no human intervention is
required. It should be noted that during the initial application of the methodology, human
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input is required to perform the initial CAD model alignment of the captured point cloud,
as well as to define the necessary bounding boxes for the aligned point cloud.

The validation of the reliability of the hybrid Al system is achieved through an
uncertainty analysis, which is performed based on the GUM. The methodology calculates
the mean, which represents the arithmetic average of the measurements; the standard
uncertainty, which quantifies the variability in the measurements relative to the number of
observations; the expanded uncertainty, which defines a broader interval that accounts for
most of the variability in the measurements; the confidence interval’s lower bound, which
specifies the smallest plausible value of the measurement; and the confidence interval’s
upper bound, which indicates the largest plausible value of the measurement, as defined
in [46].

Hence, this methodology integrates aligned point cloud data, precise filtering, ad-
vanced area-of-interest detection through the inclusion of the contextual neighboring
information, geometric fitting, dimensional measurements, and an uncertainty analysis,
providing a framework for automated quality control using 3D point cloud data.

4. Implementation

The proposed approach was implemented into a prototype, whose architecture is
seen in Figure 2. The point cloud is captured by a laser line triangulation system, using
commercially available sensors. The laser triangulation system, the Wenglor MLSL 134,
is equipped with a laser wavelength of 450 nm, with protective housing and a cooling
module to protect it against harsh manufacturing environments, keeping the sensor within
its working temperature range of 0 to 45 degrees Celsius. The positioning system used
employs an encoder, the RLS LM10, which is a non-contact high-speed sensor designed for
linear motion sensing. It features a compact readhead that rides at up to 1.0 mm from the
self-adhesive tape.
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Figure 2. Prototype architecture.

The prototype architecture of the software implementation is seen in Figure 2. The
software was deployed on a PC running Windows 10, equipped with an Intel Core i9-
10850K CPU, an NVIDIA GeForce RTX 2070 SUPER GPU (Nvidia, Santa Clara, CA, USA),
and 32 GB of RAM.



Machines 2025, 13, 88

6 of 13

The acquired point cloud data are transmitted to an MQTT Broker under a specific
topic, in JSON format, that contains information related to the product, such as its type
and its unique identifier, and the aligned point cloud data in Base64 format. The JSON
communicated in the MQTT topic is received by a Node-RED flow, which orchestrates the
hybrid AI system’s execution.

Supporting modularity and scalability, a customized implementation of the Al system
was dockerized, and Node-RED orchestrated the execution of the specific Docker image
based on the product type information contained in the JSON. Each image contains a
Python (version 3.10) Fast API (version 0.70.0) app triggered by HTTP Post Requests
when provided with the encoded point cloud. The data are validated using Fast API
and Pydantic (version 1.8.2) and are temporarily saved in the Docker environment as a
.ply file using the Python Tempfile module. The file is then loaded into memory using
Open3D (version 0.18.0). NumPy (version 1.21.6) translates the file into an array with x-,
y-, and z-coordinates, Scikit-learn implements KNN for feature detection and boundary
identification, and SciPy (version 1.7.3) reads the data to perform the spatial data analysis
and least-squares optimization. The extracted features are communicated back to Node-
RED (version 4.0.2) in response to the HTTP Request, which is then stored in a PostgreSQL
(version 16.3) database.

The MQTT protocol used ensures real-time communication by transmitting the point
cloud data and product information instantly to the Node-RED flow for processing. Finally,
this integration allows the hybrid Al system to analyze the dimensional features and return
the results in near real time, which supports inline quality control.

5. The Use Case

The proposed approach was applied to the automated line of a steel trailer arm
manufacturer. Currently, the quality inspection approach to determining the dimensional
defects in a product is manual and conducted at the end of the line in a dedicated inspection
section. This necessitates the need for an inline quality control approach that will enable
early defect detection, avoiding defective products being further processed down the line.
Furthermore, the extraction of the geometrical features from the product depends on its
depth and curvature, necessitating the adoption of a 3D inspection system. To facilitate
this, the laser line triangulation system was employed in the manufacturing environment
to scan point clouds of the trailer arms. The setup of the inspection system is presented in
Figure 3, as is an indicative point cloud for the trailer arm. As seen in Figure 3b points in red
correspond to the beams that are projected by the laser-line triangulation instrument to the
product and points in green are the intersection of points between the beams and the CAD of
the product. Three different product types were scanned during the experiment conducted.

Linear
Encoder 0

— 400
=300 -200 —j00 0 100 200

X [mm]

(@) (b)

Figure 3. (a) Laser line triangulation sensor setup, (b) CAD-oriented virtual point cloud of the
trailer arm.
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The experimental process to verify the performance of the hybrid Al system included
the conduction of repeatability and reproducibility scans in a controlled environment.
During repeatability tests, the same product was scanned multiple times to measure
how repeatable the system was and how well it could produce the same result. During
reproducibility tests, slight variations in the position of the product were introduced,
both in transverse and rotational terms, to demonstrate the reliability of the measurement
system once installed in the production line. The experimental testbed included the laser
line triangulation sensor setup demonstrated in Figure 3, while the bar was held by an
industrial robot. The number of point clouds generated in each test can be found in Table 1,
amounting to a total of 226 point clouds.

Table 1. Point clouds tested per product type.

Total Number of
Repeatability Reproducibility .
Product Type Point Clouds Point Clouds Point Clouds per
Product Type
SM 15 15 30
SN 16 20 36
SJ 80 80 160

Using the acquired point clouds, the implemented hybrid Al system was employed to
measure critical dimensional properties of the steel trailer arms, which include the radiuses
of the holes in the product, the distances between centers of specific holes, and the distances
between centers of specific holes and the edges of the product. The targeted dimensional
features that were under examination for all product types are depicted in Figure 4. It
should be highlighted that the product displayed in Figure 4 is of type S]. However, the
necessary distances and diameters that should be detected for the other two product types
are of similar nature to those for product type SJ, with the exception of product type SM,
which is missing the V7 Top Middle and V7 Bottom Middle holes.

V27 Top

V7 Top Middle V7 Top Right

i ;Z%&
T"“ﬂ(] h -l. };_}‘ ) .\\

)
PRy
£ e

V7 Top Left

y

on

V7 Bottom Left
V7 Bottom Middle V7 Bottom Right

V27 Bottom
V8 — Difference between A and B

Figure 4. Targeted dimensional features under examination for the three product types examined.
The design specifications for the products, meaning the tolerances of the dimensional

features under examination, are provided by the manufacturer and can be seen in Table 2,
while the cumulative results for all product types are presented in Table 3.
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Table 2. Radius holes and distances” design tolerances.
Measurements Tolerances (mm)
V27 Top Diameter 12 & 0.5
V27 Bottom Diameter 12 + 05
V7 Bottom Left Diamer 6.5 + 0.25
V7 Top Left Diameter 6.5 + 0.25
V7 Bottom Middle Diam. 6.5 + 0.25
V7 Top Middle Diam. 6.5 £ 0.25
V7 Bottom Right Diam. 6.5 + 0.25
V7 Top Right Diam. 6.5 + 0.25
Middle Holes Distance 104 + 1
V5 Bottom 45 + 10 (SM), 70 + 10 (SN & SJ)
V5 Top 45 + 10 (SM), 70 + 10 (SN & SJ)
V6 Bottom 1414 + 1
V6 Top 1414 =+ 1
V8 Left <6
V8 Right <6

Table 3. Cumulative results for product types SN, SM, and S]J.

Dimensional Features M Uncertainty Confidence Intervals
€an Standard Expanded Lower Upper
Measurements (mm) SN SM S SN SM S SN SM S SN SM S SN SM §j

V27 Top 11.9 12.3 121 0.006 0.010 0.02 0.012 0.020 0.041 11.8 122 12 119 123 12
E V27 Bottom 124 12.1 12 0.057 0.024 0.009 0.115 0.049 0.019 123 12 12 125 121 12
E V7 Top Left 6.81 6.5 6.9 0.012 0.025 0.027 0.024 0.051 0.055 6.7 65 69 68 6.6 7
= V7 Top Right 6.6 6.5 6.8 0.011 0.009 0.025 0.023 0.018 0.050 6.6 65 67 6.6 65 6
g V7 Bottom Right 6.8 6.5 6.7 0.072 0.013 0.022 0.143 0.026 0.045 66 65 67 69 65 6
2 V7 Bottom Left 6.8 6.5 7 0.008 0.020 0.026 0.016 0.040 0.053 68 64 69 68 6.5 7
'"ri; V7 Top Middle 67 N/A? 68 0014 N/A 0.025 0.028 N/A 005 66 N/A 68 67 N/A 69
&~ V7 Bottom Middle 6.6 N/A 6.8 0.010 N/A 0.025 0.020 N/A 005 66 N/A 67 66 N/A 68
Middle Holes 104.1 103.9 104 0.037 0.022 0.027 0.074 0.043 0.054 104 103 103 104 104 104
" V5 Top 641 4215 644 0.105 0.065 0.086 0.211 0.130 0.173 63.9 42 642 644 42 646
5] V5 Bottom 67.4 42.1 62.8 0.105 0.082 0.052 0.210 0.165 0.056 67.2 42 627 676 42 629
g V6 Top Side 1413 142.6 140 0.014 0.055 0.028 0.028 0.110 0.126 141 142 1399 141 142 140
é) V6 Bottom Side 1414 1427 140.1 0.038 0.081 0.024 0.075 0.162 0.048 141 142 140.1 141 142 140.2
V8 Left 0.7 3.1 1.8 0.063 0.072 0.063 0.126 0.143 0.126 0.6 3.0 17 08 33 20
V8 Right 5.8 3.3 29 0.150 0.069 0.054 0.300 0.138 0.108 55 32 28 616 34 3.0

! Measurements outside of tolerance limits are indicated in bold. ? For product type SM, the middle holes on the
right part of the product are not present, as they are for the rest of the product types; regarding product type SJ,
the standard uncertainty for all features remains below the 0.03 mark, while the expanded uncertainties were
under 0.06 mm with a 95% confidence level, indicating that the proposed approach is accurate and reliable in
extracting critical dimensional measurements of the product according to [46].

To compare the results extracted through application of the proposed hybrid Al system
with the tolerances described in Table 2, the GUM was used, as defined in 46. Thus, the
standard and expanded uncertainties were calculated together with the confidence intervals
to identify whether the extracted measurements were reliably within the design tolerances.

Similarly, for product type SN, the standard uncertainty for all of the measurements
remains below the 0.2 mark, while the expanded uncertainties were under 0.15 mm with a
95% confidence level. Despite the elevated results when compared with those for product
type S, the reported uncertainty remains within acceptable limits according to [46] and the
design specification of the product as provided by the manufacturer (Table 2).

Lastly, regarding product type SM, the standard uncertainty for all of the measure-
ments remains below the 0.072 mark, while the expanded uncertainties were under 0.16 mm
with a 95% confidence level. These results further validate the approach’s applicability
and adaptability to different product types since the reported uncertainty is still within the
acceptable limits according to [46].
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V8 Right (mm)
V8 Left (mm)

V6 Bottom side [x0.1] (mm)
V6 Top side [x0.1] (mm)

V5 Bottom [x0.1] (mm)

V5 Bottom [x0.1] (mm)

V5 Top [x0.1] (mm)

V5 Top [x0.1] (mm)

Middle Holes [x0.1] (mm)
V7 Bottom Middle (mm)

V7 Top Middle (mm)

V7 Bottom Left (mm)

V7 Bottom Right (mm)

V7 Top Right (mm)

V7 Top Left (mm)

V27 Bottom (mm)

V27 Top (mm)

In addition, the results were validated further by using a coordinate-measuring ma-
chine (CMM) to perform a test in a controlled environment using the same products used
during the testing of the proposed methodology. The distances calculated using the CMM
were compared to the extracted measurements by using metrics such as the average accu-
racy and the average error. On average, for all product types, the experiment conducted
resulted in an average accuracy of 95.78% and an average error of 4.22%. This shows high
accuracy in the measurement extraction and that the measurements closely resemble the
outputs of high-precision measuring tools.

Based on the experimental results, the evaluation of the spatial relationships between
neighboring points using the KNN algorithm produces localized point clusters that ac-
curately represent geometric features, such as product holes. These clusters enhance the
robustness of feature detection, even in the presence of noisy data, due to the KNN al-
gorithm’s ability to incorporate contextual information. By leveraging this contextual
understanding, the hybrid Al system minimizes false feature identification and ensures
precise measurement of the product’s dimensional characteristics.

As seen in Figure 5, a comparison of the measured values against their specified
upper and lower tolerance was performed. Notable deviations include those for V6 Top
Side and V6 Bottom Side, where the measurements for SM exceed the upper tolerance
limits due to the presence of noise in the data. To add to, product type SJ had the most
deviations in the hole diameters, specifically for the holes V7 Top Left, V7 Top Right, V7
Top Middle, and V7 Bottom Middle given the abnormalities in the distribution of the
normals for these specific holes in the point cloud data. Similar observations can be made
for product type SN for the measurements V7 Top Left, V7 Bottom Right, and V7 Bottom
Left. In contrast, measurements such as V27 Top, V27 Bottom, and the distance for the
middle holes consistently fall within the specified tolerances across all three product types,
demonstrating adherence to the manufacturing specifications.

Upper Tolerance Low Tolerance mSJ SM mSN

2 4 6 8 10 12 14

Figure 5. Comparison of mean of measurements with the tolerances per product type.
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6. Discussion

As noted in [47], validating metrology results through an uncertainty analysis is
critical in manufacturing. In this context, the robustness of the proposed approach is
further assured through the application of the GUM, with the results confirming that the
hybrid Al system’s measurements fall within the design tolerances specified in Table 2.

An investigation of the literature identifying similar approaches to extracting the
dimensional features for quality control in manufacturing was conducted to compare such
findings against the performance of the proposed hybrid Al system. In this context, a
robot mounted vision-based setup is discussed in [8], which has been used to extract the
geometrical features from the surface of metal products in manufacturing, achieving an
average accuracy of 80% for selected dimensional points. Similarly, a 3D measurement
system was described in [48] that used ridge detection for geometric feature measurement,
whose deployment outside the line, despite it demonstrating a robust measurement perfor-
mance, limits its adoption in a real-world industrial environment. These findings signify
the potential of the proposed hybrid Al system, which tackles both inline deployment
and a high measurement accuracy of over 95%, as demonstrated by the GUM and the
comparative analysis between its results and the results extracted using the CMM.

Furthermore, validation highlights the importance of the hybrid Al system in detecting
dimensional deviations in products. By identifying these deviations during production, the
proposed approach prevents unnecessary processing of defective products, directly reduc-
ing resource consumption, waste, and emissions, contributing to improved manufacturing
sustainability [49]. In addition, unlike commercial line scanners, the modular design in the
proposed solution allows for its customization for specific industrial needs per product
type beyond the predefined capabilities of conventional systems.

Moreover, the deployment of the hybrid Al system at the edge ensures low computa-
tion times. This is especially important for SME manufacturers, who lack the available re-
sources to deploy the solution on high-performance servers. In addition, edge deployment
ensures data security since the captured data are not exposed outside the manufacturer’s
network. In this context, the computational time for the hybrid Al system to produce an
output measurement of the critical dimensions of a product is approximately 1 s. While
such a duration labels the proposed hybrid Al solution as a near real-time approach, it
still allows for edge deployment, supporting time-critical operations such as inline quality
control in manufacturing.

In addition, industrial robots, such as the one holding the product during the point
cloud acquisition, are characterized by their pose repeatability. Robots, such as the one used
in the context of this study, are high-precision industrial robots, with a pose repeatability
in the range of 0.01 to 0.05 mm [50]. While this level of repeatability introduces minimal
variation into the scanning process, this does not significantly influence the results of the
hybrid Al system given its performance as demonstrated by the performed GUM and the
comparison of its outputs against the results of the CMM.

The replicability of the solution, to make it applicable to different products, was
considered during the design of the hybrid Al system. The modularity of the hybrid
Al system allows for easy customization of critical parameters such as the K of the KNN.
Nevertheless, new products should share similar characteristics, such as having dimensions
whose calculation relies on the correct identification of the holes and edges of the product.

Lastly, commercial scanners are available that possess the ability to capture product
point clouds in manufacturing lines and are able to evaluate specific geometrical features
but cannot integrate with CAD models for the alignment of point cloud data and lack
straightforward customizability [51]. Therefore, the value of the proposed approach is its
adoption of built-in CAD-based alignment of the acquired point cloud and the minimal
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customization needed for its deployment. With a limited number of parameters available
for customization, such as the k in the KNN and the percentile threshold, the hybrid Al
system is easily adaptable to different types of products that share similar characteristics to
those under examination in the current study.

7. Conclusions

This study presents a methodology for inline quality control that utilizes laser line
triangulation to generate CAD-oriented 3D point clouds, subsequently analyzed using a
hybrid Al system for dimensional feature measurement.

The results demonstrated the system’s capability to extract precise measurements
from point clouds under real-world conditions, with deviations within the industrial
tolerances. These were further validated through an uncertainty analysis, conducted
in accordance with [46]. The standard and expanded uncertainties remained below 0.2
and 0.15, respectively, underscoring the solution’s reliability. These findings validate the
methodology’s potential to support manufacturers in adopting proactive NDI systems,
enabling early defect detection and reducing waste and resource consumption.

This study highlights the significance of contextual information in point cloud process-
ing and demonstrates a practical, scalable, and edge-deployable solution for NDI, aligning
with the industry’s goals of enhancing quality control and sustainability.

In addition, while the proposed hybrid Al system demonstrates high accuracy in
measurement calculation given the collected results, certain challenges may arise with
geometries featuring extreme curvatures, deep recesses, or highly reflective surfaces. These
geometries can introduce noise, occlusions, or misalignment into the point cloud data,
which may impact the accuracy of feature extraction. Furthermore, complex overlapping
features may lead to erroneous clustering or boundary detection. Future work will focus
on enhancing the system’s robustness to such challenging geometries by incorporating
advanced noise filtering and adaptive feature extraction techniques.

Lastly, while the methodology was validated through a single case study, its modular
and adaptable design holds potential for broader industrial applications. Future research
will focus on expanding its validation across diverse manufacturing contexts, such as
automotive and aerospace sectors, and optimizing the algorithm’s accuracy and robustness
through advanced grid search techniques.
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