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Abstract

Automated inspection of small metallic components is increasingly required in industrial
manufacturing, particularly when dimensional conformity and geometric characteristics
affect assembly quality and functional performance. This paper presents a preliminary
proof-of-concept study for a collaborative SCARA-based platform intended for automated
dimensional and geometric inspection of metallic plates. The study does not report a
complete metrologically validated inspection cell; instead, it defines the industrial inspec-
tion problem, proposes a modular robotic architecture, and documents the preliminary
implementation activities already completed. The industrial motivation is associated with
metallic plates used in automotive thermal-management components, while a simplified
rectangular plate is adopted for controlled development of handling, positioning, image ac-
quisition, calibration, and initial dimensional-feature extraction. The proposed architecture
separates robotic manipulation from the measurement subsystem: the SCARA robot pro-
vides repeatable handling and positioning, whereas the vision system supports preliminary
calibrated in-plane measurement. The robotic platform is based on the PSR-20 collaborative
SCARA robot (SmileTech, Portugal), selected due to its compact footprint, repeatable planar
motion, affordable cost and suitability for automated pick-and-place inspection tasks. The
implemented activities include SCARA workspace simulation, end-effector design, camera
integration, intrinsic camera calibration, measurement-plane calibration, and preliminary
calibrated 2D dimensional measurements. The experimental validation reported in this
study is currently limited to in-plane measurements of length and width. Height, thickness,
flatness, and surface-form inspection are identified as future extensions and have not yet
been experimentally validated. The results show repeatable measurements under the
tested conditions for a high-contrast reference part, while the representative metallic part
remains limited by segmentation robustness and contour-definition uncertainty. Remaining
work includes a formal uncertainty analysis, broader validation with calibrated reference
artefacts, robust segmentation, and out-of-plane sensing.

Keywords: automated metrology; dimensional inspection; geometric inspection; SCARA
robot; machine vision; proof of concept
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1. Introduction
Modern manufacturing lines must verify whether metal parts meet dimensional

and geometric requirements at production-compatible speeds and with limited operator
dependence. This is particularly relevant in the automotive sector, where small metallic
components may affect assembly quality, sealing, support stability, thermal performance,
and functional reliability. Inspection may therefore involve not only nominal dimensions,
but also geometric characteristics such as height variation, thickness variation, surface
profile, and flatness-related features.

Manual inspection using gauges, mechanical fixtures, and conventional measuring
instruments remains common, but it depends strongly on operator skill, part placement
consistency, and repetitive execution. These factors may limit repeatability, traceability,
scalability, and integration with automated production workflows. Robotic automation can
reduce part-handling variability and enable more systematic inspection cycles, although its
metrological value depends on the combined performance of the robot, sensor, calibration
procedure, referencing strategy, and data-processing chain.

Several approaches can be used for dimensional and geometric inspection. Con-
tact metrology provides reliable reference measurements, but it is often slower and less
suited to high-throughput inspection [1,2]. Two-dimensional vision systems are flexible for
contour-based measurements, but are limited when out-of-plane features are relevant [3,4].
Three-dimensional scanning, laser triangulation, and structured-light methods can provide
denser geometric information for sheet-metal, flatness, thickness, and surface-form inspec-
tion, although they introduce additional calibration, surface-property, and uncertainty
challenges [5–13]. Robotic inspection systems combine automation with sensing, but final
performance depends on the complete system rather than on any single component [12,14].
Recent surveys also identify collaborative robotics and computer vision as important di-
rections for flexible industrial inspection, while emphasizing robust calibration, sensing,
and perception strategies [15].

Among industrial robot architectures, collaborative SCARA robots are particularly suit-
able for automated inspection of small planar components because they provide compact
workspaces, repeatable planar motion, vertical approach capability, and straightforward
integration with vision-based inspection systems. Compared with Delta robots, which
are typically optimized for high-speed lightweight pick-and-place operations, SCARA
robots provide a practical compromise between manipulation speed, positioning repeata-
bility, and inspection-cell simplicity. Previous work by the authors has also investigated
the development and benchmarking of collaborative robotic platforms based on Delta
architectures [16].

This paper presents a preliminary proof-of-concept study for an automated dimen-
sional and geometric inspection platform based on a collaborative SCARA robot. The ob-
jective is not to claim a complete industrial inspection system or a validated geometric
inspection capability, but to define the inspection problem, propose a modular robotic archi-
tecture, and report the preliminary development activities already carried out. The experi-
mental validation reported here is currently limited to calibrated in-plane measurements of
length and width. The main contributions are the formulation of inspection requirements
for a representative metallic plate, the proposal of a SCARA-based inspection architecture,
the preliminary development of robot simulation, workspace assessment, gripper design,
and camera integration, and the demonstration of a calibrated 2D vision-processing work-
flow for part detection and dimensional-feature extraction. Height, thickness, flatness,
and surface-form inspection remain future extensions.
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2. Inspection Problem and Requirements
The work is motivated by an industrial scenario involving metallic plates used in

automotive thermal-management components, such as EGR coolers and intercoolers. These
components require dimensional consistency and controlled geometric behavior because
local deviations may affect assembly, contact conditions, sealing performance, and func-
tional reliability. The representative metallic component motivating the study is shown
in Figure 1.

(a) Top view (b) Perspective view

Figure 1. Representative metallic component motivating the inspection problem.

At the current stage, the complete industrial geometry is not addressed experimentally.
Instead, a simplified rectangular plate is adopted to support controlled development
of handling, positioning, image acquisition, and initial dimensional processing. This
simplification reduces technical risk and allows the robotic and vision subsystems to be
developed before moving to the more complex industrial component.

The simplified plate, shown in Figure 2, has nominal dimensions of 80 × 50 × 8 mm.

Figure 2. Technical drawing of the simplified rectangular plate adopted for the preliminary develop-
ment stage. Nominal dimensions are given in millimetres.

The inspection characteristics considered in this proof-of-concept are length and
width as the currently implemented in-plane dimensional characteristics, while height or
thickness and flatness-related deviations are retained as future requirements. Length and
width can be approached using image-based contour extraction. Height and thickness
are out-of-plane dimensional characteristics and require additional referencing or sensing,
particularly when metallic plates or corrugated geometries are involved [10,11]. Flatness
is considered only as a future requirement for planar functional surfaces of the simplified
plate and is not yet implemented experimentally. More complex surface-form requirements
associated with the real corrugated metallic component are outside the current experimental
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scope and will require later geometric validation [8,9,17]. The representative corrugated
component motivating the study is therefore not fully addressed experimentally at this
stage. This staged definition allows the robotic manipulation, calibration procedures,
and 2D measurement algorithms to be independently developed before addressing the
considerably more complex industrial geometry.

3. SCARA-Based Inspection Platform
The proposed inspection platform is based on the PSR-20 collaborative SCARA robot

developed by SmileTech (Portugal). The robot provides four degrees of freedom and was
selected due to its compact mechanical structure, repeatable planar motion, and suitability
for automated pick-and-place operations involving relatively small metallic components.
The proposed system is conceived as a modular robotic inspection platform in which the
SCARA robot provides part handling and positioning, while the measurement subsystem
performs data acquisition and, at the current stage, calibrated 2D dimensional analysis.
Future geometric analysis will require additional out-of-plane sensing and validation.
This separation is intentional: the robot is not treated as the measuring instrument itself,
but as the element that improves repeatability, reduces operator dependence, and enables
automated inspection cycles.

The intended cycle consists of grasping the part, positioning it in the inspection
position, acquiring image or sensor data, processing the data, making a conformity decision,
and unloading the part. The architecture therefore includes the robot, end-effector, part
loading and unloading locations, inspection position, camera, calibration, processing unit,
and future geometric sensing module, as summarized in Figure 3.

Part
loading

SCARA robot
+

gripper

Inspection
position

Part
unloading

Camera image
acquisition

Calibration
and referencing

MATLAB
processing

Features
+

decision

Future geometric sensing
height and flatness

Material flow

Information and measurement flow

physical part flow data / calibration flow future extension

Figure 3. Conceptual architecture and workflow of the proposed SCARA-based inspection platform.

The inspection cycle is intentionally modular. The robot is exclusively responsible
for repeatable manipulation and positioning, whereas all dimensional measurements are
performed by an independently calibrated vision subsystem. This modularity allows future
sensing technologies to be incorporated without modifying the robotic manipulation strategy.

A SCARA robot was selected because this architecture is suitable for fast horizontal
positioning, repetitive pick-and-place operations, and compact workspaces. SCARA robots
are widely used in industrial manipulation tasks because they combine high-speed planar
motion with a vertical axis suitable for approach, grasping, and placement operations [18].
Their kinematic structure is therefore appropriate for moving plate-like parts between
predefined locations while maintaining a compact inspection layout. Recent work on
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SCARA-based automation also shows the relevance of integrating these robots with digital
and sensing infrastructures for flexible industrial operation [19]. In the proposed cell,
the robot is responsible for repeatable manipulation and positioning, whereas the measure-
ment result depends on the sensing, calibration, referencing, and processing subsystems.

4. Preliminary Implementation and Vision-Based Processing
4.1. Robot Simulation and Workspace Assessment

A digital model of the PSR–20 robot was developed in Simscape Multibody/MATLAB
R2025b to support the preliminary design of the inspection cell. The virtual pro-
totype allows the evaluation of workspace coverage, reachability, loading and un-
loading locations, collision-free trajectories, and candidate inspection positions before
physical implementation.

The simulated model and workspace analysis are shown in Figure 4. The workspace
plot is represented in metres, and the vertical prismatic axis of the SCARA model varies
from 0 to 0.436 m. This step supports the definition of candidate loading, inspection,
and unloading positions and helps identify whether target positions are reachable without
violating joint limits.

(a) Simscape multibody model of the
PSR–20 robot

(b) Workspace analysis

Figure 4. Preliminary SCARA simulation: (a) Simscape Multibody model and (b) simulated
workspace, represented in metres, used to assess reachability for inspection-related positioning.
The vertical prismatic axis of the simulated model varies from 0 to 0.436 m.

Besides workspace visualization, the virtual model provides a flexible engineering
tool for future optimization of inspection-cell layout, cycle planning, robot trajectories,
camera positions, and sensing configurations. Virtual multibody models also provide a
suitable framework for future studies involving structural flexibility, vibration behaviour,
dynamic response, and robot performance optimization before physical implementation,
as demonstrated in previous multibody dynamic investigations [20]. This approach is
consistent with recent SCARA digital-twin simulation studies, where virtual–physical
synchronization and modular communication were used to reduce robot-algorithm testing
costs and support safer development before deployment on the real platform [21].

4.2. End-Effector and Camera Integration

The end-effector was developed to enable stable handling of the simplified plate and
integration of the camera. Its design requirements include mechanical compatibility with
the part geometry, secure grasping without excessive deformation, unobstructed access
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to the region of interest, compatibility with the robot flange, and sufficient rigidity for
repeated operation.

Figure 5 presents the technical drawing of the developed gripper, where all dimensions
are given in millimetres. The geometry was defined to ensure stable grasping of the plate
while preserving clearance for image acquisition and minimizing interference between the
gripping mechanism and the camera field of view.

Figure 5. Technical drawing of the developed gripper used for plate handling.

The physical implementation of the end-effector and the camera integration are shown
in Figure 6. The mounted configuration demonstrates the feasibility of combining the
gripping device and the vision system on the robot end-effector, while maintaining a
compact arrangement for handling and image acquisition.

Camera integration at the robot end-effector is also relevant for future robot-camera
calibration, since camera models mounted on the effector can support automated calibration
procedures for industrial robotic manipulators [22].

(a) Front view of the mounted
gripper

(b) Mounted gripper and camera
assembly

Figure 6. Physical implementation of the end-effector and camera integration.
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Although the current implementation demonstrates the feasibility of the proposed
mechanical integration, further work is still required to refine the end-effector design,
including dimensional optimization, improved mechanical finishing, and evaluation of
gripping repeatability under repeated operation. Future design iterations may also focus
on manufacturing quality, dimensional accuracy, and structural performance, following
practices commonly adopted during the development and validation of additively manufac-
tured engineering components [23]. If increased stiffness, strength, or durability becomes
necessary for future industrial applications, metal additive manufacturing may provide a
suitable alternative for the fabrication of the end-effector.

4.3. Camera Calibration and Preliminary Vision-Based Measurement

The vision-based measurement stage was developed in three steps: intrinsic camera
calibration, measurement-plane calibration, and dimensional extraction from the segmented
contour. The objective was to convert image information into metric coordinates on the
measurement plane and assess the preliminary dimensional capability of the system.

The camera was intrinsically calibrated using a planar checkerboard target to estimate
focal length, principal point, radial distortion, and tangential distortion. A set of 22 checker-
board images was acquired under different positions and orientations. The calibration
achieved a mean reprojection error of 0.4897 px. Figure 7 shows the calibration target and
an example of detected corner points.

(a) Calibration image (b) Detected checkerboard corners

Figure 7. Checkerboard-based camera calibration: (a) acquired calibration image and (b) detected
checkerboard corners.

Since intrinsic calibration does not directly provide metric coordinates on the part
plane, a second calibration step was performed. A checkerboard was placed at the same
height as the upper surface of the inspected part, and a projective transformation was
estimated between image points and checkerboard coordinates in millimetres. This was
necessary because the apparent image scale depends on the relative height between the
calibrated plane and the measured surface. The measurement-plane calibration detected
40 points and produced a mean homography error of 0.0436 mm, with a maximum error of
0.1047 mm. These calibration errors are useful diagnostics of the calibration procedures,
but they do not represent the complete uncertainty of the dimensional measurement chain.
Dimensional measurements were then performed by segmenting the part, transforming
the extracted contour into metric coordinates, and computing an oriented bounding box
using principal component analysis (PCA). The resulting workflow is shown in Figure 8.

https://doi.org/10.3390/engproc2026145020
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(a) Original image

(b) Binary mask (c) PCA-oriented bounding box

Figure 8. Preliminary vision-based dimensional measurement workflow: (a) original image, (b) binary
mask, and (c) PCA-oriented bounding box used to estimate the in-plane dimensions.

A limited first validation was carried out using a high-contrast rectangular reference
part measured with a manual vernier caliper with a stated resolution of 0.02 mm, giving
80.06 mm× 50.13 mm. After recalibrating the measurement plane at the height of the upper
surface of the part, a single measurement provided 79.912 mm for length and 50.263 mm
for width, corresponding to errors of −0.148 mm and +0.133 mm. This confirmed the
importance of calibrating the measurement plane at the correct height, but the single
measurement does not constitute a complete accuracy or uncertainty characterization. The
stated resolution characterizes the reading increment only and is not equivalent to the
complete uncertainty of the reference measurement.

Repeatability was assessed for both the high-contrast black part and the representative
metallic wavy part under two conditions: repeated acquisition without moving the part
and acquisition after part removal and repositioning. For the metallic part, two additional
trials with rotations of approximately 30◦ and 90◦ were acquired. The excluded trial
indicates that contour extraction under large orientation changes is currently a more
important limitation than the calibrated image-to-plane transformation or the nominal
robotic positioning strategy.

The main dimensional results are summarized in Table 1.

Table 1. Summary of preliminary dimensional measurement results using the PCA-oriented
bounding box.

Part and Test Condition n Length Mean Width Mean Length Error Width Error σLength σWidth
(Acquisitions) (mm) (mm) (mm) (mm) (mm) (mm)

Black part, no movement 10 79.959 50.283 −0.101 +0.153 0.028 0.018
Black part, repositioning 10 79.957 50.271 −0.103 +0.141 0.025 0.059
Metallic part, no movement 10 63.838 48.889 +0.708 +0.689 0.131 0.163
Metallic part, repositioning 9 63.719 48.758 +0.589 +0.558 0.052 0.268

Reference dimensions: black part, 80.06 mm × 50.13 mm; metallic part, 63.13 mm × 48.20 mm. These reference
dimensions were obtained with a manual vernier caliper with a stated resolution of 0.02 mm.

The black reference part remained stable even under repositioning, supporting re-
peatability of the PCA-oriented bounding box for high-contrast contours under the tested
conditions. In contrast, the metallic part showed larger dimensional errors, mainly due
to contour-definition uncertainty. The image identified as acquisition 7 in Figure 9 was
excluded from the nominal repositioning statistics because it corresponded to the approxi-
mately 90◦ robustness test and produced evident segmentation degradation.
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(a) Original metallic part image (acquisition 1) (b) Large-rotation trial at 90◦

(acquisition 7)

Figure 9. Preliminary segmentation of the representative metallic wavy part under different orienta-
tions: (a) nominal orientation and (b) large-rotation robustness trial at 90◦.

These results indicate that the calibrated 2D pipeline is suitable for preliminary mea-
surement under controlled visual conditions, but also show that segmentation is the
dominant limitation for textured metallic parts. Reflections, internal grooves, shadows,
and orientation-dependent appearance changes can alter the detected contour. For the
metallic component, the vision system measures the projected envelope of the segmented
mask, whereas the caliper measures physical contact distances. These definitions do
not necessarily coincide for corrugated or irregular boundaries, which further limits the
interpretation of the reported errors.

5. Discussion
The preliminary results support the feasibility of the proposed SCARA-based in-

spection architecture and provide an initial quantitative assessment of the vision-based
measurement chain. The robot, end-effector, and camera integration establish the physical
basis for automated image acquisition, while the intrinsic and measurement-plane calibra-
tions enable image coordinates to be interpreted in metric units on the calibrated plane.

For the high-contrast rectangular reference part, the PCA-based measurement strategy
showed good repeatabilityunder the tested conditions, with standard deviations below
0.03 mm for length and below 0.06 mm for width, even with part repositioning. How-
ever, the remaining systematic errors of approximately 0.1–0.15 mm, together with the
limited number of tested parts and reference measurements, show that these standard
deviations must not be interpreted as a complete measurement uncertainty. A rigorous
uncertainty analysis should include calibration contributions, contour-extraction variability,
reference-instrument uncertainty, part repositioning, and the distinction between repeata-
bility and reproducibility. Further validation with calibrated reference artefacts and a larger
experimental sample is therefore required before claiming metrological performance.

The metallic wavy part produced larger deviations, approximately 0.5–0.7 mm, mainly
due to segmentation uncertainty, reflections, internal grooves, shadows, and the differ-
ence between optical envelope measurement and caliper contact measurement. Therefore,
for the metallic component, the main limitation is currently contour definition rather than
robotic positioning alone. The approximately 90◦ trial further confirmed that substan-
tial changes in part orientation may degrade segmentation and should be addressed in
future work through improved lighting, fixturing, orientation control, or more robust
segmentation methods.
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Recent work on real-world noisy-image denoising likewise highlights that unknown
camera-noise characteristics and appearance or style variability pose challenges for robust
image processing and generalization [24].

Several limitations must be acknowledged. First, the simplified plate does not repro-
duce the complete geometry of the industrial metallic component, which was used only to
motivate the inspection problem and was not fully validated experimentally. Second, the
dimensional validation is based on a limited number of parts and reference measurements.
Although the calibrated 2D measurements are repeatable for the high-contrast reference
part, a complete uncertainty budget is still required, including calibration, segmentation,
reference measurement, repositioning, and environmental contributions. Third, the metallic
part shows errors of approximately 0.5–0.7 mm, and the approximately 90◦ trial reveals
that contour extraction is currently the dominant limitation. Fourth, height, thickness,
flatness, and surface-form inspection have not yet been implemented experimentally. These
tasks will require calibrated out-of-plane measurement, suitable reference instruments,
and uncertainty analysis. Finally, if the robot is later introduced as an active element
of the measurement chain, additional error sources such as pose repeatability, vibration,
compliance, and referencing variability must be evaluated.

6. Conclusions
This paper presented a preliminary proof-of-concept study for a collaborative SCARA-

based platform intended for automated dimensional and geometric inspection of metallic
plates. The work focused on defining the industrial inspection problem, proposing a
modular inspection architecture, and documenting the first implementation activities,
including SCARA simulation, workspace analysis, end-effector development, camera
integration, camera calibration, measurement-plane calibration, and preliminary image-
based extraction of length and width. The experimental validation reported in this study
is limited to calibrated in-plane dimensional measurements; height, thickness, flatness,
and surface-form inspection remain future extensions.

The results indicate that the proposed architecture is technically feasible at the current
development stage. The calibrated 2D measurement pipeline showed repeatability under
the tested conditions for a high-contrast rectangular reference part, with standard deviations
below 0.06 mm, but residual systematic errors of approximately 0.1–0.15 mm and the
limited validation sample prevent a complete metrological claim. The metallic wavy part
revealed larger errors of approximately 0.5–0.7 mm, primarily associated with segmentation
and contour-definition uncertainty rather than with robotic positioning. The system is
therefore not yet a complete metrologically validated inspection cell.

Future work will focus on refining the workspace analysis, improving the segmen-
tation of textured metallic parts, increasing the number of tested parts and reference
measurements, developing a complete uncertainty budget, and validating the 2D measure-
ment pipeline with calibrated reference artefacts. Only after this dimensional chain has
been further validated should an out-of-plane measurement strategy for height, thickness,
flatness, and surface form be developed using laser triangulation or other calibrated 3D
sensing methods.

Overall, the study establishes a coherent engineering basis for progressing from robotic
handling and calibrated image acquisition toward a validated automated inspection system.
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