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Abstract: In this paper, a new practical electrostatic rotating bell (ESRB) cumulative rate model of
painting is derived, and an experimental study on painting is carried out. First, the experimental
method is used to obtain the radial thickness profile function of the spatial paint distribution of static
spray. Then, a spatial trajectory-planning scheme for a spray-painting robot based on a rectangular
model is presented. This method designs the spatial path of the spray-painting robot by using the
cuboid model method after the optimal value is taken as the width d of the overlapping area of the
two spray-painting strokes in the plane. The experimental results illustrate that the paint thickness
basically meets the requirements, and the experimental results verify the effectiveness of the trajectory
optimization method.

Keywords: trajectory planning; rectangular model; thickness

1. Introduction

An electrostatic spray-painting robot is a very important piece of painting production equipment.
It uses a high-voltage electrostatic field to improve the efficiency of paint deposition, and is globally
used in the coating production lines of automobile. Trajectory optimization consists of two parts: path
planning, and spray speed optimization. The trajectory of the electrostatic spray-painting robot has a
great impact on the spraying quality of the objectives. Therefore, many scholars are researching on the
trajectory optimization algorithm, control strategy, and off-line programming system of electrostatic
spray-painting robots in recent years.

The high-voltage electrostatic spray-painting technology with a high-speed rotary bell used
in spray-painting robots was developed by the BMW Company in Germany, which has greatly
promoted the development of spray painting technology. Compared with air spraying, the electrostatic
rotating bell atomizer (ESRB) is highly efficient, and the utilization rate of paint is three times higher
than air spraying [1]. However, it can be influenced by many factors, such as the rotating speed,
the distance between the rotary bell and the workpiece, the curvature of the workpiece, the air flow
field, the electrostatic field, the trajectory of droplets, the quantity of electric charge, and others.
The establishment of its model involves mathematics, control, electronics, fluid mechanics, and so
on. In order to improve product quality and production efficiency, save paint, reduce environmental
pollution, and so on, the electrostatic rotary bell is mainly used in modern automobile body painting.
Electrostatic spray painting with a high-speed rotary bell makes the workpiece grounded as the anode,
and the electrostatic rotary bell connected to the negative high-voltage (—50~—120 kV) as the cathode.
Rotary bells are driven by air turbine. The no-load speed is up to 70,000 r/min, and the load speed is
up to 20,000-70,000 r/min [2]. When the paint is sent to the rotary bell rotating at high-speed, due to
the centrifugal effect of the rotary bell, the paint on the inner surface of the rotating cup stretches into a
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film and then gets great acceleration to move towards the edge of the rotary bell. Under the dual effect
of centrifugal force and a strong electric field, the film is broken into tiny and charged droplets, which
move towards the opposite polarized workpiece with the aid of the shaping air and the mode-control
ring. The film is deposited on the workpiece surface, and then the coating is formed. When the caliber
of the rotary bell is larger, the centrifugal force of the paint particles is larger, and the atomized paint
becomes thinner. However, the gap of paint in the middle is also increased. The difference between the
middle and both sides of the spray pattern is also increased, which results in poor coating uniformity.
So, the hollow area of the spray pattern, which is important for the large area spraying, needs to
be reduced.

Previous researchers have used simple planar deposition models to establish geometric projective
models, such as the rotation model, which is based on the rotated parabolic thickness profile [3],
the bivariate Gaussian model [4], the Cauchy or Gaussian distributions model [5], and the beta
distribution model [6]. However, the paint deposition model of the electrostatic rotating bell atomizer
is significantly different from the model presented earlier. Conner et al. [6-8] proposed a highly
accurate double Gaussians paint deposition model based on an ESRB spray gun, by using an offset 1-D
Gaussian revolved about the axis of the spray gun, and a 2-D Gaussian centered at the origin of the
deposition model plane to capture the shape of the paint distribution. In this article, a new practical
ESRB cumulative rate model of painting is derived, and the experimental study on painting is carried
out after using the experimental method to obtain the radial thickness profile function of the spatial
painting distribution of static spray.

2. ESRB Spray Painting Model

As ESRB is closely related to many parameters (electrostatic voltage, diameter of paint droplets,
rotating speed of the rotary bell, concentration and flow of paint, surface geometry, spray distance
and speed of the rotary bell, etc.), it is difficult to establish a more accurate ESRB mathematical model.
The existing studies on the ESRB spray-painting model are carried out by the experimental method
under ideal conditions on a two-dimensional plane, while research studies on spray-painting models
used for curved surfaces need improvement [9-12]. A new practical ESRB cumulative rate model of
painting is proposed.

According to a large number of simulation experiments and spray painting experiments, we can
see that the atomization of paint is caused by the centrifugal force generated by the high-speed rotation
of the ESRB, the electric force of high-voltage static electricity, and the inertia force of shaping air.
The spatial distribution of paint is a ring [13-16]. When the electrostatic voltage, spray painting
distance, rotating speed of the rotary bell, paint flow, viscosity of paint, and other parameters keep
certain, the ESRB is perpendicular to the workpiece surface and is sprayed at a fixed point for a period
of time. The resulting paint space is then distributed as a hollow ring, as shown in Figure 1a.
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Figure 1. (a) Coating distribution of electrostatic rotating bell (ESRB); (b) Translation of the static
distribution model; (c) the section thickness of the translation model.
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As shown in Figure 1b, when the ESRB moves along the direction A, a stripe-shaped paint
deposition area is formed. While moving, the coating thickness of the middle is small because of
the hollow area in Figure 1a, and the coating thickness of both sides grows. Figure 1c shows the
cross-sectional figure of the paint thickness along the A—A direction corresponding to the deposition
of the striated paint in Figure 1b, which shows the variation function of the paint thickness in the
y-direction.

Suppose that the radial thickness profile function of the spatial distribution of the static paint on
the plane is h(r); then, the function image is shown in Figure 2. The static radial thickness profile in
the figure represents an axisymmetric static spray profile. In order to convert this axisymmetric static
spray profile into a dynamic profile or striped paint deposition area, this axisymmetric static spray
profile needs to be converted to a circular spray painting model. As shown in Figure 2, the circular
spray model can be obtained by rotating the thickness profile around the axis of symmetry.
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Figure 2. Spatial distribution of the circular coating formed by the rotational radial thickness profile.

As shown in Figure 3, assuming that the integral of the static spray profile along the spraying
direction is H(y), the radial thickness profile ii(r) of the circular static spray model can be accumulated
to form a cross-sectional thickness profile H(y) along the spraying direction, and the function H(y) is
the cumulative paint thickness in the y-direction.

R v 4

Figure 3. Thickness profile of the circular deposition model, formed by the translational circular
deposition model.

Assuming that the translational velocity of the ESRB is v, if the rotary bell translates along the
x-direction in Figure 3, the cumulative rate of the paint in the translation direction is the same in the
plane, H(y) is the integral of the paint thickness on the string whose length is s(y). The expression is:

5 s(y)
H(y) = = [ h(rdx M
0
where s(y) = /R?—y2. Since the radius r is a function of the distance x, Equation (1) can be

transformed into:

s(y)
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Furthermore, in order to obtain the paint thickness value on the string, it is necessary to perform
coordinate transformation:
2rdr = 2xdx + 2ydy (©)]

Since the value of y on the string is constant, dy = 0. Substitute r = \/x2 + y? into Equation (3):

dx = gdr SR S @)

Substitute Equation (4) into Equation (2):

s(y) R
H(y) = %/ h(r(x))dx = E/ Mdr (5)
0

Since Equation (5) may have singular points at r = y (i.e., x = 0), it is not easy to solve. It can be
processed by the partial integration method; then, Equation (5) can be transformed into:

R
R O e o 0
Y

As the paint thickness is measured at the discrete paint sampling point in practical work.
Therefore, we can make Ar small enough, and let /i(r) be a constant between r and Ar 4 r. By processing
Equation (6) with the numerical integration method, we can get:

rh(r) ~ 2 r
Cdr= 2y nr+ 5 [ )

R
2
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vy NS = J —y
After further processing, we can get:

R
HO) = 2 o+ ) [\ -2 ®
=y

So far, as long as we obtain the radial thickness profile data of ESRB in unit time, we can obtain
the paint deposition rate in the movement of ESRB, according to Equation (8).

3. Spatial Path Planning Based on Cuboid Model

Here, a cuboid model method is proposed to design the spatial path of the spray-painting
robot. In this method, the key factor is determining the width d of the overlapping area of the two
spray-painting strokes. Figure 4 shows a flow chart for calculating the optimized value of width 4 of
the overlapping area formed by two spray painting strokes.

After finding the optimal value of the width d of the overlapping area of the two spray painting
strokes on the plane, the following steps are taken to design the spatial path of the spray-painting
robot by the cuboid model method:

1)  The surface is determined by the CAD (Computer Aided Design) model of the workpiece, and
the surface is divided into triangular meshes. After triangulating the surface, we can express it as

a mathematical expression:
M={T;:i=1,..., M} )

where T; is the i-th triangle in the triangular facet, and M is the total number of triangular facets
in the triangular mesh.
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2)  Calculate the normal vector of each triangular facet, and generate a number of large patches
according to the topology between adjacent triangular facets. Then, suppose that the normal
vector of the surface and the normal vector of the projection plane of the surface both have the
maximum angle By, (only consider that the normal vectors of the two are on the same side of
the surface). After determining By, each patch of the surface can be generated. The steps of
connecting the respective triangular facets into patches are as follows:

(1) Specify any of the triangular facets as the initial triangular facet.

(2 Find all triangular facets that are less than the spray radius from the center point of the
initial triangular facet.

(3)  Calculate the angle between the normal vector of all triangular facets found in Step (2) and
the normal vector of the original triangular facet. If the angle is smaller than By, connect
the triangular facet with the initial triangular facet.

4) Look for the triangular facets that have not been connected into patches as a new initial
triangular facet, and repeat Steps (2) and (3) until all of the triangular facets are connected

into patches.

Caculate vy, v, Ey, E>

—

Caculate ds, d, by golden
section method

v

Caculate vs,v4, Es, E,4

d\=ds, E\=E;

?7
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Figure 4. Flow chart of the optimization of the width d of the overlapping area formed by two
spray-painting strokes.

After patching the surface, any one of the patches can be expressed as:

- =
S ={T; ‘cosf1 (N;j-Ni) < Baw D(T}, Te) < R, Tj € M, Ty, € M} (10)

In the expression above, S; denotes the j-th patch, and I?I] and I\_fk are the normal vectors of the
j-th triangular facet and the k-th triangular facet, respectively. D(Tj,T) denotes the distance between
the i-th triangular facet and the center point of the k-th triangular facet. As a result, a surface will be
divided into one or several patches. It is known to all that a quartic polynomial model can represent
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many 3D curved surfaces. After connecting the triangular facets into patches, each patch can be
processed by the 3L algorithm, resulting in a smooth surface that retains the original properties [17-20].

3) The cuboid model is established on each patch, and the spatial path of the spray-painting robot
on each patch is generated. Figure 5a shows the cuboid model established on a patch. The cuboid
model is a cuboid that contains exactly the entire patch, which has two main properties: (i) its
leading direction is opposite to the direction of the normal vector of the entire patch, and (ii) the
area of the rectangle on each facet is as small as possible. In order to generate the spatial path
of the spray-painting robot, firstly, a number of tangent planes whose distance are / (/ is taken
as R/2-R, R is the spray radius) are taken along the direction perpendicular to the right side of
the cuboid model. Then, the intersection between the tangent plane and several segments of the
curved surface can be obtained, and a series of points whose distance is d (the optimum value of
the overlapping area’s width formed by two spray-painting strokes) are uniformly made on the
intersecting line. Finally, these points are connected along the right side of the cuboid mode to
generate the spatial path of the spray-painting robot (as shown in Figure 5b).

Top R e Spray Path

Front |

|

k, I Intersecting
Right Line
—
- ' Paich
em——t_ _ _ _ L

(@) (b)

Figure 5. (a) The cuboid model; (b) The generated spatial path.

4. Electrostatic Spray-Painting Experiment

Taking the automotive body of a certain brand as the paint objective, we use the ABB electrostatic
spray-painting robot (Asea Brown Boveri Ltd., Zurich, Switzerland) to perform the varnish spray
experiment. The joint coordinates and parameters of the painting robot are shown in Figure 6. The robot
uses the ESRB spray mode, as shown in Figure 7. This is a double-shaping air system with straight
nozzles, and the bell diameter is 60 mm. The body is divided into four portions: a roof portion, a left
portion of the car, a right portion of the car, and a rear portion. Since the left and right sides are
completely symmetrical, only one side is listed. These portions can be sprayed in several zones by four
spray-painting robots, as shown in Figure 8.

>

Figure 6. Joint coordinates and parameters of the ABB painting robot.
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Figure 7. ABB Spray-painting robot in a Company.

Figure 8. An automobile paint line composed by several spray-painting robots.

According to the spray model of ESRB and the trajectory optimization method of the
spray-painting robot, the trajectory planning is carried out on the four portions of the automobile
body. According to the different curvature of the surface and the different shape of the workpiece,
we use different trajectory distance, paint flow, and shaping air flow parameters in the planning
process. According to the features of the experimental platform for the automobile spray-painting of
the spray-painting robot, the joint motion of the robot is smaller and more stable, and the performance
is better when the end effector ESRB of the robot moves at uniform speed. Compared with other types
of end effectors, the use of the optimal paint flow control can completely replace the optimization
method for spray-painting speed in the course of the experiment, as the ESRB itself has an excellent
paint flow real-time control adjustment function. That is, after the trajectory optimization for the
spray-painting robot is performed in the off-line programming system, the corresponding large
paint flow rate is used to paint at the place on the trajectory where the robot needs to move slowly.
Conversely, the corresponding small paint flow rate is used to paint at the place on the trajectory where
the robot needs to move quickly. Of course, a functional relationship between the moving speed of the
spray-painting robot and the paint flow rate needs to be established in this process. This relationship
is obtained through the large amount of data after the experimental calibration of the spray-painting
robot. The optimized spray trajectories generated by the roof portion, the left portion of the car, and the
rear section are shown in Figures 9-11, respectively. The roof portion of the car is divided into seven
segments of optimization trajectory (the location number of each trajectory has been marked in the
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figure), the left portion of the car is divided into 12 segments, and the rear portion is divided into
three segments. The different segments of the optimization trajectory in the off-line programming
system of the spray-painting robot are indicated with different colors. The spray-painting parameters
corresponding to each portion of the optimization trajectories are shown in Tables 1-3, respectively.

Figure 11. Optimized trajectory of the rear.
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Table 1. Operating parameters of spray trajectory on the roof.

Trajectory Operating Parameters of Spray Trajectory on the Roof of the Tested Automobile
No. Colour Del(L/min) AM (kRPM)  SA1 (L/min) SA2 (L/min) HV (kV)
1 290 40 250 180 60
2 — 240 40 250 180 60
3 — 300 40 250 220 60
4 — 200 40 250 180 60
5 — 200 40 250 180 60
6 — 280 40 250 180 60
7 0 40 280 180 60

Table 2. Operating parameters of spray trajectory on the side.

Trajectory Operating Parameters of Spray Trajectory on the Side of the Tested Automobile
No. Colour Del(L/min) AM (kRPM)  SA1 (L/min) SA2 (L/min) HV (kV)
1 340 40 250 180 60
2 — 100 40 250 180 60
3 — 310 40 250 180 60
4 — 230 40 250 180 60
5 —— 315 40 250 180 60
6 — 285 40 250 180 60
7 —— 370 40 250 180 60
8 285 40 250 180 60
9 — 310 40 250 180 60
10 — 350 40 350 250 60
11 — 280 40 250 180 60
12 0 40 280 180 60

Table 3. Operating parameters of spray trajectory on the rear.

Trajectory Operating Parameters of Spray Trajectory on the Rear of the Tested Automobile
No. Colour Del(L/min) AM (kRPM)  SA1 (L/min) SA2 (L/min) HV (kV)

1 305 40 250 180 60

2 — 295 40 250 180 60

3 0 40 280 180 60

In Tables 1-3, the parameter Del represents the paint flow rate, AM represents the rotating speed
of the rotary bell, SA1 represents the flow of air 1, SA2 represents the flow of air 2, and HV represents
the electrostatic voltage of the rotary bell. Air 1 is used to drive the turbine and rotate the rotary bell;
air 2 is shaping air. Among the tables above, the paint flow of the yellow trajectory is zero (i.e., the No.
7 trajectory in Table 1, the No. 12 trajectory in Table 2, and the No. 3 trajectory in Table 3); the ESRB
does not spray, and the spray-painting robot transfers its position at this time.

When the trajectory on the surface of the automobile is all planned, the information is input into
the controller of the spray-painting robot. Now, the spray-painting trajectory is “the spray painting
path based on the workpiece being sprayed”, and is not the trajectory of the spray-painting robot.
The spray-painting robot will transform the spray path based on the workpiece into the spray path of
the actual spray-painting robot according to the conveyor speed of the conveyor belt, the CAD model
of the automobile body, the spatial position, and other information of the calibrated individual robots
and the automobile body. In other words, it is the trajectory of each joint of the spray-painting robot.
In this process, it is necessary to transform between the spatial coordinate system of the workpiece
and the base coordinate system of the robot (also called workpiece calibration). The transformission
between the coordinate system of the end effector and the base coordinate system of the robot is also
necessary (also called tool calibration) [21-24].

After the paint operation is finished, we dry the paint on the automobile body, and then use the
professional QuaNix®7500 (QNIX, Cologne, Germany) coating thickness gauge to measure the coating



Coatings 2017, 7, 155 10 of 15

thickness at each sampling point on the surface of the tested automobile body surface. The coating
thickness data at each sampling point is shown in Figure 12. The position of the data in the figure is
the corresponding position on the automobile body when the automobile is detected, so we can see
the uniformity of coating thickness at all parts of the automobile body clearly. At this point, the reason
for the difference in the uniformity of coating thickness can be analyzed according to the surface shape
of the corresponding position on the automobile body.

Figure 12. Paint thickness at the sampling points on the automobile body.

According to the actual spray-painting requirements in the production process of the brand car,
the ideal coating thickness is g; = 40 x 107® m, and the deviation of the maximum coating thickness
is g = 25 x 107% m. The coating thickness curve of each sampling point on the automobile body is
shown in Figure 13. The thin curve in the figure is the variation curve of the coating thickness, and the
data entry has the basic distribution according to the position in Figure 12: First is the left portion of
the car, from the rear to the front. Second is the automobile body, from the front to the rear. Last is the
right portion of the car, from the front to the rear. The thick solid line in the figure is the upper and
lower limits of the standard thickness. It can be seen from the graph that only the coating thickness of
some discrete points exceeds the upper and lower limits of the coating thickness. The coating thickness
basically meets the requirements, and the experimental results verify the effectiveness of the trajectory
optimization method.

o ! A
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Figure 13. Curve of the coating thickness on the automobile body.
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Another varnish spray experiment on the same automotive body is performed. The trajectory
planning is carried out on the surface of the same automotive body along the v-direction. The body is
divided into three portions: the roof portion, the left and left-rear parts of the car, and the right and
right-rear parts of the car. The optimized spray trajectories generated by the roof portion, the left and
left-rear parts, and the right and right-rear parts are shown in Figures 14-16, respectively.

Figure 16. Optimized trajectory on the right and right-rear parts of the automobile.
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The roof portion of the car is divided into four segments of optimization trajectory, the left side
and rear left parts of the rear part are divided into nine segments, and the right side and right-rear parts
are also divided into nine segments. The spray-painting parameters corresponding to each portion of
the optimization trajectories are shown in Tables 4-6, respectively.

Table 4. Operating parameters of the spray-painting trajectory on the roof.

Trajectory Operating Parameters of Spray Trajectory on the Roof of the Tested Automobile
No. Colour Del (L/min) AM (kRPM) SA1 (L/min) SA2 (L/min) HV (kV)

1 350 35 300 200 60
2 — 0 0 0 0 60
3 —— 350 35 300 200 60
4 — 350 35 300 200 60

Table 5. Operating parameters of spray trajectory on the left and left-rear parts of the tested automobile.

Operating Parameters of Spray Trajectory on the Left and Left-Rear Parts of the

Trajectory Tested Automobile
No. Colour Del (L/min) AM (kRPM) SA1 (L/min) SA2 (L/min) HV (kV)
1 350 35 300 200 60
2 — 350 35 300 200 60
3 —— 350 35 300 200 60
4 —— 0 0 0 0 60
5 — 350 35 300 200 60
6 — 220 35 300 200 60
7 —— 350 35 300 200 60
8 — 300 35 300 200 60
9 — 300 35 300 200 60

Table 6. Operating parameters of the spray trajectory on the right and right-rear parts of the
tested automobile.

Trajectory Operating Parameters of Spray Trajectory on the Right and Right-Rear Parts of

the Tested Automobile
No. Colour Del (L/min) AM (KRPM) SA1 (L/min) SA2 (L/min) HV (kV)
1 350 35 300 200 60
2 —— 350 35 300 200 60
3 — 350 35 300 200 60
4 — 0 0 0 0 60
5 — 350 35 300 200 60
6 — 220 35 300 200 60
7 — 350 35 300 200 60
8 — 300 35 300 200 60
9 — 300 35 300 200 60

In order to distinguish from the first experiment, the ideal coating thickness is g; = 15 x 107% m,
and the deviation of the maximum coating thickness is g, = 5 x 10~® m. The paint thickness date at
each sampling point is shown in Figure 17. The coating thickness curve of each sampling point on the
automobile body is shown in Figure 18. The thin curve in the figure is the variation curve of the coating
thickness, and the data entry has the basic distribution according to the position in Figure 17: The first
part is the left side of the body, and the order is from the rear to the front. Then, the order of the second
part is: the front, the roof, the rear. The last part is the right side, with the order from the front to the
rear. The dotted line in Figure 18 is the upper and lower limits of the standard thickness. The coating
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thickness basically meets the requirements, and the experimental results verify the effectiveness of the
trajectory optimization method.

Figure 17. Paint thickness at the sampling points on the automobile body.
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Figure 18. Curve of the coating thickness on the automobile body.

According to the results of the two spraying experiments, the analysis of the reasons why the
coating thickness in the partial area is beyond the upper and lower limits are as follows:

e  The indicator requirements in the production process of spray-painting operation are rather
high. The deviation of the maximum coating thickness set in the experiments is merely
Gw = £5 x 107% m. For the general requirements of the spray-painting operation, the deviation of
the maximum coating thickness is usually set as g, = =10 x 107® m. According to this deviation
threshold, the experimental result data can all meet the requirements.

e  The performance of the existing spray equipment limits the consistency of the coating thickness.
Due to the limitation of the memory capacity in the robot, the trajectory parameters cannot be
changed unrestrictedly and continuously. Only a few trajectories can be used to approach the
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optimized trajectory, and the precision is not very high. When the curvature of the surface is large,
the parameters of the optimized spray trajectory are greatly changed, but the parameters in the
actual spray-painting operations do not change accordingly, which leads to the deviation between
the results of trajectory optimization and those of the experiment.

e  The curved surface of the tested automobile is too complicated. As the curved surface area of
the tested automobile is large and complex and disposable spray painting is used for the whole
automobile, the ESRB is in different directions when painting different parts of the body, and the
effect of the gravity that affects the trajectory of the mist particles is not the same. Some parts of
the surface are horizontal, some parts of the surface are tilted, and other parts of the surface are
vertical. When the coating is sprayed to different surfaces, its attachment effect is also different
under the influence of gravity, which is the main reason the paint thickness of the rear is small.

e  Efficiency requirements of the spray painting operation are high. According to the optimization
method of the spray path proposed in this paper, if we want to meet the higher spray painting
requirements, more spray painting time will certainly be consumed, which will sacrifice the
spray-painting efficiency. Therefore, in the actual spray painting process, the spray-painting effect
and spray efficiency must reach a compromise.

5. Conclusions

Electrostatic spray-painting robots are of vital importance to reduce the hollow area of the painting
pattern for large-area spray painting. A new practical ESRB cumulative rate model of painting has
been developed, and a spatial trajectory planning scheme for the spray-painting robot based on
the rectangular model is presented. Taking the automotive body of a brand as the paint objective,
we use the ABB electrostatic spray-painting robot to perform the varnish spray-painting experiment.
The experimental results illustrate that the paint thickness basically meets the requirements, and the
experimental results verify the effectiveness of the trajectory optimization method.
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