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Fig. 3 Macro-micro composite calibration block model
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Table 1 Macro-micro composite calibration block feature point coordinates
. i Macro feature point coordinates Micro feature point coordinates
Feature point ordinal number

X /mm Y /mm Z /mm X /mm Y /mm Z /mm
1 15. 00 75.00 15. 00 97. 50 90. 00 17.25
2 35.00 75.00 15.00 97.75 89. 50 17.75
3 55.00 75.00 15.00 98. 25 89. 50 17.75
4 75.00 75.00 15.00 98.75 90. 00 17.25
5 22.00 55.00 15.00 97.50 90. 00 18.75
6 41.00 60. 00 15. 00 97.75 89. 50 18. 25
7 59.00 58.00 15. 00 98.25 89.50 18.25
8 80. 00 57.00 15.00 98.75 90. 00 18.75
9 12.00 33.00 15.00
10 37.00 39.00 15.00
11 58.00 38.00 15. 00
12 85.00 34.00 15. 00
13 16.00 15.00 15.00
14 38.00 13.00 15.00
15 60. 00 20. 00 15.00
16 83.00 14.00 15.00
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Table 2 Coordinates of reconstructed feature points

Feature point Binocular reconstruction feature point coordinates Microscopic reconstruction of feature point coordinates

ordinal number X /mm Y /mm 7 /mm X /mm Y /mm 7 /mm
1 136. 2400 49. 4583 884.6810 1. 884630 0.224976 0.778578
2 69.0741 72.2868 895.9190 1. 386740 0.721029 0.275622
3 73.0661 90. 2391 896. 9160 0.877775 0.725782 0.278612
4 93. 7492 66. 7816 892. 1950 0. 372501 0.223132 0. 760484
5 94.8173 92.4349 894.5430 1. 884630 1.720230 0.778208
6 116. 5680 85.7307 891.0920 1. 383050 1.220770 0.269939
7 139. 1480 92.2189 888. 6500 0.881043 1.221410 0.270268
8 141. 1480 72.2797 886. 4800 0. 373877 1. 722360 0. 760037
9 147.037 —269. 241 774.246
10 176.014 —255.086 777.466
11 209. 365 —148. 475 787.507
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Fig. 5 Injector and local measurement results: (a) Injector surface; (b) injection hole point cloud data

0612001-7



S e it FH Y AR AR 4 A S BOR AR A 0
F 1.5 mm X2 mm, WE 6(a) (b)) IF 7, AR &AWt
AL E AT I A T vk A S AR LA A R, R UL
I B A XoF A W L 1) () B S 43 3R T AT T
#o PLES AN 513 R S T R A W L A H: [a]
HB A B R S bR W Y 4 R A A
23 T, G INE 4x Jay 4 o) S AR AR R B 4 SRy AR AR R (R Y
¥ 0GR T 2= AR E, A AU H A LR 401 & &t

& 44 3% F 6 H1/2024 &£ 3 B/HEEIR

I 24 4~ 7 B 0y A A bR, R K (3) 43 0 oK g
24 21 4 Jay 15 ) 5 A bR R A X T H A2 AR AL AR bR &R 1
7 %, F 20 (1) SR i % KB ] F e LS =
BOE ) A bR B G FR I B OC R AN R 3 TR . 58
A R AL A R T BT R A s BN B R AE R, X B
5080 HE 42 W Delaunay = ff1 31 43 80 92 oE 47 28 w1
A e 2R AT Y TR 4R AL B 51 26 I Y 4 R A A
LanE 6(c) s

3 REP XA %GR A)

Table 3 Pose of the local area (partial)

Region Pose result
0.985852 —0.151912 —0.070844 327.059
| 0.011303 0.481935 —0.876134 798. 299
| —0.167238 —0.862938 —0.476834 1593. 85
0 0 0 1
0. 98687 0.151354  0.056389  85.7012
Global control points TS = 0.331495  0.331495 —0.943452 922.521
—0.161488 0.931237 0. 326679 104. 817
0 0 0 1
0. 98475 —0.154733 —0.079527 338. 249
TS — 0.006711 0.490567  —0.871378 789.278
‘ —0.173844 —0.857556 —0.484124 1601. 65
0 0 0 1
0.752369 —0.658531 0.0166652 0. 027426
s, | —0.154450 —0.151752  0.976277  —736. 992701
" —0.640380 —0.737095 —0.215883 —66. 066501
0 0 0 1
0.652151 0.424620  0.494517 —890. 020364
. . —0.454279 —0.625901 0.765582 —344.944755
Local point cloud data Ty = - -
—0.691526  0.654175  0.411507 —1225. 815691
0 0 0 1
0. 750058 —0.661356  0.004661 15. 740639
TS = —0.147920 —0.160883  0.975826  —733. 229084
) —0.644618 —0.732616 —0.218499 —63. 543655
0 0 0 1
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Fig. 6 Results of 3D reconstruction of the surface of the hole array. (a) Single injection hole; (b) two of the injection hole stitching

results; (¢) all injection hole stitching results
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Table 4 Measured and theoretical values of the center coordinates of the hole surface, as well as the error between them  unit: mm

Hole serial . .
number The coordinates of the center of the hole surface Theoretical value Error
1 0. 0001 —8.0218 0.0081 0. 0000 —8.0000 0. 0000 0.0233
2 —3.9964 —6.9495 0.0118 —4.0000 —6.9282 0. 0000 0.0247
3 —6.9295 —4.0271 0. 0055 —6.9282 —4.0000 0. 0000 0.0277
4 —7.9997 0.0231 0.0051 —8.0000 0. 0000 0. 0000 0.0237
5 —6.9233 3.9976 0.0224 —6.9282 4. 0000 0. 0000 0. 0230
6 —3.9976 6.9063 0.0261 —4.0000 6.9282 0. 0000 0.0288
7 —0. 0001 7.9780 0. 0009 0. 0000 8. 0000 0. 0000 0.0219
8 4.0005 6. 9066 0.0023 4. 0000 6.9282 0. 0000 0.0118
9 6.9282 3.9768 0.0093 6.9282 4.0000 0. 0000 0.0249
10 8.0003 —0.0238 0.0108 8. 0000 0. 0000 0. 0000 0.0262
11 6.9281 —4.0261 0.0113 6.9282 —4.0000 0. 0000 0.0285
12 4.0051 —6.9050 0. 0056 4. 0000 —6.9282 0. 0000 0.0243
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Table 5 Measured and theoretical values of the axial direction of the hole, as well as the error between them

Hole serial number Hole axis direction vector Theoretical value Error /(%)
1 (0.0001,—8.0218,13.8645) (0. 0000, —8.0000,13. 8564) 0. 0530
2 (—3.9964,—6.9495,13. 8682) (—4.0000,—6.9282,13.8564) 0.0579
3 (—6.9295,—4.0271,13.8619) (—6.9282,—4.0000,13. 8564) 0. 0891
4 (—7.9997,0.0231,13.8615) (—8.0000,0.0000,13. 8564) 0.0833
5 (—6.9233,3.9976,13. 8788) (—6.9282,4.0000,13. 8564) 0. 0569
6 (—3.9976,6.9063,13. 8825) (—4.0000,6.9282,13. 8564) 0.1137
7 (—0.0001,7.9780,13.8573) (0.0000,8.0000,13. 8564) 0.0699
8 (4.0005,6.9066,13. 8587) (4.0000,6.9282,13. 8564) 0.0744
9 (6.9282,3.9768,13. 8657) (6.9282,4.0000,13. 8564) 0. 0891
10 (8.0003,—0.0238,13.8672) (8.0000,0.0000,13. 8564 ) 0. 0871
11 (6.9281,—4.0261,13.8677) (6.9282,—4.0000,13. 8564) 0. 0835
12 (4.0051,—6.9050,13.8620) (4.0000,—6.9282,13. 8564) 0.0863

SIENTE L Pl 3RS Al h s

Fig. 7 Surface structured light sensor measurement system
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Fig. 8 Measured results of the surface structured light scanner. (a) Overall topography; (b) local details; (¢) local details of the methods

in this paper
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Nanging 210016, Jiangsu, China
Abstract

Objective Complex parts in the aerospace field need to deal with high temperature, high pressure, high speed and
complex electromagnetic environment, and other new service environments, parts usually need to design some precision
microstructures such as micropores to bear the function of heat dissipation and pressure resistance, which puts forward
extremely high requirements for the manufacturing accuracy of the parts themselves, and also requires the measurement
equipment to take into account the dimensional accuracy and positioning accuracy of the parts. At present, the
measurement technology of multiple sensor combinations is mainly adopted, and the macro and micro feature data is
obtained by using the measurement characteristics of each sensor, and finally the data is registered and fused or three-
dimensional stitching, the main registration fusion method is to downsample the microscale measurement data of high-
precision large data and upsample the large-scale measurement data with relatively low accuracy and small data volume,
and finally make the data of these two scales achieve similar accuracy to register them, but this method does not form a
more correct and mature method in the upsampling process, which makes the accuracy of upsampling unsatisfactory,
resulting in doubts about the correctness of the final result. In addition, the current multi-sensor integration method is
mostly limited to sensors of similar scale, so this paper proposes an integrated calibration method between sensors with
large scale differences, which can overcome the problem of coordinate integration difficulties caused by the difference in
accuracy and resolution between sensors, and use typical aerospace parts for measurement verification, which proves that

this method can be effectively applied to such parts with cross-scale structural features.

Methods By preliminarily establishing a model of multi-sensor combination measurement to derive the coordinate system
conversion closed loop, due to the relative position of the probe and the microscope camera is constant, which is the
invariants in the closed loop and the key link to complete the accuracy conversion in the conversion closed loop. This paper
innovatively uses a special calibration block as a transit target to calibrate this conversion relationship, this calibration block
is designed and processed from the perspective of controlling the accuracy of coordinate conversion, it contains sixteen
macro feature points and eight micro feature points, because the field of view of zoom scanning microscopy equipment is
extremely small, and calibration requires at least six feature points to be set in such a field of view, so this paper designs
such a microstructure into a square groove structure, using its corner points as marker points, This also facilitates the
search for more accurate feature point coordinates in microscopic reconstruction results. In addition, silicon is used for the
processing of this calibration block, so that the tiny square groove structure can be precisely machined. Finally, the above
coordinate transformation relationship is solved by a relatively simple quaternion method, that is, the calibration of the geo-

coordinate system of two sensors of different scales is completed.

Results and Discussions Using the above model and the fixed conversion relationship solved by the calibration method
proposed in this paper, the data of each local measurement can be converted to the same coordinate system. The
experiment in this paper chose an injector, a space cross-scale part with a conical surface. There are 12 holes with a
diameter of about 0. 5 mm evenly distributed above, measure them one by one while using a binocular camera to record the
global control points distributed on the microprobe during each measurement, use these global control points to calculate
their conversion relationship to the binocular system, and then the pose matrix represented by the left multiplication
calibration result can obtain the conversion relationship from a specific point to the global coordinate system, respectively
apply the conversion relationship to the measurement results of specific points (represented as point cloud datasets), you
can obtain each local area data with the same coordinate system, and make them a simple collection to obtain a complete
high-precision large-scale topography dataset. The central coordinates of each hole on its surface and the direction vector of
each hole axis are obtained by solving some processing algorithms, because these quantities can accurately represent the
positioning accuracy of holes, compare them with the theoretical model to obtain error values, and then compare the error
values with the processing accuracy of parts, which can verify the final accuracy of the measurement method and the degree
of improvement of accuracy. The final result is that the central coordinate error is 0. 029 mm, the axial error of the hole is

0.1140°, which is greatly improved compared with the central coordinate error of 0. 05 mm and the axial error of the hole
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of 0. 167" in the machining accuracy requirements, in addition, the results of this paper are more accurate than the scanning

results of the single-scan measuring instrument Gocator sensor.

Conclusions In this paper, a cross-scale measurement method based on macro-micro composite calibration is proposed
for precision three-dimensional optical measurement of parts with cross-scale micro-nano structure, which takes into
account the accuracy difference of macro-micro measurement equipment and the integrity and correctness of microscopic
raw data, and completes the conversion relationship and accuracy transition of the global model of the binocular-
microscopic combined measurement system by designing and precision processing the macro-micro composite calibration
block, so as to realize the global calibration of cross-scale measurement equipment. By comparing with the roundness and
flatness of the center point set of each hole in the theoretical model to analyze the splicing accuracy, it is concluded that the
roundness error of the coordinate distribution of the hole surface of the microhole is 0. 0438 mm and the flatness error is
0. 0252 mm, and the positioning accuracy of the parts measured by this method is analyzed by comparing with the position
of each hole center pose in the theoretical model, and the point error value is less than 0. 029 mm and the axial error is less
than 0. 1140°. The experimental results show that compared with direct measurement methods such as surface structured
light, this measurement method has the advantages of higher accuracy and more accurate morphology reconstruction, and
is suitable for the measurement of microstructure, topography, dimensional accuracy, and positioning accuracy of a type of

cross-scale parts.

Key words surface topography measurement; cross-scale; multi-sensor approach; point cloud stitching
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