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large depth to diameter ratios and small apertures, high-quality detection of surface defects inside
the holes faces significant challenges due to the complex working environment. A defective feature
endoscopic imaging method based on optical path analysis is proposed to address this challenge.
Firstly, by analyzing the path changes of a single light ray, a defect characterization model is con-
structed to investigate the impact of defect height and angle changes on the offset of the emitted
light ray. Secondly, the accuracy of the model was verified through simulation experiments, and the
multi section point cloud data of defects at different heights and angles were concatenated to
achieve three-dimensional reconstruction of the axial direction of different defects on the inner sur-
face of deep holes, characterizing the changes in the emitted light caused by different defects. Finally,
based on a high-precision experimental platform, the presence of defects on the deep hole inner
surface was simulated, and the average error of height change was verified to be 0.00438mm, and
the average error of angle change was 0.01556mm. This proves the accuracy of the endoscopic
measurement method for the characteristics of deep hole inner surface defects, which can invert
the parameters of deep hole inner wall defects based on the emitted light results.
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Figure 1. Mathematical model of height variation of single ray folding defect and
deviation of outgoing ray from axis

1. BRALEANERIASE TS BB ML R E R FRAE

HeT UG 2 SR B 2 (R AR R A, G55 RS BA AR, HIER OIS H, Ik 1 s,

DOI: 10.12677/airr.2025.144078 822 PNER ST IR YN


https://doi.org/10.12677/airr.2025.144078

VRIS R, X

Fey S R s e P R BB A AL A0 T

Table 1. Parameter design and symbol definition
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K FERMEKE: L& =0.462 mm 01=13°,02=26
sinB1 = 0.2250, cosd1 = 0.9744 tan1 = 0.2309, tan62 = 0.4877
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Figure 2. Mathematical model of angle change of single ray folding defect and deviation
of outgoing ray from axis
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Figure 3. Schematic diagram of simulation changes in the height of surface defects inside deep holes
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Table 2. Simulation and model correspondence table of distance changes from the outgoing light to the axis due to different
height variations

2. TESEEUSH SR MARRET U HEMREN MR

3 [ 1z E (mm) BB AL 5 2 B (mm) 5 FL SR il 2 S (mim)
—0.18 3.9108 3.9214
—0.16 3.8749 3.8855
—-0.14 3.8389 3.8495
—-0.12 3.8029 3.8136
—-0.10 3.767 3.7777
—0.08 3.731 3.7417
—0.06 3.695 3.7158
—0.04 3.6591 3.6699
—-0.02 3.6231 3.6301
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0.06 3.4793 3.4941
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0.12 33714 3.3823
0.14 3.3353 3.3463
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0.18 3.2635 3.2744
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Figure 4. Variation of simulation results under different defect heights
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Figure 5. Splicing diagram of point clouds with different defect heights for a single ray
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Figure 6. Comparison between simulation models and theoretical models at
different heights
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Figure 7. Schematic diagram of simulation of angle variation of surface
defects in deep holes
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Table 3. Simulation and model correspondence table of distance changes from the outgoing light to the axis due to different

angle variations
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FBEC) BRI SR 2 7 (mm) i FLSE 96l 2 5 (mim)
-0.4 3.4053 3.3678

-0.3 3.4582 3.4278
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-0.1 3.5505 3.5418

0 3.5895 3.595
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0.2 3.6589 3.6787
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Figure 8. Changes in simulation results under different defect angles
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Figure 9. Splicing diagram of point clouds with different defect angles for a single ray
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Figure 10. Comparison between simulation models and theoretical models
from different angles
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Figure 11. Experimental process diagram of simulating defect height de-
tection system
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Table 4. Experimental results of distance variation of emitted light caused by different height changes
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2 -0.08 -0.337
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6 0 -0.355
7 0.02 ~0.33
8 0.04 -0.385
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Figure 12. Construction diagram of experimental bench equipment
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Table 5. Distance variation of emitted light caused by different angle changes

5 TEAEEUSHHSAEAIBERERETHE

Fs FEEC) SIAFEEL AR B (um)
1 -0.2 —
2 -0.1 0.0573
3 0 0.0532
4 0.1 0.0531
5 0.2 0.0491
6 0.3 0.0564
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RIS BEIY BEAT 0 HUIRE o A RUHDS T b — S AR R 209 0.1°, WIARE 1.2 shAS[R] S bE M FZ RO RIS 72
6, AHEREAFRMERAZ LR, BAE S5 PRRNERIIRDCRAR N EZE, MRS EE LA E
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LA AT b ) O A ) = R EE A o RAEAE AN [RIBREE 26 AR F 4 H SO R A R IR . fi il i s 5
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