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Abstract: Objective Power insulators are critical elements in high-voltage transmission and distribution networks, whose

structural integrity directly influences operational safety, reliability, and service life. Even seemingly minor surface defects
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such as cracks, pits, bubbles, or chips can significantly reduce dielectric strength, increase the likelihood of par-
tial discharge or flashover, and, in severe cases, trigger cascading equipment failures or widespread outages. As modern
power systems operate under increasing demands for capacity and stability, the timely, precise identification of such
defects has become essential for preventive maintenance and quality assurance. However, existing inspection practices
remain fundamentally limited: Manual visual inspection is labor-intensive, subjective, and prone to oversight, while con-
ventional two-dimensional image-based analysis suffers from background clutter, occlusion, and insufficient geometric

detail to capture the true three-dimensional nature of surface anomalies. These shortcomings make accurate localization and

quantitative measurement of defects on curved, complex surfaces such as porcelain and composite insulators par-
ticularly challenging. Even when integrated with advanced deep learning techniques, image-based approaches require
extensive, carefully annotated datasets and still fail to capture subtle geometric anomalies with high reliability. This study
addresses these fundamental limitations by developing an automated three-dimensional defect detection framework that
exploits the intrinsic rotational symmetry of insulators as a structural prior, enabling precise defect localization and accurate
area quantification while maintaining computational efficiency suitable for industrial deployment. Method We propose a
comprehensive three-dimensional (3D) defect detection methodology that integrates computational geometry, surface
parameterization, interactive annotation, and constrained optimization into a coherent pipeline. The approach fundamen-
tally departs from conventional texture-based methods by working directly on high-resolution 3D geometry, thus achieving
inherent robustness against lighting conditions, background interference, and surface material variations. The methodology
unfolds through four interconnected stages. First, high-fidelity 3D models are acquired via structured-light scanning along
controlled trajectories to ensure complete coverage and minimize occlusions. The acquired geometry undergoes preprocess-
ing where the mesh is radially split into two halves along a plane containing the rotation axis, followed by UV parameteriza-
tion using mean value coordinates. This parameterization maps the curved surface onto standardized 2D rectangular
domains while preserving local geometry and minimizing distortion, facilitating intuitive visualization and direct annota-
tion. Normal vectors at each vertex are then encoded into RGB color space to generate clear normal maps, where surface
irregularities and defects typically exhibit distinctive patterns that enable rapid identification by inspectors. Second, the
interactive annotation phase allows users to enclose defect regions by using axis-aligned rectangular selections in the UV-
mapped normal images, striking a balance between annotation speed and spatial localization precision. This design also
enables coarse annotation to be performed by minimally trained personnel without sacrificing downstream detection accu-
racy. The annotated 2D regions are subsequently projected back to 3D space to identify corresponding vertices and faces in
the original mesh. Third, an optimization framework guided by rotational symmetry principles is applied to refine the detec-
tion. The geometry of a perfect surface of revolution is mathematically formulated via a mixed product condition: for any
surface point P with normal vector N, rotation axis direction A, and vector V connecting P to any point on the axis, the
coplanarity constraint (N X A) + V = 0 must hold. This condition is satisfied for all points on an ideal symmetric surface but
deviates systematically in defect regions. A combined energy function incorporating Laplacian regularization terms for sur-
face smoothness and rotational symmetry constraints is constructed and minimized using the limited-memory Broyden-
Fletcher-Goldfarb-Shanno algorithm, chosen for its scalability and effectiveness in large-scale mesh processing. The optimi-
zation process reconstructs an idealized, defect-free model that maintains rotational symmetry while preserving boundary
continuity through fixed boundary vertices. Fourth, defect identification is performed through systematic geometric com-
parison between the original and optimized models, with triangles marked as defective when all three vertex distances

exceed a threshold proportional to the model’ s bounding box diagonal (0.35% in our experiments). This spatial consis-

tency criterion enables detection of diverse anomalies including concavities, protrusions, and surface roughness
without making assumptions about defect shape or orientation. Result The proposed method was comprehensively validated
on a dataset of 27 high-resolution 3D scans encompassing porcelain and composite insulators with diverse real-world defects
such as cracks, bubbles, pits, surface wear, and impact damage. Quantitative evaluation demonstrates exceptional accu-
racy in defect area measurements, achieving an average relative error of less than 0. 2%o compared with ground truth

obtained through meticulous manual face-by-face annotation. The method performs consistently across different defect cat-

egories: For defects with clear boundaries such as chips and major cracks, area calculation errors remain minimal, while
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for defects with ambiguous boundaries such as minor surface wear, errors increase slightly but remain within acceptable
engineering tolerances. Computational efficiency analysis reveals that the complete processing pipeline executes in approxi-
mately 19. 62 s for typical insulator models containing around 250 000 vertices, with UV parameterization and normal map-
ping taking 2. 45 s, and defect region optimization requiring 17. 17 s on average. This processing speed demonstrates that
the proposed method is feasible for production-line quality control and field inspection scenarios. The UV parameterization

consistently produces low-distortion mappings that accurately preserve correspondence between 2D annotations and 3D

geometry across diverse insulator geometries. Most importantly, symmetry-based optimization significantly improves bound-
ary precision relative to raw manual selections, enabling detection of subtle geometric anomalies that would be systemati-
cally missed by conventional approaches. Qualitative evaluation confirms robust performance across different defect types,
sizes, and spatial distributions, with the method successfully handling complex scenarios such as multiple overlapping
defects and defects near geometric discontinuities. Conclusion This research presents a robust, efficient, and accurate 3D

defect detection methodology for electrical insulators that successfully unites computational geometry, interactive visualiza-

tion, and physics-inspired optimization principles. The approach fundamentally addresses key limitations of existing meth-
ods by leveraging high-fidelity 3D geometry rather than texture or intensity data, achieving superior robustness against envi-

ronmental variations, including lighting conditions, background clutter, and surface material heterogeneity. The frame-
work demonstrates exceptional performance in defect localization accuracy and area quantification precision while maintain-
ing practical computational requirements suitable for real-world industrial inspection environments. By combining human-
guided coarse annotation with automated, physics-based refinement, the method minimizes the need for exhaustive manual
labeling while retaining expert oversight for ambiguous cases. lts reliance on geometric principles rather than purely statisti-
cal learning significantly reduces dependency on large training datasets, making it particularly effective in low-data manu-
facturing inspection regimes where annotated datasets are scarce or prohibitively expensive to obtain. Beyond its immediate
application to insulator quality assessment, the proposed framework offers a generalizable paradigm for inspecting rotation-
ally symmetric objects across diverse manufacturing domains, including precision-machined components, turbine blades,
pipe joints, ceramic products, and aerospace engine parts. The modular design facilitates integration into existing inspec-

0

tion workflows with minimal system reconfiguration, while the emphasis on geometric consistency provides a principled
foundation for extending the approach to objects with more complex symmetries or manufacturing tolerances. Future

51

maps, extending the framework to quantify defect depth and volume in addition to area, and adapting the method for real-
time inspection scenarios in high-throughput manufacturing environments.

i1

research directions include automating the initial defect localization phase through deep learning-based analysis of normal

Key words: electrical insulator; defect detection; normal map; rotational symmetry; intrinsic rotational symmetry
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Fig. 1 Actual photo of defect
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composite insulator, while the others are porcelain insulators )
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BhR A, /mm? A /mm? E/%o
A1 145.37 128.46 0.05
KA 2 136.57 130.50 0.01
FEA3 491.00 388.74 0.11
AR 4 290.13 256.36 0.07
FEAS 462.51 354.12 0.15

T AL PR R B MR 2

R2 MBEFEBBANRIGENE ST
Table 2 Statistics of single defect detection time for
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