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Abstract: In the process of repairing the surface of products in aviation, aerospace, and other fields
by spraying, accurate 3D cumulative-coating modeling is an important research issue in spraying-
process simulation. The approach to this issue is a 3D cumulative-coating model based on inclined
spraying. Firstly, an oblique spraying layer cumulative model was established, which could quickly
collect the coating thickness distribution data of different spray distances. Secondly, 3D cumulative-
coating modeling was conducted with the distance between the measuring point and the axis of
the spray gun and the spraying distance between the measuring points as the input parameters,
and the coating thickness of the measuring point as the output parameter. The experimental results
show that the mean relative error of the cumulative model of the oblique spraying layer is less than
4.1% in the case of a 170~290 mm spraying distance and that the model is applicable in the range
of −80~80 mm, indicating that the data on the oblique spraying coating proposed in this paper is
accurate and fast. The accuracy of the 3D cumulative-coating model proposed in this paper is 1.2%
and 21.5% higher than that of the two similar models, respectively. Therefore, the approach of 3D
cumulative-coating modeling based on inclined distance spraying is discovered, demonstrating the
advantages of fast and accurate modeling and enabling accurate 3D cumulative-coating modeling for
spraying process simulation.

Keywords: repair by spraying; inclined spraying; 3D coating accumulation model

1. Introduction

At present, in the process of surface repair spraying of products in aviation, aerospace,
and other fields, due to the fact that surface repair spraying is generally not repeated and
the structure is complex, the qualified rate of spraying quality cannot rely on repeated tests
to optimize the spraying process and can only rely on the prior knowledge of skilled techni-
cians. Spraying process simulation is an important technical way to solve the optimization
of such a spraying process, but the quality of the process simulation mainly depends on
the accuracy of the process simulation model. Therefore, it is of great value to study the
establishment of an accurate coating accumulation model.

Domestic and foreign scholars have conducted a lot of research on the coating ac-
cumulation model, which mainly focuses on three aspects: first, the infinite range of the
Gaussian distribution model [1] and the Cauchy distribution model [2]. These models are
only applicable to the spray gun vertical workpiece surface, so the application is less [3].
The second type is the limited range model, such as the piecewise function model [4],
β distribution model [5], elliptical double β distribution model [6], uniform thickness
model [7], etc. This type of model thinks that a spray gun is a conical spray and is widely
used. The third type is to build a coating accumulation model by fitting experimental data,
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which is more in line with the actual spraying situation. The representative literature is
shown in Table 1.

In [8], the experimental data were obtained by over-distance spraying, and the data
were characterized by the β distribution function. Based on the BP neural network algo-
rithm, a coating thickness distribution prediction model was established with the parame-
ters of fitting the β distribution function as input parameters and the spray width, spray
distance, and spray speed as output. The data acquisition method of the model has the
problem of insufficient data density. The model only uses 15 sets of data for training, which
affects the accuracy of the model. On the other hand, the β distribution function is not
intuitive enough to express the data, and the information acquisition ability of the data is
weak, so the parameters represented by it will also lose the accuracy of the model. In [9], a
coating distribution model based on β distribution is proposed. By fitting the experimental
data, the parameters, such as spraying flow rate and spraying distance, are introduced
into the model, which improves the generalization ability of the model. In [10], based on
the plane β distribution function, an inclined angle spraying model is established, and the
model is used in the trajectory planning strategy to improve the uniformity of spraying.
In [11], the β distribution model was used to determine the overlap width of the trajectory,
and the coverage and uniformity of the coating were studied. The above literature uses
the data acquisition method of fixed-distance spraying and the research on the coating
deposition model based on the β-distribution model. The following lists their common
shortcomings.

• The data are obtained by fixed-distance spraying. This method requires a large number
of experiments, low data-acquisition efficiency, and insufficient data information.

• The β distribution model is relatively simple, and the ability to capture data features
is weak. The coating thickness distribution model established by this method has low
accuracy and weak adaptability.

Table 1. Reference information analysis table.

Reference
Modeling
Method

Modeling
Efficiency

Model Information
Quantity

Model Accuracy

Maximum
Error

Average
Relative Error

Xue-mei, L. et al. [7] β distribution model
The data density is
insufficient, and the
process of obtaining
experimental data by

fixed-distance spraying
is complex.

The model is not intuitive
enough to express the data,

and the representation ability
is weak.

43.7 µm --

Guolei, W. et al. [8] β distribution model

The spatial relationship of the
model is considered, but the

β distribution model is
simple and the ability to

capture data features is weak.

-- 4.3%

Yi, W. et al. [11] Elliptical double β
distribution model The data density is

limited, and the collection
efficiency is low for the

data collection of flat
plate fixed-distance

spraying.

Compared with the β model,
the elliptical double β model
increases the complexity and

expression ability of
modeling, but the model

established by fixed-distance
spraying lacks the ability to

adapt to any surface spraying.

2.8 µm --

Shulin, Q. et al. [12] Elliptical double β
distribution model 3.7 µm --

Yong, Z. et al. [13] Parabolic distribution
model

The fixed-distance
experiment obtains data,

and the modeling
efficiency is low.

Considering the posture of
the spray gun, and taking the

spraying distance and
spraying angle into account

in the algorithm, it has a
certain adaptability.

3.6 µm --
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Table 1. Cont.

Reference
Modeling
Method

Modeling
Efficiency

Model Information
Quantity

Model Accuracy

Maximum
Error

Average
Relative Error

Chen, C. et al. [14] Gaussian distribution
model

The data acquisition
method of fixed-distance
spraying is complex, and

the data coverage is
insufficient.

The model lacks spatial
information expression. -- 25.2%

Wu, H. et al. [15] Gaussian distribution
model of 3D

Compared with the 2D
Gaussian model, the 3D
model can describe the

coating accumulation more
accurately and improve the

accuracy of the model.

-- 7.6%

Hua, R.-X. et al. [16]
Rectangular

distribution model of
3D

The process of data
acquisition is complex,

and the amount of
information is

insufficient.

The 3D rectangular coating
thickness distribution model
is adopted, and the accuracy

is high.

10.0 µm --

In [12], based on the elliptic double β distribution function, a spray gun model with
a description of the coating thickness distribution at the starting and ending positions
of spraying was established. The model solves the problem of controlling the coating
thickness at the junction of the trajectory. In [13], also based on the elliptical double β

distribution model of static coating thickness, the distribution law of cumulative-coating
thickness of spraying is analyzed. The study of the thickness of the interface area and
the uniformity of the coating thickness are also problems that need to be solved in repair
spraying. In [14], based on the elliptical double β distribution model of the static vertical
spraying coating growth model of the spray gun, a variable flow coating cumulative
thickness model was established. The model can determine the appropriate spraying flow
rate according to any speed in the acceleration and deceleration section, thereby improving
the coating thickness uniformity. The uniformity is increased by 10%. Compared with
the β model, the elliptical double β model increases the complexity and expression ability
of modeling, but the object of repair spraying is not only the plane. The experimental
model established by fixed-distance spraying lacks the ability to adapt to any surface
spraying. In [15], based on the elliptical double β model, a three-dimensional elliptical
double β model is established by numerical optimization. The model is more complex
than the two-dimensional model for characterizing the thickness value at a certain time.
For complex surface spraying, the film thickness uniformity is increased by 26.9%. In [16],
based on the parabolic model, the static spraying model of the variable attitude spray gun
and the dynamic spraying model of the variable attitude spray gun along the arc path
are established, respectively. The author adapts to the spraying of irregular planes by
changing the attitude of the spray gun, and also takes the spraying height and spraying
angle into account in the optimization of the algorithm, which has a certain adaptability.
However, the method of data acquisition is obtained by a fixed-distance experiment, which
affects the efficiency of modeling. In [17], the coating thickness model based on Gaussian
distribution is established by using the data collected by fixed-distance dip angle spraying.
The model does not consider the influence of spraying distance and lacks the expression of
spatial information of the model. At the same time, the model also uses the data acquisition
method of fixed-distance spraying. The experiment is complex, and the data coverage is
insufficient. In [18], the 3D coating accumulation model is also established based on the
Gaussian distribution model. Compared with the 2D Gaussian model, the 3D model can
describe the coating accumulation more accurately and improve the accuracy of the model.
However, the data acquisition method of the model has the same problem as [17]. In [19],
according to the application requirements, the rectangular coating accumulation model is
selected, and the three-dimensional coating thickness accumulation distribution model is
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derived. The model has high accuracy, but also because of the limitation of its application
requirements, the model lacks versatility and generalization ability. In [20], the coating
accumulation model was obtained by fitting the coating thickness data of the fixed-distance
vertical spraying sample. The model establishment method is closer to the actual coating
thickness distribution, but the data acquisition method makes the data have a large amount
of experimental and insufficient data information, which affects the accuracy of the model.

Although abundant theoretical and practical experience has been obtained in the
establishment of the coating accumulation model at home and abroad, the focus of the
research is, on the one hand, on the process of establishing the model through experimental
data. The data acquisition method is complicated and the data coverage is insufficient,
which reduces the efficiency of data acquisition and affects the accuracy and generalization
of the model. On the other hand, the existing coating accumulation models are mostly 2D
models, and the information expression is relatively single, which is difficult to accurately
reflect the depth information and spatial relationship with the actual spraying so that the
model has insufficient generalization ability. In repair spraying, due to the complexity
and low repeatability of the sample structure, the spraying process simulation becomes an
important part before the repair. The coating accumulation model established by the above
method has the problems of low precision and weak generalization, which cannot solve
the accuracy and reliability of the current spraying process simulation, thus affecting the
accuracy of the repair spraying.

Therefore, this paper proposes a method for establishing a 3D coating accumulation
model based on oblique spraying. By establishing an oblique spraying layer accumulation
model to collect coating thickness data at different spray distances, a 3D coating accumula-
tion model with measurement-point center distance and spraying-distance information
is established. This method can quickly collect high-density experimental data and im-
prove modeling efficiency and model accuracy. The spatial depth information of the 3D
coating cumulative model also greatly improves the generalization ability of the model,
thus ensuring the performance of the repair coating and the efficiency of the repair process.

2. Establishing Model
2.1. Accumulation Model of Oblique Spray Coating

It is assumed that there are two planes with the same spraying distance, as shown in
Figure 1, where the C1 plane is perpendicular to the spray direction of the spray gun, and
the angle α between the C2 plane and the plane C1 is the corresponding length infinitesimal,
and the width is the same as l. If the flow rate is Q, the cumulative thickness of the coating
is G1 and G2, respectively, then there is the following relationship:

dx2 =
dx1

cosα
(1)
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Figure 1. Cumulative model diagram of oblique spray coating.

The area S integral equation is

S1 =
∫ b

a
ldx1 (2)



Sensors 2024, 24, 1212 5 of 19

S1 =
∫ b

a
ldx2 (3)

And in the ideal state, there exists G = Q
S , then there is

G2 = G1 × cosα (4)

There are many external factors affecting the coating thickness distribution, such as
environmental temperature and humidity, paint viscosity, and pressure parameters, which
affect the modeling accuracy of the coating accumulation model. The research focus of
this paper is the modeling method. The external factors do not affect the validity and
applicability of the modeling method proposed in this paper, and the method does not lose
generality. Therefore, in the derivation of the cumulative model of the oblique spraying
layer, the relationship between the spraying rate and the cumulative thickness of the
coating is considered in this paper. Assuming the coating accumulation function G and the
spraying rate v, the relationship between G and v is as follows:

v1

v3
=

G3

G1
(5)

Based on the above reasoning, when the spray gun is sprayed vertically, the spray
gun moves at a rate, and the drop point speed of the paint is also vi; when the trajectory
direction of the spray gun is constant and the inclination angle of the sample is α, the falling
point velocity of the paint is vj, as shown in Figure 2. There is the following relationship:

vj =
vi

cosα
(6)
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Figure 2. Paint drop point velocity analysis diagram (The dotted line is the spray amplitude schematic
diagram).

Then, when the spraying trajectory parameters are constant, the relationship between
the cumulative thickness Gj of the inclined spraying coating and the cumulative thickness
Gi of the vertical spraying coating is

Gi =
Gj

cosα
(7)

Therefore, combined with Equations (4) and (7), when the spray distance on the
inclined plane is hs, the relationship between the cumulative thickness of the coating
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corresponding to the spray distance Gj and the cumulative thickness of the coating vertically
sprayed at the same spray distance Gi is shown as follows:

Gi =
Gj

cos2α
(8)

2.2. Generation of Model Training Data

The basic principle of the oblique spraying experiment is shown in Figure 3. The
minimum spraying distance is dmin, the maximum spraying distance is dmax, and the
length of the experimental sample is L. According to Equation (9), the rotation angle α of
the specimen plate along the vertical axis is calculated. The spray gun is sprayed along
the linear stroke. This experiment can obtain a gradually thickened linear coating, which
is convenient for collecting the coating thickness distribution corresponding to different
spraying distances.

α = arcsin
dmax − dmin

L
(9)
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In order to obtain sufficient experimental data, this paper fully collects the data
generated by the spraying experimental sample, as shown in Figure 4. Each data point
contains two position information, the center distance of the measuring point and the
spraying distance of the section where the measuring point is located.
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2.3. 3D Coating Accumulation Model

The BP neural network is a multi-layer forward neural network based on an error
backpropagation algorithm, which can realize any nonlinear mapping between input and
output [21]. In this paper, the BP neural network with a double hidden layer structure is
adopted. Each hidden layer can learn different levels of feature representation, so it can
better deal with complex nonlinear problems, so as to improve the expression ability and
fitting ability of the network.

The mathematical expression of the BP neural network model is as follows:

Y = fa

(
lTω + bθ

)
(10)

where Y is the output neuron, l is the input neuron, ω is the connection weight between
neurons, bθ is the threshold, and f is the neuron transfer function.

In this paper, a BP neural network with a double hidden layer structure is used to
predict the accumulation of coating. The structure is mainly composed of three parts: an
input layer containing the center distance of the measuring point and the spraying distance
of the section where the measuring point is located, an output layer containing the paint
film thickness of the measuring point, and an intermediate hidden layer. The BP neural
network structure is shown in Figure 5.
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Figure 5. Neural network structure diagram.

The transfer function, training function, and the number of hidden layer neurons used
in the neural network structure need to be optimized to obtain the best performance model.
Firstly, the transfer function includes the function from the input layer to the first hidden
layer, the function between the hidden layers, and the function from the second hidden
layer to the output layer. The optimal combination of transfer functions is selected by using
the full-factor analysis method. Secondly, different training functions are selected to train
the model and select the best. Finally, the number of double hidden layer neurons was
determined by Equation (11), which was 4 and 8.

Nh =
√

Nin + Nout + Na (11)

where Nh is the number of hidden layer nodes, Nin is the number of input layer nodes, Nout
is the number of output layer nodes, and Na is the adjustment constant between 1 and 10.

The performance of the neural network model is evaluated by R, as shown in
Equation (12), which represents the relationship between the predicted value and the
real value. Usually, the higher the R-value, the better the fitting effect of the model [22].

R2 = 1 − ∑N
i=1 (ti − ai)

2/∑N
i=1

(
ti − ti

)2 (12)

where ti is the actual value, ai is the predicted value, ti is the average value of the actual
value, and N is the number of data sets.

In the selection process of the transfer function and training function, the results of the
use of each function are shown in Tables 2 and 3.
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Table 2. Combined regression performance of transfer function.

Transfer
Function R Transfer

Function R Transfer
Function R

1-1-1 0.914 2-1-1 0.97 3-1-1 0.967
1-1-2 0.073 2-1-2 0.729 3-1-2 0.641
1-1-3 0.993 2-1-3 0.859 3-1-3 0.891
1-2-1 0.955 2-2-1 0.912 3-2-1 0.956

Note. 1-tansig, 2-logsig, 3-purelin.

Table 3. Training function regression performance.

Training Function R Training Function R

Trainlm 0.993 Traincgf 0.86
Trainbr 0.987 Traincgp 0.987
Trainbfg 0.261 Trainoss 0.973
Trainrp 0.98 Traingdx 0.871
Trainscg 0.986 Traingdm 0.982
Traincgb 0.929 traingd 0.983

It can be seen from Table 3 that when the transfer function is tansig-tansig-purelin, the
R-value is the highest, so the model chooses this transfer function combination. In Table 3,
the trainlm training function has the best performance, and the R-value is 0. 993. Therefore,
the training function uses trainlm.

3. Verification Method
3.1. Verify the Oblique Spraying Coating Accumulation Model

In order to verify the accumulation model of the oblique spraying layer, an oblique
spraying experiment and a fixed-distance spraying experiment are needed. The experimen-
tal samples of the two groups are L = 500 mm. The parameters of the spray gun were set
as follows: spraying speed was 500 mm/s, atomization pressure was 0.2 MPa, fan control
pressure was 0.1 MPa, and flow pressure was 0.15 MPa. The ambient temperature was
22.3 ◦C, the humidity was 41.2%, and the paint viscosity was 15.48 s.

The principle of the oblique spraying experiment is shown in Figure 3. The minimum
spraying distance dmin = 150 mm and the maximum spraying distance dmax = 350 mm are
set, and the thickness data of cross-section coatings with a spraying distance hs of 170 mm,
250 mm, and 290 mm are collected. In order to verify the reproducibility of the cumulative
model of the oblique spraying layer, three oblique spraying experiments were performed
under the same experimental conditions.

The basic principle of the fixed-distance spraying experiment is shown in Figure 6.
The axis of the spray gun is perpendicular to the plane specimen, and the spraying distance
is kept constant along the straight-line stroke. This experiment can obtain a linear coating
with the same thickness in the horizontal direction, which is convenient for analyzing the
relationship between the distribution of the oblique spraying experimental coating and the
fixed-distance experimental coating. The spraying distance hs is set to 170 mm, 250 mm,
and 290 mm, and the corresponding coating thickness data are collected.
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3.2. 3D Coating Accumulation Model Training and Verification

Taking the oblique spray test sample 1 as an example, through the data acquisition
method of Figure 4, the coating thickness data with spraying distances of 170 mm, 190 mm,
230 mm, 250 mm, 270 mm, 290 mm, and 310 mm were collected on the oblique spray test
sample 1 of Figure 6. The data on spraying distances of 170 mm, 250 mm, and 290 mm are
shown in Tables A1–A3 in Appendix A and the thickness data of other spraying distances
are shown in Table 4. The above data are converted into fixed-distance spraying thickness
data through the oblique spraying coating accumulation model Equation (9), which is used
as the training sample data of the 3D coating accumulation model as shown in Figure 5. The
data are randomly divided into a training set, verification set, and test set, accounting for
70%, 15%, and 15% of the total data set, respectively. The maximum number of iterations of
the network is set to 2000, and the network converges after 96 times of learning, as shown
in Figure 7. According to Equation (12), the R values of the training set, the validation set,
and the test set are all greater than 0.99, and the model performance is good, as shown in
Figure 8.

Table 4. Three-dimensional coating cumulative model training part of the data.

Measuring
Point Center
Distance/mm

h190/µm h230/µm h270/µm h310/µm

−80 10.8 12.2 12.5 11.3
−70 13.3 14.1 13.7 12.4
−60 15.8 15.8 14.8 13.4
−50 18.3 17.3 15.8 14.3
−40 20.6 18.7 16.6 15.0
−30 22.5 19.7 17.2 15.5
−20 23.9 20.3 17.5 15.8
−10 24.7 20.6 17.6 15.8

0 24.8 20.6 17.5 15.5
10 24.4 20.1 17.2 15.1
20 23.3 19.3 16.7 14.4
30 21.7 18.2 16.0 13.7
40 19.7 16.9 15.1 12.8
50 17.4 15.4 14.2 11.9
60 15.1 13.8 13.3 11.1
70 12.7 12.1 12.4 10.3
80 10.6 10.6 11.5 9.7
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Figure 8. Network regression performance.

To verify the accuracy of the model after training the 3D coating accumulation model
as shown in Figure 5, a spraying distance hs of 170 mm, 210 mm, and 250 mm were
selected to carry out the single-track vertical spraying experiment, and 31 sets of data were
measured. The obtained data were compared with the prediction results of the 3D coating
accumulation model.

4. Results
4.1. Verification Results of Oblique Spray Coating Accumulation Model

The three samples of the oblique spray experiment are shown in Figure 9. The pro-
totype of the fixed-distance spraying experiment is shown in Figure 10. According to the
data acquisition method of Figure 4, the coating thickness data are collected. The thickness
distribution of the oblique spraying layer was drawn by taking the oblique spraying ex-
periment sample 1 as an example, as shown in Figure 11. According to Equation (9), the
rotation angle α of the specimen plate along the vertical axis can be calculated as follows:

α = arcsin
dmax − dmin

L
=

350 mm − 150 mm
500 mm

= 23.578
◦
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Figure 9. Oblique spray experimental samples, dmin = 150 mm and dmax = 350 mm. (The vertical line
in the diagram is the mark of the measuring position).
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Figure 10. Sample diagram of fixed-distance spraying experiment. They should be listed as
(a) spraying distance hs is 170 mm, (b) spraying distance hs is 250 mm, and (c) spraying distance hs is
290 mm. (The vertical line in the diagram is the mark of the measuring position).
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Figure 11. Coating thickness distribution of oblique spray test, dmin = 150 mm and dmax = 350 m.

The coating thickness data of the three oblique spraying experiments are converted
into Gi−1, Gi−2, and Gi−3 according to Equation (8), and the thickness of the fixed-distance
spraying coating is GD. The data are shown in Tables A1–A3 in Appendix A. The calculated
values of the model of each spray distance Gi−1, Gi−2, and Gi−3 and the change trend of
the fixed-distance spraying GD are shown in Figure 12. The performance of the model is
evaluated by the absolute error and relative error of the data.
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Figure 12. Cont.
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Figure 12. Comparison of coating thickness data between GD and Gi.

4.2. Validation Results of 3D Coating Accumulation Model

The experimental data are shown in Tables A4–A6 in Appendix A. The thickness
variation trend of the output value of the model and the actual value is shown in Figure 13.
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Figure 13. When the spraying distance is 170 mm, 210 mm, and 250 mm, the model prediction data
are compared with the real data.

5. Discussion

(1) For the performance of the oblique spraying layer accumulation model, it can be seen
from the coating surface quality of the oblique spraying experimental template in
Figure 9 and the fixed-distance spraying experimental template in Figure 10, there is
no sagging phenomenon on the surface of the sample with the minimum spraying
distance of 170 mm, and the coating coverage is completed on the surface of the sample
with the maximum spraying distance of 290 mm, which conforms to the distribution
law of the middle thick edge thin. It can be seen from Figure 12 that the calculated
value of the model is consistent with the thickness change trend of the actual value.
It can be seen from Tables A1–A3 in Appendix A that the absolute errors of the
three spray distances are −1.3~2 µm, −1.9~2.2 µm, and −1.6~1.4 µm, respectively,
when the center distance of the measuring point is in the range of −80~80 mm. The
absolute errors and the relative errors of the three spray distances are large when
the center distance of the measuring point is in the range of −150~−90 mm and
90~150 mm. This is because the coating in the edge area of the spray is thin, and
a small thickness difference will also produce a large relative error. From Table 5,
the relative error is small when the center distance of the measurement point is in
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the range of 80~80 mm, and the average relative error of the same spray distance is
relatively close on the three oblique spray test samples. The range of average relative
error is (4.22 ± 0.21)% when the spray distance is 170 mm, the range of average
relative error is (3.78 ± 0.08)% when the spray distance is 250 mm, and the range of
average relative error is (4.29 ± 0.07)% when the spray distance is 290 mm.

Table 5. The average relative error of the center distance of the measuring point is −80~80 mm.

Spraying
Distance Gi−1 Gi−2 Gi−3 Average

h170 4.43% 4.23% 4.01% 4.22%
h250 3.85% 3.80% 3.70% 3.78%
h290 4.22% 4.31% 4.35% 4.29%

Average -- -- -- 4.09%

(2) The performance of the 3D coating accumulation model can be seen in Tables A4–A6
in Appendix A. Within the center distance of the measurement point of −150~150 mm,
the absolute errors of the coating thickness predicted by the model for the spraying
distance of 170 mm, 210 mm, and 250 mm are −0.9~2.4 µm, −0.5~1.8 µm, and
0~1.2 µm, respectively, and the average relative errors are 9.7%, 3.7%, and 4.5%,
respectively. The center distance of the measuring point is close to the edge of the
spray, such as the center distance of the measuring point is −150 mm and 150 mm, the
error and relative error become larger, because in the edge part, the coating quality
decreases and the thickness is not uniform, which affects the prediction accuracy of
the model. According to Figure 13, the expression of the thickness change trend of the
output value of the model is consistent with the actual value in space.

The results of this paper are compared with similar references, as shown in Table 6.
Compared with Reference [6], the average absolute error of this paper is increased by
0.61 µm, and the average relative error is increased by 1.2%. Compared with Reference [13],
the average relative error of this paper is increased by 21.5%.

Table 6. The average absolute error and average relative error between the simulation results and the
experimental results in the same literature.

Author and Year of Publication Average Absolute Error Average Relative Error

This work 0.31 µm 3.7%
Reference [6]: Guo lei, W. 2017 0.92 µm 4.9%
Reference [13]: Chen, C. 2016 -- 25.2%

6. Conclusions

In this paper, a method for establishing a 3D coating accumulation model based on
oblique spraying is proposed. After experimental verification, the following conclusions
are drawn:

(1) A method for establishing the accumulation model of oblique spraying coating was
proposed. This method can realize the rapid acquisition of coating thickness data
at any spray distance within the range of spray distance set by the experimental
sample and has efficient data acquisition ability and the ability to extract high-density
valuable information.

(2) In the range of spraying distance 170~290 mm, the average relative error of the model
is less than 4.1%, which can realize the efficient generation of training data of the 3D
coating cumulative model. The model has good applicability and accuracy in the
range of 80~80 mm from the center distance of the measurement point.

(3) In this paper, a 3D coating accumulation model with coating as a function is estab-
lished with spraying distance and spraying position as variables. The accuracy of
the model is 1.2% and 21.5% higher than that of the two similar models. Using this
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model, the coating thickness can be accurately calculated according to the spraying
distance and spraying position, so as to improve the coating simulation accuracy in
the spraying simulation software.
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Appendix A

Table A1. Comparison of coating thickness data of spraying distance h170.

Measuring Point
Center Distance/mm GD/µm Gi−1/µm Gi−2/µm Gi−3/µm Absolute Error/µm Relative Error/%

−150 4.3 2.6 2.5 3.1 −1.7 −1.8 −1.2 38.89 41.66 27.77
−140 4.6 2.2 3.2 3.0 −2.4 −1.4 −1.6 52.47 30.00 35.19
−130 4.4 3.1 4.3 3.7 −1.4 −0.1 −0.7 30.70 2.80 16.30
−120 4.3 4.2 8.3 3.0 −0.1 4.0 −1.3 1.51 93.29 30.97
−110 4.6 3.8 3.9 4.6 −0.8 −0.7 0.0 17.31 15.60 0.25
−100 5.6 4.8 7.3 6.3 −0.8 1.6 0.7 13.82 29.27 12.32
−90 7.2 8.4 6.9 7.7 1.2 −0.3 0.5 16.24 4.60 6.92
−80 9.4 8.6 9.6 9.6 −0.8 0.2 0.2 8.42 2.08 2.08
−70 12.1 11.6 12.2 11.5 −0.5 0.2 −0.6 3.91 1.33 4.57
−60 15.0 14.2 14.6 14.2 −0.8 −0.4 −0.8 5.61 2.44 5.61
−50 17.9 17.6 17.6 16.8 −0.3 −0.3 −1.2 1.88 1.88 6.52
−40 20.7 19.6 18.8 19.7 −1.1 −1.9 −1.0 5.43 9.26 4.66
−30 23.1 22.1 21.5 22.5 −1.0 −1.6 −0.6 4.23 6.81 2.69
−20 24.9 24.5 25.7 23.4 −0.5 0.7 −1.5 1.93 3.00 6.06
−10 26.1 26.5 27.2 24.5 0.4 1.1 −1.6 1.44 4.33 6.15

0 26.5 28.5 27.5 27.9 2.0 1.0 1.4 7.51 3.62 5.41
10 26.1 28.1 28.3 25.6 1.9 2.2 −0.6 7.39 8.30 2.17
20 25.0 25.0 24.7 23.4 0.0 −0.3 −1.6 0.13 1.08 6.31
30 23.2 22.4 21.8 23.1 −0.8 −1.4 −0.1 3.32 6.22 0.58
40 20.9 19.7 19.6 20.3 −1.2 −1.2 −0.5 5.60 5.97 2.56
50 18.2 16.9 17.5 19.3 −1.3 −0.7 1.1 7.04 3.77 6.05
60 15.3 14.2 14.7 15.5 −1.1 −0.6 0.2 7.24 3.61 1.06
70 12.5 12.9 12.1 13.0 0.4 −0.4 0.5 3.54 2.81 3.86
80 9.9 10.0 10.5 10.1 0.1 0.5 0.2 0.66 5.45 1.86
90 7.8 8.2 9.9 9.2 0.4 2.1 1.3 4.52 26.34 17.20

100 6.3 6.9 5.0 8.3 0.6 −1.3 2.0 9.81 20.48 32.54
110 5.4 4.9 7.0 4.3 −0.5 1.6 −1.1 8.71 30.31 20.49
120 5.1 3.9 5.9 3.0 −1.1 0.9 −2.1 22.58 17.31 41.35
130 5.1 4.7 3.3 1.7 −0.4 −1.8 −3.5 8.16 35.17 67.59
140 5.2 3.9 3.0 5.0 −1.3 −2.2 −0.2 25.39 42.90 4.07
150 4.7 2.9 2.9 1.9 −1.8 −1.8 −2.8 38.12 38.97 59.31
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Table A2. Comparison of coating thickness data of spraying distance h250.

Measuring Point
Center Distance/mm GD/µm Gi−1/µm Gi−2/µm Gi−3/µm Absolute Error/µm Relative Error/%

−150 4.2 4.1 5.0 2.4 0.0 0.8 −1.8 0.66 20.35 42.69
−140 5.8 4.5 4.4 5.0 −1.3 −1.4 −0.8 22.41 24.45 14.24
−130 6.1 4.6 5.1 3.7 −1.5 −1.0 −2.4 24.22 16.45 39.77
−120 6.9 5.9 6.1 5.6 −1.0 −0.8 −1.3 14.13 11.82 18.74
−110 8.0 9.1 10.5 6.1 1.2 2.5 −1.9 14.55 31.48 23.80
−100 9.2 8.4 9.0 8.6 −0.8 −0.2 −0.7 9.13 2.27 7.42
−90 10.6 11.5 10.7 10.5 0.8 0.1 −0.2 7.98 0.54 1.70
−80 12.1 12.8 12.6 12.5 0.7 0.5 0.4 5.75 4.44 3.45
−70 13.5 14.4 12.8 13.1 1.0 −0.6 −0.4 7.26 4.52 2.76
−60 14.7 14.8 14.9 14.2 0.1 0.1 −0.6 0.60 0.87 3.97
−50 15.9 15.2 15.7 14.9 −0.7 −0.2 −1.0 4.15 1.16 6.40
−40 16.8 16.4 17.0 16.4 −0.4 0.2 −0.4 2.60 0.93 2.60
−30 17.6 17.6 17.1 17.6 −0.1 −0.5 0.0 0.31 2.79 0.09
−20 18.2 18.8 19.0 19.0 0.6 0.9 0.9 3.46 4.77 4.77
−10 18.5 18.7 18.4 19.0 0.2 0.0 0.6 1.05 0.24 2.98

0 18.6 19.5 20.2 18.4 0.9 1.7 −0.1 5.10 8.95 0.66
10 18.4 19.4 19.0 17.6 1.0 0.6 −0.8 5.35 3.41 4.34
20 18.0 18.3 18.8 17.6 0.3 0.8 −0.4 1.66 4.30 2.30
30 17.4 17.4 18.6 15.9 0.0 1.1 −1.5 0.17 6.54 8.48
40 16.6 15.8 17.6 15.7 −0.8 1.0 −0.9 5.02 5.96 5.50
50 15.6 15.2 14.7 15.7 −0.4 −0.9 0.1 2.63 5.67 0.41
60 14.5 13.4 14.0 13.8 −1.1 −0.5 −0.7 7.37 3.27 4.91
70 13.3 12.3 12.7 12.2 −1.0 −0.5 −1.0 7.41 4.12 7.71
80 12.0 11.3 11.8 11.97 −0.7 −0.3 −0.2 5.61 2.63 1.64
90 10.7 10.5 11.1 9.0 −0.2 0.4 −1.6 1.75 3.83 15.15

100 9.4 9.5 11.1 8.7 0.1 1.7 −0.7 1.41 17.89 7.46
110 8.2 8.9 10.5 9.6 0.6 2.2 1.4 7.88 27.14 17.03
120 7.3 8.1 9.0 4.8 0.8 1.8 −2.5 11.53 24.04 34.72
130 6.6 6.9 5.9 7.8 0.3 −0.7 1.2 4.37 10.54 18.09
140 6.4 5.8 5.2 2.9 −0.6 −1.2 −3.6 9.95 18.59 55.59
150 6.8 5.0 6.5 4.8 −1.7 −0.2 −2.0 25.54 3.26 29.65

Table A3. Comparison of coating thickness data of spraying distance h290.

Measuring Point
Center Distance/mm GD/µm Gi−1/µm Gi−2/µm Gi−3/µm Absolute Error/µm Relative Error/%

−150 6.1 5.1 5.1 5.9 −1.0 −1.0 −0.2 17.01 16.36 2.75
−140 6.6 6.5 10.3 3.4 −0.1 3.8 −3.1 1.34 57.02 47.66
−130 7.3 5.6 7.0 3.7 −1.7 −0.3 −3.6 23.20 3.59 49.35
−120 8.1 7.4 6.3 8.3 −0.7 −1.8 0.2 8.69 22.37 2.54
−110 9.1 9.6 12.2 5.6 0.5 3.2 −3.5 5.48 35.24 38.29
−100 10.0 9.7 10.8 7.4 −0.3 0.8 −2.7 3.33 7.72 26.61
−90 11.0 11.9 12.1 10.1 0.8 1.1 −0.9 7.65 9.81 8.50
−80 12.0 12.5 12.8 11.3 0.5 0.8 −0.7 3.85 6.82 6.04
−70 12.9 13.4 13.4 12.5 0.5 0.5 −0.5 3.78 3.78 3.57
−60 13.8 14.2 14.7 13.0 0.4 0.9 −0.8 2.57 6.88 6.05
−50 14.2 14.7 15.0 13.7 0.5 0.8 −0.5 3.70 5.37 3.83
−40 15.2 14.6 15.7 14.6 −0.6 0.5 −0.6 3.96 3.35 3.70
−30 15.7 16.1 16.4 14.9 0.4 0.7 −0.8 2.49 4.51 5.33
−20 16.1 16.4 16.6 15.3 0.3 0.6 −0.7 1.80 3.52 4.61
−10 16.3 17.0 17.2 16.3 0.7 0.9 0.0 4.20 5.66 0.17

0 16.4 17.5 17.5 16.3 1.1 1.1 −0.1 6.52 6.52 0.73
10 16.4 17.2 17.6 15.5 0.9 1.2 −0.9 5.43 7.61 5.48
20 16.2 16.5 16.3 15.2 0.4 0.1 −0.9 2.33 0.86 5.77
30 15.8 16.1 15.5 15.0 0.3 −0.3 −0.8 2.06 2.20 5.21
40 15.3 14.3 15.0 14.3 −1.1 −0.3 −1.1 6.88 2.23 6.88
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Table A3. Cont.

Measuring Point
Center Distance/mm GD/µm Gi−1/µm Gi−2/µm Gi−3/µm Absolute Error/µm Relative Error/%

50 14.7 14.7 14.9 14.0 0.0 0.2 −0.7 0.22 1.03 4.63
60 14.0 12.8 13.9 13.3 −1.2 −0.1 −0.7 8.45 0.51 4.76
70 13.2 12.2 12.0 12.8 −0.9 −1.1 −0.3 6.88 8.69 2.36
80 12.2 11.4 11.8 11.7 −0.8 −0.5 −0.6 6.70 3.79 4.76
90 11.3 8.8 8.8 8.6 −2.4 −2.5 −2.7 21.47 21.82 23.93

100 10.2 7.7 7.7 7.7 −2.5 −2.5 −2.5 24.88 24.49 24.49
110 9.2 6.7 5.9 5.7 −2.5 −3.3 −3.5 26.84 35.45 38.03
120 8.2 8.8 11.1 7.4 0.5 2.8 −0.8 6.67 34.67 10.22
130 7.3 6.9 7.6 4.3 −0.4 0.3 −3.0 5.84 4.50 41.22
140 6.5 8.8 10.5 5.9 2.3 4.0 −0.5 35.99 61.72 8.12
150 5.8 7.0 9.6 4.6 1.2 3.8 −1.2 20.33 65.19 20.46

Table A4. Experimental data on spraying distance h170.

Measuring Point
Center Distance/mm

Coating Thickness/µm Absolute
Error/µm

Relative
Error/%True Value Predict Value

−150 4.3 2 2.3 53.3
−140 4.6 3.1 1.5 32.4
−130 4.4 3.4 1.0 22.8
−120 4.3 3.6 0.7 16.4
−110 4.6 4 0.6 14.0
−100 5.6 5.1 0.5 9.1
−90 7.2 6.7 0.5 7.3
−80 9.4 9 0.4 4.6
−70 12.1 11.7 0.4 3.2
−60 15.0 14.6 0.4 2.6
−50 17.9 17.7 0.2 1.3
−40 20.7 20.5 0.2 1.0
−30 23.1 23.6 −0.5 2.2
−20 24.9 25.3 −0.4 1.4
−10 26.1 25.9 0.2 0.8

0 26.5 26.1 0.4 1.6
10 26.1 25.5 0.6 2.4
20 25.0 25.1 −0.1 0.4
30 23.2 23.8 −0.6 2.6
40 20.9 21.8 −0.9 4.5
50 18.2 18.5 −0.3 1.8
60 15.3 15.1 0.2 1.3
70 12.5 12.3 0.2 1.4
80 9.9 9.8 0.1 1.3
90 7.8 7.6 0.2 2.7
100 6.3 6.1 0.2 2.9
110 5.4 5.1 0.3 5.3
120 5.1 4.7 0.4 7.3
130 5.1 4.4 0.7 14.3
140 5.2 3.8 1.4 27.0
150 4.7 2.3 2.4 50.8

Average 9.7
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Table A5. Experimental data on spraying distance h210.

Measuring Point
Center Distance/mm

Coating Thickness/µm Absolute
Error/µm

Relative
ErrorTrue Value Predict Value

−150 4.9 4.0 0.89 18.1
−140 5.3 5.5 0.19 3.6
−130 5.6 5.5 0.10 1.8
−120 5.6 5.8 0.10 1.8
−110 6.5 6.6 0.11 1.7
−100 7.9 8.0 0.13 1.6
−90 9.7 9.8 0.13 1.3
−80 11.7 11.8 0.11 1.0
−70 13.9 14.0 0.10 0.7
−60 16.0 16.1 0.07 0.4
−50 18.1 18.1 0.03 0.2
−40 19.8 19.8 0.02 0.1
−30 21.2 21.2 0.06 0.3
−20 22.2 22.1 0.06 0.3
−10 22.7 22.7 0.00 0.0

0 22.6 22.7 0.14 0.6
10 22.0 22.4 0.31 1.4
20 21.0 21.5 0.48 2.3
30 19.6 20.2 0.58 3.0
40 17.9 18.5 0.63 3.5
50 15.9 16.5 0.64 4.0
60 13.9 14.5 0.67 4.8
70 12.5 12.6 0.08 0.6
80 11.2 10.8 0.37 3.3
90 10.0 9.3 0.70 7.0
100 8.4 8.0 0.37 4.4
110 7.5 7.0 0.55 7.3
120 6.9 6.3 0.69 9.9
130 6.1 5.9 0.18 3.0
140 5.7 5.7 0.00 0.1
150 4.6 3.4 1.20 26.1

Average 3.7

Table A6. Experimental data on spraying distance h250.

Measuring Point
Center Distance/mm

Coating Thickness/µm Absolute
Error/µm

Relative
ErrorTrue Value Predict Value

−150 4.15 3.7 0.5 10.8
−140 5.82 4.6 1.2 21.0
−130 6.12 5.5 0.6 10.1
−120 6.88 6.6 0.3 4.0
−110 7.96 7.8 0.2 2.0
−100 9.25 9.2 0.0 0.5
−90 10.65 10.7 −0.1 0.5
−80 12.07 12.2 −0.1 1.1
−70 13.45 13.6 −0.1 1.1
−60 14.74 15 −0.3 1.8
−50 15.88 16.3 −0.4 2.6
−40 16.85 17.3 −0.5 2.7
−30 17.62 18.1 −0.5 2.8
−20 18.16 18.7 −0.5 3.0
−10 18.48 18.9 −0.4 2.3

0 18.56 18.9 −0.3 1.9
10 18.40 18.5 −0.1 0.5
20 18.01 18 0.0 0.1
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Table A6. Cont.

Measuring Point
Center Distance/mm

Coating Thickness/µm Absolute
Error/µm

Relative
ErrorTrue Value Predict Value

30 17.41 17.1 0.3 1.8
40 16.61 16.1 0.5 3.1
50 15.63 15 0.6 4.0
60 14.51 13.8 0.7 4.9
70 13.27 12.6 0.7 5.1
80 11.97 11.5 0.5 3.9
90 10.65 10.4 0.3 2.4
100 9.38 9.4 0.0 0.2
110 8.23 8.6 −0.4 4.5
120 7.29 7.8 −0.5 7.0
130 6.65 7 −0.4 5.3
140 6.43 6.2 0.2 3.5
150 6.76 5 1.8 26.1

Average 4.5
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