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Abstract— This study developed a high-precision paint 

deposition model that considers the position and direction of a 

spray-painting gun. Our angle-specific paint deposition model 

focused on the change in paint deposition due to the change in 

the painting angle; however, there was a problem with its 

versatility. We analyzed this problem, and the solution was 

achieved by separately modeling changes in the film thickness 

distribution using impact angle and spray distance, which were 

previously modeled together. For higher accuracy, a special 

function was proposed to convert the three-dimensional vector 

into two-dimensional coordinate values in the distribution 

function upper plane. To confirm the validity of our model, a 

painting test on an L-shaped surface was conducted, and the 

measured and predicted values were compared. The L-shaped 

surface is a typical shape in which the film thickness distribution 

changes with the angle; a complex path with varying distances 

and angles was employed. The results confirmed that the 

predicted values agreed well with the measured values in the L-

shaped surface painting test, validating the developed model. 

I. INTRODUCTION 

Painting robots are extensively used in the painting 
processes of automobiles, ships, aerospace, and surface-
strengthening technology, contributing to factory automation 
[1–3]. However, due to drawbacks such as long working time, 
uniformity of painting film thickness, painting efficiency, and 
dependence on operator skill, research on off-line 
programming of painting robots has become a hotspot [4–6]. 
In off-line programming technology, the planning of the 
painting path and optimization of painting parameters are 
critical, and this task is called teaching. The operator is 
required to set them according to the required quality. 
However, there are issues with the lack of standards for 
teaching planning and the inability to reproduce painting 
phenomena in a virtual space. To address these issues, research 
on teaching methods and modeling of painting phenomena is 
being conducted [7,8]. In addition, modeling of painting 
phenomena to predict painting film thickness is gaining 
attention as a first step in robotic painting research. If the paint 
film thickness can be predicted through simulations, operators 
can attempt teaching iterations in a virtual space. It can also 
support research on teaching planning, which is another issue. 
Zeng et al. used a plane-cutting method to generate thermal 
spray paths on each approximate plane of the target surface 
and optimized the spacing distance between adjacent paths and 
painting speed to improve film thickness uniformity [9]. Klein 
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Fig. 1. This picture shows the painting robot used in this study. The 

painting robot has a painting gun attached at the end of its robot arm. 
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The objective of this study is to develop a highly accurate 
paint deposition model for predicting the thickness of a 
painting film when multiple surfaces are painted continuously. 
In this study, we develop a general-purpose paint deposition 
model that can be used to specify the orientation and distance 
of the painting gun. Although we have previously studied paint 
film flow [21], in this study, we assume that paint adheres to 
the surface and no flow occurs. The painting machine used in 
this study was an automatic painting gun [22] with a robotic 
arm [23] and an airless spray system (Fig. 1). The validity of 
the proposed model is verified by complex painting paths 
using a typical complex shape, Ⅼ-shaped surface, as the 
painting target. 

II. RESEARCH METHODS 

In this chapter, the problems of the proposed old angular 
paint deposition model are clarified and a new method for 
improving the problem is presented. The limitations of the 
previous model were described in previous studies, and the 
limitations are analyzed numerically to clarify the specific 
causes. Then, based on the results of the analysis, elaborative 
solutions are presented. 

A.  Analysis of Issues with Previous Angle-Specific Paint 

Deposition Model 

In our previous model, an angle-specific paint deposition 
model was developed by multiplying the film thickness 
distribution function, which applies the bivariate Gaussian 
distribution [24] proposed by Freund et al. The angle 
correction formula f is as follows. 

𝑓(𝑥, 𝑦) = 𝑝0 + 𝑝1𝑥 + 𝑝2𝑦 + 𝑝3𝑥
2 + 𝑝4𝑥𝑦 + 𝑝5𝑦

2 (1) 

𝑥 =
𝜃𝑐

90
 , 𝑦 =

𝑑𝑤𝑔

300
 , 𝑓(𝑥, 𝑦) =

𝑞

𝑞𝑝𝑟𝑒

 

The modified formula f is multiplied by the film thickness 
at a gun angle of 90° to calculate the film thickness for each 
angle. (1) includes the impact angle (𝜃𝑐) and spray distance 
(𝑑𝑤𝑔) and expresses how much the lamination thickness (𝑞𝑝𝑟𝑒) 

on the distribution function plane varies with the actual 
lamination thickness (measured value) q on the surface of the 
target. Traditionally, the film thickness for each angle is 
calculated by multiplying the film thickness at a gun angle of 
90° by modified formula 𝑓. Analysis of painting phenomena 
has revealed that the impact angle (𝜃𝑐 ) and spray distance 
( 𝑑𝑤𝑔 ) have a significant influence on the film thickness 

distribution depending on the position and posture of the 
painting gun. Therefore, we derived a modified equation 𝑓 by 
performing multiple regression analyses with 𝜃𝑐  and 𝑑𝑤𝑔  as 

explanatory variables and 𝑞/𝑞𝑝𝑟𝑒  as the objective variable. 

Validation showed that the average error rate was 8.58%, 
indicating validity. However, because a polynomial equation 
is used for the modified formula 𝑓, there is a possibility that 
issues may arise when more complex painting is performed. In 
addition, since it is obtained by regression from limited input 
data, it is a biased fitting and is considered to have 
generalizability problems. 

Therefore, the range of inapplicability is clarified by graphing 
the values obtained using the modified formula 𝑓. We mapped 
the values obtained using the modified formula f of our 

previous model in the ranges of spray distance (200–800 mm) 
and impact angle (30°–90°) (Fig. 2). 

Fig. 2 shows that the value obtained using the modified 
formula f is positive within the range enclosed by the line, 
whereas f obtains a negative value outside the range. In other 
words, our previous model does not obtain valid values when 
the spray distance exceeds approximately 500 mm. 

The actual painting is considered to be performed in three-
dimensional (3D) coordinates; however, the basic film 
thickness distribution function is two-dimensional (2D). 
Therefore, the painting path and targets are limited, and the 
model can be applied under limited conditions, making it a 
model with low generalizability. Therefore, it is necessary to 
consider a paint deposition model with a broad effective range 
and high generalizability. The policy for a new paint 
deposition model is described in the next section. 

B. New Methodology for Deriving Advanced Angle-Specific 

Paint Deposition Model 

Similar to our previous model, this study models the paint 
spray shape as an elliptic cone using a film thickness 
distribution function and calculates the film thickness at each 
point. A two-variable Gaussian function is used as the film 
thickness distribution function, with an additional twist in the 
constant term. 

𝑞(𝑥, 𝑦) =
𝑄

2𝜋𝜎𝑥𝜎𝑦

exp {−
1

2
[(

𝑥 − 𝑥0′

𝜎𝑥

)

2

+ (
𝑦 − 𝑦0′

𝜎𝑦

)

2

]} (2) 

Here, 𝑄 represents the discharge flow rate of paint [m3/s], 𝜎𝑥 
and 𝜎𝑦  denotes coefficients, 𝑥  and 𝑦  represents the 

coordinates of each point on the target, and 𝑥0′ and 𝑦0′ denote 
the coordinates of Gaussian distribution center. The 
coefficients of the exp term are designed to ensure that the 
volume of the region bounded by Gaussian surface and 𝑥 − 𝑦 
plane remain constant as 𝜎𝑥 and 𝜎𝑦 are varied. In other words, 

if the discharge flow rate is constant, the output of a film 
thickness distribution corresponding to changes in the gun 
distance is possible simply by changing 𝜎𝑥  and 𝜎𝑦 . In other 

words, the following equation, whose proof is omitted, is valid. 
A schematic of this phenomenon is shown in Fig. 3.  

∫ ∫ 𝑞(𝑥, 𝑦)𝑑𝑥
∞

−∞

𝑑𝑦
∞

−∞

= 𝑄 (3) 

 

Fig. 2. The graph showing the values obtained by the modified formula 

f in Our previous model. The range of spray distance (200~800mm) 

and impact angle (30~90°) are shown. 
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As an example, consider the situation shown in Fig. 4, where 
𝒑𝒈  denotes the position vector of the painting gun tip, 𝒑𝒅 

denotes the position vector of the intersection of the painting 
gun projectile and the target, and 𝒑𝒘  denotes the position 
vector of each point on the target. The equation for calculating 
the film thickness at the position 𝒑𝒘  is considered. In the 
Gaussian distribution function (2), (𝑥0

′ , 𝑦0
′ ) corresponds to 𝒑𝒅 

and (𝑥, 𝑦 ) corresponds to 𝒑𝒘. 

Based on the above basic theory and the analysis results of our 
previous model, we present two major improvements and 
derive an advanced paint deposition model. The position 
coordinates of the target input in (2) are two-dimensional 
coordinate values in the plane on the distribution function, but 
the actual painting phenomenon is a three-dimensional vector 
in the absolute coordinate system. Although this point has not 
been improved from our previous model, we propose a 
function that converts 3D vectors into 2D coordinate values in 
the distribution function plane to construct a more advanced 
paint deposition model. 

Second, in the past, changes in the film thickness 
distribution with the impact angle and jetting distance were 
modeled together using multiple regression analysis. However, 
because these changes are related to different factors, 
overfitting occurred in our previous model. Therefore, by 
modeling the two phenomena separately, a highly precise paint 
deposition model is developed. 

III. THEORY AND MODELING 

This chapter discusses three theories to achieve the two 
improvements described in the previous section: a theory that 
transforms a 3D vector into 2D coordinates on the distribution 
function, and a theory that models changes in the film 
thickness distribution with the impact angle and spray distance. 

 

 

A. Coordinate System Transformation Method 

While 𝒑𝒅 and 𝒑𝒘 input to (2) are 3D vectors in the absolute 

coordinate system, the coordinate values input to Gaussian 

distribution function are 2D coordinate values in the plane 

above the distribution function. Therefore, it is necessary to 

prepare a transformation function to convert the former values 

to the latter. Here, the policy is to align the z-coordinate 

values of 𝒑𝒅 and 𝒑𝒘. As depicted in Fig. 5, by rotating the 

direction vector 𝒅𝒈  of the painting gun to match the unit 

vector 𝒏𝒛 parallel to z-axis, 𝒑𝒅 and 𝒑𝒘 should automatically 

be on 𝑥 − 𝑦  plane. In other words, we can find a rotation 

matrix 𝑅 such that 𝒅𝒈 can be superimposed on 𝒏𝒛. Therefore, 

Rodriguez rotation formula is used to calculate the rotation 

matrix 𝑅. According to the above formula, a point 𝒓′ in 3D 

space with 𝒏 as the axis and 𝒓 rotated by 𝜃 can be expressed 

as follows: 

𝒓′ = (cos 𝜃)𝒓 + (1 − cos 𝜃)(𝒓 ∙ 𝒏)𝒏 + (sin 𝜃)(𝒏 × 𝒓) (4) 

Expressed in terms of rotation matrix 𝑅𝜃, 𝑅𝜃 is a map that 

transforms the vector 𝒓 into 𝒓′, where 𝒏 = (𝑛𝑥, 𝑛𝑦 , 𝑛𝑧), as 

follows: 

𝑅𝜃 = (1 − cos 𝜃) [

𝑛𝑥
2 𝑛𝑥𝑛𝑦 𝑛𝑥𝑛𝑧

𝑛𝑥𝑛𝑦 𝑛𝑦
2 𝑛𝑦𝑛𝑧

𝑛𝑥𝑛𝑧 𝑛𝑦𝑛𝑧 𝑛𝑧
2

]

+ [

cos 𝜃 −𝑛𝑧 sin 𝜃 𝑛𝑦 sin 𝜃

𝑛𝑧 sin 𝜃 cos 𝜃 −𝑛𝑥 sin 𝜃
−𝑛𝑦 sin 𝜃 𝑛𝑥 sin 𝜃 cos 𝜃

] (5)

 

For (5), consider the case where the two vectors 𝒓 and 𝒓′ are 

given from the beginning and are, in particular, unit vectors. 

If the axis of rotation 𝒏 lies in the plane in which the above 

two vectors exist, 𝒏  lies exactly in the middle of the two 

vectors (on the bisector of the angle formed by the two 

vectors), and the following equation is obtained: 

𝒏 =
𝒓 + 𝒓′

‖𝒓 + 𝒓′‖
(6) 

In this case, 𝒓′ denotes the vector obtained when 𝒓 is rotated 

180° around this axis, and Rodriguez rotation formula is valid. 

Based on the above, the following equation is obtained by 

applying (5) with 𝐼 as the unit matrix: 

𝑅𝜃 = 2 [
(𝒓 + 𝒓′) ⊗ (𝒓 + 𝒓′)

‖𝒓 + 𝒓′‖2
] − 𝐼 (7) 

In conclusion, because the rotation matrix can be obtained by 

applying 𝒅𝒈 and 𝒏𝒛 to 𝒓 and 𝒓′ in (7), this rotation matrix 𝑅𝜃 

 

Fig. 3. Schematic representing the constraints of film thickness 

distribution function (2D display) 

 

Fig. 4. Geometric schematic representing an example of a painting 

scene; red triangle represents the painting gun. 

  

Fig. 5. Schematic showing two-dimensionalization of distribution 

function due to coordinate system rotation; it also shows moving 

direction with respect to elliptical shape of paint distribution. 
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can be multiplied by 𝒑𝒅  and 𝒑𝒘 . The film thickness 

distribution function can be calculated at any point on the 

target. 

B. Film Thickness Calculation Considering Gun Distance 

The shape of the paint deposition model varies with the 

constant 𝑄 and values of 𝜎𝑥 and 𝜎𝑦. When only gun distance 

changes, the discharge flow rate does not change; thus, 𝜎𝑥 and 

𝜎𝑦 values can be made dependent on the gun distance values. 

As depicted in Fig. 6, 𝜎𝑥 and 𝜎𝑦 values are large when the gun 

distance is large, indicating a positive correlation between the 

two. A theory is developed for this relationship. In this theory, 

the paint spray shape is modeled as an elliptic cone; thus, the 

spray should look as shown in Fig. 6 when viewed from the 

side. Since a Gaussian distribution is used for film thickness 

distribution, 𝜎𝑥 and 𝜎𝑦 correspond to the “standard deviation” 

in general statistics. Using the concept of “confidence interval” 

here, we can obtain the following relationship equation when 

the mean value is 𝜇.  

𝜇 − 3𝜎 ≤ 𝑥 ≤ 𝜇 + 3𝜎 (8) 
The data within this range represent approximately 99.7% of 

the population. On this basis, the range where most particles 

adhere is ±3𝜎 from the center, as depicted in Fig. 6, when the 

data are replaced with paint particles. In other words, 

theoretically, the gun distance 𝑑 and constants 𝜎𝑥 and 𝜎𝑦 are 

in a proportional relationship. However, the above is only a 

theory, and in practice, it is not always a perfect linear 

relationship. Therefore, we considered modeling based on 

actual measurements of the film thickness when the gun 

distance varied. The following equations model 𝜎𝑥 and 𝜎𝑦: 

𝜎𝑥,𝑦(𝑑) = (
𝑑

𝑑̅
)

𝛼

𝜎𝑥,𝑦 (9) 

where 𝑑̅  and 𝜎𝑥,𝑦  denote the reference gun distance and 

constant. The value of 𝜎𝑥,𝑦  is identified based on the 

measured film thickness distribution when painting at a 

certain gun distance 𝑑̅ . Since this value depends on the 

painting gun and nozzle used, parameter identification must 

be performed. In addition, the linearity 𝛼  between the gun 

distance 𝑑  and constants 𝜎𝑥  and 𝜎𝑦  is identified from 

measured film thickness distribution when the painting gun 

distance varies in several ways. The value of 𝛼 is theoretically 

independent of the painting gun, and the theoretical value of 

𝛼 is 1. 

C. Film Thickness Calculation Considering Gun Angle 

Here, we model the effect of the change in the film 

thickness distribution due to the impact angle 𝜃𝑐. In the model 

of a previous study [25], the modified equation is 

approximated using a second-order polynomial; however, as 

overfitting may occur during parameter identification, 

resulting in a model that does not fit the theory, the present 

model employs the following simple power-of-fact 

approximation: 

𝑞′(𝑥, 𝑦, 𝜃𝑐) = 𝑞(𝑥, 𝑦) (
𝜃𝑐

90
)

𝑝

(10) 

Note that 𝜃𝑐  denotes the impact angle [deg] and 𝑝 

represents a positive constant. The value of 𝑝  can be 

identified experimentally. To calculate the impact angle 𝜃𝑐 at 

each point on the target, consider the normal vector 𝒏𝒘 at a 

point on the target, as depicted in Fig. 7, and define the impact 

angle as the angle between the plane perpendicular to this 

normal vector (tangent plane) and the vector connecting the 

gun tip to a point on the target. In this case, 𝜃𝑐 is the value of 

the angle between the two vectors minus 90°. 

𝜃𝑐 =
180

𝜋
cos−1

𝒏𝒘 ∙ (𝒑𝒘 − 𝒑𝒈)

‖𝒏𝒘‖ ‖𝒑𝒘 − 𝒑𝒈‖
− 90 (11) 

However, if the angle between the two vectors is less than 90° 

(for example, if the paint is to be applied to the back side of 

the target), the value of 𝜃𝑐 becomes negative. In this case, the 

paint will not adhere; thus, a conditional branch can be set so 

that the value of the film thickness is set to 0. For 𝑝, the same 

parameter identification test as that conducted for our 

previous model was conducted. The result was 𝑝 = 0.701, 

which is the value used in this study. 

IV. VALIDATION OF THE SIMULATION 

From the theory in Chapter 3, the value of film thickness 

𝐻𝑖𝑗  at any calculated point on the target, generated by the 

painting gun at an arbitrary time 𝑡, can be calculated from the 

following equation, where ∆𝑡 denotes the time step of gun 

position change. 

𝐻𝑖𝑗 =
𝑄

2𝜋𝜎𝑥𝜎𝑦
exp {−

1

2
[(

𝑥−𝑥0′

𝜎𝑥
)

2

+ (
𝑦−𝑦0′

𝜎𝑦
)

2

]} (
𝜃𝑐

90
)

𝑝

∆𝑡 (11)

Note that each parameter can be calculated from the target and 

painting gun information; however, 𝜎𝑥,𝑦  is calculated based 

on (9). A simulation is performed based on (11), and the film 

thickness distribution on the target can be predicted 

numerically and with a heat map. 

In this chapter, the validity of the developed high-precision 

 

Fig. 6. Geometric schematic representing relationship between gun 

distance d and constant σ 

 

Fig. 7. Schematic showing definition of impact angle and geometric 

model of painted scene 
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paint deposition model is verified by comparing simulation 

results with the actual film thickness distribution when 

changes in film thickness distribution occur due to the 

changes in painting gun posture. First, the setup and test 

conditions of the actual measurement test using the painting 

gun are discussed, and the results of the film thickness 

measurements are presented. Next, the setup and conditions 

for numerical calculations are presented, and the analytical 

results are discussed. Finally, these results are compared and 

discussed.  

A. Experimental Setup 

Tests are conducted on targets and painting routes with 

significant changes in the film thickness distribution due to 

the painting gun posture. The validation setup includes a 

continuous painting path shown in Fig. 8 for two types of L-

shaped surfaces with crossing angles of 90° and 135°. The L-

shaped surface is significantly affected by changes in the 

painting gun posture. First, the painting gun is moved from 

the edge of the upper half of Ⅼ-shaped surface to the corner in 

a one-path form, varying the gun distance 𝐿𝑚𝑎𝑥  and painting 

angle 𝜑 (a). Next, the painting gun is rotated with the gun 

distance fixed concerning the corner (circular motion with the 

corner as the center of the circle) and moved at an equal 

angular velocity until it reaches the lower half of Ⅼ-shaped 

surface and 𝜑 (b). Finally, a one-path motion of the painting 

gun is performed on the lower half of Ⅼ-shaped surface (c) in 

the same manner as in (a). The painting conditions in the test 

are presented in Table I. In Fig. 9, two experiments were 

conducted by varying 𝜃  and 𝜑  with 𝐿  and 𝐿𝑚𝑎𝑥  as fixed 

conditions. In the experiment, 𝜑 = 15  when 𝜃 = 90  and 

𝜑 = 10  when 𝜃 = 135 . Tests were conducted twice each 

under the same conditions to account for variations in the 

results. After the painted surface dried, 29 points were 

measured at 10-mm intervals along the center portion of the 

pattern width from the corners of the top surface. Furthermore, 

to account for mechanical errors in the displayed value of the 

film thickness gauge, two measurements were taken at each 

measurement point, and the average value of these 

measurements was used. An example of the actual equipment 

test and heat map output from the simulation is depicted in 

Fig. 9. 

 

Fig. 8. Schematic showing the target, paint path, in the validation; it 

includes important parameters in paint path 

     

 

 

(a) (b)

(c)

TABLE I.  CONDITIONS FOR MEASUREMENT TESTS IN 

VALIDATION  

 Item Value 

Experimental 

painting  

conditions 

Paint Urethane resin paint 

Paint viscosity 0.18 Pa s 

Discharge pressure 0.15 MPa 

Pattern air pressure 0.225 MPa 

Wrapping air pressure 0.08 MPa 

Target plate 
2 Steel flat plates 

300×300×0.6 mm2 

Target intersection angle 

  
90, 135° 

Moving direction Minor axis direction 

Gun-to-target distance   350 mm 

Maximum Gun-to-target 

distance      
500 mm 

Corner gun angle   15, 10° 

Gun speed 444, 300 mm/s 

 

    

（a）           （b） 

Fig. 9. Pictures showing (a) measurement tests in validation and an 

example of a heat map (b) obtained from simulation; figure shows 

situation at target intersection angle of 90° 

 

（a） 

 

（b） 

Fig. 10. Paint film thickness measurement results of L-shaped painting 

experiments and film thickness prediction results of simulation; graph 
shows film thickness distribution in center of target; (a) shows results 

for a target intersection angle of 90°, and (b) shows the results for a 

target intersection angle of 135°. 
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B. Experimental Results 

The painting and analysis results of the film thickness 
distribution obtained from the actual test and simulation are 
presented in Fig. 10. The measured values are plotted on the 
graph as the average of all trials, and the minimum and 
maximum values of measured values in the trials are shown as 
error bars. The measured values are compared with the 
predicted values obtained from the simulation of the proposed 
model. The average error rate between the measured values 
and proposed model was 12.2% for 𝜃 = 90  and 12.5% for 
𝜃 = 135 . Simulations were also performed using our 
previous model. However, as shown in Fig. 2, normal values 
could not be obtained at a impact distance of 500 mm, making 
prediction impossible.  

C. Discussion 

Validation considerations include an evaluation of the 
accuracy of predictions. The average error rate were 12.2% 
and 12.5% for the proposed model, which employed the high-
precision paint deposition model, and high accuracy was 
obtained in all cases. Even under conditions where it was 
impossible to predict with our previous model, the proposed 
model could make predictions with high accuracy, confirming 
its validity. Theoretically, the model can handle arbitrary 
distances and angles, and its validity was confirmed even for 
paths with continuously varying distances and angles, making 
it a highly versatile model. The validation test evaluated the 
model on an L-shaped surface. The results suggest that the 
model can make predictions with high accuracy even for more 
complex shapes consisting of multiple surfaces. 

Finally, we discuss the limitations of this study. We 
assumed that the target consisted of surfaces with no 
unevenness. However, when there are protrusions such as 
cylinders, it is necessary to consider the shadowed areas. In the 
proposed model, shadows are not considered. Therefore, if a 
painting is applied at an angle to a protruding cylindrical shape, 
the painting thickness will be applied to the shadow areas 
where the painting would not normally be applied. To solve 
this problem, it is necessary to mathematically derive and 
model these shadow areas. We believe that solving this 
problem will possibly predict the film thickness for any target 
and under any condition. Furthermore, because the film 
thickness can be predicted for arbitrary targets and routes, it 
can be used to derive the optimal painting route to paint a 
target. Therefore, it is necessary to conduct validation tests 
under additional test conditions in the future, and route 
planning using film thickness prediction will be of great value 
as the next step. 

V. CONCLUSION 

This study focused on the versatility of painting gun 
attitude and distance, which was a major issue in our previous 
model. The effects of the impact distance and angle, which 
change the film thickness distribution, were modeled together; 
however, by modeling them separately, a more advanced film 
thickness prediction model could be constructed. First, we 
analyzed the challenges of our previous model and presented 
a methodology to overcome them. Then, three theories to 
address the issues were presented with figures and equations. 
Finally, to evaluate the validity of the high-precision paint 

deposition model, we compared the actual film thickness 
distribution when an L-shaped surface was painted with the 
prediction results obtained using angle-specific paint 
deposition model. The results showed that film thickness 
prediction was possible for painting of L-shaped surfaces, 
where the film thickness distribution changes depending on the 
position and posture of the painting gun. Furthermore, the 
system can handle a wide range of impact angles and distances, 
confirming its high versatility. 

The goal of this research was to predict film thickness for 
any given position and orientation of a painting gun on any 
complex geometry, using highly accurate simulations to assist 
in setting routes and painting conditions. We believe that we 
have largely achieved our goal in this study. The proposed 
model provides significant potential for routing strategies 
considered in previous studies. To fully achieve our goal, it is 
necessary to model the influence of the shadowed part of the 
projection shape. Combined with our work on painting flow, 
this will add depth to future studies. Achieving these goals will 
make robotic painting operations more efficient and assist 
workers in industrial settings.  
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