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A B S T R A C T   

As we know, the wear of high-speed trains cannot be avoided, otherwise it cannot brake and stop. But its 
operating environments are complex and changeable, leading to insufficient research on friction performance of 
copper (Cu)-based powder metallurgy (PM) brake pads and difficult prediction of the wear rate. Therefore, we 
explore the variation trend of the friction performance of the brake pad with different multi-factors coupling 
braking conditions, and predict the wear rate of Cu-based PM brake pad based on Atom Search Optimization- 
Back Propagation (ASO-BP) neural network. The Cu-based PM brake pad regarded as the research object 
whose friction coefficient, friction temperature, braking distance, wear rate, and change mechanism are dis-
cussed with multi-factors coupling braking conditions, and wear rate is predicted based on ASO-BP neural 
network that can obtained by optimizing the weights and thresholds of the Back Propagation (BP) neural 
network with Atom Search Optimization (ASO) method. The results show that braking speed and braking 
pressure are main contributors to braking ability, the average coefficient of friction of the Cu-based PM brake 
pads varied nearly between 0.35 and 0.45 with different braking conditions, the maximum of temperature, 
braking distance, braking time and the wear rate of the brake pad are 473 ◦C, 3506 m, 138s and 0.14 cm3/MJ, 
respectively. And the prediction accuracy of brake pad wear rate based on ASO-BP neural network can reach 
97.3%.   

1. Introduction 

As an important component of the high-speed train braking system, 
the brake pad plays a decisive role in the braking of the high-speed train 
[1]. In order to ensure the safe operation of trains, the braking perfor-
mance of trains becomes more important with the development of 
high-speed railways and the improvement of train speed. As the key 
component of the braking system, it is significant to explore the friction 
performance and wear rate of the brake pad. 

The braking ability of high-speed trains is closely related to the 
materials of the brake pad. In China, the brake pad can be mainly 
divided into powder metallurgy (PM) brake pads and synthetic brake 
pads according to different manufacturing processes. PM brake pads are 
prepared by sintering and pressing processes at high temperature, while 
synthetic brake pads are prepared by melting and casting processes. 
However, both the braking power and braking stability of synthetic 
brake pads are poor with the increase of temperature and thermal load 

[2,3]. Compared with the synthetic brake pad, the PM brake pad has 
good wear resistance, good thermal conductivity, resistance bond and 
porosity besides excellent braking power and braking stability [4,5]. 
Therefore, PM brake pads have concentrated more and more attentions 
of researchers in high-speed train field. 

In recent years, most of the research in this field is focused on Cu- 
based PM brake pads. There are some researches studying the effect of 
Al2O3, TiC, carbon fiber, and other materials on the performance of Cu- 
based PM brake pads with different braking speeds and braking pres-
sures [6–9]. There are also some scholars studying the manufacturing 
process [10,11], shape [12,13], vibration and noise [14,15], friction and 
wear [16–18] on the performance of the brake pad. Although the above 
research has made some achievements, it is insufficient research on the 
friction performance of high-speed train brake pads with multi-factor 
coupling conditions. 

Some studies obtain the wear state images of brake pad and use 
mathematical methods to predict its wear. For example, Li [19] used the 
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support vector machine (SVM) to identify the edge features of brake pad 
and used the least squares support vector machine (LSSVM) algorithm to 
predict the wear of the brake pad, which was more accurate than the 
traditional neural network algorithm. Kumar et al. [20] used artificial 
neural network (ANN) to predict the wear and friction coefficient of 
brake pad, compared with the actual test data, and the prediction errors 
were less than 3% and 4% respectively. Wang et al. [21] predicted the 
wear of brake shoe based on a deep belief network (DBN), they found 
that the prediction accuracy increased significantly with increasing 
mileage of train. Xu et al. [22] proposed a model combining multi-scale 
convolution (CNN) and convolutional attention module (CBAM), which 
could accurately extract the characteristics of the partial wear state of 
the brake pad with an accuracy rate of 99.89%. There are many studies 
on the wear and wear state of Cu-based PM brake pads but few studies 
focused on the wear rate prediction of Cu-based PM brake pad. 

Aiming at the above problems, this paper takes the Cu-based PM 
brake pad (hereinafter referred to as the brake pad) as the research 
object, and its friction performance tests with different braking condi-
tions were based on the 1:1 brake bench. According to the test results, 
we discussed the variation trend and the change mechanism of friction 
coefficient, temperature, braking distance, wear rate of brake pad with 
multi-factor coupling conditions. Furthermore, the wear rate of the 
brake pad is predicted based on the Atom Search Optimization-Back 
Propagation (ASO-BP) method. 

2. Test design 

In order to accurately obtain the performance data of the brake pad 
with different braking conditions, we carried out the braking test by the 
ZJZ (JP) 117 model 1:1 braking power test bench. The schematic dia-
gram of test platform is shown in Fig. 1. 

During testing, the test equipment is controlled by the control system 
F, and motor A provides the rotating power for the brake disc G, so that 
the initial braking speed reaches the predetermined value of the test, 
then the brake caliper H is driven by the hydraulic pump C to give 
pressure to the brake pad I, make the brake pad rub with the brake disc, 

flywheel group B is used to replace train inertia to simulate train 
braking. 

It is necessary to design the test braking conditions for accurately 
simulating the actual braking conditions:  

1) In order to simulate the braking of the train under normal weather 
conditions, the braking test with normal temperature and dry con-
ditions is designed;  

2) In order to simulate the braking of the train in rainy weather, the 
braking test with normal temperature and humidity is designed; 

Fig. 1. Schematic diagram of the experimental platform and brake disc and brake pad.  

Table 1 
Raw material and mass fraction of brake pad preparation.  

Item Matrix 
component 

Friction 
component 

Lubricant 
component 

Component Cu Fe Cr SiO2 Al2O3 MoS2 graphite 
Content (wt%) 55 10 8 7 5 5 10  

Fig. 2. Prepared copper-based powder metallurgy brake pad.  
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3) In order to simulate the situation of train speed control and braking 
on the downhill, the continuous braking test on the ramp is designed;  

4) In order to simulate the empty and heavy-load conditions of the train 
during braking, the braking test of the heavy-load train (18t) and the 
empty train (13t) is designed with normal temperature and dry state;  

5) The brake pad has a pre-grinding stage and a stable wear stage in the 
friction process. In order to achieve a comparative effect, the braking 
test in a dry state and normal temperature after pre-grinding is 
designed.  

6) SEM and energy spectrum analysis of the brake pad are carried out. 

During testing, the damp condition is provided by the water tank D 
for the braking device, since the real-time data of the surface tempera-
ture of the brake pad cannot be obtained, the infrared thermometer E is 
used to measure the surface temperature of the brake disc instead of the 
brake pad. 

The raw materials and mass fraction of Cu-based PM brake pads for 
the test are shown in Table 1. The brake pad for the test is shown in 
Fig. 2. The physical parameters of the brake pad and brake disc for the 
test are shown in Table 2. 

In order to measure the wear rate, we weighing the brake pad before 
and after each test procedure, and the wear rate can be calculated by 
formula (1): 

Q =
Ma − Mb

ρ⋅W
(1)  

Where, Q is the wear rate of the brake pad, the unit is cm3/MJ; Ma and 
Mb are the weight before the test and after the test respectively, the unit 
is g; ρ is the density of friction block of brake pad, the unit is g/cm3; W is 
the total braking work of braking test, the unit is MJ. 

3. Analysis of friction performance of brake pad with different 
braking conditions 

During the actual braking process of the train, the braking capacity of 
the brake pad is affected by various factors, Fig. 3 and Fig. 4 are the 
coupling schematic diagrams of braking speed, braking pressure, 
braking distance, temperature, and average friction coefficient with dry 
and wet conditions respectively. 

The specific braking test conditions are shown in Table 3. In Figs. 3 
and 4, the size of the sphere in the figure represents the temperature of 
the brake pad at the end of braking, and the shade of the color represents 
the braking distance. And when the braking speed is constant and the 
braking pressure is smaller, the brake pad’s friction temperature per-
forms lower, and the braking distance becomes longer. When the 
braking pressure is constant and the braking speed is greater, the brake 
pad’s friction temperature performs higher, and the braking distance 
becomes shorter. 

3.1. Influence of different braking conditions on the average friction 
coefficient of brake pad 

Fig. 5 shows the variation of the friction coefficient of the brake pad 
with different braking conditions. It can be seen from Fig. 5(a) and (e) 
that the average friction coefficient of the brake pad decreases with the 
increase of the braking speed, and the instantaneous friction coefficient 
fluctuates between 0.3 and 0.5, when the braking pressure is 18 kN and 
the braking speed is less than 33.3 m/s with dry conditions. The average 
friction coefficient increases with the increase of braking speed, and the 
instantaneous friction coefficient fluctuates between 0.31 and 0.43, 
when the braking speed is more than 33.3 m/s. This is because the 
micro-protrusions on the surface of the brake pad have a strong shear 
resistance and a hard texture, as shown in Fig. 6 (a), and the friction 
coefficient shows a high value, when the braking speed is lower. When 
the speed increases, the micro-protrusions on the surface of the brake 
pad is destroyed, as shown in Fig. 6 (b), which results in the friction 

Table 2 
Physical parameters of copper-based brake pad and brake disc.  

Physical parameters Brake pad Brake disc 

Friction pad density 5 g/cm3 7.85 g/cm3 

HardnessHBW10/250/30 18.5HBW >290HBW 
Shear strength 11.8 MPa – 
Tensile strength 610 MPa (back plate) 1130 MPa 
Young’s modulus – 210 GPa 
Al + Si content 0.3% – 
Cr + Zr + W content <2% – 
Thermal conductivity 52 W/(m⋅K) 45 W/(m⋅K) 
Specific heat capacity 900 J/(kg⋅K) 563 J/(kg⋅K) 
Poisson’s ratio 0.3 0.32  

Fig. 3. Coupling diagram of multiple braking conditions under dry.  

Fig. 4. Coupling diagram of multiple braking conditions under wet.  

Table 3 
Braking tests conditions.  

Braking tests conditions Range 

Braking speed 0–50 m/s 
Braking pressure 18 kN, 30 kN, and 42 kN 
Environmental factor Wet and dry  
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coefficient decreasing. At high speed, the micro-protrusions on the 
surface of the brake pad are smoothed, as shown in Fig. 6 (c), so that the 
frictional contact area between the brake pad and the brake disc in-
creases, and the friction coefficient increases. Under the dry working 
condition, with the increases of braking pressure and braking speed, the 
average friction coefficient of the brake pad decreases first and then 
tends to be stable. Through the energy spectrum analysis of the brake 
pad surface before and after braking, as shown in Fig. 7, it can be seen 

that the oxygen content in the energy spectrum increases, which in-
dicates that the third body “oxide film” [23] is formed on the friction 
surface, and the “oxide film” can stabilize the friction coefficient and 
play a lubricating role. 

As shown in Fig. 5(a), with wet conditions and the braking pressure 
of 18 kN, when the speed is less than 33.3 m/s, the average friction 
coefficient is relatively stable, because the water film is formed on the 
surface of the brake pad which can play a lubricating role. When the 

Fig. 5. Variation of average friction coefficient of brake pad under different braking conditions.  
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speed is more than 33.3 m/s, the water film on the friction surface is 
destroyed, thus losing the lubrication, and the average friction coeffi-
cient increases with the increase of speed. With wet conditions and 30 
kN braking pressure, when the speed is less than 22.2 m/s, the water film 
is not stable, and the average friction coefficient decreases with the 
increasing speed. When the speed is more than 22.2 m/s, the average 
friction coefficient increases gradually with the increasing speed, the 

reason is that the water film cannot be formed due to the water evap-
oration at high-temperature. With wet conditions, when the braking 
pressure is 42 kN, the average friction coefficient first decreases and 
then tends to be stable, because the braking speed increases, the water 
film gradually loses its effect, meanwhile the ‘oxide film’ of the brake 
pad surface is formed according to the energy spectrum of the brake pad 
surface after friction, as shown in Fig. 8. 

Fig. 6. Surface microscopic changes before and after brake pad wear.  

Fig. 7. Energy spectrum diagram of brake pad surface before and after braking.  

Fig. 8. Surface and energy spectrum analysis of brake pad after braking.  
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It can also be seen from Fig. 5(a) that the average friction coefficient 
is generally small at low speed due to the existing moisture with wet 
conditions. However, at high speed, the moisture evaporates rapidly due 
to high-temperature, so the difference between the average friction co-
efficients with dry and wet conditions becomes smaller. Fig. 5(b) shows 
that the average friction coefficient first decreases and then increases at 
low speed, when the brake pressure increases. When the speed reaches 
27.8 m/s, the increasing brake pressure leads to the increases of average 
friction coefficient. As the increases of braking speed, the average fric-
tion coefficient of the brake pad gradually decreases with the braking 
pressure. Fig. 5(c) is a comparison diagram of the difference of the 
average friction coefficient before and after the brake pad pre-grinding. 
It can be seen that the average friction coefficient of the brake pad after 
pre-grinding is higher than before, and the average friction coefficient 
after pre-grinding is relatively stable with the braking speed increase. 
Because the surface of the brake pad before pre-grinding has more 
micro-protrusions, as shown in Fig. 6(a), the brake pad can not contact 
fully with the brake disc, and the friction coefficient shows a small value. 
After pre-grinding, the surface of the brake pad is destroyed, as shown in 
Fig. 6(b), the contact area between the surface of the brake pad and the 
brake disc increases, and the friction coefficient shows a higher value. 
Fig. 5(d) shows two braking conditions of the empty train (13t) and the 
heavy-load train (18t), when the braking speed is 44.4 m/s and the 
braking pressure is 42 kN, compared the empty train with the heavy- 
load train the average friction coefficient of the brake pad fluctuates 
more obviously. 

During the operation of the train, it usually encounters downhill, the 
train needs to continuously brake to maintain the speed within a safe 
range. Table 4 gives the average friction coefficient and temperature of 
the brake pad with different conditions of continuous braking. Accord-
ing to Table 4, when the speed is 22.2 m/s and the braking power is low, 
the average friction coefficient is more than 0.39, but when the speed 
and braking power increase, the average friction coefficient decreases to 

0.345. The reasons for this change are as follows: (1) At low power and 
low speed, the heat produced by friction is limited, and the matrix 
strength of the brake pad is basically unchanged, as shown in Fig. 9(a), 
so the average friction coefficient shows a higher value. (2) At high 
power and high speed, a large amount of heat is generated by friction, 
which softens the matrix of the copper-based brake pad, as shown in 
Fig. 9(b), the darker color of area A in the figure indicates that the “oxide 
film” is formed on the surface of the brake pad, so that the average 
friction coefficient shows a lower value. 

3.2. Influences of different braking conditions on friction temperature and 
braking distance 

During the braking process of the train, the brake pad and the brake 
disc will generate heat due to friction, which will affect the braking 
performance of the brake pad. Therefore, in the actual braking process, 
it is necessary to cool the brake disc and brake pad. Fig. 10(a) shows the 
variation of brake pad friction temperature with the braking speed in dry 
and wet braking conditions. At the same braking pressure and the small 
braking speed, the temperature generated by braking with wet condi-
tions is lower than dry, because the presence of moisture can play a role 
in cooling down. However, when the speed reaches 50 m/s, the water 
evaporates quickly due to the high temperature generated by braking, so 
the water cannot exist on the friction surface, and the cooling effect is 
weakened. Therefore, at high speed, the temperature of the brake pad 
with the two braking conditions is basically same. 

Fig. 10(b) and (c) respectively show the variation of braking distance 
and braking time with braking speed in different working conditions. 
Combining Fig. 10(b) with Fig. 10(c), the braking distance and braking 
time with wet conditions are longer than dry, which indicates that 
moisture plays a role in lubrication. Combining Fig. 10(a), (b) and (c), it 
can be seen that the brake pad temperature with dry, 42 kN, 50 m/s 
braking conditions is 28 ◦C higher than dry, 30 kN, 50 m/s, and 46 ◦C 
higher than with dry, 18 kN, 50 m/s. The braking distance with dry, 42 
kN, 50 m/s braking conditions is 582 m less than with dry, 30 kN, 50 m/ 
s, and 1945 m less than with dry, 18 kN, 50 m/s. The braking time with 
dry, 42 kN, 50 m/s braking conditions is 23.3 s less than with dry, 30 kN, 
50 m/s, and 79.4 s less than with dry, 18 kN, 50 m/s. Fig. 10(d) shows 
the results of the braking test with dry, 42 kN, and 44.4 m/s conditions, 
it can be seen that compare the heavy-load train with the empty, the 
friction temperature of the brake pad is higher and the braking distance 
is longer. 

Different braking conditions have a significant impact on the tem-
perature, distance, and time generated by braking. Therefore, in the 

Table 4 
Average friction coefficient and temperature of brake pad under continuous 
braking conditions.  

Conditions Brake conditions Result 

Power 
(kW) 

Speed 
(m/s) 

Time 
(min) 

Average 
coefficient of 
friction 

Maximum 
temperature 

Continuous 
braking 

20 22.2 20 0.394 207 ◦C 
65 44.4 15 0.345 473 ◦C 
30 22.2 20 0.399 289 ◦C  

Fig. 9. SEM diagram of brake pad surface after continuous braking.  
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actual braking process, the train driver should make a corresponding 
judgment according to the actual situation and execute the braking to 
reduce the risk rate caused by braking. 

3.3. Influences of different braking conditions on the wear rate of brake 
pad 

In the process of train braking, the braking speed and pressure are 
important to the wear rate. Fig. 11 shows the change of wear rate with 
different braking conditions. It can be seen that under a certain braking 
pressure, the wear rate continues to increase with the increase of speed 
at low speed, because the surface of the brake pad is relatively rough; At 
high speed, the wear rate of the brake pad is reduced and tends to be 
stable, this is because the friction between the brake pad and the brake 
disc generates more heat to form an oxide film on the surface of the 
brake pad. When the braking speed is constant, as the braking pressure 
increases, the wear rate of the brake pad shows a trend of continuous 
increase. 

To further study the change of the wear rate, we predict the brake 
pad wear rate by the ASO-BP neural network algorithm, and compare 
the predicted results with the BP neural network algorithm. 

Fig. 10. Changes of friction temperature and braking distance under different working conditions.  

Fig. 11. Changes of wear rate under different braking conditions.  
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4. Wear rate prediction based on ASO-BP neural network 

4.1. Principle of ASO 

The ASO guides the optimization search through the interaction 
force and system constraint between atoms, and has the advantages of 
fast convergence speed and strong optimization ability [24]. ASO is a 
model based on molecular dynamics, and the motion of atoms follows 
Newton’s second law, formula (2): 

ai(t)=
Fi(t) + Gi(t)

mit
(2)  

Where: ai(t) is the acceleration of the i atom at the t iteration; Fi(t) is the 
interaction force of the i atom at the t iteration; Gi(t) is the binding force 
of the i atom at the t iteration; mi(t) represents the mass of the i atom. 
Fi(t) can be regarded as the random weighted sum of the force of k atoms 
with better fitness function values on the i atom, such as formulas (3)- 
(8): 

Fi(t) =
∑

j∈Kbest

randjFij(t) (3)  

Kbest = S − (S − 2)⋅
̅̅̅̅̅̅̅̅

t
tmax

√

(4)  

Fij(t) = − n(t)
[
2
(
hij(t)

)13
−
(
hij(t)

)7
]

(5)  

− n(t) = − α
(

1 −
t − 1
tmax

)3

e− 20t/tmax (6)  

hij(t)=

⎧
⎨

⎩

hmin, rij(t)
/

σ(t) < hmin
rij(t)

/
σ(t), hmin < rij(t)

/
σ(t) ≤ hmax

hmax, rij(t)
/

σ(t) > hmax

(7)  

⎧
⎪⎪⎨

⎪⎪⎩

rij =
⃦
⃦Xi(t),Xj(t)

⃦
⃦

2

σ(t) =
⃦
⃦
⃦
⃦
⃦

Xi(t),
∑

j∈Kbest

Xj(t)
K(t)

⃦
⃦
⃦
⃦
⃦

2

(8)  

Where: The value range of randj is [0,1]; Fij(t) is the potential energy of 
the j atom to the i atom at the t iteration; Kbest is the set of forces acting on 
atom i; S is the total number of atoms; tmax is the total number of iter-
ations; n(t) is the range that can adjust the attractive and repulsive re-
gions; α is the depth weighting; hij is the distance between i and j atoms; 
hmin = ε0 + ε(t) is the lower bound of h; ε(t) is the drift factor with the 
number of iterations; hmax is the upper bound; Xi and Xj are atoms are the 
positions of i and j respectively; σ(t) is the range of distances between 
atoms in the Kbest set from the i atom. 

In molecular mechanics models, atomic motions are geometrically 
constrained, in ASO, it is assumed that each atom has a covalent bond 
with the optimal atom, so the binding force of the optimal atom acts on 
each atom, so Gi(t) in formula (2) expressed as formulas (9)-(10): 

Gi(t) = λ(t)(Xbest(t) − Xi(t)) (9)  

λ(t)= βe− 20t/t max (10)  

Where: λ(t) is an adaptive adjustment parameter; β is the multiplier 
weight. 

mi(t) in formula (2) is expressed as formula (11): 

mi(t) =
Mi(t)

∑N

j=1
Mj(t)

Mi(t) = e−
gi (t)− gmin (t)

gmax (t)− gmin (t)

(11)  

Where: gi(t) is the fitness value of the i atom; gmax(t) and gmin(t) are the 

Fig. 12. Flow chart of brake pad wear rate prediction based on ASO-BP.  
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maximum and minimum fitness values in the atomic population 
respectively. 

Then the acceleration of the i atom during t iterations is formula (12): 

ai(t) =
Fi(t) + Gi(t)

md
i (t)

= − α
(

1 −
t − 1
tmax

)3

e
− 20t
tmax

∑

j∈Kbest

randj
[
2
(
hij
(
t
))13

−
(
hij(t))7]

mi(t)

+βe
− 20t
tmax

(Xbest(t) − Xi(t))
mi(t)

(12) 

The acceleration changes the position of the atom, and through each 
iteration update, the velocity and position of the atom i is obtained, as 
shown in formula (13): 

vi(t + 1) = randivu(t) + ai(t)
xi(t + 1) = xi(t) + vi(t + 1) (13)  

4.2. Wear rate prediction method based on ASO-BP neural network 

The BP neural network has some disadvantages, such as slow 
convergence speed, easy convergence of weight to local minima, lower 
prediction accuracy, easily leading to network training failure, etc. [25], 
therefore, the ASO algorithm is used in this paper to optimize the BP 
neural network, and the ASO-BP neural network is used to predict the 
wear rate of the brake pad. 

Firstly, we use the BP neural network algorithm to preprocess the 
eigenvalues and index values in Table 3 to obtain the initial threshold 
and weight values; Secondly, we use ASO to optimize the initial 
threshold and weight values, and return to the BP neural network after 

optimization; Finally, we predict the wear rate. 
Fig. 12 shows the predicting process of the wear rate of the brake pad 

based on the ASO-BP neural network. 

4.3. ASO-BP prediction results 

The wear rate prediction framework based on ASO-BP neural 
network is shown in Fig. 13. 

In the process of ASO optimizing the BP neural network, the 
maximum evolutionary algebra is set to 100, the initial population size is 
set to 30, and the population fitness function is shown in formula (14): 

F =min
(
MSETrainingSet,TestingSet

)
(14)  

Where: TrainingSet and TestingSet are the characteristic values of brake 
pad wear rate of the training set and the test set respectively, and MSE is 
the mean square error. 

Through the test of 5 different working conditions, the sample data 
containing 4 eigenvalues and 1 index value are obtained, as shown in 

Fig. 13. Prediction framework of powder metallurgy brake pad wear rate.  

Table 5 
Sample data.  

Sample number Feature1 Feature2 Feature3 Feature4 Target 

1 44.4 42 1134 0.322 0.140 
2 44.4 42 1115 0.328 0.140 
3 33.3 18 1561 0.318 0.030 
4 50.0 18 3388 0.334 0.040 
5 16.7 30 202 0.336 0.020 
… … … … … … 
75 27.8 30 617 0.322 0.060  
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Table 5. The feature values are braking speed (Feature1), braking 
pressure (Feature2), braking distance (Feature3), and average friction 
coefficient (Feature4), and the index value is the wear rate (Target). The 
actual data is divided into 75 groups, since the brake pad wear rate data 
is a small sample [26], in order to make the prediction results as accurate 
as possible, multiple sets of training data and test data are selected and 
the prediction results are compared, as shown in Table 7, it can be seen 
that when 65 groups are used as training data and 10 groups are used as 

testing data, the results are optimal. Therefore, using ASO-BP and BP 
two algorithms to train 65 sets of data, in order to achieve the com-
parison effect, the hidden layers of the neural network of the two al-
gorithms are both 7 layers, and the test data in Table 6 is used for 
verification, the prediction results are shown in Fig. 14 and Fig. 15. 

It can be seen from Figs. 14 and 15 that compare the prediction re-
sults using the BP neural network with the actual, the absolute value of 
the minimum deviation of the prediction is 0.000800 and the maximum 
0.00920. However, compare the prediction result of the ASO-BP neural 
network with the actual, the absolute value of the minimum deviation of 
the prediction is only 0.000100 and the maximum is 0.00310. 

The comparisons of the indicators predicted by the two algorithms, 
ASO-BP and BP, are shown in Table 7. From Table 7 it can be seen that 
the 65 groups training data and 10 groups testing data is the optimal 
results. The accuracy of ASO-BP is 14.5% higher than that of BP, the 
mean square error is only 8.49% of BP, and the average absolute per-
centage error is 14.4% less than that of BP. In conclusion, ASO-BP neural 
network is better than the traditional BP neural network in predicting 
the wear rate of the brake pad. 

The above prediction is carried out with dry conditions. However, as 
long as sufficient data can be obtained for training with other conditions, 
ASO-BP can also predict the wear rate of brake pads with multiple 
conditions. The prediction of wear rate of brake pad by ASO-BP can 
provide a reference for the replacement of brake pad in service and the 
improvement of its life. 

5. Conclusion 

This paper explores the friction coefficient, friction temperature, 
braking distance, braking time, wear mechanism and wear rate of Cu- 
based PM brake pads with multi-factor coupling conditions. Mean-
while, the wear rate of the brake pad is predicted. The conclusions of this 
study are drawn as follows:  

(1) Braking speed, braking pressure, environmental humidity, and 
empty and heavy-load conditions affect the friction coefficient, 
friction temperature, and braking distance of Cu-based PM brake 
pads.  

(2) With the change of braking speed and braking pressure, the 
average friction coefficient of the brake pad fluctuates between 
0.3 and 0.45, the maximum of temperature, braking distance, 
braking time and the wear rate of the brake pad are 473 ◦C, 3506 
m, 138s and 0.14 cm3/MJ, respectively.  

(3) The prediction result of wear rate of brake pads can reach 97.3% 
based on ASO-BP neural network, which is 14.5% higher than the 
BP neural network. ASO-BP neural network algorithm is suitable 
for small sample, and its application is not limited to wear rate 
prediction, such as failure prediction and other fields. 

Future work will focus on discussing the friction performance and 
the change mechanism of the brake pad with the conditions of vibration, 
high cold weather, sediment, and the empty and load trains. 

The method proposed in this paper is also applicable to development 
and the trial production stage of brake pads. 
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