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Fig. 1 Schematic of line laser vision system
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Fig. 2 Helical structure of outer spring
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Fig. 5 Scale division (left) and height (right) measurement of bolster spring
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Table 1 Height measurement results of bearing spring coil

Hmml /mm
AR /() H, /mm H ./H,
Spring 1 Spring 2 Spring 3 Spring 4 Spring 5 Spring 6 Average value
0 32.47 32.73 32.22 33.65 33.71 32.26 32.84 24 1.37
20 34. 36 35. 20 34. 28 35.97 36.21 35.18 35. 20 24 1.47
40 36.51 37.78 35. 89 38.06 38.09 37.70 37.34 24 1.56
60 39. 60 40. 54 38.12 40.23 39.92 40. 40 39. 80 24 1. 66
80 41.92 43.12 40. 57 42. 48 41,52 42. 83 42.07 24 1.75
100 44, 64 45. 69 42.58 44. 62 43. 34 44,91 44, 30 24 1.85
120 46. 76 47.95 44, 83 46. 88 45. 20 47,04 46. 44 24 1.94
140 48.75 50. 19 47.17 49.11 47. 35 49.18 48.63 24 2.03
160 50. 80 52.74 49. 27 51.66 49,78 51.16 50. 90 24 2.12
180 52.96 54.62 51. 84 53.90 52.07 53.03 53.07 24 2.21
200 55.20 56. 46 53.93 56.13 54. 66 55. 87 55.38 24 2.31
220 57.10 58. 38 55.93 58.58 56.98 57.55 57.42 24 2.39
240 59. 07 60. 76 58. 30 60. 57 58.32 59.52 59.42 24 2.48
260 61.15 62. 94 60. 60 62. 31 60. 27 61.82 61.52 24 2.56
280 62.58 64. 74 61.78 64.02 61.04 62. 28 62. 74 24 2.61
300 63. 30 65. 80 62. 40 64.18 61.50 63.75 63.49 24 2.65
320 63. 30 65. 80 62. 40 64.18 61.50 63.75 63.49 24 2. 65
340 63. 30 65. 80 62. 40 64.18 61.50 63.75 63.49 24 2.65
360 63. 30 65. 80 62. 40 64.18 61.50 63.75 63.49 24 2. 65
P2 IR B T I A o A AR 3.0
Table 2 Height measurement results of damping spring coil 28
26 =0.00452:+1.3842 ,g~g-ggg-@
H o /mm 24 H’ﬁ y=2.65
AB /() Average H, /mm H,./H, g 227 fﬁ’g
Spring 1 Spring 2 20t ,5‘5
value é " ‘5’5 % spring 1 spring 2
0 30.43  29.57  30.00 20 1.50 ik ~B’g O spring3 « spring4
. ,Q’S O spring 5 + spring 6
20 32.37 31.81 32.09 20 1. 60 14 A average - - - fitting
40 34.23  33.33  33.78 20 1.69 12 value curve
1'0 1 1 1 1 1 1 1 1
60 36.05 35.79 35.92 20 1. 80 0 40 80 120 160 200 240 280 320 360
80 38.04  37.48  37.76 20 1. 89 ABAC)
100 39.92  39.00  39.46 20 197 6 RAIFH H,../H, 55097 (05 5 i 2
120 41. 80 41. 84 41. 82 20 2.09 Fig. 6 Relationship between H ., /H, and gap orientation
140 43.59 43.52 43.56 20 2.18 of bearing spring
160 46. 16 45.94 46. 05 20 2. 30 3.0
ag | R
180 48. 38 47. 89 48. 14 20 2.41 . y=0.005x+1.4944 Y
26 K"' y=2.88
200 50. 56 49. 62 50.09 20 2.50 24 ﬁ,i’
220 52.64  51.74  52.19 20 2.61 S 23 i » i
Falr &
240 54.50  53.98  54.24 20 2.71 = 18 rr‘ % spring 1 + spring2
260 56. 27 55. 36 55. 82 20 2.79 s Cadll A average - -~ fitting
14} value curve
280 56. 94 57.79 57.37 20 2.87 12+
1.0 1 1 1 1 1 1 1 1
300 57.22 58.06 57.64 20 2.88 0 40 80 120 160 200 240 280 320 360
320 57.22 58. 06 57.64 20 2.88 AB/C°)
360 57,92 58.06 57.64 20 288 Fig. 7 Relationship between H,,,/H, and gap orientation

of damping spring
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Fig. 8 Technical route of proposed positioning method
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Fig. 9 Convolutional neural network structure of YOLOv3-tiny

FUBEFU , 3% 2% = AT B 2 A T RE AN T

1) CBL i, FZEHBH)Z Conv fitIH—1k )2
BN Fl Leaky Rel.U 3 i pFi £t 2H A%, J& YOLOv3-tiny
D) 26 v g UL A A A

2) Maxpool &, & Kt b 45 4 1Y B AE H &
M0 Ak DX S84 BRCRE AN R A O IR B OH e A, A 3] i/
BEARL R /N $d o T 530 B DA S B v T B BURR AR 1Y) B 4
PEEENT,

3) Upsample fll Concat #24E . Upsample 5Z B &
G R A T B AR 2K B8 B9 4E A s Concat 53
i i PF .

R TSRS B AR BRI L 7R R SRS BRI BR R
B T 143056 HL 3 R R S A5 T T H Labellmg

X T 2R S 1 MR % — DE AT B 1, 5 B 1 04 3 0 b B R
BRI B 10 BT . K br v 45 2R 5 6 0 A0 pL 2 1A
G 1 ) B HE S 4 7 ¢ 3 R4 S UINZREE (1001 5K A
AR (429 7)), YL EH T YOLOv3-tiny £ 8 7
g, RISk R BB B 4 BC B AT : Intel Core 17
7700 CPU,8 GB NVIDIA RTX 3070 GPU, Il 4 it
B2 8% BT A B R R S A 416 pixel X
416 pixel,22 2 KK 0. 001, L R ~F R 8, =LK K
1000, 2 3 7R T B AL 25 Je 2R FH D 4 6 JHCAG: T S
YIRS CAP) 347 PP Al B0 45 5, 45 B W oR . M 2
(IoU) F{H B & R 0.5 W, SFHHF BE R 1005524 ToU
B {EIEE R 0. 75 B, IR 98.96% . AT UL, A
AU )7 B0RG B A o B

P10 L P R A

Fig. 10 Bolster spring dataset
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Table 3 Precision evaluation of YOLOv3-tiny model

Number of images  IoU threshold Average precision /%
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algorithm for laser spot height
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Fig. 16 Actual gap orientations of bearing spring and corresponding height measurement results of outer spring spot
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Fig. 17 Actual gap orientations of damping spring and corresponding height measurement results of outer spring spot
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Table 4 Positioning test results of bearing spring under different gap orientations

Actual Actual Calculated Calculated Error /(%) Positioning

orientation /(%) H../H, H!./H, orientation /(%) duration /s
0 1. 38 1. 40 4 +4 0. 14
30 1.52 1.53 32 +2 0.14
60 1. 65 1. 66 61 +1 0.12
90 1.79 1.77 86 —4 0.13
120 1.92 1. 91 116 —4 0.12
150 2.06 2.05 147 —3 0.15
180 2.19 2.17 176 —4 0.13
210 2.33 2.32 208 —2 0.12
240 2.46 2.45 238 —2 0.14
270 2. 60 2.59 267 —3 0. 14
300 2.65 2.65 280-360 0.12
330 2.65 2.65 280-360 0.12
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Table 5 Positioning test results of damping spring under different gap orientations

Actual Actual Cal]culated Calculated Error /(%) Positioning

orientation /(%) H../H, H!./H, orientation /(%) duration /s
0 1. 49 1.52 5 +5 0.12
30 1. 64 1. 66 33 +3 0.11
60 1.79 1.82 64 +4 0.12
90 1.94 1.94 90 0 0.14
120 2.09 2.08 118 —2 0.11
150 2.24 2.26 152 +2 0.11
180 2.39 2.38 177 —3 0.12
210 2.54 2.55 211 +1 0.11
240 2.69 2.71 244 +4 0.10
270 2.84 2. 86 272 +2 0.13
300 2. 88 2. 88 280-360 0.12
330 2.88 2.88 280-360 0.12
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Fig. 18 Height measurement results of outer spring spot

under different illumination intensities. (a) Dark

illumination; (b) normal illumination; (c¢) bright

illumination
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Table 6 Positioning test results under different illumination

intensity
o Actual . Calculated
Illumination | ) Calculated ) Error /
. orientation / , , orientation / o
condition R H i/ H, o )
QD) )
Dark 2.17 176 —4
Normal 180 2.18 178 —2
Bright 2.18 178 —2
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Abstract

Objective Bolster spring is usually installed in the inner space of the narrow bogie side frame. It is one of the important
components of the vibration damping device of railway freight cars, and it requires regular repair. During the repair of the
bolster spring, the inner and outer spring groups need to be removed from the side frame and reinstalled in their original
positions after the repair. Presently, the bolster spring is disassembled by manually tilting and pulling out. The highly
limited side frame space causes the bolster spring to easily collide with or possibly block the locating pin above the inner
cavity of the side frame, thereby preventing the smooth removal of the bolster spring. Based on manual operation
experience, the gap position of the upper-end surface of the outer spring is usually determined by human eyes and
manually turned directly below the locating pin to prevent a collision. However, this process requires high labor intensity
and owns low operational efficiency. The key technical difficulty to be solved urgently is positioning the end gap of the
bolster spring in a narrow space with uncertain lighting conditions to develop a set of intelligent disassembly equipment for
the bolster spring in a narrow space to replace manual operation. After analysis, it was observed that there is no relevant
literature to conduct positioning research on the bolster spring object with complex geometric properties in a narrow
space. This research proposes a visual indirect positioning method of bolster spring gap based on a line laser to solve the
problem of automatic positioning of bolster spring gap in a narrow space, aiming at the new research object of bolster
spring, based on line laser, machine vision, and image processing technologies.

Methods In this research, a line laser vision system, an object detection algorithm based on deep learning, and an image
processing algorithm were used. Firstly, the variation law between the height of the spring coil and orientation of the end
gap was derived by analyzing the structural characteristics of its outer spring and collecting the height data of the first and
second layers of the spring coil, aiming at the new research object of bolster spring. Then, the vision system based on a
line laser was applied to the new field of bolster spring gap positioning. The adaptive solution method of spring coil height
was studied with YOLOv3-tiny object detection, threshold segmentation, and bounding box fitting algorithms. Finally, the
visual indirect positioning method of bolster spring gap suitable for a narrow space was analyzed using the adaptive solution
method of spring coil height and mathematical model of the relationship between spring coil height and end gap. The
accuracy, efficiency, and illumination resistance of bolster spring end gap positioning using this method in different
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orientations were analyzed experimentally.

Results and Discussions The mathematical model based on the least square method represents the corresponding
relationships between the spring coil height and gap orientation of the two types of bolster springs. The ratio H.,/H, of
the two kinds of bolster springs shows a good piecewise linear relationship with the gap orientation, with the increased
division degree (Figs. 6 and 7). The positioning experiments under different gap orientations show that the spot imaging
quality under the line laser vision system is better. In this research, the adaptive threshold segmentation method is
separated by the laser spot on the surface of the outer and inner springs (Figs. 14 and 15). The calculated orientation
error of the bolster spring gap is kept within —5°~ +5°, and the single positioning time is less than 0.15 s, thereby
meeting the requirements of system positioning efficiency (Tables 3 and 4). The positioning experiments under different
illumination intensities show that the positioning method proposed in this research has strong resistance to the change in
illumination intensity (Table 5).

Conclusions This research proposesd a visual indirect positioning method to bolster spring gaps based on the spot
features of a linear laser. The variation law between the height of the spring coil and orientation of the end gap was
derived by analyzing the structural characteristics of the outer spring and height data collection of the first and second
layers of the spring coil. The collected height data were fitted, and the mathematical models of the corresponding
relationships between the height of the spring coil and gap orientation of the bearing and damping springs were derived
with the least square method. The YOLOv3-tiny object detection algorithm based on deep learning was used to detect the
bolster spring in a complex background, and then, the region of interest segmentation, including the laser spot image,
was produced. An adaptive solution method of spring coil height was proposed based on threshold segmentation and
bounding box fitting algorithms, which significantly improves the flexibility and adaptability of the algorithm. Multiple sets
of bolster spring gap positioning experiments have been performed on the bolster spring test platform. The results show
that the proposed method can accurately and efficiently position the two types of bolster springs in a narrow space. The
positioning accuracy is within —5° ~ +5° while the single positioning time is no more than 0. 15 s. Meanwhile, the
proposed method has strong resistance to changes in illumination intensity, thereby meeting the gap positioning
requirements of the bolster spring intelligent disassembly equipment.

Key words measurement; bolster spring gap; line laser; YOLOv3-tiny object detection algorithm; visual positioning;
robustness
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