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Fig. 3 Measurement principle of bolster spring sizes based on 3D point cloud
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Fig. 4 Downsampled voxel mesh of point cloud
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Fig. 5 Definitions of vector and angle between adjacent vectors. (a) Definition of vector; (b) definition of angle between adjacent vectors
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Fig. 8 Test platform for measuring bolster spring
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Fig. 9 Manual measurement and line laser scanning. (a) Manual measurement; (b) line laser scanning
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Fig. 10 Point cloud data acquisition and preprocessing. (a) Three dimensional image of bolster spring; (b) point cloud data conversion;
(¢) point cloud preprocessing
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Table 1 Calculation results of plane equations

Plane Plane equation
Upper plane of outer bolster spring 0.00908485x — 0.999949y + 0.004415262 + 235.798 =0
Upper plane of inner bolster spring 0.0140108x — 0.999783y + 0.0154244% + 209.755=0
Bottom plane 0.00933259x — 0.999952y + 0.00279845z + 6.8273 =10

S B AE SEAT IR 3 S XA R BE T R/ T i 147.48 mm, HoR H AR AW & D IR 5 4 AR
HALA R R B DR E R, AAEASA R A E RS —3.
1 (156.65, 283.70) , 1 & A 147.12 mm, ¥ [& > Al BT LR BREXT 10 4 b 3% 2 B0HE AT b
RN BRI P dk ok g, o B L g5 AN 2 o, N T R0 2 0 2 SR 4 6 L
FEC0.1, 1A 15 ) B/ .0k (156.65, 283.79) , H 12 K11 FTR

#2 ST R

Table 2 Measurement results of point clouds

Outer bolster spring Inner bolster spring
Group No. . Outer diameter /' Inner diameter / . Outer diameter / Inner diameter /  T1me /s
Height /mm mm i Height /mm m m
1 252.79 138.45 91.26 228.49 81.84 50.20 2.258
2 230.42 147.60 95.80 209.52 87.80 50.84 2.387
3 230.93 147.88 95.20 210.08 87.64 51.88 2.569
4 229.93 148.04 96.64 209.85 87.78 52.42 2.293
5 251.93 138.32 91.06 209.81 86.96 52.18 2.811
6 252.13 137.60 90.88 229.70 82.00 50.28 2.857
7 251.19 137.38 90.81 228.8 82.10 50.24 2.899
8 251.40 136.84 90.02 228.36 82.58 49.80 2.962
9 251.61 138.98 91.52 229.08 81.48 49.52 2.728
10 232.01 148.12 96.00 209.74 88.08 51.34 2.931
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N T 235 5 37 = 0 R 25 5 ), 3K 96 B 20 Y )
25 F 0 Y EAE N N T, A FRORSE S B B 1Y bR
W R SE o & 11 Ca) A1 3 B B R D 1R 22 7
+0.3 mm W, & 11(b) Ak 5 b 42 B K i iR 22 7F
+0.35 mm P, & 11 (c) i 40 55 P9 48 fe R I o 1% 25 7
+0.3mm AN, B 11(d) A 8 & R R R I o R 25 A
+0.35 mm W, B 11 (e) P 3 A0 42 i R 3R 25 7
+0.3 mm A, B 11D H N 3 AR e KO R 25 7
+0.3mm N . W 2 FFR, B RL S 0G24 0 A )
R 2.7 s AN T A R) 15~20 s A 5 K $E T i
5 VA JEORG B N ROCREOR BT SR R AT
423 EHWHRIEL M

MERFEELEMENT 10 FonillERGE R, &
MR T 10% (H/NTF 3090 F7m il 2 & 40 M Re Ak 1 1I
RREEEHERT 0% RnillE ZREMREAE. N
55 UE 55, 2= I S 7k B O S BE A, 4 AL 8 A AT
10 Yk H A2 M o, 0 3 45 R G 3~5 B, o RSD

spring

Sk R X o 1 A 25

P T 5 110 i i 5 2 R SRR S R B b R
B RST 5 A TR ST Z R AE i 25, a2 3 7 Group 2 Y
AN v B 2 R s, N A s
AR ZER R, B IEHE L. #3451 BoR,
e 5 v B ) o 25 S e KPR 25 4E +0.35 mm P,
e RARMEDN 22 /0N T 0.35 mm, 76 4 F 3 5 & 45 5
N, BE AR A A R B R OE IR 278 +0.3 mm
W, RFR IR 22 /N T 0.3 mm ., Kk 5 B A5 300 5 6 )
AW NT 3%, IE I kB B
e

D 25 SR A A — 2 iR 22 (E 0] DU B A K s
PESR, AR IRZEN FEERZAQHE. D)Ll
TS A AE G R TR 22 5 2) AN HI AL E8 3K 3 1% 2% 2% 1 i it
WELEL S, Ba sh A b i 9t AR A1 02 Bl 5 3) L CE:
FLAEAFTE — 5 WY A7 BRI B R 25 5 4) A7 7E 2 o Tl Ak B
A TR R 25

1904001-8



%3

Bl 3 v B A 4 R

% 50% 5 19 #1/2023 £ 10 B/ Ei#

Table 3 Repeated measurement results of bolster spring height

Experiment No.

Height of outer bolster spring /mm

Height of inner bolster spring /mm

Group 1 Group 2 Group 3 Group 4 Group 1 Group 2 Group 3 Group 4
Nominal dimension 252.00 232.00 232.00 252.00 229.00 210.00 210.00 210.00
Manual measurement result ~ 252.50 230.56 230.72 251.76 228.42 209.56 209.92 209.98
1 252.79 230.42 230.93 251.93 228.49 209.52 210.08 209.81
2 252.60 230.97 230.97 252.32 228.37 209.67 209.62 209.52
3 252.49 230.12 230.77 252.17 228.52 209.31 209.80 209.67
4 252.61 230.25 231.34 251.86 228.82 209.98 209.73 210.11
5 252.49 230.91 230.75 252.09 228.55 209.79 210.21 209.95
6 252.67 230.36 230.87 251.88 228.60 209.77 209.73 210.22
7 252.64 230.34 231.21 252.24 228.35 209.34 209.97 209.80
8 252.80 230.48 230.70 252.33 228.59 209.40 209.77 209.85
9 252.47 230.76 230.72 252.02 228.58 210.04 210.39 209.76
10 252.71 230.24 230.83 251.98 228.51 210.27 209.82 210.09
Mean error 0.127 0.102 0.189 0.322 0.118 0.149 0.008 0.102
Standard deviation 0.1195 0.2946 0.2140 0.1759 0.1312 0.3225 0.2453 0.2154
RSD /% 0.047 0.128 0.093 0.070 0.057 0.154 0.117 0.103

R4 BN A

Table 4 Repeated measurement results of outer diameter of bolster spring

Experiment No.

Outer diameter of outer bolster spring /mm

Outer diameter of inner bolster spring /mm

Group 1 Group 2 Group 3 Group 4 Group 1 Group 2 Group 3 Group 4
Nominal dimension 139.00 148.00 148.00 139.00 82.00 88.00 88.00 88.00
Manual measurement result ~ 138.24 147.68 147.38 138.24 81.88 87.91 87.44 87.12
1 138.45 147.60 147.88 138.32 81.84 87.80 87.64 86.96
2 138.54 147.36 147.45 138.07 82.12 87.74 87.72 86.71
3 138.13 147.72 147.38 138.72 82.07 87.52 87.98 87.07
4 138.28 147.56 147.72 138.45 81.97 87.46 87.98 86.55
5 138.40 147.48 147.32 138.69 81.88 87.74 87.35 86.80
6 138.37 147.42 147.55 138.66 81.90 87.42 87.55 86.81
7 138.41 147.34 147.40 138.20 82.01 87.72 87.87 87.22
8 138.32 148.14 147.22 138.74 82.22 88.00 87.81 86.78
9 138.25 147.68 147.61 138.32 82.14 87.98 87.23 87.25
10 138.19 147.56 147.39 138.57 81.91 87.66 87.47 86.93
Mean error 0.094 0.094 0.112 0.234 0.126 0.206 0.220 0.212
Standard deviation 0.1247 0.2324 0.1990 0.2376 0.1274 0.1977 0.2592 0.2233
RSD /% 0.090 0.157 0.135 0.171 0.155 0.225 0.296 0.257
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Table 5

Repeated measurement results of inner diameter of bolster spring

Inner diameter of outer bolster spring /mm

Inner diameter of inner bolster spring /mm

Experiment No.

Group 1 Group 2 Group 3 Group 4 Group 1 Group 2 Group 3 Group 4
Nominal Dimension 91.00 96.00 96.00 91.00 50.00 52.00 52.00 52.00
Manual measurement result 91.02 96.04 95.42 90.78 50.38 51.08 52.06 52.38
1 91.26 95.80 95.20 91.06 50.20 50.84 51.88 52.18
2 90.93 96.12 95.33 90.80 50.46 50.96 52.25 52.11
3 91.15 96.02 95.62 91.22 50.31 51.26 51.96 52.08
4 90.94 96.04 95.41 90.98 50.09 51.00 52.07 52.40
5 90.78 95.98 95.10 90.74 50.40 51.02 52.13 52.17
6 90.97 95.76 95.24 90.89 50.28 51.08 52.05 52.25
7 91.00 95.54 95.73 91.30 50.17 51.10 51.88 52.08
8 91.24 95.88 95.40 90.85 50.28 50.88 52.30 52.26
9 90.86 96.00 95.26 90.94 50.30 51.14 52.14 52.13
10 91.10 96.00 95.12 90.88 50.15 51.26 52.10 52.01
Mean error 0.003 0.126 0.079 0.186 0.116 0.026 0.016 0.213
Standard deviation 0.1598 0.1721 0.2058 0.1798 0.1140 0.1430 0.1410 0.1127
RSD /% 0.176 0.180 0.216 0.198 0.227 0.280 0.271 0.216
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Abstract

Objective Damping springs and bolster springs (hereinafter referred to as bolster springs) are important components of a railway
freight car bogie, which carry the main load when the vehicle is running. According to the relevant regulations, bolster springs need to
be repaired and replaced regularly. Moreover, the driving safety of the vehicle is directly affected by the dimensions of each group of
bolster springs. Thus, it is necessary to disassemble the bolster spring and perform maintenance on each part separately, and the
qualified and unqualified products need to be distinguished and classified based on their dimensions. Under the traditional operation
mode, the model and type of bolster spring are determined by measuring the height of the bolster spring using a free height ruler,
measuring the diameter of the round steel of the bolster spring using a spring diameter gauge, and through manual visual inspection.
Typically, several bolster springs of different types are used in railway freight cars . Thus, the use of the manual detection method is
inefficient, labor intensive, and vulnerable to human interference, making it difficult to meet the current maintenance needs of bolster
springs. To develop an intelligent maintenance system for bolster springs that can replace manual operation, a key technical problem,
namely, the design of a stable and efficient detection algorithm for bolster springs, needs to be urgently solved. Through
investigations and analyses, researchers have made certain advancements in the field of bolster spring detection; however, most of
them include patents and very few are related to detection algorithms. Therefore, a point cloud detection method for the bolster spring
size 1s proposed in this paper based on 3D laser point cloud technology to achieve the stable, high-precision, and efficient detection of
the bolster spring size.

1904001-11



RN 2 50% 5 19 #1/2023 £ 10 B/ E# ¢

Methods In this study, the bolster spring point cloud data were collected using a line laser sensor and the size of the bolster spring
was measured using point cloud processing technology. First, the bolster spring measurement test platform was set up, and the three-
dimensional point cloud data of the bolster spring were obtained via linear laser sensor scanning and uploaded into an industrial
computer for processing. For the bolster spring point cloud data, the point cloud density was reduced and the noise was removed using
the point cloud down sampling algorithm and 4-means clustering algorithm. Subsequently, the free height of the bolster spring was
measured using the plane fitting algorithm and point projection height calculation method based on the processed point cloud. Finally,
the iner diameter and outer diameter of a group of internal and external bolster springs were calculated using the point cloud
dimension reduction algorithm combined with the edge extraction, circle segmentation, and circle fitting. Through experimental
research, the accuracy and efficiency of the bolster spring measurement algorithm based on point cloud technology were discussed,
and the reliability and stability of the method were verified.

Results and Discussions The manual measurement results and bolster spring point cloud data were obtained via manual
measurement and the linear laser sensor scanning for 10 groups of bolster springs, respectively (Fig. 9), and the sparse point cloud
data with reserved features were obtained by processing the bolster spring data using a point cloud preprocessing algorithm (Fig. 10).
Furthermore, the reliability test for the height and diameter measurement was conducted on 10 groups of bolster spring data. The
results show that the maximum measurement error of the point cloud measurement method is in the range of #0.35 mm compared
with that of the manual measurement, and the average measurement time is 2.7 s, which is much shorter than the manual
measurement time. Additionally, the measurement accuracy and measurement efficiency are both reliable and meet the measurement
requirements (Table 2 and Fig. 11). The four groups of bolster springs were measured 10 times. The results show that compared with
that of the manual measurement, the maximum average error value of the proposed algorithm is in the range of £0.35 mm, and the
measurement repeatability is less than 3%, which proves that the proposed algorithm has good stability (Tables 3—5). Thus, the
obtained reliability and repeatability test results are acceptable and meet the requirements stipulated in existing maintenance

regulations.

Conclusions In this study, a method for measuring the size of the bolster spring based on 3D point cloud technology was proposed.
The point cloud data were obtained by controlling the driving line laser sensor of a six-axis robot when scanning the bolster spring. To
reduce noise interference, the bolster spring point cloud data were preprocessed via sampling using the point cloud sampling algorithm
and k-means clustering algorithm. After preprocessing, the point cloud data were used to solve the end and bottom plane equations of
the bolster spring using the least square plane fitting algorithm. Based on the plane equation and point projection height calculation
method, the free height measurements of the bolster spring were obtained. Subsequently, the bolster spring point cloud height
information was removed using the dimension reduction algorithm. The reduced dimension point cloud was then circular-segmented
using the maximum included angle edge extraction algorithm and threshold segmentation algorithm. Subsequently, the noise points of
the segmented point cloud were filtered using the RANSAC method, and the diameter of the bolster spring was calculated using the
circle fitting algorithm. To improve the diameter measurement accuracy, the gradient descent iterative algorithm was used to iterate
the optimal diameter solution using the circle fitting results as the initial values, marking the end of the calculation of the inner and
outer spring diameters of the bolster spring. The bolster spring measurement test platform was then set up for data collection,
conducting reliability and repeatability tests on the industrial computer, and conducting reliability tests on 10 groups of bolster springs.
The results show that the maximum measurement error of the point cloud measurement method is in the range of +£0.35 mm
compared with that of the manual measurement, and the average measurement time is 2.7 s. Moreover, the measurement accuracy
and measurement efficiency were reliable and met the measurement requirements. The measurement tests on the 4 groups of bolster
springs were repeated 10 times, and the results show that compared with that of manual measurement, the maximum average
measurement error value is in the range of #0.35 mm, and the measurement repeatability is less than 3% , which proves that the point
cloud measurement method has good stability. Follow-up work should be conducted to optimize the measurement system and point
cloud measurement algorithm, to further improve the measurement accuracy, measurement efficiency, and measurement stability,
and to apply the point cloud measurement method to the research on the development of automatic measurement and sorting

equipment for bogie bolster springs and wedges.

Key words measurements; bolster spring measurement; three-dimensional point cloud; line laser sensor; plane fitting
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