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Fig. 1. Image acquisition at different focal planes through axial scanning and

construction of a depth candidate parameter set
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Fig. 2. Image preprocessing results:  (a) grayscale conversion; (b) sharpening; (c)
contrast enhancement; (d) focal plane extraction
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Fig. 3. Schematic diagram of the measurement system
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Fig. 4. Multi-feature response curves: (a) sharpness feature; (b) grayscale feature; (c)

contrast feature; (d) fused feature response
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Fig. 5. Linear fitting results between the standard aspect ratio and the measured aspect
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Fig. 6. Residual analysis results: (a) residuals versus standard aspect ratio; (b)

histogram of residuals; (¢) residuals versus fitted values; (d) normal probability plot
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Table 1. Error statistics of aspect-ratio measurement under different feature criteria

‘ BRYEXT
H¥EHE FURA KR FHgSTIRE  BWHRIRE s
BB IR A

0.0945 0.0967 0.13
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IR IKIEIIE N
0.0565 0.0576 0.08
B A9 A4,
B—SELRE % Eb R N A
0.0415 0.0425 0.06
HHE =l
ZRMERE +
AKX HE 0.0195 0.0235 0.06
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Table A1l. Aspect-ratio measurement and error data under the single sharpness criterion

me  EREHAR, WERZ AR, HIHRE  MERE

1 4.62 4.74 0.12 2.597%
2 4.70 4.62 -0.08 1.702%
3 4.75 4.85 0.1 2.105%
4 4.80 4.74 -0.06 1.25%
5 4.88 4.97 0.09 1.844%
6 5.02 491 -0.11 2.191%
7 5.15 5.28 0.13 2.524%
8 5.30 5.23 -0.07 1.321%
9 5.44 5.52 0.08 1.471%
10 5.67 5.57 -0.1 1.764%
11 5.86 5.97 0.11 1.877%
12 5.89 5.8 -0.09 1.528%
13 5.93 6.00 0.07 1.180%
14 5.97 5.85 -0.12 2.010%
15 6.06 6.16 0.1 1.650%
16 6.12 6.04 -0.08 1.307%
17 6.25 6.37 0.12 1.920%
18 6.30 6.24 -0.06 0.952%
19 6.35 6.46 0.11 1.732%
20 6.44 6.35 -0.09 1.398%

R A2 PR FERIE S T IRAR LU B S R ZE Al
Table A2. Aspect-ratio measurement and error data under the single mean gray-level

criterion

w5 WHEREAR, NERZLAR,, HxRE  MHNRE

1 4.62 4.57 0.05 1.082%
2 4.70 4.64 0.06 1.277%
3 4.75 4.68 0.07 1.474%




4 4.80 4.76 0.04 0.833%
5 4.88 4.83 0.05 1.025%
6 5.02 5.08 0.06 1.195%
7 5.15 5.07 0.08 1.553%
8 5.30 5.25 0.05 0.943%
9 5.44 5.40 0.04 0.735%
10 5.67 5.74 0.07 1.235%
11 5.86 5.80 0.06 1.024%
12 5.89 5.84 0.05 0.849%
13 5.93 5.86 0.07 1.180%
14 5.97 6.02 0.05 0.838%
15 6.06 6.01 0.05 0.825%
16 6.12 6.06 0.06 0.980%
17 6.25 6.18 0.07 1.120%
18 6.30 6.26 0.04 0.635%
19 6.35 6.41 0.06 0.945%
20 6.44 6.39 0.05 0.776%

R A3 B LGB T URAR LI R R R Al

Table A3. Aspect-ratio measurement and error data under the single contrast criterion

&5 WEREHAR, MERZLAR,, HIHRE . MHIRE

1 4.62 4.66 0.04 0.866%
2 4.70 4.66 0.04 0.851%
3 4.75 4.80 0.05 1.053%
4 4.80 4.77 0.03 0.625%
5 4.88 4.92 0.04 0.820%
6 5.02 4.98 0.04 0.797%
7 5.15 5.21 0.06 1.165%
8 5.30 5.26 0.04 0.755%
9 5.44 5.47 0.03 0.551%
10 5.67 5.62 0.05 0.882%
11 5.86 5.90 0.04 0.683%
12 5.89 5.86 0.03 0.509%
13 5.93 5.98 0.05 0.843%




14 5.97 5.94 0.03 0.503%

15 6.06 6.10 0.04 0.66%
16 6.12 6.08 0.04 0.654%
17 6.25 6.30 0.05 0.800%
18 6.30 6.27 0.03 0.476%
19 6.35 6.41 0.06 0.945%
20 6.44 6.40 0.04 0.621%

® A4 RS SRR LA Wi T IRAR LE & S R 22 i d
Table A4. Aspect-ratio measurement and error data obtained by the multi-feature

fusion method with aspect-ratio constraint

%5 HEREZEHAR, MERZLAR,, HIHRE  MHRE

1 462 459 -0.03 0.649%
2 4.70 472 0.02 0.426%
3 475 474 -0.01 0.211%
4 4.80 482 0.02 0.417%
5 4.88 488 0 0

6 5.02 5.05 0.03 0.598%
7 5.15 5.09 -0.06 1.165%
8 5.30 5.32 0.02 0.377%
9 5.44 5.42 -0.02 0.368%
10 5.67 5.68 0.01 0.176%
11 5.86 5.87 0.01 0.171%
12 5.89 5.88 -0.01 0.170%
13 5.93 5.96 0.03 0.506%
14 5.97 5.99 0.02 0.335%
15 6.06 6.05 -0.01 0.165%
16 6.12 6.13 0.01 0.163%
17 6.25 6.23 -0.02 0.320%
18 6.30 6.31 0.01 0.159%
19 6.35 6.31 -0.04 0.630%
20 6.44 6.43 -0.01 0.155%
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Abstract

High-aspect-ratio microholes are widely used in aerospace, electronic
packaging, biomedical devices, and precision manufacturing. However,
their non-contact optical measurement is still challenged by weak bottom
signals, false-focus interference caused by stray reflections and scattering
inside the hole, and accumulated uncertainty in aspect-ratio evaluation. To
address these problems, this paper proposes a multi-feature fusion optical
measurement method based on an aspect-ratio constraint for stable
measurement of microhole depth and aspect ratio. In this method, a
sequence of microscopic images is acquired at different defocus positions
through precise axial scanning. Within a predefined region of interest,
multiple image features, including sharpness, mean gray level, and
contrast, are extracted to establish the response relationship between
image characteristics and axial displacement. After min—max

normalization, these features are adaptively weighted according to their
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response dispersion and fused into a comprehensive feature response
function. The local extrema of the fused response curve are then extracted
as candidate bottom positions. Furthermore, combined with the measured
entrance diameter, a reasonable prior interval of the aspect ratio is
introduced as a geometric constraint to screen the candidate depths,
thereby reducing the uncertainty caused by false-focus points and
single-feature judgment. Experiments were carried out on 20 microhole
samples with different aspect ratios. The results show that the proposed
method can effectively suppress false-focus interference under weak
illumination, low contrast, and complex internal reflection conditions. A
good linear agreement is obtained between the measured aspect ratios and
the standard values, with a fitted slope of 0.997 and an intercept of
0.00912. The mean absolute error, root-mean-square error, and maximum
absolute error are 0.0195, 0.0235, and 0.06, respectively. The proposed
method provides a feasible and robust approach for non-contact
measurement of geometric parameters of high-aspect-ratio microholes and
has potential applications in online inspection, quality evaluation, and

process optimization in precision manufacturing.

Keywords: microhole, optical measurement, aspect-ratio constraint, multi-feature fusion
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